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Foreword

Land degradation and desertification issues are now milestone pillars of the inter-
national environmental and development agendas. Not only because they affect the
livelihoods of billions of people and have direct consequences on the well-being
of entire societies, but also due to devastating effects on ecosystem’s stability,
functions and services, loss of biodiversity and an endless list of other ill-related
severances. Problems are exacerbated when land degradation, mostly a human-
induced process is combined with naturally occurring drought. It is for these
reasons that the recent terminology adopted by the United Nations Convention to
Combat Desertification (UNCCD) involves Desertification, Land Degradation and
Drought (DLDD). That represents a major shift for the UNCCD itself covering
thus the entire planet Earth and bringing it closer to similar UN Conventions like
the Biological Diversity (CBD) and the UN Framework Convention to Climate
Change (UNFCCC). However, for the UNCCD the major focus will still be placed
on drylands and particularly in Africa.

The scientific community has invested more than half a century research in land
degradation and desertification and much is known now compared with the time
when Auberville for the first time in the 1950s coined the term “desertification”,
interesting enough not in the drylands but in tropical forests of Africa. Yet, the
link between science and policymaking appears to be week and information flow
among many stakeholders involved in the combat against land degradation and
desertification is not moving fast either.

Results “on-the-ground” in the last decade are not yet convincing many local
stakeholders that progress has been made, despite numerous excellent examples of
sustainable natural resources management worldwide as documented also by this
book. Recent trends ask for a paradigm shift in support of sustainable land manage-
ment rather than simply focusing on combating land degradation. Climate change
will continue to dominate the environmental agenda and its effects will impact also
the land degradation-affected areas that will experience additional adversities. While
recognising the needs for further mitigation actions to alleviate climate change
effects, adaptation to the new climatic conditions will be the final unavoidable
choice as the history of nature evolution has shown.

This book contains selected papers of the 5th International Conference on Land
Degradation held at the Mediterranean Agronomic Institute of Bari, Italy (IAMB) in
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viii Foreword

18-22 September 2008. The event was sponsored also by the Italian Society of Soil
Science (SISS), the International Union of Soil Sciences (IUSS) and the European
Commission, Joint Research Centre, Institute for Environment and Sustainability
(EC, JRC, IES). These institutions have been involved for long in land degradation
research and mitigation studies.

We are delighted to offer this unique opportunity of presenting papers covering
a wide range of topics and geographical areas, all of them serving the purpose of
understanding better the cause-effect relationships of land degradation and deserti-
fication and to identify the best options for assessment, monitoring, mitigation, and
remediation.

Cosimo Lacirignola Marcello Pagliai
Bari, Italy Florence, Italy

Stephen Nortcliff Luca Montanarella
Reading, UK Ispra, Italy



Editors’ Note

The editors would like to express their gratitude to all the authors for their prompt
response, hard work and professionalism in preparing their chapters. For some of
them this was a first opportunity to write a chapter in a special Springer book, but
this was exactly what we intended when we invited them to collaborate in this effort.
We are sure this strengthens and enriches the book. We realised that it has been a
great challenge to complete this book in a such short time. All of this was possible,
thanks to authors’ friendly cooperation and enthusiasm that made our tasks easier.

The scientific content of each chapter is the responsibility of individual author(s)
and despite our continuous efforts to improve their content, there may be additional
questions and comments. We thus invite the reader to kindly ask or write directly to
each corresponding author for further clarification. Our editorial tasks were carried
out in full respect of everyone’s beliefs and research findings, and wherever neces-
sary, to improve the content of each chapter. We did this without any prejudice for
individual or professional gains.

A particular word of thank you goes to Ms. Margaret Deignan, Associate Editor
at Environmental Sciences Unit of Springer who was the first to write and solicit
us about the preparation of this book as she noticed the potential for this publica-
tion. We are thankful also to all the sponsors of the 5th International Conference
on Land Degradation and in particular to the International Centre for Advanced
Mediterranean Agronomic Studies (CIHEAM) and its Vice President Prof. Giuliana
Trisorio Liuzzi, to the Director of the Mediterranean Agronomic Institute of Bari in
Italy (IAMB), Dr. Cosimo Lacirignola to Deputy Director of IAMB, Dr. Maurizio
Raeli, and to the Head of Land and Water Resources Management Department of
IAMB, Dr. Nicola Lamaddalena for their enormous support in successfully organ-
ising this conference. Among us, an exceptional thank you is addressed to Dr. Pandi
Zdruli in recognition of his endless and tireless efforts, scientific perseverance and
scrutiny that have left their mark throughout this book.

Bari, Italy Pandi Zdruli
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Adana, Turkey Selim Kapur
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lazarbireescu@yahoo.com

Viorel Blujdea Climate Change Unit, European Commission – Joint Research
Centre, Institute for Environment and Sustainability, Ispra, Italy,
viorel.blujdea@jrc.it

R. Bouabid Ecole Nationale d’Agriculture de Meknès, 50000 Meknès, Morocco,
rachid.bouabid@gmail.com

Angel Faz Cano Sustainable Use, Management, and Reclamation of Soil and
Water Research Group, Department of Agriculture Science and Technology,
Technical University of Cartagena, 30203 Cartagena, Spain,
angel.fazcano@upct.es

M.R. Carter Agriculture and Agri-Food Canada, Crops and Livestock Research
Centre, Charlottetown, PE C1A 4N6, Canada, carterm@agr.gc.ca

C. Castaneda Soils and Irrigation Department (associated with CSIC), AgriFood
Research and Technology Centre of Aragon (CITA), 50059 Zaragoza, Spain,
ccastanneda@aragon.es
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63200, Turkey, a.mermut@usask.ca

Maysoon M. Mikha USDA-ARS, Central Great Plains Research Station, Akron,
CO 80720, USA

R. Millan Department of Environment, CIEMAT, E-28040 Madrid, Spain,
rocio.millan@ciemat.es

D. Miller Center for Environmental Informatics, Penn Sate University,
Philadelphia, PA, USA

Luca Montanarella Institute for Environment and Sustainability, European
Commission, Joint Research Centre, I-21020 Ispra, VA, Italy,
luca.montanarella@jrc.it

Francesco Morga Dipartimento ITAF, Università di Palermo, 90128 Palermo,
Italy, francescomorga@gmail.com

Miranda Morris School of History, St. Andrews University, St. Andrews, Fife
KY16 9AL, UK

M.A. Munoz Sustainable Use, Management, and Reclamation of Soil and Water
Research Group, Department of Agriculture Science and Technology, Technical
University of Cartagena, 30203 Cartagena, Spain

Stephen M. Mureithi Range Management Section, Department of Land Resource
Management and Agricultural Technology, University of Nairobi, Nairobi, Kenya,
stemureithi@yahoo.com

P. Musinguzi Department of Soil Science, Makerere University, Kampala,
Uganda, patmusinguzi@agric.mak.ac.ug

A. Natarajan National Bureau of Soil Survey and Land Use Planning, Regional
Centre, Bangalore 560024, India, athiannannatarajan@gmail.com

Mohd Suhaily Yusri Che Ngah Department of Geography, Faculty of Social
Sciences and Humanities, Sultan Idris Education University, Tanjong Malim Perak
35900, Malaysia, suhaily@upsi.edu.my

Luncendo Ngcofe Council for Geoscience, Bellville 7535, South Africa,
Lngcofe@geoscience.org.za



Contributors xxiii

Minh-Long Nguyen Soil and Water Management & Crop Nutrition
Subprogramme, Joint FAO/IAEA Division of Nuclear Techniques in Food and
Agriculture, International Atomic Energy Agency, A-1400 Vienna, Austria,
m.nguyen@iaea.org

Sanda Nistor Forest Research and Management Institute, Focsani Research
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Chapter 1
What We Know About the Saga of Land
Degradation and How to Deal with It?

Pandi Zdruli, Marcello Pagliai, Selim Kapur, and Angel Faz Cano

Abstract The 5th International Conference on Land Degradation held at the
Mediterranean Agronomic Institute of Bari, Italy in September 2008 brought
together some 100 people from 37 countries worldwide. A number of international
organisations, like FAO, IAEA, EC, and CIHEAM were also present. The confer-
ence was split into 8 sessions where 83 papers (43 oral) were presented. In total 235
abstracts were received. The main outcome was that the fight against land degrada-
tion and desertification could be successful if the right policy instruments are put
in place and most importantly when local people are both authors and actors of
the development process. Moreover, soil conservation and restoration should be one
component of an integrated ecosystem management strategy that should include also
water, biodiversity, livelihoods and human impacts on ecosystems. There are numer-
ous positive results when dealing with land degradation worldwide. They should
be used to emphasise the urgent needs for further actions to accelerate and scale
up progress and not to induce complacency. Improved land resources management
measures should build on scientific evidence, local innovation and knowledge and
be locally tested and validated before being applied at larger scale. Natural resource
base conservation should continue to be a priority for national governments and
international organisations but Africa requires particular attention. The recent finan-
cial, economic and food global crisis should not overshadow the urgent needs to deal
with natural resource management and conservation and mitigate climate change
impacts.

Keywords Land degradation · Desertification · UNCCD · Sustainable land
management · Mitigation · Remediation · Future perspectives · Possible solutions
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1.1 Introduction

Bari, Italy, September 2008. Yet another international conference on land degrada-
tion (ICLD) organised by the Land Degradation Working Group of the International
Union of Soil Sciences (IUSS) following four previous ones held in Adana, Turkey
(1996), Khon Kaen, Thailand (1999), Rio de Janeiro, Brazil (2001), and Cartagena,
Spain (2004). These were not the only events dealing with land degradation nation-
ally and internationally as numerous similar ones have taken place over the last
half-century in many places around the world. Most likely others will follow.
Hence, a “common” and intriguing question would be: “do we really need another
conference to discuss land degradation?”

To make it different from the previous ones, the Scientific Committee of this
5th ICLD decided to use a different approach, synthesised as: Moving ahead
from assessments to actions: Could we win the struggle with land degradation?
We think this conference gave some interesting answers to the above question,
no matter how provocative, challenging or controversial that theme might have
been.

In one of the discussions held during the conference Dr. Zdruli mentioned that:
“in only one, out of many land degradation meetings I have attended over the last
2 decades around the world I heard someone to discuss erosion in a balanced man-
ner, all the others identified only its negative aspects and consequences”. Is there
some truth from this rare case? What could have been Egypt without erosion or
the Po River Valley in Italy, the largest fluvial deposit in Europe? What about land-
slides? Surely they devastate property, infrastructure, endanger public health and
safety, but in some cases like in Papua New Guinea or Jamaica they are known
for supporting better crops and creating new possibilities for cultivation (Stocking
and Murnaghan, 2001). So are volcanic eruptions, as devastating as horrendous to
destroy entire communities, but beneficial as well for the formation of the fertile
Andosols. Reynolds (2008) analysed land degradation from various viewpoints and
noticed for instance that an eroded landscape in Mexico is very attractive for the
movie industry, thus providing additional jobs and income for the poverty stricken
local population. Additionally, pastoralists could have far different views on degra-
dation from farmers as they may benefit (at least in the short term) from overstocking
their flocks in such areas. Hence, much depends on the angle one looks at the
problem.

Land degradation is both a natural and human-induced process. It existed before
the human race populated the earth and will continue to exist. However, humans
have a two-sided effect on it: mitigate or accelerate. Devastating pictures of eroded
landscapes and impoverished drylands are often used to show the “evils” of land
degradation and desertification. We think that it is much easier to show the darker
side of the story rather than the opposite. Thus, and to show that we are not fight-
ing a lost battle, we asked participants of the 5th ICLD to bring forward some of
these results. One could mention the millenary grape terraces of Cinque Terre in the
north-western Ligurian coast of Italy that are a living example of human ingenuity
to grow crops and preserve the environment. Many other good examples can be
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found around the world and have been well documented by the World Overview of
Conservation Approaches and Technologies (WOCAT, 2007).

Despite the existence of the controversial definitions and confusion between
“soil” and “land” degradation and desertification (this last is also land degradation
but in well-defined climatic domains) the substance of the problem is the same:
degradation of the resource base and reduced capacity for continued productivity
and maintenance of global ecosystem services.

Measuring the extent and severity of land degradation has been quite challeng-
ing. Until very recently, there was only one global assessment of human-induced
soil degradation, the GLASOD database (Oldeman et al., 1991). This has been
debated over the years due to its main limitations being the qualitative assessments
that produced disputable results and poor relationships between land degrada-
tion and policy-pertinent criteria (Sonneveld and Dent, 2007). Notwithstanding,
GLASOD deserves credit for bringing the issue of land degradation to the world
agenda.

Efforts to develop other global and regional assessments of land degradation con-
tinued (Eswaran et al., 2003; Holm et al., 2003; Prince et al., 2007; Bai et al., 2008).
Safriel (2007) reports for an alternative method currently under development for
detecting land degradation trends, using a surrogate called Residual Net Primary
Production (RESTREND), which is based on an analysis of the residuals of the
productivity-rainfall relationship during a defined time period. The GEF-UNEP-
FAO sponsored LADA project (Land Degradation Assessment in Drylands) is
presently engaged in development of standard methods to assess global land degra-
dation (GLADA) and preliminary results are reported by Bai et al. (2008). Using
the (Rural Urban Extent) RUE adjusted NDVI/NPP (normalised difference vege-
tation index/net primary production) index to globally detect significant biomass
changes, they indicate that 23.54% of the Earth is degraded and 1.5 billion people
are affected.

Further efforts have been devoted by Eswaran et al. (2003), Kapur and Akça
(2004), Kapur et al. (2004) and Eswaran et al. (2005) to assess mitigation measures
for land degradation within human-reshaped landscapes (i.e. Anthroscapes), based
on combinations of appropriate indigenous technologies and scientific know-how.
However, whatever the method, caution is needed when carrying out land degrada-
tion analyses as data could be collected using a wide range of approaches which
inevitably contain assumptions that may not be comparable between different sites
or regions.

It has been a matter of concern that even after more than a decade of the United
Nations Convention to Combat Desertification (UNCCD), there is still considerable
uncertainty on the global status of land degradation and desertification. Is deserti-
fication at global scale progressing, remaining stable or decreasing? Although the
scientific community is struggling to provide a reliable response, there is not yet
a clear, sound and scientific answer to this question. Also, even if such assess-
ments were accurate and available, there is still considerable need for mitigation
actions “on the ground” to alleviate the hardships of land degradation on vulnerable
populations.
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1.2 Topics of 5th ICLD

• Multidisciplinary assessment of land degradation and desertification at local,
national, regional and global scales;

• Interaction between natural ecosystem components (land, water, biodiversity)
and socio-economic indicators and their overall impact on land degradation;

• Impacts of poor land management on natural resources and examples of best
management practices in reducing land degradation impacts;

• Promotion of income-generating activities that alleviate poverty through
enhancement of sustainable crop production systems and valorisation of indige-
nous knowledge in sustainable ecosystem management;

• Participatory management of natural resources as a mean to sustain both produc-
tivity and environmental sustainability;

• Establishing the role and responsibilities of various stakeholders in reducing the
negative impacts of land degradation and enhancing soil conservation measures;

• State and development of policy options, management strategies, and guidelines
for sustainable natural resources use and management;

• Development of economically sustainable measures that match soil quality with
environmental stability.

1.3 Discussions on the Controversies of Land Degradation

Stocking and Murnaghan (2001) describe the “land degradation wall” and its many
biophysical “bricks”, such as soil degradation, landscape alteration, water deteri-
oration, soil erosion by water and wind, nutrient depletion, loss of biodiversity,
climate change, reduced vegetation cover, pollution, drought, compaction, sedimen-
tation, reduced organic matter and salinisation. Each of these contributes at various
intensities to the land degradation process. They may be consistent for a specific
area, but rarely simultaneous in the same area. Thus, careful analyses of various
local conditions are required, when dealing successfully with land degradation and
desertification analyses.

The recent outcomes of the Committee for the Review of the Implementation
(CRIC) of the UNCCD Convention held in Istanbul, Turkey in November 2008,
revealed a number of failures (UNCCD CRIC7, 2009) when dealing with desertifi-
cation mitigation. Amongst others, they include: shortcomings in up-scaling good
practices, disseminating available knowledge, and closing the gap between scien-
tists, decision/policy makers and local communities. Moreover, there has been a
failure in attempts to mainstream activities at the national level, mobilise resources
and converge desertification, land degradation and drought (DLDD) from a global
issue to a local one requiring immediate solutions. At the closure of the CRIC
7 of the UNCCD, the improved application and translation of National Action
Programmes into science-based regional projects were identified as recommended
procedures to mitigate regional land degradation and desertification. In addition,
results based Monitoring and Evaluation (M & E) schemes were identified to moni-
tor impacts on programming. For instance, the statement of the Annex IV countries
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(parties of the Northern Mediterranean Basin) was strongly in line with this reso-
lution and for the future formats of the CRIC Sessions, urging other Annexes to
discuss the issues related to the implementation of the Convention on the “Regional
Level”. Accordingly, the foreseen efforts and initiatives were conferred to the
Dryland Science for Development (DSD) consortium as the strategy to support
the Committee on Science and Technology (CST) COP-9 in a scientific conference
format.

Land degradation processes, causes, intensities and effects, are well documented
in the literature (Conacher and Sala, 1998; Rubio et al., 2002; Ryan, 2002; Stocking,
2003; Zdruli and Costantini, 2008). However, there are still many difficulties in
distinguishing between human-induced and natural degradation processes and miti-
gation measures. There is a need to conduct specific assessments and test mitigation
measure effectiveness prior to presenting them as the remedy or the solution to
the problem. Moreover, in many countries there are shortages of reliable data that
can be used to demonstrate the extent and the intensity of land degradation and
desertification.

After years of regarding these processes as mainly biophysical ones and wrongly
disregarding their socio-economic nature (Reynolds and Stafford Smith, 2002), the
scientific community is increasingly acknowledging that land degradation often
results from combined human-induced causes (unsustainable land use practices,
such as overgrazing, deforestation, etc), as well as natural causes such as climate
change, drought, etc (Adams and Eswaran, 2000; Cangir et al., 2000; Safriel, 2007).
However, distinctions between areas already affected and those highly vulnerable to
land degradation are not clearly distinguished in most assessments, and this com-
plicates the impacts of the processes and creates confusion for decision-makers
(Safriel, 2007). This underlines the need for a holistic and integrated approach,
which takes into account not only biophysical aspects but also social, institutional,
governance as well as economic and political dimensions of such processes. This
was also pointed out in the well-documented article in Science Magazine, 11 June
2004 (Kaiser, 2004), with the headline: “Soils the last frontier”. Many shortcom-
ings in land degradation assessments are due to inadequate knowledge of cause-
effect relationships between severity of degradation and agricultural productivity
(Nachtergaele, 2003).

It is widely believed that the Green Revolution of the seventies largely succeeded
in Asia and Latin America (Eswaran et al., 1997) because the genetic improvements
of newly created cultivars were followed by improvements in land/soil and water
management, but it did failed in Africa because these last actions were not taken.
This is a lesson that yet remains valid especially for the sub-Saharan Africa that is
characterised by poor-resource farmers and small landholdings (0.5–2 ha). Unless
these farmers take actions to endorse sustainable soil and water management, results
would be far less convincing.

The economic impacts of land degradation are still very uncertain. Wiebe (2003)
estimates the economic effects of soil erosion globally at 0.05% per year of the
total production value. Other authors admit similar values, but point out that off-site
effects are much higher in economic terms. Controversially, studies in the mid
1990s predicted higher figures, reaching as much as 10% of the value of agricultural
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production each year according to a joint study of UNEP, UNDP and FAO (Pimentel
et al., 1995). These estimates re-introduce the crucial question of data availability
and their quality.

The criteria for designating classes of land degradation (i.e. low, moderate, high)
are mainly based on land properties rather than on their impact on productivity
or ecosystem functions and services. Even though the link between land degrada-
tion and productivity loss is well documented, there is still contradictory evidence
on this. Studies show that crop productivity is a function of many variables and
depends on soil and weather characteristics as well as on technological manage-
ment. Thus, land degradation as a biophysical process cannot be separated from its
socio-economic impacts.

New research identifies the processes whereby “temporary depletion” of land
for increased income can be justified (the “profits” can be invested for education,
health, etc., and once the land users receive increased income they are likely to
re-invest in land improvement). However, where is the point of no return? Recent
findings from Niger demonstrate that community level land rehabilitation activities
achieved through agroforestry and reforestation combined with soil conservation
(Pender and Ndjeunga, 2008) can be expected to yield high rates of return but with
high variance. Other findings based only on soil conservation (zai planting pits;
contour stone bunds; application of organic and inorganic fertilizer) show lower but
still positive production impacts.

A workshop held at the FAO, Rome, December 2006, evaluated the cost of inac-
tion. The workshop concluded that the rates of return from successful projects in
arid areas could be as high as 30%, but the economic losses from continuing degra-
dation without treatment could reach as high as several percentage points of the
GDP per year, if such projects were not implemented (Global Mechanism, 2006). It
is clear that the costs of amelioration of degraded lands are much higher than pre-
venting them from becoming degraded in the first place: prevention is cheaper than
cure (Zdruli et al., 2007).

Reynolds et al. (2007) suggest that dryland degradation can be confronted with
renewed optimism if both ecosystem functions and livelihood needs are given equal
importance. Additionally the Dryland Development Paradigm (DDP) approach
(Reynolds et al., 2007) offers a comprehensive framework for integrated assess-
ments. Thomas (2008) concludes recently that it is better to focus on Sustainable
Land Management (SLM) rather than simply combating land degradation and
desertification.

1.4 Conference Findings and Recommendations

The following are the major conclusions of the conference:
The implications of land degradation are of equal concern in arid and hyperarid

drylands areas as well as in semiarid and dry subhumid regions. Reduction of soil
organic matter and soil biodiversity losses reduce soil fertility and have direct
consequences on crop productivity and other soil/ecosystem functions and services.
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Despite their inherently poor organic matter content (Zdruli et al., 2004), further
such losses in dryland soils could provoke irreversible degradation of the resource
base. In view of increasing effects of resource constraints on the global economy
(land, energy, water) and the recent financial, economic and food global crisis,
targeted research on ecological-economic interactions and application of adapted
national policies and action plans are recognized as instrumental in the fight to
mitigate land degradation and prevent further losses of productive lands.

The international and national communities have been involved for decades in
tackling these problems. It is encouraging to note that increasingly many suc-
cess stories in sustainable management of natural resources are being identified,
as shown also in this book. These case studies show that when an enabling pol-
icy environment is created, when the enabling policy instruments are put in place,
and when local stakeholders are both authors and actors of the land management
process, it is possible to make positive changes and to reverse the trend of land
degradation and desertification. Environmental measures, which include interven-
tions on land and water in the range of ecosystems spanning the agricultural, forest
and livestock sectors, should be assessed in terms of impacts on both productivity,
ecological functions and on the effects they have on ecosystem stability, resilience,
human livelihoods, and global life support systems.

In addition, stronger links must be developed to ensure implementation of sci-
entific information in the development of policies and programmes to mitigate land
degradation and desertification. Application of M & E schemes, with land degra-
dation indicators and analyses of trends and impacts of adapted remedial measures
needs proper transfer to decision making at policy levels. This, however, will require
improved coordination at national, regional and local levels.

We must now move to the next step: implementing remedial measures to pre-
vent and mitigate land degradation and desertification, including local adaptation
measures also in terms of climate change that are essential. Tackling the causes
ensures permanence of positive changes and conservation measures. However, not
all soil and water conservation measures work well as there are plenty of exam-
ples of failures due to being ill-adapted in mitigating constraints and/or in terms
of limited impact. Improved land resources management measures should build
on local innovation and knowledge and be locally tested and validated before
being applied at larger scale or being transferred to other locations even in similar
ecosystems.

The global agenda for sustainable land management should remain a priority
for national Governments and international organisations. Africa in particular and
some countries in Latin America and Asia require special attention due to lim-
ited resources, research capacities, and evidence of little progress in stimulating
agricultural and economic growth.

Addressing the issue of land degradation requires the adoption of a holistic
approach to ecosystem management, underlined by the concept of sustainability.
The involvement and commitment of decision makers is crucial for the success of
programmes that stimulate a transition to an era of innovation to achieve sustainable
use of resources, development and growth. The Millennium Ecosystem Assessment
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(MA) framework on ecosystem services is a useful methodology in this context and
expectations are that the UNCCD in particular should apply an ecosystem approach
in the broadest sense of its work.

Policies should be context specific. Not all work the same way in different ecolog-
ical, economic and cultural environments, and they should be drafted and adapted
to the local cultural values and knowledge. Rigid top down approaches have failed
to halt land degradation as they have ignored issues such as empowerment of land
users, land tenure, and the fundamental principles of sustainability. In this context,
reliable procedures for scaling up and down both assessments and recommended
practices at multiple scales are essential; being conscious that solely bottom up
methods in natural resources management can also be detrimental (Zdruli et al.,
2006). Good coordination and continuous interaction between regional, national
and local stakeholders and across sectors is needed for putting in place enabling
policy and environmental programmes, including the required capacity and institu-
tional building. Included are also the issues of how to deal with poverty reduction
and forced migration as driving forces in mitigation of land degradation. The
endorsement of harmonised bottom–up and top–down management and promo-
tion of income generating activities, are necessary to reverse trends and promote
sustainable development of the affected areas.

Many policies and programmes have been formulated and are implemented to
combat desertification and promote sustainable land management (SLM) under the
auspices of the UNCCD and through the initiatives of governments, donor agen-
cies, international, non-governmental organizations and local civil society groups.
To date, such efforts have not succeeded in halting or reversing the problem on a
large scale. In part, this is because the great magnitude of the problem, compared to
the resources employed to address it. However, even where major policy efforts and
large investments have been persuaded to promote sustainable land management,
these have not always been effective.

One problem undermining the effectiveness of policy and institutional responses
to land degradation and desertification is inadequate diagnosis of the underlying
causes of the problem and insufficient links of prescribed remedies in the con-
texts where they are being pursued. Farmers and pastoralists may degrade the land
on which their livelihoods depend on for many reasons. On one hand there is
the lack of awareness of the problem or of a profitable and sustainable option to
address it, along with the lack of resources or capability to implement equally prof-
itable options, insufficient incentives to address the problems and implementation
of solutions that have off-site effects (e.g., sedimentation caused by soil erosion or
contributions to global climate change or biodiversity). On the other hand there is a
lack of clear and secure property rights, missing or incomplete markets (e.g., poorly
functioning output, land, labour or credit markets), social institutions and prefer-
ences (e.g., social norms preventing women from being able to make land improving
investments in some countries), and difficulties of attaining effective coordination
and collective action where it is necessary to improve land management (e.g., in
managing rangelands or improving watershed management). The effectiveness of
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prescribed policy and programme approaches for the promotion of SLM depends
on how well they address such underlying problems.

Combating land degradation and desertification thus should lead to an increase
in rural incomes, which would allow people to get access to health and other public
services. Similarly, efforts to force farmers to use prescribed soil and water con-
servation measures, build terraces or to plant unsuitable trees have sometimes led
to increased land degradation as a result of poor maintenance or destruction of the
measures due to farmers’ opposition. Often land use changes are associated with
increased erosion or salinity build up having thus negative effects on soil quality.

Despite of the obvious importance of interactions between the policy and politi-
cal environment and land degradation processes, there is currently little work that
has directly addressed how policies, and the political decisions influence and shape
global land degradation and desertification. Although some work has shed impor-
tant light on the role of actors, actor networks and stakeholders’ political interests
in both alleviating or exacerbating desertification, much work still remains to be
done with regard to the specific role that policy and politics play in influencing land
use decisions with potential negative effects on degradation processes. What is the
impact of political conflicts on resource base degradation? There are many examples
showing that increased political and social unrest and instability leads to increased
poverty and degradation of natural resources.

Recent evidence suggests that soil erosion risk is decreasing in the EU countries
(OECD, 2008). Positive results in increasing soil organic matter content in the US
soils are reported as well for the areas under conservation reserve programmes or
CRP. However, this should not be considered as the fight with land degradation is
over in these regions or in these particular aspects. If we win one battle there are
many others to be won. Thus there is the need more than ever for a Directive for
Soil Protection in Europe and not to use the above positive examples to induce
complacency.

There is a need to explore why Governments at various levels, take actions on
environmental protection during certain periods and afterwards tend to forget either
to follow them up or even to evaluate their effectiveness. This leads to argue about
the existing political, governance, and decision-making processes, which amongst
other things question the influence of international conventions – especially of the
UNCCD as a main driving force, or do these actions, derive from more prag-
matic reasons? The problem is that people can’t wait until a tsunamy, hurricane,
earthquake or any other form of natural disasters occurs so that decision makers
could take action. History shows that in the 1930s it was not until the clouds of
wind-eroded sands from Midwest USA reached the Congress at Capitol Hill in
Washington DC, that action was taken to prevent from happening again this “great
dust bowl”. The USDA Soil Conservation Service (USDA SCS) was set up in that
decade as a direct result of those powerful reminders. Since then, due to a concerted
campaign based on conservation measures including strip contouring and (more
recently) no-till farming promoted by the USDA Natural Resources Conservation
Service (former SCS), the situation has been reversed and the Midwest is one of the
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most productive agricultural regions in the world. This is an extraordinary historical
example of reversing land degradation: it is a lesson that must not be ignored!

So, can we win the struggle with land degradation? Yes we can (as it was shown
in this conference), but we need to be aware first that sustainable land management
can only be assured if all the components of the equation are given equal importance
in a holistic and integrated manner. We need to be also conscious that there are
no “ready recipes” for each farm, nation, region, and beyond. They need to be
“tailored” according to specific conditions and we should be also prepared that this
fight might be quite long.
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Chapter 2
Moving Ahead from Assessments to Actions:
Could We Win the Struggle with Soil
Degradation in Europe?

Luca Montanarella

Abstract The EU Thematic Strategy for Soil Protection has identified eight major
threats to European soils. They include erosion, organic matter decline, com-
paction, salinisation, landslides, contamination, sealing and biodiversity decline.
Yet a Framework Directive for Soil Protection as a legally binding document for
all the EU member states has to become reality. This chapter emphasises the impor-
tance of soil functions and services in support of Europe’s agricultural productivity
and environmental sustainability. It draws conclusions also on the elaborated avail-
able soil legislation in the EU and explores the linkages between policy measures,
implied agricultural soil conservation practices and soil degradation processes.
It also emphasise the needs for additional soil research and awareness activities
throughout Europe to further support soil conservation.

Keywords EU · Soil thematic strategy · Soil threats · Legislation · Research · Soil
awareness

2.1 Introduction

The adoption of the EU Thematic Strategy for Soil Protection by the European
Commission on 22 September, 2006 has given formal recognition of the severity
of the soil and land degradation processes within the European Union and its bor-
dering countries. The Strategy includes a communication (European Commission,
COM(2006)231) outlining the strategy, a proposal for framework directive for soil
protection (European Commission, COM(2006)232) as a legally binding instru-
ment and an extended impact assessment (European Commission, SEC(2006)620)
that has quantified soil degradation in Europe, both in environmental and economic
terms.
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This impact assessment is based mainly, but not exclusively, on reports (Van-
Camp et al., 2004a, b, c, d, e, f) by the Joint Research Centre (JRC) of the
Commission and the Working Groups set up to assist the Commission, and reports
carried out for the Commission in assessing the economic impacts of soil degra-
dation and economic, environmental and social impacts of different measures to
prevent soil degradation.

Available information suggests that, over recent decades, there has been a signifi-
cant increase in soil degradation processes, and there is evidence that these processes
will further increase if no action is taken. Soil degradation processes are driven or
exacerbated by human activity. Climate change, together with individual extreme
weather events, which are becoming more frequent, will also have negative effects
on soil.

Soil degradation processes occurring in the European Union include erosion,
organic matter decline, compaction, salinisation, landslides, contamination, sealing
and biodiversity decline.

The strategy proposed by the European Commission is based on four pillars:
A binding legislative instrument (the proposed soil framework directive), inte-
gration of soil protection into existing legal instruments at European level, new
and enhanced research activities related to soil protection and a renewed effort in
awareness raising initiatives.

2.2 Framework Legislation for Soil Protection

The European Commission has proposed a draft soil framework directive as one of
the essential elements of the soil thematic strategy. The proposed directive contains
a large number of innovative approaches to soil protection that, if fully implemented,
would lead to substantial reversal of the current negative trend in soil degradation in
Europe.

At the core of the directive is the definition of soil as the full layer of unconsol-
idated materials from the surface down till the bedrock. Such a definition largely
exceeds the traditional “pedological” definition of soils (WRB, 2006): . . . . any
material within 2 m from the Earth’s surface that is in contact with the atmosphere,
with the exclusion of living organisms, areas with continuous ice not covered by
other material, and water bodies deeper than 2 m. The directive therefore aims to
comprehensive soil protection beyond the traditional views relating soil protection
strictly to the protection of its agricultural function. Indeed the directive fully rec-
ognizes the multi-functionality of soils and aims towards the protection of these
functions more then the actual protection of the soil per se.

The main functions recognized by the directive are:

(a) biomass production, including in agriculture and forestry;
(b) storing, filtering and transforming nutrients, substances and water;
(c) biodiversity pool, such as habitats, species and genes;
(d) physical and cultural environment for humans and human activities;
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(e) source of raw materials;
(f) acting as carbon pool;
(g) archive of geological and archaeological heritage.

The list of functions identified within the directive do not precisely match the
traditional six functions recognized by the soil science community (Blum, 1993), but
have been selected as well for their relevance to stakeholders and decision makers
in general. In particular the function of soils as major carbon pool has been singled
out as a very crucial function within the current climate change debate (Lal, 2000).

In order to achieve the protection of the above functions of soils in Europe,
an approach by priority areas is proposed: Member States are required to delin-
eate priority areas for measures to combat the various soil threats as identified by
the directive in Annex I: Erosion, loss of organic matter, compaction, salinization,
landslides. A separate approach is proposed for soil contamination, addressing the
issue of contaminated sites, their inventory and successive restoration measures.
The criteria for the delineation of priority areas have been proposed in annex I to
the directive and have been derived from the results of a specific working group of
the European Soil Bureau Network (European Soil Bureau, 2006). The proposal by
the European Commission received already positive opinions from the Committee
of the Regions, the Economic and Social Committee and the European Parliament
that adopted a favourable opinion both of the strategy and the proposed directive.

The Council still has not achieved a common position of the 27 EU Member
States, despite substantial efforts by the Portuguese and French Presidencies to reach
consensus. Five EU Member States have formed a blocking minority for different
reasons: Germany, Austria and The Netherlands for reasons of subsidiarity, claiming
the lack of competence of the European Union in legislating about an issue like soils,
which are to be considered of strictly local, and therefore National competence. The
United Kingdom and France have objections of proportionality and costs, claiming
that the actual economic benefits of the proposed directive would not out weight the
cost of implementation. This in clear contradiction to the extended impact assess-
ment that has documented that the total costs of soil degradation just for erosion,
organic matter decline, salinization, landslides and contamination, on the basis of
available data, would be up to C38 billion annually for EU25.

Despite the current difficulties in the acceptance by the EU Member States of
the soil framework directive, soil protection activities are increasing in Europe in
the framework of the soil thematic strategy thanks to the initiatives within the other
three pillars of the strategy: integration, research and awareness raising.

2.3 Integration

Several existing policies and legislative instruments at EU level already allow
achieving extensive soil protection targets. Among them, certainly the Common
Agricultural Policy (CAP) can be an instrument to achieve improved soil
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conditions in agricultural land. In the framework of the Cardiff-Process (European
Commission, 1998, COM/98/0333), environmental objectives are to be integrated
into EU sectoral policies, including the Common Agricultural Policy (CAP).
Consequently, the protection of the environment is an important objective of the
CAP. The CAP comprises two principal forms of budgetary expenditure: market
support, known as Pillar One, and a range of payments for rural development
measures known as Pillar Two.

Cross-compliance, a horizontal tool for both pillars and compulsory since the
implementation of the CAP reform 2003 (Council Regulation (EC) No 1782/2003),
plays an important role in soil protection, conservation and/or improvement. Under
cross-compliance rules, the receipt of the single farm payment and payments
for eight rural development measures under axis 2 is conditional on a farmer’s
compliance with a set of standards.

First, enforcement of implementation and control of EU environmental directives
were promoted through compliance with the Statutory Management Requirements
(SMR: Annex III). Second, the Good Agricultural and Environmental Conditions
(GAEC: Annex IV) were introduced to prevent land abandonment that could result
from the decoupling of direct aids from production. GAEC specifically include
protection against soil erosion, maintenance or improvement of soil organic mat-
ter, and maintenance of a good soil structure. The fact that GAEC are defined at
national level enables Member States to address soil degradation processes flex-
ibly according to national priorities and local needs. Some Member States used
GAEC to compensate for gaps in their existing national legislation on soil pro-
tection, while other Member States already had a legislative basis in place and
merely adopted it for cross-compliance. This has resulted in the situation that
national designs of GAEC are highly variable in scope and detail of describing
measures.

Within the second pillar of the CAP, a wide range of measures can be supported
under Council Regulation (EC) No 1698/2005. Member States and regions are
obliged to spread their rural development funding across three thematic axes, (1)
competitiveness; (2) environment and land management; and (3) economic diver-
sity and quality of life, with minimum spending thresholds applied per axis (i.e.
10% for axes 1 and 3, and 25% for axis 2). “LEADER” is a horizontal axis (min-
imum spending of 5%; 2.5% in the new Member States) complementing the three
thematic axes. Axis 2 measures are of particular interest within the scope of soil pro-
tection, since both environmental improvement and preservation of the countryside
and landscape encompass soil degradation processes. Regarding this axis, Member
States are encouraged to focus on key actions; of which some explicitly refer to soil,
such as the delivery of environmental services, in particular water and soil resources;
or stressing the role of soils in adapting to climate change.

Currently the most important pieces of environmental EU legislation with respect
to soil quality are the Nitrates Directive (91/676/EEC) and the Water Framework
Directive 2000/60/EC). Others also have beneficial effects but these are smaller, as
a result of the specificity of their objectives.
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• The Water Framework Directive 2000/60/EC), including its daughter direc-
tives such as the new Groundwater Directive has the objective to prevent and
reduce pollution, promote sustainable water use, protect the aquatic environment,
improve the status of aquatic ecosystems and mitigate the effects of floods and
droughts. Because of the link between water and soil quality, measures taken
under the Water Framework Directive may contribute to reducing soil contami-
nation, with expected positive side-effects on soil biodiversity. Soil degradation
processes (especially erosion and local and diffuse soil contamination) were iden-
tified as impacting on water quality, rather than being positively affected by
improved water quality.

• The Nitrates Directive (91/676/EEC) is designed to protect the Community’s
waters against nitrates from agricultural sources, one of the main causes of water
pollution from diffuse sources, and is thus primarily targeting water quality.
However, it is expected to have positive effects on local and diffuse soil pollu-
tion by nitrates (and phosphates). Also in particular cases, soil compaction might
be positively affected, as fertiliser spreading is banned in the winter period (with
prevailing wet or water-saturated soils).

• Avoiding pollution or deterioration of agricultural soils is regarded as an implicit
precondition for the protection or recovery of habitats under the Birds Directive
79/409/EEC) or the Habitats Directive (92/43/EEC). Soil biodiversity is likely to
benefit from the (extensive) farm practices by the implementation of these direc-
tives. Positive effects on (local and) diffuse soil contamination are expected too.
A coherent European ecological network known as “Natura 2000” is integrating
the protected areas of both directives.

• The Sewage Sludge Directive (86/278/EEC) addresses the decline of organic
matter and soil contamination, through regulating the use of sewage sludge
on agricultural land, while encouraging its correct use (through the application
of limits on the concentrations of certain substances, or outright bans where
needed).

• The Plant Protection Products Directive (91/414/EEC) concerns the authorisa-
tion, placing on the market, and use and control within the Community of plant
protection products in commercial use. It will be replaced with a Regulation
once the Commission proposal (COM (2006) 388) is adopted by the Council and
the European Parliament. This Regulation will be complemented by a Thematic
Strategy on the Sustainable Use of Pesticides and its corresponding legislative
proposal for a Framework Directive (COM(2006) 373 final) which address risks
resulting from the actual use of pesticides (mainly plant protection products and
biocides). Both pieces of legislation are expected to have repercussions for soil
contamination and soil biodiversity.

The literature review and the policy implementation survey in the EU-27 show
that there is a large spectrum of policy measures favouring soil protection through-
out the EU (EC-JRC, 2008). These measures are implemented at the national and
regional level and take account of the local conditions, and in doing so use the
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flexibility provided within the legislative EU frame. It is necessary to explore the
linkages between available policy measures, implied agricultural soil conservation
practice and soil degradation processes. This link can be either two-stage, by sup-
porting or requiring a specific farming practice which positively affects soil quality,
or one-stage with a direct link to soil quality. Especially with regard to voluntary
incentive-based measures, it is important to monitor the uptake, as this provides
an indication of their relevance to the social, economic and natural environment of
farms and to their likely impact. Increasing awareness and advice have an important
effect on levels of uptake and compliance with prescriptions.

2.4 Research

Research is the third pillar of the soil strategy. Soil research activities have been
largely neglected in previous times by major research funding agencies (Hartemink,
2008). Indeed the large knowledge gaps still existing have been extensively recog-
nized by the EU soil strategy and have been indicated as one of the main reasons for
the lack of policy action in achieving better soil protection in Europe. Particularly
the area of soil biology has been singled out as a topic for future research priorities
at EU level.

Recently first signals of a reversal of the negative trend in soil science related
research could be detected (Hartemink and Mc Bratney, 2008). A substantial
increase of publication rates as well as of research funding dedicated to soil science
could be observed.

At European level, important new research initiatives have been funded within
the 7th Framework Programme for Research and Development (FP7) starting from
2007. Projects like DIGISOIL, ISOIL, eSOTER, SOILSERVICE and others will
substantially contribute to filling the gap identified by the soil strategy. Direct
research actions of the European Commission through the Joint Research Centre
contribute as well, particularly developing the European Soil Data Centre (ESDAC)
and further developing the European and Global soil databases and information
systems.

2.5 Awareness Raising

The last of the four pillars of the soil thematic strategy is probably the most relevant:
Without a substantial awareness raising effort at all levels it will be rather diffi-
cult to make substantial progress in soil protection in Europe. Soils are still largely
neglected by the public opinion and are usually seen just a surface for building
housing and infrastructure or as a dumping place for waste and other materials.
The active role that soils play in the ecosystem in providing many key services
to us, like clean water, healthy food, biodiversity, pollutants storage and filtering,
raw materials, etc. . . . is largely neglected and hardly recognized by the average
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European citizen. It is therefore of the highest importance to increase the invest-
ments and efforts towards increased awareness among the European citizens of the
importance of soils and of the necessity of protecting this limited resource for future
generations.

Educational activities in schools at all level should be further encouraged and
increased, as well as the organization of media events and the compilation of
communication materials. The European Commission, through its Joint Research
Centre, has already launched several initiatives in order to raise awareness on soil
protection needs. The European Summer School for Soil Survey, as well as the
compilation of the Soil Atlas of Europe (Jones et al., 2005), are among successful
initiatives to bring soils closer to the wider public. Still a lot needs to be done in
order to get the awareness of the need of soil protections at levels comparable to the
protection of air and water.

2.6 Conclusions

Can we win the struggle with soil degradation in Europe? In the previous paragraphs
we have tried to highlight the actions proposed by the European Commission as well
as their status of implementation. The lack of actual monitoring data for soils across
Europe prevents us from providing hard evidence of current trends; nevertheless
first signals of positive developments can be detected.

The recently published report by OECD (2008) reports that overall for the OECD
there has been some improvement or stability in soil erosion, from both water and
wind. An increase in the share of agricultural land within the tolerable erosion risk
class has been accompanied by a reduction in areas at moderate to severe erosion
risk. No clear explanation of the causes of such positive trend in OECD countries
is provided; nevertheless these findings are also confirmed by recent results of the
JRC, confirming that the overall trend in Europe is of a constant decline of soil
erosion rates, mainly due to the growth of forest areas within the European Union,
thus achieving better protection of the soils from water erosion processes.

Unfortunately only limited soil monitoring activities exist (Arrouays et al., 2008)
within Europe, making any assessment of time trends of the various soil threats
practically impossible at EU scale. Certainly the full implementation of the EU Soil
Thematic Strategy, including the proposed Soil Framework Directive, would allow
winning the struggle against land degradation in Europe. First signals of a reversed
trend are there and an increased awareness of the importance of soils as an asset for
future generations may create sufficient political consensus for reaching the ultimate
goal of a sustainable soil management for Europe.
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Chapter 3
Moving Ahead from Assessments to Actions
by Using Harmonized Risk Assessment
Methodologies for Soil Degradation

C.L. van Beek, T. Tóth, A. Hagyo, G. Tóth, L. Recatalá Boix, C. Añó Vidal,
J.P. Malet, O. Maquire, J.H.H. van den Akker, S.E.A.T.M. van der Zee,
S. Verzandvoort, C. Simota, P.J. Kuikman, and O. Oenema

Abstract Almost all developed countries use risk assessment methodologies
(RAMs) for the evaluation of risks related to soil degradation, viz. soil organic mat-
ter decline, erosion, landslides, salinization and/or compaction. However and for
various reasons, seldom the use of such RAMs seldom results in actual measures to
combat soil degradation in practice. In this study the current status of RAMs in EU-
27 was evaluated and factors hampering the implementation of action plans were
explored. To do so we used a so-called risk assessment chain, which describes the
five successive steps of any risk assessment for soil threats viz., (1) notion of the
threat, (2) data collection, (3) data processing, (4) risk interpretation and (5) risk
perception. Based on this assessment we identified three factors that hampered the
execution of measures to combat soil degradation following the application of soil
RAMs:

• Many RAMs are incomplete and focus on the first steps of the risk assessment
chain, and ignore the decision for action to combat land degradation;

• Member states preferably monitor soil threats that are clearly present (e.g. land-
slides) and may overlook “slow killers” like compaction and soil organic matter
decline.

• Different RAMs for the same threat provide different results for the same expo-
sure. This undermines the scientific credibility of the RAMs and the plausibility
of the severity of the threat and may result in loss of commitment to take remedial
actions.

These factors may be overcome by harmonizing RAMs, i.e. by making results
comparable and/or compatible. Therefore, complete RAMs, i.e. covering all aspects
of the risk assessment chain, should be developed for each threat and different
RAMs for the same threat should be made intercomparable, i.e. yield similar risk
perceptions for a certain exposure to a threat. We recommend implementing a Tiered

C.L. van Beek (B)
Alterra, Soil Science Center, 6700 AA Wageningen, The Netherlands
e-mail: christy.vanbeek@wur.nl

25P. Zdruli et al. (eds.), Land Degradation and Desertification: Assessment, Mitigation
and Remediation, DOI 10.1007/978-90-481-8657-0_3,
C© Springer Science+Business Media B.V. 2010



26 C.L. van Beek et al.

methodology, where the Tier 1 method is a standardized and uniformly applicable
method across EU-27, at a relatively low spatial resolution and is used to identify
areas at risk. The Tier 2 method is a regional-specific and more detailed assess-
ment of the risk in the areas identified by the Tier 1 method, where the Tier 2
method is harmonized to the Tier 1 method. We urge to initiate this process timely
considering that as long as different unharmonized soil RAMs are used simultane-
ously, the implementation of remedial measures will be frustrated by ambiguous
results.

Keywords Erosion · Compaction · Landslides · Soil organic matter decline ·
Salinization

3.1 Introduction

In many countries risk assessment methodologies (RAMs) are used for the evalua-
tion of risk related to soil degradation, e.g. soil organic matter decline, salinization,
compaction, erosion and landslides. These soil RAMs generally consist of five suc-
cessive steps that are visualized in Fig. 3.1. The notion of the threat refers to the
definition of threat. Data collection refers to data derived from field measurements,
remote sensing images and/or data statistics on land use, climate, etc. Data process-
ing involves the quantification of a rate or state of the soil threat, using simulation
modelling, empirical modelling, factorial assessment or expert evaluation of the
data. Data interpretation refers to the comparison of the rate or state of the soil
threat with previously defined threshold values. In the final step, the risk perception
step and the risk of the soil threat is assessed in terms of the sense of urgency of
actions and remedial measures. Based on this final step legal authorities may decide
to adopt action plans to halt soil degradation.

Fig. 3.1 The risk assessment
chain, starting with the
definition (notion) of the soil
threat (below) and ending
with risk perception (top)
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However, currently many different RAMs are used and the use of different
RAMs for one and the same threat puts the plausibility of the results at stake.
Kamrin (1997) reported an interesting case, which refers to fish consumption in
the USA. In the USA several federal states bordering the Great Lakes used differ-
ent RAMs to evaluate risks related to consumption of sport fish. In this case the
use of different RAMs resulted in conflicting advices about consumption, notwith-
standing that it concerns the same fish. Ultimately the use of different RAMs
resulted in ambiguous interpretation of risk exposures and loss of public sup-
port to policy. This may hold equally well for policies meant to decrease soil
degradation.

At present, there is a non-binding soil thematic strategy at force in EU-27 (EU,
2006). In the future a soil thematic directive is foreseen, which will be based in part
on the soil thematic strategy, and which may result in more obligations towards the
protection of soils in EU Member States. Provided that the soil framework directive
does come into practice, Member States will be obliged to assign priority areas for
all soil threats within 3 years following the ratification of the Directive. For the
priority areas action plans to mitigate soil degradation have to be developed and
executed. The designation of priority areas will likely be performed using RAMs.
The current use of different RAMs is detrimental for reasons of incompatibility of
results and hence possibly subjective identification of priority areas. Ultimately, the
use of different RAMs may have consequences for equal market access throughout
the EU-27 when these RAMs are used to define measures that will restrict certain
economic activities.

The use of different soil RAMs is not necessarily detrimental, as long as
results are comparable and/or compatible. This is the objective of harmonization,
although the term harmonization is subject to quite some discussion as there are
different perceptions and interpretations. Here, harmonization is defined as mak-
ing results compatible or comparable, hence consistent, and thereby minimizes
the differences between standards or measures with similar scope. Harmonization
can be applied at all levels of the risk assessment chain. The most direct way
of harmonization is by making risk perceptions of different RAMs comparable,
i.e. harmonization at the highest possible level of the risk assessment chain. This
could be achieved using conversion factors to calculate the outcome of one RAM
into the other. However, such an approach is impossible when the notions of
the soil threat differ and cause-effect relationships are non-linear. In these cases
each level of the risk assessment chain has to be harmonized. An extreme form
of harmonization is standardization in which all procedures and methodologies
at all levels of the risk assessment chain are prescribed. The concepts of har-
monization and standardization used in this study are schematically visualized in
Fig. 3.2.

The current use of unharmonized RAMs for soil threats may result in differ-
ent, and possibly conflicting, outcomes with regard to the severity of a soil threat.
This puts the plausibility of soil RAMs at stake and may have consequences for the
implementation of actions plans to combat soil degradation. Therefore, an inven-
tory was made on the use of different RAMs for salinization, erosion, landslides,
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Fig. 3.2 Conceptual visualization of the meanings of harmonization and standardization of RAMs
as used in this chapter. The triangle in between the two risk assessment chains represents the
increasing divergence of (intermediate) results of two RAMs, from bottom to top. Standardization
(bold vertical arrow) applies to prescribed procedures and activities at each level of the risk assess-
ment chain, whereas harmonization (horizontal arrows) implies the use of conversion factors at
the highest possible level (most direct way, indicated by dark colour) and possibly at other levels.
Ultimately, both standardization and harmonization should result in comparable risk perceptions

compaction and soil organic matter decline in EU-27 and options for harmonization
were explored so as to pave the way for consistent actions to halt soil degradation
in EU-27.

3.2 Materials and Methods

To obtain an overview of RAMs currently used across EU-27, questionnaires were
sent out to scientists and policy makers in all Member States of the EU-27. We made
six different questionnaires, one for each soil threat (called “thematic question-
naire”) and a general policy questionnaire. Each questionnaire was sent to national
contact persons, or in case of decentralized governments, to regional contact per-
sons. The policy questionnaire focused on the decision factors of policy makers
to adopt and use RAMs (or not) in national or regional legislations. The policy
questionnaire also inquired about the position of RAMs for each threat within the
institutional structures and about the perception of urgency of the different threats.
Thematic questionnaires focused on the scientific and technical details of the RAMs
related to the steps in the risk assessment chain of Fig. 3.1. Questions referred
to different fields of discipline, viz. policy relevance, responsiveness, analytical
soundness, data availability and measurability, ease of interpretation and cost-
effectiveness of the RAMs. More details about the questionnaires, the distribution
of the questionnaires and the database can be downloaded from www.ramsoil.eu.
Scientific literature reviews and web searches on the implementation on actions
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plans to combat soil degradation completed the assessment of the current status
of soil RAMs in EU-27.

Additionally, two case studies were performed on the diversity of outcomes when
using different RAMs for the same location. The case studies concerned (i) soil
erosion in Romania and (ii) soil compaction in The Netherlands. For soil erosion in
Romania two RAMs were used: the SIDASS-WEPP approach (Simota et al., 2005)
and the PESERA approach (Kirkby et al., 2008). The following scenarios were used:

• PESERA modelling (JRC simulations) using the raster with 1 km grid for soil
properties coming from the EU-soilGIS scale 1:1,000,000, raster from Corine
Land Cover with 1 km grid and DEM with the grid space of 1 km.

• SIDASS modelling (WEPP methodology) with slope based on Slope index linked
with each polygon in soil map of Europe at the scale of 1:1,000,000.

For soil compaction in The Netherlands the methods described by Jones et al.
(2003) and the SOCOMO model (van den Akker, 2004) were compared. The
“Jones” method uses FAO–UNESCO soil texture classes and pedotransfer func-
tions for estimating subsoil densities. The subsoil densities are subsequently used
to estimate the current packing density, which is considered as an indicator for
susceptibility for soil compaction as shown in Table 3.1.

The SOCOMO model uses data from national soil maps and calculates the
allowable wheel load based on texture classes as shown in Table 3.2.

More details about the case studies can be found in Tóth et al. (2009) and
Hoogland and van den Akker (2009).

Table 3.1 Susceptibility to compaction depending on soil texture and packing density (After
Spoor et al., 2003)

Packing density

Texture class Low <1.4 g cm–3 Medium 1.4–1.75 g cm–3 High > 1.75 g cm–3

Course Very high High Moderate
Medium (<18% clay) Very high High Moderate
Medium (>18% clay) High Moderate Low
Medium fine (<18% clay) Very high High Moderate
Medium fine (>18% clay) High Moderate Low
Fine Moderate Low Low
Very fine Moderate Low Low
Organic Very high High –
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Table 3.2 Soil mechanical properties and allowable wheel loads of a Terra Tire 73 × 44.00 – 32 at
pF 2.5 dependant on soil texture classes. F_Pv is the allowable wheel load based on compression
strength (SS); F-MC is allowable wheel load based on shear strength (Mohr Coulomb equation
with cohesion C and angle of internal friction φ)

Texture Clay content C (kPa) φ (◦) SS (kPa) Depth (cm) F_Pv (kN) F-MC (kN)

Course sand < 8 10 32 240 32 125 29
Sand < 8 12 28 198 32 103 30
Sandy loam < 8 10 32 122 32 62 29
Sandy loam 8–18 10 32 140 27 66 29
Clay loam 18–25 14 31 79 27 36
Light clay 18–35 26 36 118 22 49
Medium clay 35–50 26 36 96 22 39
Heavy clay > 50 34 38 114 22 48
Sandy silt < 18 15 39 82 22 29
Silt loam < 18 26 37 110 22 47
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Fig. 3.3 Number of RAMs used to assess different aspects of soil degradation (all threats). The
number of applied RAMs increases from light to dark

3.3 Results and Discussion

3.3.1 Inventory of Soil RAMs

Following the results of the questionnaires it appeared that all but one EU Member
State used at least one soil RAM, and/or was working on the implementation of
one or more soil RAMs (Fig. 3.3). Countries with federal or autonomous regional
governments like Germany and Spain used different RAMs for different regions.
For these countries the total number of applied RAMs may exceed the number of
considered soil threats (5).

Off all reported RAMs more than 50% was still in development (Table 3.3). Of
the remaining 50% that was already in practice, the majority concerned process
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Table 3.3 Countries that report one or more RAMs in practice (x) or in development
(∗). Underlined symbols indicate regional organization of RAMs. Numbers refer to publica-
tion of RAM in literature (i.e. no returned questionnaire). Data from all (policy + specific)
questionnaires

Erosion SOM decline Salinization Compaction Landslides

Austria
Belgium x∗ ∗ ∗ x
Bulgaria
Czech Republic x x x x x
Denmark ∗ ∗ ∗
Estonia
Finland x∗
France x
Germany x∗ ∗ x∗
Greece ∗ ∗ ∗ ∗ ∗
Hungary x ∗ x x
Ireland
Italy ∗ 1 x 2
Latvia
Lithuania ∗
Luxembourg
Malta
Netherlands x x ∗
Poland x ∗
Portugal
Romania x
Serbia ∗ ∗ ∗ ∗ ∗
Slovakia
Slovenia ∗
Spain x ∗ >1 x
Sweden
UK 3

quantifications, rather than risk assessments, i.e. only performed the first 3 steps of
the risk assessment chain of Fig. 3.1. In other words, the majority of the RAMs yield
a rate or state of the soil threat. However, a rate or state of a soil threat doesn’t tell
a policy maker whether action should be taken now, within months or somewhere
in the future, let alone, what action should be taken. This incompleteness of RAMs
puts the unambiguous interpretation of soil threats at stake, as outcomes at different
levels in the risk assessment chain, e.g. results of the data processing step and the
data interpretation step, cannot be compared.

There were some clear differences between soil threats with regard to develop-
ment of RAMs. For instance, the developments of RAMs for landslides were ahead
of the development of RAMs of other soil threats in terms of completion of the
risk assessment chain and in terms of harmonization. This has several reasons: (1)
landslides occur in a limited number of countries, (2) most landslides occur instan-
taneous and consequences are almost always catastrophic, which is a strong driver
for policy makers and (3) external parties, e.g. insurance companies, demand for
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unequivocal risk assessments. In the data processing and data interpretation steps
of the risk assessment chain, landslide RAMs combine expert judgment, empirical
approaches and to a lesser extent mathematical simulations. Currently, a trend in
harmonizing procedures and proposing standards is gaining ground in the landslide
scientific community following the execution of various EU-funded projects, though
differences in terminology may still hamper exchanges of information.

Most RAMs were found for erosion and SOM decline (Table 3.3), which reflects
the widespread appearance of these phenomena. For salinization least RAMs were
observed, which is probably related to the limited number of countries in which
this threat occurs. Table 3.3 also shows that for SOM decline the majority of the
RAMs was still in development, while for erosion and compaction the majority
of the RAMs was already in practice. More details about the inventory of current
RAMs in Europe can be found in van Beek et al. (submitted).

3.3.2 Case Studies

The case study on erosion in Romania showed that the use of different RAMs
yielded differences in the estimation of spatial distributions and patchiness of ero-
sion (Fig. 3.4). Moreover, the use of different RAMs resulted in different estimations
of the affected areas when a certain threshold (in this case 1 t ha–1 y–1) was applied.
Differences in affected areas may yield up to 36% depending on the use of different
soil RAMs and on the spatial scale of data input (not shown).

The case study on compaction in the Netherlands showed large discrepancies in
spatial occurrence and severity of the threat (Fig. 3.5). However, a major part of
the differences was caused by the differences in indicator used in the RAMs, viz.
allowable wheel load in the SOCOMO approach and vulnerability to compaction in
the “Jones” approach. The definition of the indicator is part of the first step of the risk
assessment chain (Notion of threat, Fig. 3.1) and hence this case study demonstrates

Fig. 3.4 Soil loss (t ha–1 y–1) in Romania evaluated using SIDASS-WEPP model and map of
Europe scale 1:1,000,000 (above, left) and using PESERA model at 1 km grid (above, right).
Source: Tóth et al. (2009)
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Fig. 3.5 Vulnerability to compaction based on susceptibility and climate (left) and maximal
allowable wheel load of a Terra Tire 73 × 44.00 – 32 on soil with pF 2.5 (right)

that differences in the first step in the risk assessment chain results in incomparable
outputs in the data processing step.

3.3.3 Implementation of Actions Plan

There are currently more than 200 treaties, agreements, conventions and protocols at
force in the field of environment, but only a few of them are directed towards the pro-
tection of soil (EEA, 2000). Spain has a national action plan to combat erosion and
desertification (MARM, 2008) and the UK has a national soil action plan (DEFRA,
2004). Furthermore Greece, Italy and Portugal have regional action plans to com-
bat desertification, which includes aspects of soil erosion (www.MIO-ECSDE.org).
These national initiatives are just a fraction of the RAMs that are currently in
practice or in development in EU-27 (Table 3.3). This observation demonstrates
the difficulties that are experienced by policy makers going from inventory of risk
exposures towards action plans to prevent these risks.

3.4 Conclusions and Outlook

At present, the use of RAMs for soil degradation in EU-27 seldom results in the
implementation of action plans to reduce soil degradation effects. This would sug-
gest that soil degradation is not a serious issue in EU-27. However, various reports
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(e.g.) Greenland (2006), van Lynden (1995) and EEA (2000) indicate that soil degra-
dation is a serious issue in EU-27. These conflicting results are based in part on the
following facts:

– Incompleteness of RAMs for soil degradation assessment: the vast majority of the
reported RAMs are process quantification as they yield a rate or state of a soil
threat, but do not provide information about the actual risk perception (notably
the final step of the risk assessment chain in Fig. 3.1). The risk perception should
tell policy makers whether the risk is acceptable or not. However, to establish
risk classes the contribution of policy makers to the development of RAMs is
warranted as risk perception is not only a matter of scientific understanding, but
also about social acceptance and political willingness.

– Uneven attention by policy makers between different threats: Our results showed
that RAMs for “high impact” threats like landslides and erosion were much fur-
ther elaborated than the “slow killers” like compaction and soil organic matter
decline. However, “slow killers” are often predisposing factors for “high impact”
threats and therefore should be part of an integrated assessment to combat soil
degradation.

– The use of different RAMs result in different, and possibly conflicting, risk per-
ceptions and inability to compare outputs of RAMs due to differences in notions of
the threat. This may ultimately have consequences for the assignment of priority
areas and the public support to policies.

Abovementioned shortcomings may be overcome when RAMs are harmonized.
However, harmonization of soil RAMs is not an easy task as soil RAMs have
often certain regionally specific characteristics that can not be easily incorporated in
another soil RAM. For that reason we suggest a two-tier approach for the identifica-
tion of geographical areas at risk for soil threats. The Tier 1 method is a standardized
and uniformly applicable method across EU-27, at a relatively low spatial resolu-
tion and is used to identify areas at risk. The Tier 2 method is a regional-specific and
more detailed assessment of the risk in the areas identified by the Tier 1. Hence, the
Tier 1 method is similar for all Member States of EU-27, while the Tier 2 method
is chosen on the basis of its specificity for areas/regions or Member States, by the
Member States in question. The results of the Tier 2 approach should be compared
and harmonized as far as possible with the results of the Tier 1 approach. The results
of a number of recent explorative studies on the occurrence of soil threats in EU-27
may be used as a starting point for the identification of proper Tier 1 methods.

If such a two-tier approach appears to be not feasible, for whatever reasons,
we recommend “generic harmonization”, i.e. combining standardization and har-
monization at all levels of the risk assessment chain for all RAMs in use. For
instance, the notion of the threat, data collection and risk perception steps of the
risk assessment chain are standardized (i.e. prescribed) whereas the data processing
and data interpretation steps are harmonized, i.e. member states can use the mod-
els and threshold values that are most applicable to their (environmental) situation.



3 Moving Ahead from Assessments to Actions by Using Harmonized RAMs 35

With regard to data collection several programmes/manuals are available that pro-
vide already standardized data inventories (Kibblewhite et al., 2008). However, this
“generic harmonization” will be a major undertaking as we noticed that differences
occur between RAMs at each level of the risk assessment chain. We urge to initiate
this process timely considering that as long as different unharmonized soil RAMs
are used simultaneously, the implementation of remedial measures will be frustrated
by ambiguous interpretation of data.
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Chapter 4
“Zero-Tolerance” on Land Degradation
for Sustainable Intensification of Agricultural
Production

Minh-Long Nguyen, Felipe Zapata, and Gerd Dercon

Abstract The demand to improve soil health, arrest land degradation, in particular
desertification in agro-ecosystems and protect land and water resources for food pro-
duction and sustainable agricultural and socio-economic development is expected
to increase in the next 50 years as a result of the continuing worldwide popula-
tion growth and the increased reliance on limited natural resource-based economy.
Moreover, the intensive competition for land and water resources from industrial,
urban and other sectors and the impacts of widespread soil degradation and global
climate change will place increasing pressure on the need to improve sustain-
able land and water use and management. The objective of the Soil and Water
Management & Crop Nutrition (SWMCN) Subprogramme of the Joint FAO/IAEA
Division of Nuclear Techniques in Food and Agriculture is to assist Member States
to use isotopic and nuclear-based techniques to diagnose constraints and pilot-test
interventions to intensify crop production in a sustainable manner through the inte-
grated management of soil, water and nutrient resources without land degradation.
This objective is pursued through a range of activities including (a) co-ordinated
research projects (CRP) which involve international networks of national agricul-
tural research organizations from developing countries, advanced research institutes
and CGIAR institutions, and (b) technical co-operation projects (TCP) that promote
technology transfer through technical support and institutional capacity building
in FAO and IAEA Member States. This chapter will report on the application of
isotopic and nuclear techniques to unravel processes and factors that affect land
degradation and major findings obtained from both CRPs and TCPs that were aimed
to avoid and mitigate land degradation. Since land degradation includes not only
soil erosion but also the decline in soil quality and their constituents (such as water
and nutrients) with its subsequent reduction in crop production, projects that are
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associated with improving soil health, minimizing nutrient mining, combating soil
salinity, soil acidity and desertification and enhancing water use efficiency will also
be briefly presented and discussed.

Keywords Nuclear and isotopic techniques · Land degradation · Erosion ·
Soil · Water management · Food security · IAIE

4.1 Introduction

The present world population of 6 billion is expected to reach 8 billion by the
year 2020. Most of the population increases will occur in developing countries,
where the largest fraction depends upon agriculture for their livelihoods. Against
the background of projections on increased population growth and pressure on the
availability of land and water resources worldwide, several developing countries
will face major challenges to achieve food security in a sustainable manner, consid-
ering their available per capita land area, severe scarcity of fresh water resources and
particular infrastructure and socio-economic conditions (Lal, 2000; Brown, 2009).

This is further compounded by severe global soil degradation, in particular Sub-
Saharan Africa and South Asia, and increased risks of soil erosion, in particular
desertification (Lal, 2007). Worldwide soil degradation is currently estimated at 1.9
billion hectares and is increasing at a rate of 5–7 million hectares each year (Lal,
2006). Soil degradation and food insecurity are intricately linked with long-term
social, economic and environmental impacts resulting in human migration, social
unrest, food crises and global instability (Doos, 1994; Alexandratos, 1995; Brown,
2009).

Enhancing sustainable food production will require the combined use of the
following strategies for land and water resource management: (a) agricultural
intensification on the best arable lands that are currently being farmed with mini-
mum environmental degradation; (b) rational utilization of the marginal lands, and
(c) arrest land degradation and restore degraded soils (Lal, 2000). Besides, these
pressing issues, there are several other environmental problems that would also need
to be addressed. These include: (a) Increasing risks and impacts of global warming
and climatic variability; (b) rising energy demands, in particular renewable energy
sources; (c) expanding urbanization and industrialization and related infrastructure
development; and (d) deteriorating water and air quality. All of them will likely have
negative impacts and induced changes on agro-ecosystems thus placing increased
pressures on sustainable land and water resources to produce sufficient food, feed,
fibre and fuel for the ever increasing world population (Lal, 2007; Verchot and
Cooper, 2008).

This chapter reports on the objective, strategies and main project activities of
the Soil and Water Management & Crop Nutrition (SWMCN) Subprogramme of
the Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture, with
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particular emphasis on the role of nuclear-based techniques in the development of
integrated soil, water and nutrient management practices for sustainable intensifica-
tion of agricultural production and conservation of the natural resource base without
impact on soil health and land degradation.

4.2 Operational Strategy of the Soil and Water Management
and Crop Nutrition Subprogramme

In 1964, two United Nations Organizations, the Food and Agriculture Organization
(FAO) and the International Atomic Energy Agency (IAEA) established the Joint
FAO/IAEA Division of Nuclear Techniques in Food and Agriculture at the IAEA
Headquarters in Vienna, Austria, to strengthen capacities for using nuclear-based
methods to develop technologies for sustainable food security and to disseminate
these through international co-operation in research, training and outreach activities
in Member Countries of FAO and IAEA (IAEA, 2008a; FAO, 2008). To achieve
this mission, the Division has five disciplinary Sections, namely the Soil and Water
Management and Crop Nutrition, Plant Breeding and Genetics, Animal Production
and Health, Insect and Pest Control and Food and Environment Protection. Each
Section is linked to a Laboratory Unit located at the Agriculture and Biotechnology
Laboratory (ABL) in Seibersdorf. (FAO/IAEA, 2007, 2008a; FAO, 2008).

The strategic objective of the SWMCN Subprogramme, consisting of the
SWMCN Section at IAEA Headquarters and the Soil Science Unit in Seibersdorf,
is to develop and promote the adoption of nuclear-based technologies for optimis-
ing soil, water and nutrient management practices in targeted cropping systems (and
agro-ecological zones), which support intensification of crop production and preser-
vation of the natural resource base (FAO/IAEA, 2008b). Nuclear-based techniques
(stable and radioactive isotopes, neutron moisture and gamma density probes) pro-
vide unique and quantitative data on nutrient and water dynamics in the soil-plant
system, and therefore, have advantages over conventional techniques in providing
essential or value-added information for properly defining and quantifying “land
productivity” constraints and assessing the value of the interventions designed to
alleviate them with the ultimate goal of enhancing sustainable intensification of
agricultural production.

To achieve the strategic objective of the Subprogramme, the following activities
are implemented:

• Development, evaluation and standardization of new nuclear and related method-
ologies for achieving sustainable intensification of crop production systems in
Member States. This is done through the Research Contract Programme by pro-
moting global and regional thematic research and development networks called
Co-ordinated Research Projects (IAEA, 2008b). A list of completed and ongoing
CRPs of the SWMCN Subprogramme can be found in Table 4.1.



40 M.-L. Nguyen et al.

Table 4.1 List of Coordinated Research Projects (CRP) implemented by the Soil and Water
Management and Crop Nutrition Subprogramme of the Joint FAO/IAEA Division of Nuclear
Techniques in Food and Agriculture (IAEA)

CRP code and title Period Publication

(a) Completed CRPs

D1.50.05. The assessment of soil
erosion through the use of
Cs-137 and related techniques as
a basis for soil conservation,
sustainable agricultural
production and environmental
protection (Joint CRP with
F3.10.01)

1995–2001 Handbook for the assessment of
soil erosion and sedimentation
using environmental
radionuclides. Kluwer Ac. Publ.,
Dordrecht, the Netherlands
(2002)
Special issue STILL Research
69, 1–2 (2003)

D1.20.06. Management of
nutrients and water in rainfed
arid and semi-arid areas for
increasing crop production

1997–2002 IAEA TECDOC 1468. IAEA,
Vienna (2005)

D1.20.07. Use of nuclear
techniques for developing
integrated nutrient and water
management practices for
agroforestry systems

1998–2006 IAEA TECDOC 1606. IAEA,
Vienna (2008)

D1.50.06. Development of
management practices for
sustainable crop production
systems on tropical acid soils
through the use of nuclear and
related techniques

1999–2004 IAEA Proceedings series
STI-PUB-1285. IAEA, Vienna
(2006)

D1.50.07. Integrated soil, water
and nutrient management for
sustainable rice-wheat cropping
systems in Asia

2001–2006 IAEA TECDOC (in preparation)

D1.50.08. Assess the effectiveness
of soil conservation techniques
for sustainable watershed
management using fallout
radionuclides

2002–2007 IAEA TECDOC (in preparation)

D1.20.08. Selection for greater
agronomic water-use efficiency
in wheat (drought) and rice
(salinity) using carbon isotope
discrimination

2003–2008 IAEA TECDOC (in preparation)

D1.50.09. Integrated soil, water
and nutrient management in
conservation agriculture

2004–2009 Research contractors from ARG,
BRA, IND, MOR, PAK, TUR
and UZB; technical contractor
from CHI and research
agreements from AUL and
CIMMYT-Mexico
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Table 4.1 (continued)

CRP code and title Period Publication

(b) Ongoing CRPs

D1.50.10. Selection and evaluation
of food (cereal and legume) crop
genotypes tolerant to low
nitrogen and phosphorus soils
through the use of isotopic and
nuclear-related techniques

2006–2011 Research contractors from BKF,
BRA, CMR, CPR, CUB, GHA,
MAL, MEX, MOZ and SIL;
Technical contractors from USA
and research agreements from
AUL, WARDA, TSBF-CIAT,
IITA and FRA

D1.20.09. Managing irrigation
water to enhance crop
productivity under
water-limiting conditions: a role
for isotopic techniques

2007–2012 Research contractors from CPR
(2), BKF, MLW, MOR, PAK,
TUR, VIE, and ZAM; technical
contractors from USA (2) and
research agreements from AUS
and SPA

D1.20.10. Strategic placement and
area-wide evaluation of water
conservation zones in
agricultural catchments for
biomass production, water
quality and food security

2008–2013 Research contractors from CPR,
EST, IRA, LES, NIR, ROM,
TUN and UGA Technical
contractors from UK and USA
and research agreements from
FRA, UK and USA

D1.20.11. Integrated isotopic
approaches for an area-wide
precision conservation to control
the impacts of agricultural
practices on land degradation
and soil erosion

2009–2014 Research contractors from CHI,
CPR (2), POL, MOR, RUS, SYR
and VIE; Technical contractors
from GFR, NZE and UK and
research agreements from AUL,
CAN and UK

• Provision of assistance to developing Member States to build-up national
capacity (human and infrastructure), transfer and apply nuclear-based technolo-
gies in sustainable agricultural development through Technical Co-operation
Programme. Technical and scientific backstopping will be provided in identi-
fying, formulating and implementing interregional, regional and national TC
projects in topics related to sustainable intensification of crop production systems
(IAEA, 2008c).

• Assist Member States in developing human resources through training courses,
workshops, fellowship training, scientific visits and through development of
training materials.

• Provide supportive research, training, and analytical services through the Soil
Science Unit, Agriculture and Biotechnology Laboratory (ABL) at Seibersdorf,
near Vienna, Austria (IAEA, 2008d).

• Synthesise and disseminate information from the SWMCN Sub-programme
research activities through publications and databases and information exchange
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through Newsletters, web pages, etc. to transfer technological packages to
beneficiaries and end-users to enhance the impact of the projects.

• Promote the dissemination of nuclear technologies to the scientific community
through the organization of international/regional meetings.

The effectiveness and impact of these activities is enhanced by further creating
synergies between the Research Contract and Technical Co-operation Programmes
to the benefit of the Member States. These activities are also implemented by estab-
lishing linkages to existing projects and collaborating partnerships with CGIAR
Centres (e.g. CIMMYT, IITA, IRRI, TSBF-CIAT and WARDA) and Advanced
Research Institutes (currently 20 ARIs participate in CRPs, coming from devel-
oped countries such as Australia, Canada, France, Germany, New Zealand, UK and
USA).

4.3 Approaches, Strategies and Project Activities Related
to Land Degradation

Combating or avoiding land degradation for sustainable intensification of crop pro-
duction systems requires an integrated soil-water-plant nutrient approach at field
and catchment level to improve the productivity of the systems and at the same
time to restore and maintain soil fertility and enhance soil health and its resilience
against degradation. Isotopes of nitrogen (15N), phosphorus (32P), carbon (13C)
and oxygen (18O) together with soil moisture neutron probes have been used to
develop integrated soil-plant approaches to ameliorate soil infertility and related
soil problems/constraints; improve nutrient and water use efficiency and to provide
sustainable intensification of crop production in agroforestry systems, dryland agri-
culture, tropical high phosphorus-fixing acid soils and rice-wheat cropping systems
(Chalk et al., 2002; Nguyen and Zapata, 2006; FAO/IAEA, 2008b).

Soil organic matter (SOM) plays an important role in improving soil functions,
promoting soil health and mitigating land degradation. The influence of soil and
water conservation measures in SOM accumulation and the consequent impact of
accumulated SOM on soil nutrient dynamics was investigated with the use of 15N
and 13C based isotopic techniques in various agroecosystems. Data obtained under
a CRP on conservation agriculture (CA) (Table 4.1, D1.50.09) indicates that zero
tillage (ZT) could sequester up to 17 Mg C ha–1 more than conventional tillage in
Ferralsols of the Brazilian Cerrado region over a 13-year period.

Carbon isotope signatures (isotopic 12C/13C ratios) in the SOM provided valu-
able information on the effects of tillage and type of crop rotation on soil C
sequestration. A higher soil C accumulation was observed under ZT when the N-
fixing legume vetch (Vicia villosa) with biological N fixation inputs of 127 kg N
ha–1 as measured by the 15N isotope dilution technique (Urquiaga et al., 2006) was
included in the crop rotation involving root crops (Sisti et al., 2004).
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Although CA may enhance C sequestration as shown in a review conducted by
one of the agreement holders (Govaerts et al., 2009) of the CRP D1.50.09, the dif-
ference in soil C sequestration between CA and conventional tillage depends not
only on a C input from crop residues but also on a net external input of N (Govaerts
et al., 2009). Conventional tillage can diminish the input from a N-fixing green-
manure because this N-input can be mineralised to soil mineral N (Alves et al.,
2002), which in turn can be removed from the top soil depth by leaching or in
gaseous forms. The use of 15N-labelled green manure was able to quantify the rel-
ative importance of these N removal processes and hence management practices
can be put in place to reduce N losses and enhance N retention for promoting C
sequestration (Kirchmann and Bergström, 2001; Bergström and Kirchmann, 2004;
Seo et al., 2006; Christopher and Lal, 2007).

Isotopic techniques are also playing an important role in quantifying the benefi-
cial impacts of CA on mitigating soil erosion and the related loss of soil nutrients
(Schuller et al., 2007). Fallout radionuclide (FRN) such as 137Cs, 210Pb and 7Be
are increasingly used by FAO/IAEA Member States through both CRP and TCPs
(Table 4.1) as tracers to quantify soil erosion/sedimentation rates because the FRN
technologies are cheaper and more effective at large-scale soil erosion evaluations
taking into account of temporal and spatial variabilities, compared to costly conven-
tioanl techniques using field plots and soil erosion pins (Zapata, 2003; Mabit et al.,
2008; Zapata and Nguyen, In Press).

For example, Schuller et al. (2007) from the CRP on soil conservation measures
(Table 4.1, D1.50.08) reported that 16 years after implementing zero tillage in south-
ern Chile, there was a substantial reduction in the soil erosion rates as measured by
Cs-137 (half-life of 30.2 years) of about 87% (from 11 t ha–1 year–1 to 1.4 t ha–1

year–1). However such a beneficial effect can be readily lost if the mulch layer of
old crop residues was removed by burning. Using the short-lived radionuclide Be-
7 (half-life of 53.4 days), to measure a short-term (a 27-day period) erosion event
occurred just after a dramatic burning event, Schuller et al. (2007) reported substan-
tial soil losses of 12 t ha–1 over this 27-day of exceptionally wet (400 mm) period.
This represents a dramatic acceleration of the average soil losses under CA from 1.4
t.ha–1 on a year basis to 12 t ha–1 over a short (27 days) runoff event.

The CRPs mentioned above have created an effective network of research sci-
entists and national agricultural research institutes involving in the combined use
of FRNs and stable isotopes such as 15N to assess the relative impacts of differ-
ent soil conservation measures on soil erosion and land productivity. The success
of these CRPs has stimulated an interest in many Member States in the use of
these methodologies to identify factors and practices that can enhance sustainable
agriculture and minimize land degradation. At present there are 37 Member States
through Technical Co-operation (TC) projects at both national and regional levels
using FRNs to address issues relating to sustainable land management.

For example, one major regional project on “Sustainable Land Use and
Management Strategies for Controlling Soil Erosion and Improving Soil and Water
Quality” (RCA Project RAS/5/043) has recently been concluded. This project
involved participants from the following 14 Member States in the East Asia and
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the Pacific region: Australia, Bangladesh, China, India, Indonesia, Republic of
Korea, Malaysia, Mongolia, Myanmar, Pakistan, Philippines, Sri Lanka, Thailand,
Vietnam. The FRN technology has been successfully used by the participating
countries to assess soil erosion, evaluate soil conservation measures (e.g. forestation,
terracing, contour cropping, contour hedgerow systems), and to better understand
the link between soil redistribution and soil quality (e.g. Soil Organic Matter) in
the landscape. The inter-institutional and multi-disciplinary approach (close collab-
oration between nuclear and soil science institutes) adopted by most participating
Member States was one of the key factors of this success.

The expertise gained in the project can be used to further train scientists and tech-
nicians from the region. Participants were established with related policy-making
and development-oriented institutions. These partnerships are an important vehi-
cle for the dissemination of the FRN technology to assess soil redistribution and
improve land management practices. The participants of the project and their part-
ners in the countries have already used the information obtained in the regional
project as a basis to formulate development projects for enhancing the adoption of
improved soil conservation and water management practices. The following exam-
ples highlight the impact of this Regional TCP project (RAS/5/043) in Member
States.

In China, the Office of the World Bank Project in Baota district, Yan’an has
adopted the information obtained from the RAS/5/043 for selecting effective soil
conservation measures to control soil erosion. The project area was 800 km2 in
the Yanhe River watershed of the Chinese Loess Plateau. Through the use of a
cash forest area and the establishment of tree, shrub and grass cover in a struc-
tured framework, annual sediment delivery after a 6-year period (1998–2004) was
reduced by 77% compared to that annually produced (8.32 million tons) before the
project implementation (1998).

In the Philippines, the RAS/5/043 project has contributed towards the establish-
ment of an integrated management plan for sustainable land and water use. Data on
the spatial pattern and rates of soil redistribution under different land use and man-
agement practices were used in the assessment and recommendations for improving
soil conservation measures in the watershed area and to make local farmers and
communities aware of the importance of stopping erosion to ensure their agricultural
productivity by adopting appropriate farming practices. The introduction of soil con-
servation measures in the Pilot Project area covering approximately 6,600 ha within
the Angat watershed has been successful at mitigating soil erosion and improving
crop production and farmers’ income by about 15%.

The success outlined above has stimulated additional commitment from the
Agency in responding to request from Member Sates in Latin America. This
year a new regional Technical Co-operation project has been initiated on “Using
Environmental Radionuclides as Indicators of Land Degradation in Latin American,
Caribbean and Antarctic Ecosystems”, RLA5051, which was approved for 5 years
duration from 2009 until 2013.

Land degradation affects about 300 million hectares of land in the Latin
American and Caribbean region, out of this 51% of agricultural land (180 million
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hectares). The ARCAL (Regional Cooperative Agreement for the Advancement of
Nuclear Science and Technology in Latin America and the Caribbean) Regional
Strategy Profile identified the unsustainable use of arable land and the resulting
permanent loss of productive agricultural areas as one of the most significant envi-
ronmental challenges to sustainable food production and water supply in Latin
America and the Caribbean region.

The following 14 Member States are participating: Argentina, Bolivia, Brazil,
Chile, Cuba, Dominican Republic, El Salvador, Jamaica, Haiti, Mexico, Nicaragua,
Peru, Uruguay and Venezuela. The project aims to enhance soil conservation and
environmental protection in Latin American, Caribbean and Antarctic environments
in order to ensure sustainable agricultural production and reduce on and off-site
impacts of land degradation. Soil redistribution rates will be determined to esti-
mate erosion/sedimentation rates and assess the effect of human intervention on
soil ecosystems in selected areas of the 14 participating countries in the region.
The main expected outcome of this project is enhanced regional capacity for sound
assessment of land degradation and improved national and regional policies for
soil conservation and environmental protection in Latin America, Caribbean and
Antarctic ecosystems by using fallout radionuclides.

In order to target appropriate soil and water conservation measures to reduce the
area-wide impacts of different land uses within a catchment, a new CRP (D1.20.11,
Table 4.1) entitled “Integrated Isotopic Approaches for area-wide precision conser-
vation to control the impacts of agricultural practices on land degradation and soil
erosion” has been initiated in 2009 with 14 participants from 12 Member States.
This CRP aims at up scaling the use of the proven FRN based technique and the
combined use of FRN with the compound specific stable isotopes to apportion the
source of soil losses from different land uses within a catchment.

4.4 Looking Ahead to the Future

Land degradation can be influenced by land use as well as by extreme climatic
events resulting from climate change. Adaptation to climate change will require the
ability to identify the sources of soil loss at an area-wide scale for the purposes of
remediation, rehabilitation and sustainable agricultural and economic development.
The SWMCN Subprogramme will be increasingly involved in the application of a
suite of nuclear techniques to monitor the impacts of climate change and variations
in land use activities on soil health and water availability for crop and livestock
production systems under rain-fed and irrigated conditions on the area-wide basis
(i.e. catchment scale), as well as on a field-plot scale.

The losses of soil and its constituents that are expected due to climate change
will become increasingly important elements of land management practices under
climate change scenarios. In this context, nitrogen, oxygen, hydrogen and carbon
stable isotope ratios will be increasingly used to trace the efficiency use of land
constituents and external inputs for crop productivity under different climate change
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scenarios and soil salinity and acidity conditions that are expected to worsen under
those scenarios.

Sources of soil loss/sediment production will be identified using compound
specific stable isotopes (CSSI) of carbon, hydrogen and nitrogen as well as other fin-
gerprints in plants, animal manure and soil samples. Information obtained through
combined iso-source (IS) and other advanced modelling tools that use several iso-
topes to identify causes of soil loss will be used to assess the effectiveness of
different land use practices and soil conservation measures in response to changes
in climate.

The overall aim will be to provide holistic and innovative land and water manage-
ment practices for (i) developing sustainable food production systems, (ii) arresting
land degradation and enhancing land carbon sequestration, and (iii) rehabilitating
degraded and marginal lands.

4.5 Conclusions

Nuclear-based techniques offer great potential in the development of integrated soil,
water and nutrient management technologies for addressing land degradation issues
and promoting conservation of the natural resource base. These techniques are
widely used in essentially all developed and in an increasing number of developing
countries in agronomic and related environmental research to enhance productivity
and sustainability of agro-ecosystems.

The SWMCN Subprogramme of the Joint FAO/IAEA Division of Nuclear
Techniques in Food and Agriculture strengthens national capacities for using these
nuclear-based techniques methods and disseminate them through international co-
operation in research, training and other outreach activities in FAO and IAEA
Member States. In this way both UN organizations meet their mandates and con-
tribute to the UN commitment towards achieving the Millennium Development
Goals of Extreme Poverty and Hunger Reduction and Environmental Sustainability
(FAO, 2008; IAEA, 2008a; United Nations, 2008).
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Chapter 5
A Methodology for Land Degradation
Assessment at Multiple Scales Based
on the DPSIR Approach: Experiences from
Applications to Drylands

Raul Ponce-Hernandez and Parviz Koohafkan

Abstract A methodology for land degradation assessment based on indicators of
drivers-pressures-state-impacts-responses (DPSIR), applicable at multiple scales is
described in this chapter, and the key steps in methodological development are
discussed. Procedures for observation, measurement and quantification of DPSIR
indicators at each scale both, on the ground and from existent data are described
together with the technological requirements for generating such databases. Issues
pertaining to field sampling, up-scaling procedures and specially the integration of
multi-thematic data of biophysical, socio-economic and land management indica-
tors of DPSIR for land degradation are addressed and their application described.
An algorithm for compiling a synthetic mapping legend that integrates such multi-
thematic indicators is designed and its usefulness demonstrated with results in a set
of case studies in drylands of different parts of the world. The overall assessment of
the usefulness of the methodology proposed for assessment work in other locations
and at a variety of scales and ecological conditions is also discussed.

Keywords DPSIR · Land degradation · Drylands · Multi-scale assessment ·
Mapping

5.1 Introduction

Drylands of the world are fragile ecosystems that represent the source of liveli-
hood of about 1.2 billion people worldwide in over 100 countries. Yet, not enough
is known about the nature, severity and extent of land degradation, its causes, and
the responses from land users in such fragile ecosystems (UNCCD, 2004). Efforts
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to characterize and quantify the type, intensity and extent of degradation processes
at multiple scales from local to global are being carried out within the context of
the LADA project (FAO, 2007). An important aspect of the LADA approach to
assessment is that it attempts to link the states of degradation to its root causes
(drives and pressures) through the driver-pressure-state-impact-response (DPSIR)
approach. This approach is used in the global millennium ecosystem assessment
– MEA – (World Resources Institute, 2005). A methodological framework for the
assessment of land degradation at multiple scales (from local to global) is proposed
in this chapter. The proposed framework builds on an earlier proposal by Ponce-
Hernandez and Koohafkan (2004). The framework uses indicators of both, the state
of land degradation and its causes (i.e. driving forces and pressures) as the vehi-
cle for the assessment, thus integrating biophysical to socio-economic data on such
indicators.

5.2 Methods

The essence of the proposed framework involves twelve (12) core sets of activities
(Fig. 5.1), namely: 1: Area and scale definition; 2: Selection of Indicators of DPSIR;
3: Selection of procedures and tools to measure or estimate the values of indicators;

Fig. 5.1 Procedures in the DPSIR methodological framework for land degradation assessment and
their decision support systems, databases and tools
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4: Collection of existing data and identification of data gaps; 5: Partition variability
through stratification; 6: Design of a statistically-reliable sampling scheme, based
on the stratification and data collection through field forms and surveys of relevant
indicators at the scale of the assessment; 7: Data analysis; 8: Integration of results;
9: Identification of “hot spots” and “bright spots”; 10:Validation of results and accu-
racy assessment; 11: Design of mapping legend integrating all DPSIR indicators and
mapping of results; 12: Monitoring changes over time.

The structure of the framework is generic enough to lend flexibility to its appli-
cation to dryland conditions anywhere in the world. Thus, its adaptability and
usefulness are predicated on the ability to identify an appropriate set of locally
relevant indicators at the chosen scale of the assessment, and on the selection
and availability of the required tools and methods to achieve their measurement
or estimation. The methodological framework proposes to support these impor-
tant decisions with three decision support systems – DSS (Fig. 5.1). In turn, these
DSS are to be supported by global databases of relevant indicators (e.g. the LADA
indicator database), a set of procedural modules for guidance on the measurement,
estimation or modelling of the selected indicators, including visual field assessment
methods.

These make up a sort of “toolbox” from where the assessor can obtain guidance
on procedural tools. Two “engines” for processing the measured/estimated indica-
tors and for finding causality (i.e. connecting states of degradation to its relevant
drivers and pressures) complete the framework tools. Prior work on an intensive
compilation of indictors for the LADA project was carried out, amongst others, by
Bot and Snell (2002) and yielded a relatively large number of indicators. These were
augmented and refined for field application by Dixon (2003) and are the DPSIR
indicators used in the methodology proposed by Ponce-Hernandez and Koohafkan
(2004), and used in the proposed framework. The indicator databases together with
the “toolbox” of methods, procedures and tools should allow for conducting an
assessment at any scale and with any situation of data.

The procedures in the toolbox range from simple conventional procedures, visual
field assessments to sophisticated modelling, including remote sensing tools (Ponce-
Hernandez and Koohafkan, 2004). The development and computer automation of
these DSS, supporting databases and toolboxes, at the time of writing this chapter,
are work in progress. It is envisaged that they will be eventually ported to the Internet
as a spatially explicit system for online access, relying on the availability of online
global mapping tools of the kind of Google EarthTM and/or Google MapsTM or
similar.

The results of case studies presented here are derived from the application of the
proposed methodological framework whose procedures and tools, except from GIS
functions, remote sensing image analysis and statistical and geostatistical estimation
techniques, for the most, were not yet automated at the time of the study. Hence,
conventional field measurement and observation procedures and data forms were
employed, where necessary.

Geostatistical estimation, in particular the various forms of Kriging techniques
(i.e. point and block estimates to generate continuous surfaces with ordinary,
universal, and disjunctive Kriging and co-regionalization with co-kriging)
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underpins the upscaling and downscaling procedures for estimation of indicator
values at a range of scales, together with conventional statistical procedures for
data aggregation. Where the intrinsic hypothesis and assumptions of regionalized
variable theory necessary for geostatistical estimation could not be met, even after
trend removal or modelling, deterministic estimation techniques were used (e.g.
bi-cubic splines and distance-based functions). Unfortunately, given the scope of
this chapter, an in-depth account of upscaling and downscaling procedures used is
beyond reach. The case studies illustrate the use of any of these techniques where
appropriate.

5.2.1 Field Sampling

The field sampling scheme, in most case studies, consisted of a stratified stage-
wise random sampling, where the number of samples is proportional to the size of
the stratum or terrain map unit to sample and its location. Constraints of terrain
access, sampling effort and time were also determinants of the final sample size
of indicators. Often, the sampling was achieved in three stages corresponding to
hierarchical levels of strata (i.e. Satellite scene, land systems within the scene and
land facets within land systems depending on scale and the terrain units identified
(Ponce-Hernandez and Koohafkan, 2004)).

The stratification of the multivariate environmental variability in the assess-
ment area (Step 5 in the framework illustrated in Fig. 5.1) was achieved with the
intense use of remote sensing and GIS data. In particular, archival Landsat Thematic
Mapper (TM) and Enhanced Thematic Mapper (ETM+), draped on top of GIS-
driven digital terrain models (DTM) were used. When necessary, due to lack of
available imagery, other global imaging software (e.g. Google Earth ProTM and
NASA’s World Wind) capable of displaying 3-D imagery of terrain, were also used
to aid in the identification of the units for stratification and the landscape units for
sampling and for the assessment.

The units used in the stratification process at the regional (i.e. sub-national level)
were those part of the Land Systems Approach (Beckett et al., 1972; Mitchell,
1973; Moss, 1983). The land systems approach identifies, delineates and describes
environmental units of uniform character. This approach was developed for rapid
reconnaissance mapping with air photographs and satellite images. Inherent in the
procedure is its integrated nature, since several environmental factors, notably the
most salient attributes of the terrain, are surveyed simultaneously, creating a map of
integrated terrain units. The land system and the land facet were the chosen units to
be used in the assessment at sub-national and regional scales.

The land system is an area of a recurring pattern of topography, soils, vegeta-
tion, moisture regime and land use/cover, and with a relatively uniform climate. The
land facet is an area within which, for most practical purposes, environmental con-
ditions are uniform. Typically, a land system is a recurring pattern of land facets.
The identification of land systems and land facets was greatly facilitated by the use
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Fig. 5.2 Illustration of the stage-wise random sampling procedure involving 3 stages (satellite
scene, land system, land facet and assessment sites within land facet)

of 3-D perspectives of terrain from the GIS-driven DTM and satellite image colour
composites. The stage-wise field-sampling scheme is illustrated in Fig. 5.2.

5.2.2 National and Sub-national Scale

At the national and sub-national scales two main indicators of physical and bio-
logical land degradation are the decrease in net primary productivity (NPP) and
vegetation cover recession over time. Since land degradation is understood as the
decrease in productivity of the land over time, the dynamics of these two indicators
could be readily analysed from computed band-ratio indices of vegetation (e.g. the
Normalized Difference Vegetation Index – NDVI) derived from ratios of red and
infrared spectral bands of satellite images (TM and ETM+). The estimation of NPP
at a given time requires of an in-situ empirical function that relates NPP to NDVI
and to photosynthetic active radiation (PAR). In none of the case studies presented
here such function existed and therefore the analysis was restricted to the dynamics
of NDVI through change detection over time.

To enable this, threshold values of NDVI corresponding to limits of vegetation
health were identified and the NDVI images for different comparable times clas-
sified according to such thresholds. This allowed approximating real changes in
vegetation as close as possible. Areas of with “healthy” vegetation cover for any
given image-date were then computed and compared with areas from reclassified
NDVI images of the same area at the latest date, thus enabling the computation
of differential areas of either vegetation recession (i.e. degradation), or of (rarely)
vegetation expansion (i.e. aggradations).
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5.2.3 Regional and Local Scale

At the local scale (i.e. within a land facet of a given land system), the field
assessment of the state, intensity and extent of physical, chemical and biological
land degradation was carried out at the chosen sampling sites through obser-
vation/measurements of indicators by means of field forms and interviews with
farmers and land managers using semi-structured questionnaires. The sampling site
consisted of a quadrate of approximately 0.25 ha (50 by 50 m each side). The degree
of intensity and extent were measured using the procedures in the procedures “tool-
box”. Appendix shows a sample of the indicators included in the field forms used at
the regional and local scale.

5.2.4 Data Analysis, Integration and Mapping

Once measured or estimated in the field, the data analysis process (Steps 7 and
8 in Fig. 5.1) leads to the integration of indicators into an assessment. The inte-
gration process is not simple. The indicator processing “engine” offers a range of
algorithmic possibilities, from a user-driven compilation of weighting factors based
on perceived local importance to linear weighted combinations of selected rele-
vant indicators, to computation of internal ratings to aggregate indicators of a given
degrading process. The combination of indicators could be a fairly large number
such as derived from a combinatorial calculation. Since the indicators are integra-
tors themselves, therefore they are integrated into processes by type of degradation.
This integration allows for the compilation of results into a mapping legend, which
is applicable to each assessment site and unit (i.e. land facet). Box 5.1 shows the
elements of the legend used for the integration of indicators of states and drivers
and pressures into an assessment.

5.3 Case Study Results

The applicability of the methodological framework was tested in several countries.
Here, for brevity, only three are shown representing different scales.

5.3.1 Lybia

At the national and sub-national scales, vegetation cover recession over time indi-
cated by negative changes in NDVI was mapped as indicator of land degradation.
The changes in NDVI were computed from Landsat TM satellite images over 12
years (Ponce-Hernandez and Mohammed, 2007). Although the threshold values
of NDVI for vegetation are quite low, the state of vegetation cover degradation as
indicated by negative changes in NDVI is quite evident as shown in Fig. 5.3.
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Box 5.1 Elements of the legend used for the integration of indicators into an assessment under the
DPSIR methodological framework

5.3.2 Lebanon

At the sub-national and regional scales, in the Yammouneh Plateau and Bekaa Valley
of Lebanon a regional land degradation assessment was conducted. The land sys-
tems and land facets were mapped (Fig. 5.4) and used as units for sampling and for
reporting the assessment. Analysis and integration of data collected from field sam-
pling of land facets allowed for the assessment of the state (i.e. type, intensity and
extent) of land degradation (Ponce-Hernandez, 2005). The results of the assessment
are shown in Fig. 5.5 in terms of state of degradation as per the DPSIR legend. It
should be noted that although causality was established for each unit assessed, it is
not shown in this legend due to space constraints in the map of Fig. 5.5.

5.3.3 Mexico

In “El Alegre” watershed, San Luis Potosi, Mexico, an assessment was conducted
using the proposed DPSIR methodological framework at regional and local scales.
Land Facets were mapped (Fig. 5.6) and field data on DPSIR indicators collected
at specific sites within Land Facets (Fig. 5.7), following the statistical stage-wise
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Fig. 5.3 Vegetation recession over 12 years as shown by computed NDVI images of Northeast
Lybia (Al-jabal Al-akhdar region), depicting values of Chlorophylically-active vegetation cover
(positive values closer to 1, and in bright and intense red). The recession of active vegetation in the
12-year period (1988–2000) is quite apparent (for colors, see online version)

Fig. 5.4 Land Facets of the Land System “Yammouneh Plateau” identified and mapped from a 3D
oblique perspective using NASA satellite imagery. Land Facets are identified by numeral labels
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Fig. 5.5 Orthogonal view of land degradation assessment results in each of the land facets of
the Land System “Yammouneh Plateau” and some of “Bekaa Valley” according to the proposed
DPSIR legend. Only states of physical (p), biological (b) and chemical (c) degradation and their
spatial extent are shown. No causality is shown in this legend due to space constraints

Fig. 5.6 Land facets for the assessment in “El Alegre” Watershed, San Luis, Mexico
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Fig. 5.7 Mapped Land Facets showing sampling sites for field data collection in San Luis, Mexico

sampling design. The indicators were observed, measured and recorded from field
sampling on the ground, analysed and integrated. The results of the state (type,
intensity, extent) of degradation were mapped (Fig. 5.8) and are shown in Table 5.1.
The causes (drivers and pressures) were also integrated in the mapping legend for
the same land units.

5.4 Discussion and Conclusions

The results obtained from applying the proposed methodological framework at three
different scales allowed for the determination of biophysical states of degradation
with different levels of detail. National scale assessments have as main indicator of
land degradation negative changes in net primary productivity (NPP) of the land.
Variables related to this indicator are derived typically from remote sensing satel-
lite data aided by meteorological records. Long-term NPP decreases are a powerful
indicator of persistent ecosystem degradation and the decrease of land productivity.
The proposed framework includes procedures and tools for national-scale detection
of such changes, as demonstrated with the Lybian example. But the availability of
multispectral satellite data at the required dates becomes a very important factor.

At sub-national and regional scales not only the bio-physical states of degrada-
tion but their type, i.e. physical (P), chemical (C) or biological (B), their intensity
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Fig. 5.8 Intensity and type of land degradation (Physical-P-, Chemical-C- and Biological-B) in
the Land Facets mapped, as determined from the integration of field data of indicators based on the
DPSIR approach in “El Alegre” Watershed, San Luis Potosi, Mexico

(in the scale of 0 – no degradation – to 5 – very high intensity) and extent (i.e. area
affected from 100% of unit area evaluated and coded as denominator in the legend)
are of significant importance. Just as important is the integration of such degrada-
tion states to their social, economic, cultural and management causes (drivers and
pressures). For the drivers and pressures, indicator variables are also obtained from
published work, databases, surveys and interviews and are linked one by one to the
states of degradation. Networks of causal chains are established either manually (ad-
hoc designed forms) or using computer models, e.g. Bayesian Networks for causal
exploration (Ponce-Hernandez and Ahmed, 2008). In the results presented in this
chapter causality was established from one-at-a-time linkage between drives and
pressures to states of degradation using ad-hoc designed paper forms.

Once the networks of causal chains are identified the causes are coded and shown
in the furthermost right position of the DPSIR mapping legend (last column in
Table 5.1).

The results of the case studies are also valuable in that they demonstrated the flex-
ibility of the framework in terms of its applicability to a range of scales in different
dryland environments, and in terms of offering a fairly comprehensive database of
scale-dependent indicators, paired to a wide range of procedures and tools for their
observation, measurement and estimation in the field and from surveys. Perhaps
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the most striking feature of the methodology is its integration of the biophysi-
cal aspects of land degradation to their socio-economic, cultural and management
causes identified in terms of driver forces and pressures on the land.

The methodology still requires much testing, improvement and refinement, par-
ticularly in the automation of its many aspects, and in the validation and verification
of the accuracy of predicted assessment results against long-term monitoring data.
On the other hand, automation would be particularly advantageous in the devel-
opment of the decision support systems, the procedural toolboxes, the indicator
processing engine, the causality explorer and an automated mapping and legend
integrator. These developments, when achieved, could render a powerful tool to
assist land assessors in their land degradation assessments, the identification of root
causes (drivers and pressures) and in the design of policies to address them.

5.1 Appendix: Sample of indicator variables for field
observation, measurement and recording

No Indicator Measurement

Evidence of erosion
1 Rills Length, width and depth at all points where

the width or depth changes significantly.
2 Gullies Include the contributing area. Note the

location of each width and depth
measurement along the length

3 Pedestals From pedestal surface to soil surface. Note
the feature causing the pedestal to form
(i.e. stone on soil surface)

4 Plant/tree root exposure Prevalence and average depth
5 Fence post/other exposure Distance from notch/mark to soil surface
6 “Waterfall” soil loss Length, width and depth on down slope side

of tree/post
7 Rock exposure Estimate area with exposed rocks or

bedrock on surface
8 Tree mound Height of soil mound around shrub/tree
9 Build up against barriers/tree trunk/

plant stem
Height and width of soil build up on

upslope side
10 Sediments in drains Depth
11 Enrichment ratio Percenatge of fine particles downslope:

Percenatge of fine particles upslope
12 Solution notches (indentation or

discolouration)
Distance from notch to soil surface

13 Soil/rooting depth Note if evident
14 Armour layer depth Note if evident
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5.1 Appendix (continued)

No Indicator Measurement

Evidence of poor soil
structure/compaction

15 Structure Massive, blocky, etc.
16 Consistency Very hard, friable, etc.
17 Infiltration Slow Med Fast
18 Water holding capacity Low Med High
19 Differential crop growth pattern Note and describe if evident
20 Crop root growth characteristics i.e.

corkscrewing, thickening, etc.
Note and describe if evident

Evidence of chemical degradation:
23 pH <6 or >7.5
23 Salinity – colour change, structure,

“dusty” surface
Note and describe if evident

25 Sodicity – resistant species Note and describe if evident
26 Alkalinity
27 Toxicity/contamination – plant

deficiencies
Note and describe if evident

28 Nutrient deficiencies Note and describe if evident

Evidence of biological degradation
29 Percenatge of Land cover Estimate using a representative 10 × 10 m

plot
30 Soil temperature and aridity Estimate
31 Above and below-ground soil

biomass
Estimate – High Med Low

32 Soil Moisture Estimate – High Med Low
33 Biodiversity of above and

belowground flora/fauna
# of species observed

Evidence of water quantity and
quality degradation

34 Change of permanent waters to
seasonal/periodic

Land user’s observation

35 Drought frequency From climate station data/land user’s
observation

36 Increasing depth to water table Land user’s observation
37 Change in annual rainfall From climate station data/land user’s

observation
38 Atmospheric contamination/effect on

plants
Note and Describe if evident

40 Terrestrial carbon depletion Note and Describe if evident
41 Change in annual air temperature From climate station data/land user’s

observation
42 Decline of crop yield Land user’s observation
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Chapter 6
Global Warming, Carbon Balance, and Land
and Water Management

Ahmet Ruhi Mermut

Abstract With more intense, longer droughts in larger areas since the 1970s,
particularly in the tropics, one of the most important issues facing the world today is
the need to ensure food security through the sustainable management of water and
soil resources. There is a need to understand interactions between climate and land
degradation through dedicated observations of the climate system, proper assess-
ment and management of water and land resources, and advances in climate science.
The debate on the complex issue of quantification of carbon stocks is still evolving.
It is generally agreed that carbon sequestration, especially in soils, could be a highly
cost effective and environmentally sound mitigation technique. Natural resources,
particularly land and water are increasingly restricted both in quality and quan-
tity in most parts of the world. There are still sufficient water resources however,
to produce food and fibber for a growing population but that trends in consump-
tion, production and environmental patterns, if continued, will lead to water crises.
Consumption and pollution of water by agriculture are becoming serious concerns.

Keywords Drought · Climate variability · Food security · Carbon sequestra-
tion · SLWM · Conservation agriculture

6.1 Introduction

Global warming is defined as the increase in the average annual temperature of the
Earth’s near-surface, air, and oceans. This will cause an increase in extreme weather
events such as storms and floods, changes in agricultural yield, and extinction of
plant and animal species. The term climate change may also mean periods of overall
temperature change including global cooling (US Department of Energy, 1999).
The United Nations Framework Convention on Climate Change (UNFCCC) uses
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the term climate change for human-caused change, and climate variability for other
changes. World needs dedicated action and resilience to climate change. Greenhouse
gas, due to human activity, is just only one factor among others. Some scientists sug-
gest that the change is due to solar activity (irradiation) amplified by cloud seeding
via galactic cosmic rays. Effect of volcanic activities could be considerable. Burning
of the fossil fuel has produced about three-quarters of the increase in CO2 over the
past 20 years. Most of the rest is due to land-use change, in particular deforestation.

The sustainable use and protection of the land and water resources requires care-
ful management to maintain the environmental integrity and sustain agricultural
production. Shortage in water can cause serious world crisis. At a time that we
talk so much about climate change, we are also approaching the limits of human
exploitation of land and freshwater resources, to grow essential food and fibber for
human basic needs. Improper use of land resources causes degradation. Degraded
soils, parched aquifers, polluted waters, and the loss of plant and animal species
threaten food production in poor, heavily populated countries. Environmental degra-
dation is one of the greatest risks to future world food security. This short synthesis
attempts to assess the linkages between global warming, carbon balance, and land
and water management.

6.2 Global Warming and Drought

Drought is a normal, recurring feature of the climate in most parts of the world.
In general, means acute water shortage. Having adequate drought mitigation strate-
gies in place could greatly reduce the impacts. Recurring or long-term drought can
bring about desertification. Drought is a multi-dimensional phenomenon that needs
to be understood and explained using insights developed by different disciplines
(www.Drought.gov). Drought is not simply low rainfall. It disrupts crop production
and animal breeding, encourages erosion and affects the productivity of farming
enterprises resulting in the decline of the national economy. The loss of vegetation
has long-term implications for the sustainability of the agricultural industries. Water
quality suffers, and toxic algae outbreaks may occur; plants and animals are also
threatened. Bushfires and duststorms often increase during dry times (Australian
Government, Bureau of Meteorology. http://www.bom.gov.au/climate/drought)

Drought appears to be a cyclic process and human activities also play a sig-
nificant role. Increases in global temperatures may in turn cause broader changes,
including glacial retreat and worldwide sea level rise. Changes in the amount and
pattern of precipitation may result in flooding and drought. Many evidences were
reported about the fluctuation of climatic parameters in the literature.

There is growing scientific evidence that the human influence on the global
climate began around 8000 years ago with the start of forest clearing to provide
land for agriculture and 5000 years ago with the start of Asian rice irrigation. A
marked increase in aridity at 2200 BC, wind activities, and volcanic eruptions in
northern Mesopotamia have caused considerable degradation of the land use
condition. Radiocarbon grain samples retrieved from the excavation site in Tell
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Fig. 6.1 Ancient urban settlements in the Habur Plains, Northeast Syria (Habur Plains, Northeast
Syria, urban settlement system at 2600–2200 BC. Circles indicate probable areas of agriculture
and herding sustain each city. Diagonal lines are elevation ≥500 m above sea level: dotted lines
are modern rainfall isohyets (in mm). Large circles are sites of 75–100 ha. Medium circles are sites
of 25–50 ha. Small hollow circles are sites less than 10 ha. Tephra deposits have been retrieved
from Tell Leilan, Tell Bager, Tell Nasran1, Tell Nasran 2, Abu Hgeira 2, and Abu Hafur 2).
Source: Weiss et al. (1993)

Leilan in Syria just 20 km from the Turkey-Syrian border provided calibrated dates
of 2280–2040 BC (Forrest et al., 2004). Abrupt climate change caused abandon-
ment of cities in the Habur plain in Northern Mesopotamia and collapse in adjacent
regions suggested that the impact of the abrupt climatic change was extensive
(Fig. 6.1).

This has caused regional desertification, and sudden collapse of the Akkadian
empire (Weiss et al., 1993). A severe drought had occurred that even earthworms had
not survived. This was among the earliest evidence that severe climate change could
be responsible for the rise and fall of civilizations together with miss management
of land resources.

During the AD 1990s the Waubay Lakes complex in eastern South Dakota
experienced historically high water levels. A 1,000-year hydroclimate reconstruc-
tion was developed from local bur oak (Quercus macrocarpa) tree-ring records
and lake-sediment cores. Lake shoreline analyses and drainage features provides
late-Quaternary geomorphic context. Tree-ring width and shell geochemistry of
the ostracode Candona rawsoni show marked coherence, indicating synchronous
responses to moisture balance in vegetation and lake salinity. Geomorphic evidence
suggests that buffering of lake-system expansion occurred during pluvial periods by
evaporative dynamics (Shapley et al., 2005).
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Fig. 6.2 US Drought map, based on the National Weather Service (NWS). National Centers for
Environmental Prediction are depicting current areas of dryness and drought

Figure 6.2 shows a drought map, which is based on analysis of the data pro-
duced by the NWS forecast products. It utilized the HPC 5-day QPF and 5-day
Mean Temperature progs, the 6–10 Day Outlooks of Temperature and Precipitation
Probability, and the 8–14 Day Outlooks of Temperature and Precipitation
Probability, valid as of late Wednesday afternoon of the USDM release week. The
NWS forecast web page used for this section is: http://www.cpc.ncep.noaa.gov/
products/forecasts

6.3 Carbon Balance

In the past decade, increasing awareness of CO2 build-up in the atmosphere and the
threat of global warming has instigated society to find means to reduce atmospheric
CO2. The concept of greenhouse gas reduction by sequestering carbon in different
terrestrial ecosystems, or withdrawal of CO2 from the atmosphere, has been exten-
sively discussed over the last 2 decades. While the debate on the complex issue of
quantification of carbon stocks is still evolving, it is generally agreed that carbon
sequestration can be a highly cost effective and environmentally friendly sound mit-
igation technique. This would also be a response to commitments by signing parties
under the conventions of:
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(i) Climate Change (Keyoto Protocol);
(ii) Biological Diversity; and

(iii) Combating Desertification.

Therefore, strategies that could lead the amelioration of these problems are likely
to be of great global significance.

People interested in the carbon flux area have not yet succeeded to translate the
vast current knowledge of carbon dynamics that scientists have produced, into real
agronomic practices. There is a need to carry out practical works to design appro-
priate strategies for carbon sequestration. The research so far carried out show the
multiple agricultural and environmental benefits. Funding for research and develop-
ment to address the practical implementation of carbon sequestration is needed, if
the potential of this new paradigm is ever to be realized.

There is a general agreement that with appropriate management technologies
soil can function as a sink and contribute the process of CO2 reduction in the atmo-
sphere. This would mean drawing CO2 out of the air and converting it to biomass
(plants) or soil organic matter. By using water and energy from the sun, plants are
naturally capable of converting CO2 to carbohydrates or biomass and consequently
organic matter in the soil. Preliminary estimates suggest that using appropriate man-
agement techniques ∼40–80 Pg C that would be produced through the combustion
over the next 50–100 years could be sequestered in the cropland. This would mean
that carbon sequestration offers a mean to control the CO2 levels in the air to keep
550 ppm critical threshold level.

The total amount of carbon stored in terrestrial ecosystems is large. According
to US Department of Energy (1999) it is ∼2,000 ± 500 Pg. The rate of the process
is estimated to be ∼2 Pg C year–1 (∼0.1% of the current storage). About 75% of
terrestrial carbon occurs in the soil, therefore, they are essential in terms of carbon
sequestration. The potential for carbon sequestration appears to be large in com-
parison with current rate for terrestrial ecosystems (5–10 Pg C year–1, when all
terrestrial ecosystems are considered). What is the maximum capacity to sequester
carbon is not yet known.

There are two fundamental approaches to sequestering carbon:

(i) Protection of ecosystem that store carbon so that sequestration can be main-
tained (increasing residence time), and

(ii) Manipulations of ecosystems to increase carbon sequestration beyond the
current conditions.

All factors remaining the same, the rate of C sequestration in soils is higher for
warm humid regions than dry cool regions. Great differences occur also between
non-degraded soils as compared to severely degraded ones. On the other side it may
seem unlikely to sequester large amounts of carbon in dryland regions, in compar-
ison to other agro-ecological zones of the world. But, according to UNEP (1997)
drylands store 60 times more carbon than the carbon added to atmosphere by fossil
fuel. Drylands cover 450 million hectares area. A small change in the rate of carbon
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Table 6.1 Estimates of carbon sequestration potential of some major land-use types with projected
annual carbon storage and time frames (UNEP, 1997)

Option

Area
(million
hectares)

Rate (TC ha–1

year–1) Period (year)
Cost ($ US
tC)

Total (Mt C
year–1)

Dryland crop
management

450 0.3–1.0 5–20 1–5 135

Halophytes 130 0.5–5.0 Indefinite if
harvested
5 year if
not

170 (irrigated
and
harvested)

20 (dryland
not
harvested)

65

Bush
encroachment

150 0.1–0.5 15–50 10–20 37

Energy crops 20 (5% of
dryland
crop area)

4–8 Indefinite 2–5 80

Domestic
biofuel
efficiency

Not
applicable

Not applicable Indefinite 2–5 75

Agroforestry
(arid)

50 0.2 30 2–10 10

Agroforestry
(semiarid)

75 0.5 20 2–10 38

Agroforestry
(subhumid)

150 1.5 15 2–10 225

Improved
pasture
(semiarid
Asia)

10 (2,500
degraded
globally)

0.1 30 10 1

Savannah fire
control

900
(globally)

0.5 30 1–5 450

Woodland
management

400
(globally)

0.5 30 1–5 200

sequestered in dryland regions can have large impacts on CO2 in the atmosphere.
Over 1 billion people currently live in susceptible drylands and any effort to restore
productivity of these eco-regions will be of benefit for their livelihoods. Table 6.1
shows carbon sequestration potential of some major land used types.

Technological options considered to sequester carbon in agricultural land are not
many. Some of these were developed for temperate and tropical regions, others for
developing economies. Application may differ from one area to another region.
There is a strong need to do applied research thus to determine the actual values
that can be used to calculate the economical benefits of carbon sequestration.

One of the fundamental arguments is that, about 50% of soil organic matter
(SOM) is lost in the topsoil, due to intensive agricultural practices. Uncultivated
soils were in equilibrium with the native vegetation and accumulated large soil
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organic carbon reserves (SOC), but cultivation has disrupted this steady state equi-
librium (Lal et al., 1999). There are reliable estimates that many cultivated soils in
North America have lost substantial amount of SOM due to crop cultivation (Acton
and Gregorich, 1995; Bruce et al., 1999), which resulted in decline in production,
increased soil erosion and soil degradation. It is estimated that lost carbon from
the soil will take 25–50 years to store it back, with current technologies (Lal et al.,
1998). With good management practices it may be possible to exceed the original
native SOM content of many soils.

Lal et al. (1999) suggest that intensification of agriculture on good soils can be
achieved through the widespread adoption of:

(i) conservation tillage and residue management,
(ii) irrigation and water management systems,

(iii) improved cropping systems, including agroforestry and sustainable fertiliser
management

(i) Conservation tillage and Residue management: Conservation tillage (CT) is
a method designed to keep most crop residues on the soil surface. This way
soil is protected against erosion and water losses by runoff and evaporation
are also reduced. Reliable data show that traditional intensive tillage decrease
soil carbon as it encourages rapid mineralisation of soil organic matter. Fallow
periods in rotation have been used in semiarid regions to conserve moisture for
succeeding crop. However, fallow especially in combination with conventional
tillage exposes the soil to erosion (especially wind) and creates temperature and
moisture conditions that speed up the process of organic matter decomposition
in the soil.

Conservation tillage stores or builds more organic matter into the soil and
provides long-term productivity and sustainability by enhancement of soil
quality and improvement of soil resilience (Reicosky et al., 1995; Grant, 1997).
Technologies related to conservation tillage are well adopted by farmers in
North America and currently gaining momentum by farmers elsewhere. More
than 1/3rd of the land farmed in the USA is now managed with a CT sys-
tem, including no till, minimum till, or ridge till (Lal et al., 1999). One of the
encouraging advantages of this method is reduced farm input.

(ii) Irrigation and water management systems: Irrigation, especially in drought-
prone soils can enhance SOC content. Experimental data on the impact of the
irrigation on SOC dynamics are rare. Bruce et al. (1999) suggest that conver-
sion of dryland to irrigated agriculture may increase the SOC content with an
average rate of 100 kg ha–1 year–1. Irrigation of soils in arid and semi-arid
regions also affects the SOC pool and its dynamics. This is a complex issue
and very little attempt is made to increase our understanding on this aspect of
carbon cycle.

(iii) Improved cropping systems, including agroforestry and sustainable fertiliser
management: It is natural that the application of fertilisers (N, P, and K) would
increase the overall biomass production, including root biomass. Long-term
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experimental studies around the world have clearly proven this. Especially
over the last 50–60 years fertilizers have increased notably food production.
We should recognize that this is a good strategy for increased food produc-
tion especially in the developing countries, which in turn can help to stabilize
deforestation and reduce greenhouse gas emissions. More biomass production
means increased chance of carbon sequestration. Other organic fertilizers and
inputs, such as crop rotation, and agroforestry, can also do this.

A number of other techniques could used to increase and enhance soil carbon
sequestration. They include:

Organic fertilisation and other organic inputs: This includes green manures with
especially legume species, manure compost, manure sewage sludge, wood process-
ing remains, and peat, beside crop residues. Adding organic matter on severely
eroded soils reduces the risk of erosion by promoting the formation of aggregates
that resist to soil degradation.

Crop Rotation: Forages and legumes have extensive rooting systems that leave
large amounts of organic matter. When used with conservation tillage, crop rotation
adds more organic matter to the soil.

Agroforestry: This is a rather new system of combination of fast growing trees
with agriculture that also include feed to supports livestock (Mergen, 1986). It
provides habitat for bio-diversity and produces goods and services (Winterbottom
and Hazelwood, 1987). This system can increase carbon sequestration substantially
(Unruh et al., 1993). It is a compromise solution to continuous crop production,
supporting livestock and carbon sequestration. Extensive research is now going on
around the world. ICRAF in Nairobi Kenya is established to specifically deal with
agroforestry. Little is known however about carbon storage within a certain time
frame (Schroeder, 1993).

One of the advantages of agroforestry systems is providing a more hospitable
environment for biodiversity, both above and belowground. Sacnchez et al. (1996)
suggest that substantial biodiversity benefits are likely if agroforestry covers large
areas and maintained for relatively long time.

The flux of carbon among plants, soils, and the atmosphere is still poorly under-
stood. It is important to recognize that carbon sequestration is an immature field
of study. Understanding how to increase soil carbon stocks in agricultural lands is
critical to increasing sustainability of food production and mitigation of degraded
lands.

Interesting research results could be mention regarding Canada’s carbon cycling
two main national objectives (Acton and Gregorich, 1995). These are:

1. To determine weather Canadian agriculture is a source or sink of atmospheric
CO2,

2. To reduce uncertainties about the processes that determines the exchange of CO2
between land and atmosphere.
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It is calculated that the amount of CO2 released from the soil, when native Prairie
grasslands were first cultivated, is equivalent to that released by about 10 years of
fossil fuel consumption in Canada. Currently there seems to be a balance established
with the farming system used. Several methods were tested to sequester atmospheric
CO2 in soils and several management options were also identified in Canada.

The quantification of carbon storage requires many years of studies, as the altered
new system attains a balance between soil carbon inputs and outputs after so many
years. This is unfortunately one of the problems we face in carbon sequestration
studies. Canada is interested in developing land management systems that maintain
biodiversity, sustainability, and agricultural competitiveness. Canadian ecological
condition allows only one crop a year and the growing seasons is short, due to low
atmospheric and soil temperatures. The climate varies between semi-arid to humid.
About 18 years of tillage treatments of soils from Eastern Canada under corn showed
that no-till increased organic matter in the soil (both at the surface and throughout
the soil profile). Table 6.2 shows clearly that organic matter has increased in no till
treatment.

Table 6.2 Organic matter at two depths after 18 years of various tillage treatments of a soil from
Ontario, Canada under corn

Soil organic matter (tonnes per hectare)

Tillage system 0–15 cm 15–30 cm 0–30 cm

No till 86 65 151
Chisel plough 73 52 125
Disc 74 58 132
Moldboard plough 66 64 130

6.4 Land and Water Management

The sustainable use and protection of our natural resources requires careful man-
agement to maintain the environmental integrity of the resource. Many countries
are developing programmes to promote the best use of the resources for their social
and economic benefits while protecting associated resource values, the environment,
and public health and safety.

A good example in this context is the Australia’s Commonwealth Scientific
and Industrial Research Organisation (CSIRO) that tries to shape land and water
resource management through finding new ways to use less water in agricul-
ture and other industries, to re-use or recycle urban and industrial waters and
wastes, while also protecting the rivers, catchments and groundwater reserves
(http://www.clw.csiro.au). Multidisciplinary teams tackle land and water challenges
with combined force. Most of their work is performed in partnership with govern-
ment and research scientists. However, the complexity of the landscape still remains
a challenge and limits our understanding. Experience, combined with the knowledge
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and expertise of the partners in industry, government, academia and the community,
has made the CSIRO Land and Water Division an excellent example that can be
used in other parts of the world.

Fraiture et al. (2009) in a recent study concluded that there are sufficient water
resources to produce food for a growing population but that trends in consump-
tion, production and environmental patterns, if continued, will lead to water crises
in many parts of the world. Recent increase in food prices, partially caused by the
increasing demand for agricultural products in non-food uses, underline the urgent
need to invest in agricultural production, of which sustainable land and water man-
agement is a crucial part. The current situation and the long-term outlook require
a fresh look at approaches that combine different elements such as the importance
of access to water for the poor, providing multiple ecosystem services, rainwater
management, adapting to efficient irrigation systems, enhancing water productivity,
and promoting the use of low-quality water in agriculture.

6.4.1 Sustainable Water Use

The water available for agriculture becomes limiting due to population growth,
competition from other water users, and drought and degradation of water qual-
ity. It is, therefore, important to ensure that every drop of water counts for crop
water use. To manage sustainable water use the following measures are suggested:
(1) Grow drought-resistant plants, (2) Apply water efficiently, (3) Manage soil and
water to minimize water loss, (4) Conserve water for critical growth periods, (5)
Use irrigation practices that enhance root growth, and (6) Minimize downstream
environmental damage caused by irrigation runoff and deep percolation.

The European Environment Agency (EEA) (2001) provides an overview of the
main natural and artificial causes and impacts of extreme hydrological events, such
as floods and droughts, in European countries. This report also gives an overview on
policy responses to prevent such events and reduce their damage. One of the main
contributions of this report is the identification of driving forces, pressures, state,
impacts and responses concerning floods and droughts. EEA has compiled informa-
tion on extreme events in EEA member countries that includes also the Central and
Eastern European countries.

Consumption and pollution of land and water by agriculture are becoming serious
concerns. Water resources can be used much more efficiently in producing food and
fibre, while minimizing pollution and supporting ecosystems. How to achieve this
depends on mindsets and societal goals, as well as how the institutional systems and
structures will be able to respond to such needs.
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Chapter 7
The Use of GIS Data in the Desertification Risk
Cartography: Case Study of South Aurès Region
in Algeria

H. Benmessaud, M. Kalla, and H. Driddi

Abstract Risk cartography is a primordial step for the valuation and manage-
ment of desertification process but it is a complicated one, which necessitates large
amounts of spatial and statistical data. The use of Geographic Information Systems
(GIS) permits to manage and use these data efficiently. The objective of our study
was the compilation of desertification sensitivity maps of the area south of Aurès
region, Algeria. We used a GIS system following the MEDALUS methodology
(Mediterranean Desertification and Land Use), which use qualitative indices to
define zones sensitive to desertification. The creation of the database consists of four
information layers (soil, vegetation, climate and the socio-economic data) accom-
plished with ground validation. Once the database was completed, its elaboration
helped identifying sensitivity areas through the use of various indices. The result is
a middle scale risk map, which presents a synthesis of the desertification intensity.
The map is an efficient tool to help decision makers endorse sustainable land man-
agement strategies for the protection of natural resources, especially to those greatly
affected by increased aridity.

Keywords Desertification sensitivity · Indices · Risk cartography · Geographical
Information System · MEDALUS concept · South Aurès · Algeria

7.1 Introduction

Having large parts of its territory under arid and semi-arid areas, Algeria is one of
world’s most affected countries by desertification. With 2 million square kilome-
tres of desert and 382,000 km2 dominated by semi-arid and dry sub-humid areas,
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Algeria is the second largest African country as far as the territory is concerned
(Abdessemed, 1981; Berkane and Yahiaou, 2007). Desertification has a strong pres-
ence in the country; however, the steppe areas are the most sensitive zones to
desertification covering about 20 million hectares (Ansar, 2002). Combating thus
desertification requires first the acquisition of data, such as soil, biodiversity, socio-
economics, etc that are necessary for problem analysis. These data were derived
from previous studies (Ballais, 1981; Benmessaoud et al., 2007) and using a GIS
were elaborated for desertification impact analyses (Benmessaoud et al., 2007;
Bensaid, 2006). The GIS proved to be a powerful tool for such purpose.

The region south of the Aurès has experienced over the last decades rapid degra-
dation of natural resources (Dubois et al., 1997; PNUD/UNSO DGF/Algérie, 2001;
Oussedik et al., 2003). The degradation process includes wind erosion and sand
encroachment, animal and crop product reduction, and migration. Sustainable devel-
opment of the area thus necessitates the establishment of digital databases and data
elaboration for identification of desertification sensitivity areas.

Our work addresses a specific case study in the region south of the Aures (Eastern
Algeria) that was finalised with the completion of a sensitivity to desertification map
at medium scale using a GIS system and following the MEDALUS methodology
(Mediterranean Desertification and Land Use).

7.2 Background Information

The Aurès constitute a geographical entity located East of the Saharan Atlas
Mountain. This whole mountain is very steep and heavily exposed to the process
of desertification (erosion), particularly in its southern part that is in direct contact
with the Sahara.

Geographically, the study area is located (Fig. 7.1), between the meridians (6◦
29′ and 5◦ 36′) East and the parallel (35◦ 15′ and 34◦ 41′) North.

The study area is located in a transition zone between the North Atlas and the flat
desert expanding in the south. From the climatic point of view the area belongs to
the Mediterranean climate and is characterized by hot and dry summers and cold wet
winters in the highlands and mild in the plains, however remains generally affected
by aridity (Fig. 7.2).

7.3 Working Methodology

The different types of Environmental Sensitivity Areas (ESA) to desertification
could be analysed in relation to various parameters such as landform, soil, geol-
ogy, vegetation, climate, and human action. Each of these parameters were grouped
into various uniform classes with respect to the behaviour on desertification and then
weighting factors were assigned to each class. The following four indicators were
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Fig. 7.1 Location map of the study area

evaluated (a) soil quality, (b) climate quality, (c) vegetation quality, and (d) manage-
ment quality. After the computation of four indices for each indicator, the ESAs to
desertification were defined by combining the abovementioned indicators. All the
data were introduced in a regional GIS, and overlaid in accordance with the devel-
oped algorithms to finalise the compilation of ESAs to desertification. This approach
includes parameters, which could be easily found in existing soil, vegetation, and
climate reports of the area.
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7.3.1 Soil Quality Indicators

Soil is a dominant factor of the terrestrial ecosystems in the semi-arid and dry sub-
humid zones, particularly through its effect on biomass production. Soil quality
indicators for mapping ESAs can be related to (a) water availability, and (b) erosion
resistance. These qualities can be evaluated using simple soil properties or charac-
teristics such as texture, parent material, soil depth, slope angle, drainage, stoniness,
etc. available in regular soil survey reports The use of these properties for defin-
ing and mapping ESAs requires the definition of distinct classes with respect to the
degree of land protection from desertification (Table 7.1).

Soil quality index (SQI) was then calculated as the product of the above
attributes, namely soil texture, parent material, rock fragment cover, soil depth, slope
grade, and drainage conditions using as the following algorithm (Table 7.2):

SQI = (texture × parent material × rock fragment × depth × slope × drainage) 1/6

7.3.2 Climate Quality

Climate quality was assessed using parameters that influence water availability to
the plants such as the amount of rainfall, air temperature and aridity, as well as any
climate hazards such as frost that might inhibit or even prohibit plant growth. Annual
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Table 7.1 Classes, and assigned weighing indices for the various parameters used for soil
assessment

SQ characteristics Class Description Characteristic Index

Texture 1 Good L, SAL, SL, LS, LC 1
2 Moderate SC, SiL, SiCL 1.2
3 Poor Si, C, SiC 1.6
4 Very poor S 2

Parent material 1 Good Shale, schist, basic,
ultrabasic,
conglomerates,
unconsolidated

1

2 Moderate Limestone, marble,
granite, Rhyolite,
ignibrite, gneiss,
siltstone,
sandstone

1.7

3 Poor Marl, pyroclastics 2
Slope 1 Very gentle to flat <6% 1

2 Gentle 6–18% 1.2
3 Steep 18–35% 1.5
4 Very steep >35% 2

Drainage 1 Well drained – 1
2 Imperfectly drained – 1.2
3 Poorly drained – 2

Soil depth 1 Deep >75 1
2 Moderate 75–30 2
3 Shallow 15–30 3
4 Very shallow <15 4

Table 7.2 Soil quality index description

Class Description Index

Soil quality index (SQI) 1 High quality < 1.13
2 Moderate quality 1.13–1.45
3 Low quality >1.46

precipitation was classified in three classes considering the annual precipitation of
250 mm as a crucial value for soil erosion and plant growth (Table 7.3).

The most effective measure for assessing soil water availability is by calculating
the difference between precipitation and evapotranspiration and run-off. However,
this calculation requires relatively large amount of data such as soil moisture reten-
tion characteristics and vegetation growth characteristics. Therefore, the simple
BAGNOULS-GAUSSEN aridity index was used. This index was grouped into six
classes as shown in Table 7.3. Slope aspect was divided into two classes (a) NW



86 H. Benmessaud et al.

Table 7.3 Classes and
weighing indices for climate
quality assessment

Class (mm) Index

Rainfall > 500
250–500
< 250

1
2
3

Aridity < 50.0
50–75
75–100
100–125
123–150
> 150

1
1.1
1.2
1.4
1.8
2

Table 7.4 Climate quality
index Class Description Range

1 Very favourable <1.15
2 Favourable 1.15–1.81
3 Unfavourable >1.81

and NE and (b) SW and SE assigning the indices 1 and 2, respectively. The above
three attributes were then combined to assess the three climate quality index classes
(CQI) shown in Table 7.4 using the following algorithm:

CQI = (rainfall × aridity × aspect)1/3

7.3.3 Vegetation Quality

Vegetation quality was assessed in terms of (a) fire risk and ability to recover, (b) soil
erosion protection (c) drought resistance and (d) plant cover. The existing dominant
types of vegetation in the Mediterranean region were grouped into four categories
according to the fire risk. Four categories were used also for classifying the impacts
of vegetation in regard to soil erosion. Four categories were used for the classi-
fication of vegetation with respect to drought resistance. Finally, plant cover was
distinguished into three classes (Table 7.5).

The vegetation quality index (VQI) was assessed as the product of the above
vegetation characteristics related to sensitivity to desertification using the algo-
rithm below. The VQI index was classified into three classes defining the quality
of vegetation with respect to desertification sensitivity (Table 7.6).

VQI = (fire risk × erosion protection × drought resistance × vegetation cover)1/4
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Table 7.5 Relationship between type of vegetation and quality index

Class Description Type of vegetation Index

Fire risk 1
2
3

Low
Moderate
Very high

Sand, and Chott
Sebkha
Course, Hills,

Culture, Forest

1
1.3
2

Erosion
protection

1
2
3

Very high
Moderate
Low

Mountainous
Course, Hills,

Culture
Sand, and Chott

sebkha

1.3
1.8
2

Drought
resistance

1
2
3
4

High
Moderate
Low
Very low

Sand, and Chott
sebkha

Course, Hills
Cultures, Forest

1.2
1.4
1.7
2

Plant cover 1
2
3

High
Low
Very low

>40
10–40
<10

1
1.8
2

Table 7.6 Vegetation quality index

Class Description Range

Vegetation quality
index (VQI)

1 High quality 1.2–1.6
2 Moderate quality 1.7–3.7
3 Low quality 3.8–16

7.3.4 Management Quality or Degree of Human Induced Stress

To be able to assess the impacts of management quality and human induced stress
the land was classified in the following categories according to the major land use
patterns of the study area:

1. Agricultural land: Cropland and Pasture
2. Natural areas: Forest, shrubland and bare land
3. Mining areas (quarries, mines, etc.)
4. Recreation areas (parks, compact tourism development, tourist areas, etc.)
5. Infrastructure facilities (roads, dams, etc.)

After defining the main land use type in a certain piece of land, then the inten-
sity of land use and the enforcement of policy on environmental protection were
assessed for each particular type of land use for any specific area. The management
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Table 7.7 Management quality index

Class Description Range index

The management
quality index (MQI)

1
2
3

High
Moderate
Low

1–1.25
1.26–1.50
>1.51

quality index (MQI) was assessed using the following algorithm and the results are
presented in Table 7.7.

MQI = (land use intensity × policy enforcement)1/2

7.4 Matching Results

The final step comprised the matching of the physical environmental qualities (soil,
climate, vegetation) and the management quality for the definition of the various
types of ESAs to desertification. The four derived indices are multiplied for the
assessment of the ESAs index (ESAI) as following:

ESAI = (SQI × CQI × VQI × MQI)1/4

The ranges of ESAI for each of type of the ESAs (as they were defined above),
included three subclasses in each type as they appear in Table 7.8. Each type of
ESAs is defined on a three-point scale, ranging from 3 (high sensitivity) to 1 (lower
sensitivity) in order that the boundaries of the successive classes of ESAs could
be better integrated. It must be pointed out that the range for each type of ESAs
has been adjusted in such a way that it could include the various types of ESAs
resulted from the various studies conducted in the past in the target area of the south
Aurès.

7.4.1 Results and Interpretation

Following are detailed analyses of obtained results for the study area.

Table 7.8 Types of ESAs and corresponding ranges of indices

Types of ESAs Description Ranges of indices

1 Non affected 0–1.22
2 Potential 1.23–1.30
3 Fragile 1.31–1.41
4 Critical 1.41–2
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7.4.1.1 Analysis of Soil Quality

SQL queries and simple queries were made and after each query was executed the
table request was updated until finally the entire database was validated and these
results were shown in three soil qualities classes for a total area of 2,501 km2 that
are distributed as follows (Table 7.9 and Fig. 7.3).

The high soil quality category occupies an area of 1,341 km2 or 53.63% of the
total area, with a quality index below 1.33. This class is mostly occupied by forest
vegetation, is less subject to human pressure than the other two. This explains better
soil stability and lower impacts of erosion. The moderate class covers an area of
595.47 km2 or 23.81% and has an index between 1.33 and 1.45. It is mostly spread
over the central part of the study area. The class of poor quality cover an area of
564.96 km2 or 22.56% of the total area, with a quality index above 1.45 and it
occupies the southern part of the case study.

Table 7.9 Distribution of soil quality areas

SQI Description Area (km2) Area (%)

<1.33 High quality 1,341 53.63
1.33 à 1.45 Moderate quality 595.47 23.81
>1.45 Low quality 564.96 22.56

Fig. 7.3 Soil quality map of southern Aurès region
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7.4.1.2 Analysis of the Climate Quality

Climate quality was shown in three classes and was rather a simpler SQL interpre-
tation compared to the previous soil quality map. Table 7.10 and Fig. 7.4 show the
results.

The very favourable climate class occupy an area of 747.92 km2 or 29.91% of
the total area of 2,501 km2, with a quality index below 1.34. This class is located in
higher altitudes with relatively heavy rainfall. The favourable class covers an area
of 744.90 km2 or 29.79% and has an index between 1.34 and 1.81. It is the biggest
of the three categories as the region of south Aurés is located in the arid zone where
rainfall does not exceed 200 mm. The unfavourable class extends to the rest of the
area, with a quality index above 1.81 and it is spread over the southern part of the
case study.

Table 7.10 Area of different climate quality

CQI Description Area (km2) Area (%)

<1.34 Very favourable 747.92 29.91
1.34–1.81 Favourable 744.90 29.79
>1.81 Unfavourable 1, 007.73 40.30

Fig. 7.4 Climate quality map of southern Aurès region
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7.4.1.3 Analysis of the Vegetation Quality

An SQL analysis was used to establish the areas covered by three classes of vege-
tation quality to quantify their respective extension areas as they are shown in both
Table 7.11 and Fig. 7.5.

The area with good vegetation occupies only about 24.16 km2 or 0.97% of the
total area, with a quality index below 1.13. More than 50% of this class is covered
by forest vegetation (scrub oak green) (Schoenenberger, 1971). The moderate class
quality covers an area of 520.35 km2 or 20.82% and has an index between 1.13 and
1.38. It occupies the northern part corresponding to the degradation of forests and
expansion of crops and pastures. The poor quality class extends to the rest of the
area with a percentage of 78.21%, and a quality index above 1.38. It occupies the
southern part.

Table 7.11 Vegetation quality classes and their respective areas

VQI Description Area (km2) Area (%)

<1.13 High quality 24.16 0.97
1.13–1.38 Moderate quality 520.35 20.82
>1.38 Low quality 1, 956.46 78.21

Fig. 7.5 Vegetation quality map of the southern Aurès region
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7.4.1.4 Management Quality or Degree of Human Induced Stress

The map obtained after treatment with SQL and simple selection made possible to
distinguish three socio-economic definition areas given in Table 7.12 and Fig. 7.6.

The class of good quality occupies an area de 178.55 km2 or 7.14%, with a
quality index between 1 and 1.25. It is localized mainly in the town of Ain zatout
whose population has increased from 3,847 inhabitants in 1987 to 4,000 in 1998, or
an average annual growth rate of 0.36%. This rate is far too low compared to the
national average of 2.34%.

The moderate quality class occupies the largest area, or 2,211.44 km2 (88.44%)
of the total area, with an index between 1.25 and 1.50. This class occupies almost all
municipalities in the study area. Vegetables, cereals, fruit trees and phoeniciculture
represent the main agricultural production of the area. The poor quality class covers
an area of 110.57 km2 or 4.42% out of the total area, with a quality index above 1.5.
These are predominantly pasturelands with dense population.

Table 7.12 Areas of the different management quality

MQI Description Area (km2) Area (%)

1–1.25 High 178.55 7.14
1.25–1.50 Moderate 2, 211.44 88.44
> 1.50 Low 110.57 4.42

Fig. 7.6 Management quality map of southern Aurès
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7.5 Analysis and Interpretation of the Desertification Sensitivity
Map

The final map produced from the combination of previously described indicators
enabled us to understand and classify areas sensitive to desertification in the region
of south Aurès. We divided them in four classes i.e. (1) Highly sensitive, (2)
Sensitive, (3) Insensitive, (4) Unaffected, as shown on Table 7.13 and Fig. 7.7.

Only 2.80% or 69.92 km2 are included in the unaffected areas with an index of
sensitivity between 0 and 1.22. This class of sensitivity is located north of the study
area at the town of Ain zatout in a forest area that have a significant recovery capac-
ity and good conditions for phoeniciculture despite covering a limited surface. The
forests consist of Maquis and cover more than 50% of the territory. The relatively
high rainfall reduces drastically the desertification risk.

The Insensitive areas with an extension of 218.40 km2, or 8.73% of the total area,
have a sensitivity index 1.22 and 1.30. They are located mainly on the mountain
areas north of the case study including the thicket of M’ziraa and M’chouneche,

Table 7.13 Extension of sensitivity to desertification areas

Type ESAs Area (km2) Area (%)

Very sensitive 1.40–2 1, 696.16 67.83
Sensitive 1.30–1.40 516.07 20.64
Insensitive 1.22–1.30 218.40 8.73
Unaffected 0–1.22 69.92 2.80

Fig. 7.7 Map of sensitivity to desertification of southern Aurès region
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where goat grazing is largely practiced on old maquis accelerating thus the process
of forest degradation.

The sensitive class is located in the northern communes of M’ziraa, M’chouneche
and Djemourah. It covers an area of 516.07 km2, or 20.64% of the total area and the
sensitivity index vary between 1.30 and 1.40. This sensitivity affects mainly scrub
and rangelands and is due to the poor quality of soil, climate and expansion of crops
and pastures.

The very sensitive class stretches over an area of about 1,696 km2, or 67.83%
of the total area with an index ranging between 1.40 and 2. It is very sensitive
and occupies the largest part of the case study. It is located mainly in the south
and moderately on North West and affects all municipalities in the study area:
M’ziraa, M’chouneche, Chetma, Biskra, Bran, and low Djemourah Ain zatout. The
desertification process in this part is almost irreversible.

7.6 Conclusions

This work has clearly identified the main causes and problems related to desertifi-
cation in the South Aurès region. It also quantified both in spatial and quantitative
terms the intensities of desertification. The analysis of results shows that desertifica-
tion threatens virtually the entire area and appears across various sensitivity classes.
In fact over 88% of the area has been classified as sensitive to very sensitive, while
only less than 12% is included into lower sensitivity classes.

The MEDALUS scientific approach responds well to the identification of deser-
tification sensitivity areas. It could be used also as framework for upgrading results
from regional to a larger scale. The approach is based on a number of indicators that
need to be evaluated separately then included in thorough evaluation process. All of
this has to be supported by the power of GIS. This process starts with data collection
in a harmonized basis, which allows assessing the risk of the desertification process
and allows developing tools for decision support systems.
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Chapter 8
Land Degradation and Overgrazing in the Afar
Region, Ethiopia: A Spatial Analysis
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Abstract Pastoralist societies in dryland areas anticipate the harsh climatic
conditions with migration patterns that optimise the use of available forage and
watering points. Yet, these traditional institutions are under increasing pressure due
to a mounting population, encroaching of traditional grazing areas by sedentary
agriculture and restrictions on transboundary movements. Indeed, the last decades
witnessed an intensified use of these rangelands and the threat of overgrazing, a
major cause of land degradation, should be taken seriously. This also motivates
the current study where we analyse the relationship between grazing patterns and
land degradation in the nomadic pastoralist areas of the Afar Region, Ethiopia.
However, this is not an easy task because trekking patterns and concentrated
grazing areas are not known in sufficient detail to engage in a fully spatial-
temporal analysis. Therefore, we simulate the effect of migration by analysing land
degradation-overgrazing relationships under various area accessibility scenarios,
gradually releasing administrative boundary restrictions for pastoralists from dis-
trict zone to state level. A grazing supply to demand ratio is applied to analyse the
incidence of overgrazing whereas land degradation is estimated using time series
analysis of the Rainfall Use Efficiency (RUE). The study shows that fodder short-
ages at district level in the western Afar are partly compensated at zonal level while
the demand-supply ratio at state level is close to one. Significant negative trends
in RUE are found in the north-eastern part of the Afar, in isolated pockets along
the Awash River and near escarpments with the Highlands. A better understand-
ing of the land degradation-overgrazing relationship requires more information on
trekking patterns, including possible visits outside the study area.

Keywords Afar region · Ethiopia · Grazing · Overgrazing · Nomadic pastoral · Land
conflicts

B.G.J.S. Sonneveld (B)
Centre for World Food Studies, VU University Amsterdam (SOW-VU), 1081, HV Amsterdam,
The Netherlands
e-mail: b.g.j.s.sonneveld@sow.vu.nl

97P. Zdruli et al. (eds.), Land Degradation and Desertification: Assessment, Mitigation
and Remediation, DOI 10.1007/978-90-481-8657-0_8,
C© Springer Science+Business Media B.V. 2010



98 B.G.J.S. Sonneveld et al.

8.1 Introduction

Sustainability of livestock management in pastoral areas has been hotly debated
in the last decades. Many consider pastoral systems unsustainable as overstocking
and overgrazing may lead to land degradation (e.g. Lamprey, 1983; Sinclair and
Fryxell, 1985) and desertification (e.g. Homewood and Rodgers, 1987; Leach and
Mearns, 1996; Dodd, 1994). These problems seem to echo “the tragedy of the com-
mons” (Hardin, 1968) as individuals reap the benefits of overgrazing communal
lands without sharing the costs with other land users. Yet, the view that pastoral
systems are synonymous with unsustainability came under serious criticism (e.g.
Behnke and Abel, 1996; Sullivan, 1996; Sullivan and Rohde, 2002) as inappropriate
government orchestrated interventions limited the traditional strategies of nomadic
pastoralists to deal with harsh dryland conditions (Sanford, 1983; Ellis and Swift,
1988). Indeed, many consider now nomadic1 pastoralists as an epitome of sustain-
ability (Desta and Coppock, 2004) that has been negatively influenced by external
factors. For example, in arid lands population growth and appropriation of land for
irrigation (Hundie, 2006) has caused pressure to mount, with overgrazing and vio-
lent conflicts among land users as most visible symptoms (Rass, 2006). Moreover,
the development plans for massive expansion of biofuel plantations (Biopact, 2007)
on “marginal” drylands can be expected to restrict further land’s accessibility to
pastoralists (Cotula et al., 2009).

Afar state in northeast Ethiopia (Fig. 8.1) is a good case in point. This arid region
(Fig. 8.2) hosts 1.5 million people, 78% of which are pastoralists. Some of these
pastoralists migrate along the seasons between a permanent base and distant graz-
ing areas in semi-nomadic conditions, while the pure nomads among them move
without a fixed homestead (CSA, 2003).

These movements are based on cautious decisions that capitalize on all peren-
nial and current information by choosing trekking routes that can make best use
of the forage expected to be available on the way. However, accessibility to range-
lands and watering points has increasingly been hampered by new developments in
the area. Indeed, expansion of sedentary agricultural settlements along the Awash
River, implementation of the state-owned Tenaha sugar plantation and increasing
incidence of contested territorial claims by different ethnic groups from outside the
region (Rettberg, 2008) are prominent examples of new barriers to migration. The
increasing pressures on the natural resource base is also a growing concern for pol-
icy makers (Pantuliano and Wekesa, 2008) who fear that land degradation might
reduce grazing capacities and impoverish already fragile living conditions of the
pastoralists.

The urgent calls for policy interventions are, therefore, to be taken seriously and
justify a thorough analysis that explains land degradation patterns in its geographical
dependence of grazing activities. Moreover, such an analysis needs to be conducted

1According to the type of trekking patterns pastoralists are called nomadic (irregular movements)
or transhumant (regular movements between fixed locations).
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Fig. 8.1 Afar state

for the entire Afar area as it is at the state level where most important decisions
concerning land use are taken.

This motivates the current study where we relate land degradation patterns to
overgrazing in a spatially explicit manner for the entire Afar Region. However, this
is not an easy task as detailed information on migration patterns, the main mecha-
nism to mitigate the effect of overgrazing, remains largely absent and mapping of
these trekking routes is still in an experimental stage (e.g. Sonneveld et al., 2009).

Certainly, a straightforward crossing between land degradation patterns and
livestock does not account for flexibility and efficiency of trekking routes that man-
age relatively sparse vegetation in dryland areas. Therefore, we mimic the impact
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Fig. 8.2 Average annual
rainfall in mm

of migration patterns by analysing various area accessibility scenarios, gradually
releasing cultural-administrative boundary restrictions for pastoralists from dis-
trict (woreda), sub province (zone) to state (kililoch) level.2 Interestingly, where
production function analysis in sedentary agriculture aims to gain its explanatory
power by respecting data at a fine resolution, information sources for studies on
nomadic pastoral systems, necessarily have to do the opposite and aggregate their
spatial-temporal dimensions to incorporate the supply-demand interactions in full.

The degree of overgrazing is based on a grazing supply to demand ratio that we
calculate for the various aggregated administrative levels. A ratio below 1 shows a
shortage of forage availability, equal to 1 represents a balanced situation and higher
then 1 a surplus of forage. For the assessment of land degradation we use time series
analysis of the Rainfall Use Efficiency (RUE) that divides annual sum of NDVI by

2Afar State consists of 5 administrative zones and 29 woredas. Farmer associations (326) and
neighbourhood associations (32) (kebeles) are the most decentralized administrative units.
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annual rainfall, separating rainfed driven vegetation dynamics from other factors.
The use of RUE for land degradation assessment is based on Le Houérou’s (1984)
assumption (cited by Veron et al., 2006) that limiting resource use efficiency of plant
traits, favoured by natural selection, is reflected in spatial patterns of the biophysical
environment (soils and climate).

Departures from the average RUE, thus, result from anthropogenic influences.
The RUE offers an attractive solution to the assessment of land degradation in dry-
land areas (Geerken and Ilaiwi, 2004; Prince et al., 1998) as availability of rainfall
data and remotely sensed estimates of NDVI at adequate temporal and spatial scales
ensures its applicability at various administrative levels up to the regional scale
(Reynolds and Stafford Smith, 2002). Moreover, NDVI is linearly correlated to
Above Ground Net Primary Productivity (Dent and Bai, 2008; Hall et al., 2006),
which makes it a good estimator of ecosystem functioning (McNaughton et al.,
1989) and, thus, of land degradation (UN, 1994).

This chapter is organized as follows. Section 8.2 presents the data sources and
indicates how these were processed. Section 8.3 presents the results of this study
and Section 8.4 concludes.

8.2 Data and Methodology

8.2.1 Livestock, Grazing Demand and Production

We use the pastoral livestock enumeration for the Afar Region (CSA, 2003) to
analyse the herd composition of nomadic pastoralists per woreda (Annex). To
compare grazing demand of the different species in common units, the body
weight is converted into the Tropical Livestock Unit using coefficients from FAO,
2005. Figure 8.3 shows the TLU density as number of TLU’s per hectare of the
woreda.

We calculated grazing demand based on Boudet and Riviere (1968) and Minson
and McDonald (1987) by assuming that livestock needs 2.5% of its body weight
for a sustained growth, which in turn results in a consumption of 6.25 kg of forage
dry matter daily for each TLU. Next, we used these figures together with the TLU
inventory to calculate the total grazing demand (dw) at each woreda w.

The grazing capacity (or fodder supply) is based on forage data of the regional
PHYGROW model, Texas A&M University (Stuth et al., 2003) that was made avail-
able as 8 × 8 km grids for Eastern Africa. PHYGROW bases its calculations on:
soil parameters, plant community characteristics, and livestock management rules,
while the model is driven by satellite-based gridded weather data. Regular verifica-
tions in Ethiopia, Kenya, Tanzania, and Uganda show that PHYGROW’s simulation
output of available forage has a good correlation with observations in the field
(R2= 0.96) (Jama et al., 2002). Grazing capacity is calculated for each pixel using
PHYGROW results corrected for a utilization factor of 0.35, thus accounting for
grass composition and temporal variability of productivity (Abule et al., 2007).
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Fig. 8.3 TLU density per
woreda

The production supply (fn) for each pixel n is expressed in TLU ha–1. The median
of this statistic derived from all pixels that belong to the woreda area (n ∈ w)is
used to express the production supply per woreda, fw. We use the median to remove
sensitivity of estimation from outliers. We then calculate supply to demand ratio
at woreda level as Rw = fw

dw
. Analogue we calculated supply, fz, in zone z and the

corresponding demand dz as an area weighted mean of dw. Zonal level supply to
demand ratio is similarly calculated as Rz = fz

dz
. Finally we repeated this exercise to

get our statistic Rs = fs
ds

at state level.

8.2.2 RUE

The data for the RUE analysis is based on annual rainfall and NDVI data for the
period 1980–2002. Rainfall data is obtained in grid format from Climate Research
Unit of the University of East Anglia (Mitchell and Jones, 2005) at monthly time
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scale and 0.5◦ spatial resolution. NDVI data is obtained from FEWS-NET data set
(Tucker et al., 2005) at 10 day time scale and 8 km spatial resolution. Rainfall and
NDVI data are resampled to a common pixel size of 8 km, for a georeference that
covers parts of Ethiopia, Eritrea, Djibouti and Somalia (as in Fig. 8.3). Finally, the
RUE statistic is computed as a ratio of annual sum of NDVI to annual precipitation.
The slope of the trend and its t-statistic are calculated for each of the pixels.

8.3 Results

In this section we start with the forage supply–demand ratio at the different spa-
tial levels, followed by the RUE analysis; we end with a discussion on the spatial
patterns of land degradation and overgrazing.

Figure 8.4a, b show the forage supply grazing demand ratio by woreda and zone,
respectively. The analysis per woreda shows that deficits mainly occur in the western
part near the escarpments of the Ethiopian Highlands, where also the highest TLU
densities are reported. Surpluses are shown in the central and eastern woredas near
the border with Eritrea and Djibouti. Concerning the supply to demand ratio for
zones, it is interesting to note that deficits in the woredas that belong to Zone 1 and
2 are compensated by surpluses in the east and central Afar. Zones 4–5 do not have

Fig. 8.4 Supply demand ratio for forage by (a) woreda (b) zone
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many surplus areas and forage demand remains larger than its availability. For the
entire Afar State we observe a supply to demand ratio of 0.95, indicating that current
forage demand exceeds forage availability by a small amount at state level.

We now turn to the land degradation assessment. Figure 8.5 shows the slope of
the RUE analysis, whereas Fig. 8.6 presents its t-statistic. In general, we observe a
declining trend of the RUE in the north-eastern corner near the border with Eritrea,
gradually becoming less pronounced towards the south-west direction and turn-
ing into positive values in the southern cone of Afar State. Exceptions of positive
trends are found in pockets along the Awash River and in the North near the escarp-
ments with the Highlands. Figure 8.6 shows the significance of the slope estimate,
which is low to very low for most of the Afar; i.e. in most cases the trend does not
significantly deviate from zero. Alarming is the situation in the Northern part of the
Afar state where declining RUE trends are significant to very significant.

Fig. 8.5 Slope of RUE
trend



8 Land Degradation and Overgrazing in the Afar Region, Ethiopia 105

Fig. 8.6 Student’s t-statistics
for slope

These negative RUE values in north Afar are explained by Tesfay (2004) who
reported that in this area cultivation by Tigray nobility encroached onto prime
grazing lands pushing the pastoralists to less potential lands with overgrazing as
a consequence. Furthermore, the hazard of overgrazing in North Afar seems to be
especially pronounced in times of drought when grazing areas are seriously lim-
ited. Yet we found in the same area with negative RUE trends that supply demand
ratios are still positive, even at the woreda level. This would confirm that studies on
nomadic pastoralism couldn’t be confined to localized sites, as we have to account
for migration patterns that cover extended areas.

We can conclude that at woreda level the land degradation trend does not corre-
spond to the spatial patterns of overgrazing. This confirms that detailed information
on trekking patterns is required in order to analyse the spatial incidence of over-
grazing and land degradation. As part of such a database, information is required on
conflict areas (that are now often avoided), as well as transboundary migration (for
e.g. many Afar people live in Eritrea and might also visit the Afar state).
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8.4 Conclusion

We found that most of Afar State shows stable RUE trends, which confirms that,
at state level, with a supply-demand ratio near one, forage production more or less
meets grazing demand. In the Northern part we found a significant degradation,
most likely caused by the encroachment of cultivated areas into prime rangelands,
which might have resulted in extended fallow periods without vegetative coverage.
Despite the fact that local forage supply still exceeded the local grazing demand,
but the visits of other clans could alter this balance and cause the incidence of land
degradation.

The results may support the argument that if mobility of pastoralists continues
unhampered, it results in sustainable land management, whereas restricted accessi-
bility leads to overgrazing and land degradation. As such the results of this study
contain an important message for the Afar authorities concerning new land devel-
opments like the Tenaha dam, expansion of sedentary cultivation along the Awash
River and the potential to cultivate biofuel plantation, which could seriously inter-
fere with traditional migration patterns. Clearly, such developments might also be
beneficial for the Afar State and authorities should, therefore, aim to minimize the
tensions between these initiatives and the pastoralist communities.

For example, authorities could guarantee safe passages through large-scale plan-
tations to allow pastoralists unrestricted access to rangelands. Furthermore, research
is urgently needed that supports the drought coping strategies of the pastoralists such
as the design of the best spatial configuration of a system of groundwater pumps and
forage storage points. When such “enclaves” are well regulated they could help pas-
toralists through dire periods and avoid overgrazing and land degradation of the few
areas that are not yet affected by drought. However, to support these policy interven-
tions research should avail of a consolidated data base that has detailed information
on trekking routes, biophysical resources, land uses, market prices, conflict zones,
household/pastoralist surveys, and narratives on coping strategies in appropriate
spatial and temporal dimensions. The collection and organization of these data at
the appropriate level and its organization in a dynamic modelling environment is
one of the main scientific challenges in the coming years.
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Chapter 9
Effects and Implications of Enclosures
for Rehabilitating Degraded Semi-arid
Rangelands: Critical Lessons from Lake
Baringo Basin, Kenya

Stephen M. Mureithi, Ann Verdoodt, and Eric Van Ranst

Abstract The establishment of enclosures, denoting areas closed off from graz-
ing for a specific period, is a well-known management strategy for restoring
degraded semi-arid rangeland ecosystems. Range enclosure has profound ecolog-
ical (biophysical) effects and a number of socio-economic implications that vary
significantly, depending on local conditions. Understanding the consequences of
the rising trend of rangeland enclosure is thus imperative for sustainable planning
and management of these fragile ecosystems. Indeed, what administrators require is
not a general policy for or against enclosure, but rather some understanding of the
various effects of enclosure under different circumstances. Ultimately, researchers
may be able to present policy-makers with a typology of different kinds of enclo-
sure movements, and with a systematic discussion of the probable outcome of each
kind of movement. Therefore, the spontaneous enclosure of the range by livestock
owners may raise new problems, but may also permit new approaches to the devel-
opment of the livestock industry in the arid and semi-arid areas in Africa. This
paper seeks to highlight the effects and implications of using enclosures for rehabil-
itating degraded semi-arid rangelands and draw practical lessons to help us achieve
increased restoration capability in the future.

Keywords Semi-arid rangelands · Land degradation · Rehabilitation · Enclosures ·
Baringo · Kenya

9.1 Introduction

Rangelands outside the protected areas – national parks, game reserves and private
ranches and conservancies in Sub-Saharan Africa are under serious threat from land
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degradation to a level where restoration may not be feasible. Most arid and semi-arid
rangelands in Kenya for example have become degraded “wastelands” no longer
able to support their diverse cultures, plants, and wildlife (UNEP/GoK, 1997).
Severe rangeland degradation upsets the dynamics of these fragile ecosystems,
affecting the energy flows, biogeochemical cycles, hydrological cycles, increased
aridity (Dregne, 1992), and possibly all resulting into a downward spiral of ecosys-
tem structure and function decline (King and Hobbs, 2006). The regenerative
capacity is often compromised leading to loss of biodiversity. The ultimate effect of
the foregoing is a livelihood crisis for the pastoral communities dependent on these
ecosystems. The persistent menace of recurrent droughts, floods, and disease out-
breaks leading to large losses of livestock and dryland crop failure are commonplace
(UNEP, 2000). Food insecurity is a growing problem, and increasing poverty poses
a major threat not only to the livelihoods of the pastoral communities that depend on
these rangelands, but also to biodiversity. In these areas, rehabilitation and restora-
tion of heavily degraded rangelands is often obligatory for pastoralist land use to be
sustainable, even though implementing restoration projects in communally utilized
rangelands is a complex endeavour (de Groot et al., 1992).

Rehabilitation and restoration of degraded drylands is a subject that at present
times receives attention in many parts of the world especially in Sub-Saharan
Africa. Increasing evidence exists to show that there has been a great deal of com-
munity based organisations, non-governmental organisations, local governmental
and international efforts aimed at rehabilitating degraded rangelands using various
approaches (GoK, 1997; UNEP/GEF, 2002; RAE, 2003). Yet, there exist very few
cases of successful rehabilitation initiatives in the arid and semi-arid rangelands
particularly in Eastern Africa (Makokha et al., 1999; RAE, 2003; Mengistu et al.,
2005). One outstanding example is in Lake Baringo Basin, where significant areas
of severely degraded semi-arid land have been successfully restored to productive
grassland using enclosures. Starting with a number of communal enclosures that
served as community demonstrations, private enclosures today form a mosaic in the
entire Lake Basin.

This paper reviews the effects and implications of a growing trend of rehabilitat-
ing degraded semi-arid rangelands using enclosures. Critical lessons can be learnt
from the on-going enclosure movement in the semi-arid rangelands of Lake Baringo
Basin.

9.2 Rehabilitation of Degraded Semi-arid Rangelands

In the wake of increased land degradation in the past few decades particularly in
arid and semi-arid rangelands, it has become increasingly necessary trying all avail-
able approaches and strategies to restore these ecosystems (Biamah, 1988; RAE,
2003). According to the UNCCD (1994), combating desertification includes activi-
ties, which are part of integrated development in arid, semi arid and dry sub-humid
areas aimed at prevention and reduction of land degradation; rehabilitation of partly
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degraded land and reclamation of desertified land. Heady (1999) observed that
rangeland rehabilitation or improvement implies implementing change to attain a
particular economic value.

Degraded lands severely impacted by intensive and repeated disturbance may
still provide a wide range of products (e.g. fuelwood, poles, cattle, sheep and goat
grazing, herbal medicine) and valuable ecosystem services for the local community
as cash income sources (Meyerhoff, 1991). Therefore, caution needs to be exercised
in the identification of degraded land, its importance to local communities and the
need for new methods of rehabilitation and management. Rehabilitation, if needed,
should also seek to identify and enhance the ecological and socio-economic value
of such lands to local communities and not deprive them of existing or foreseen
benefits.

In other words, before embarking on a major rehabilitation programme, the
objectives and implications should be carefully examined (Miller and Hobbs, 2007).
According to Harris et al. (1996) and de Groot et al. (1992), the objectives may
include enhancing pasture availability for the pastoralists, preventing further soil
erosion hence saving the open water bodies from accelerated siltation, restoring
scenic quality, or restoring a natural ecosystem. Milton et al. (1994) stressed the
need to recognize and treat degradation at early stages, because management inputs
and costs increase for every additional step in the degradation process. The choice
of the approach and method also plays an important role. Mututho (1986) showed
that because of high capital involvement in for example structural measures for
range rehabilitation and low economic returns in grazing lands, most of them have
produced only very little success.

9.2.1 Rangeland Rehabilitation in Kenya

Rehabilitation of degraded rangeland in Kenya dates back to as early as 1919 when
the then District Commissioner of Machakos (quoted by Pereira and Beckeley,
1952) wanted to revegetate degraded grazing land through closure of the land for
a couple of years. The method did not achieve its objectives. Other equally expen-
sive measures have been tried in Machakos, Kitui, Baringo, Marsabit, and Turkana
Arid and Semi-arid Lands (ASAL) districts (Pereira and Beckeley, 1952; Jordan,
1957; Pratt, 1964; Bogdan and Pratt, 1967; Lusigi, 1981; Smith and Critchley, 1983;
Muhia, 1986). Measures used in these areas to restore productivity of degraded
areas were: reseeding (seedbed prepared using hand-held tools, ox-plough or tractor-
drawn cultivators); rotational grazing within paddocks; mass revegetation of the
area using locally adapted grasses and using watering points to distribute grazing
pressure thus giving degraded areas time for natural revegetation.

Other physical measures included installation of terraces and runoff harvesting
structures, which, despite their apparent effectiveness, are potentially dangerous to
the livestock under rangeland conditions. Almost all of these rehabilitation methods
involved setting aside the degraded area in some form of closure, carrying out some
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restoration measures and allowing time for regeneration. However, many of these
methods tended to place more emphasis on the physical and technical intervention
than socioeconomic and cultural ones, leading to failure due to lack of embracing
the needs and priorities of the pastoral communities.

In addition, the efforts and emphasis of combating land degradation in Kenya
have in the past dominantly focussed on soil conservation measures for agricultural
areas, aiming to curb the problem of soil loss and declining productivity of food
crops. In the rangelands on the other hand, rehabilitation has targeted restoring the
carrying capacity for livestock and wildlife species, by increasing revegetation and
cover in overgrazed areas, and by preventing soil erosion (Harris et al., 1996; Pratt,
1964).

Such measures have to be designed in line with the changing nature of the soil
component. Some of the common soils in semi-arid areas are particularly vulnera-
ble to disturbances (Hudson, 1987), either because they have high susceptibility to
erosion (high erodibility) or because of their chemical and physical properties. The
sealing properties of Fluvisols in the semi-arid plains for example results in reduced
infiltration rates and soil loss thereby rendering grazing lands bare, eroded and with
soil crusts that inhibit seed emergence in the following wet season. Other soils
(Vertisols) within the Njemps Flats area in Lake Baringo basin for instance have
been described as unstable due to relatively high smectite clay content (Biamah,
1988). Hence, physical conservation measures are not effective in controlling ero-
sion. Instead, a blend of both physical and biological conservation measures (i.e.
making water harvesting micro-catchments and planting protective cover) would be
the best options of conserving the soil and minimising erosion under the prevailing
conditions.

Therefore, activities aimed at proper management and utilisation of rangelands
needs to adopt a holistic and multidisciplinary approach (Harris et al., 1996), to
restore the integrity of these fragile ecosystems. Any intervention however, has to
reflect the needs of the local people (de Groot et al., 1992; Makokha et al., 1999;
Meyerhoff, 1991), Gachimbi (1990). The most urgent need in the degraded arid and
semi-arid lands is an effective, low-cost, and reliable system or measure of soil and
water conservation, which will reduce soil erosion and soil sealing. The expected
result is improved infiltration, which will allow revegetation under the prevailing
soils and climate conditions. Consequently, for the range to recover from a degraded
state, rehabilitation measures such as water-harvesting embankments, reseeding and
tree planting amongst others become as necessary as the protection from further
irrational exploitation. Many protection measures tend to take the form of temporary
enclosure of the range to keep off ungulates.

9.3 Enclosures Approach for Rangeland Rehabilitation

The enclosure approach for rehabilitating degraded grazing lands involves closing
off some part of the degraded open range from grazing for a given period usually not
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less than 3 years, to allow regeneration of vegetation (Behnke, 1986). This concept
of the range enclosure that implies setting apart an area from grazing and wood har-
vesting, is not new. The traditional pastoralists used to set aside dry season grazing
areas and kept livestock off such designated common pool resource areas, which
were not fenced. Nevertheless, the breakdown of the traditional community lead-
ership structures and governance, the influx of people with a different way of life
from the neighbouring high potential areas has led to a collapse of the pastoral set
aside policy in the rangelands. Thus setting aside areas for annual deferred grazing
has become increasingly difficult, and in some cases, is no longer possible (Dietz,
1987). The result, akin to the case of Lake Baringo Basin, is many people with
small herds, which graze everywhere whereas in the past, there were fewer people
with large herds who grazed certain areas and left others ungrazed as dry season
reserves (Meyerhoff, 1991).

These factors combined create a grazing free-for-all in the rangelands tending to
the tragedy of commons scenario (Hardin, 1968; Anderson, 1980; Bonfiglioli, 1992).
This led to overgrazing and degradation resulting to an ecosystem that can hardly
maintain its stability, function, and structure. Moreover, the ensuing competition
between livestock keepers for control of a diminishing range resource is fuelling
the drive of range enclosure, as the pastoralists attempt to do something about their
declining resource base.

In the Lake Baringo Basin, the severity of rangeland degradation has made the
life of the pastoralists very harsh. Overstocking in the open range has undermined
the economic welfare of local livestock keepers who face high levels of stock loss
amidst other problems at the end of the dry season, especially if it is protracted.
Their response has been to enclose a portion of their rangelands for their exclusive
use, while emulating the communal rehabilitation enclosures set up by a commu-
nity based Rehabilitation of Arid Environments (RAE) Trust after realizing that
degraded land can be restored successively (RAE, 2003; 2004). Therefore, behind
the fencing of the range to combat land degradation, lies the struggle to address the
basic need of food security. With land rehabilitation, each farmer can provide for his
own household and livestock, and successful enclosures mean that pastoral house-
holds could do without food aid (Makokha et al., 1999), thus giving them dignity
and independence.

Prior to vegetation establishment, the fences play an important role of protect-
ing the vulnerable tree and grass seedlings and regenerating remnants of existing
vegetation (see Fig. 9.1). Harris et al. (1996) and Sands et al. (1970) suggested that
well-adapted and hardy species should be selected as pioneer vegetation for reseed-
ing during rehabilitation programmes. Biamah (1986) supported range reseeding for
quick establishment of perennial grass species in the Lake Baringo Basin. Earlier
reseeding experiments by Pratt showed Cenchrus ciliaris and Eragrostis superba as
examples of the main grass species suited to semi-arid conditions in Baringo (Pratt,
1964).

Besides Baringo, enclosures have been used elsewhere for varying specific objec-
tives. Examples include range restoration in Chepareria Division of West Pokot
District in western Kenya where Vi-Agroforestry Project has been working with
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Fig. 9.1 Enclosures establishment starts with fencing (Electric, Live Cacti, or Cut thorn-bush).
Photo by SM Mureithi, 2005

the agro-pastoral community to establish enclosures in their fields (Makokha et al.,
1999; Kitalyi et al., 2002). Other measures include revegetation of degraded dry-
land forest areas in Ethiopia (Mekuria et al., 2007; Cleemput et al., 2004; Mengistu
et al., 2005), and in north-west Tanzania, where using indigenous knowledge, the
local people are practising a natural resource management system called Ngitili – a
Sukuma word meaning enclosure.

These enclosures help in conservation of grazing and fodder lands by encour-
aging vegetation regeneration and tree planting (HASHI, 2002). In South Darfur
in Sudan (before the current crisis in the region), enclosure were established
primarily to produce and sell fodder in the more profitable commercial fod-
der markets at Nyala, rather than to provide feed for local livestock (Behnke,
1985; 1986). According to (Behnke, 1985), Nyala as a railway-end town, con-
tained numerous milk cows kept for household milk supplies, horses and donkeys
used for the haulage of domestic water or commercial goods from the rail-
head, and a variable number of animals being held for marketing or shipment to
Khartoum.

Enclosing is also famous as a basic measure for revegetation and stabilisation
of wandering sand dunes and desertified lands. This has been done in both desert
and semi-desert areas of China (IPALAC, 2006; Zhang et al., 2005), and in India
amongst other countries. Sinha et al. (2006) reported that Thar Desert in India shows
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tremendous resilience for regeneration when it is protected by fenced enclosures for
a certain period. In these cases, enclosing sandy areas helped the recovery of natural
vegetation, hence stabilizing the sandy soil material.

Rangeland ecosystems are complex in ecological and socioeconomic dynamics.
Enclosing one part of the range gives rise to more complexity, since the enclosed
and unenclosed areas are parts of a unified whole.

9.4 Enclosure Movement in Lake Baringo Basin

In 1982, a community-based project was started in Baringo District in the mid-west
of Kenya under the auspices of the Rehabilitation of Arid Environments (RAE)
Trust (formally Baringo Fuel and Fodder Project-BFPP). It aimed to rehabilitate
severely degraded areas around Lake Baringo and on the surrounding hills, which
were subject to heavy grazing pressure (Meyerhoff, 1991; de Groot et al., 1992).
The intention was to work with agropastoralist communities to achieve sustainable
land management systems in arid and semi-arid areas. Rehabilitation commenced
by enclosing areas of various sizes from 6 to 400 ha, preparing seedbed and water
harvesting structures followed by reseeding with indigenous grass species alongside
planting a variety of indigenous and exotic tree species.

Since 1982, a spontaneous rangeland enclosure trend has gained momentum in
the Lake Baringo Basin, following successful rehabilitation of more than 1,430 ha
of severely degraded land using reseeded communal enclosures (RAE, 2004). The
Lake Basin pastoral inhabitants request cost shared-assistance from RAE Trust to
rehabilitate their denuded land, which is still communally owned. Presently, more
than 250 ha of “private” land has been rehabilitated in Baringo and the neighbouring
Laikipia Districts. Furthermore, the RAE Trust by year 2006 received additional
requests for assistance to reclaim more than 30,000 ha of communal degraded land
(RAE, 2004). Successfully rehabilitated total area may seem insignificant compared
to the spatial vastness of the degraded rangeland in Baringo and the rest of the arid
and semi-arid districts in Kenya. However the positive impact of the enclosures to
the agropastoralists’ households and the environment is evident.

Presently, the Lake Baringo Basin is dotted by individual farmer’s (“private”)
enclosures (Fig. 9.2), as locals try to emulate the communal enclosures and
after realising that degradation can be combated successfully, hence giving them
an opportunity to address their livelihood problems. Community leaders from
other areas, including neighbouring Laikipia, Turkana, and Samburu districts have
also requested the RAE Trust to expand its operations into their areas (RAE,
2004).

During our research in Baringo, many herd owners were using cut-thorn bushes
(Acacia sp. and Prosopis sp.) and planting thorn cactus (Opuntia ficus-indica) to
enclose their land. This trend is giving rise to two major categories of enclosures
in terms of management and ownership. First category is the reseeded, commu-
nally owned, and – managed enclosures, while the second is the individual farmers’



118 S.M. Mureithi et al.

Fig. 9.2 RAE Trust-Working Field Map (not to scale) as at 2005, showing the communal (orange
blocks) and private enclosures (tiny green squares) (for colors, see online version)
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reseeded and privately managed enclosures. A third category comprises of naturally
regenerated enclosures but their success rate has been low in the Lake Basin. A pri-
vate enclosure is a piece of land fenced off by an individual household and planted
with trees and grass or allowed to regenerate naturally (passive rehabilitation).

When an individual household head decides to enclose an area near their boma –
(a Kiswahili word for cattle corrals found inside the cut-thorn bush fence enclosing a
single pastoral household temporary settlement), one has to obtain consent from the
community elders. Once the consent is granted and the household puts up a fence,
other people in the community respect that household’s negotiated rights for that
specific area, as well as the adjacent area, and henceforth recognise that the land
belongs to them (RAE, 1998). The result is an increasing trend towards respect for
individual land tenure. Private enclosures owners do not have formal ownership of
the fenced land as it is still owed communally.

Even though rehabilitated land flourishes with a diversity of woody and herba-
ceous species long lost in other un-rehabilitated areas, this trend seemingly welcome
by the local communities raises major questions on the future of pastoralism and
livestock husbandry in East African rangelands. Benhke (1986) identified major
concerns on rangeland enclosure deserving attention. These include questions of
technical efficiency and productivity; problems of range ecosystems conservation;
and the related issues of economic equity and economic growth.

Behnke (1986) noted that “if the fencing of rangeland by livestock owners is
likely to become more common, then administrators, rangeland scientists and pol-
icy makers will need to have some idea of the benefits and costs arising out of
the shift from open-range to fenced forms of animal husbandry”. The main drivers
for this shift in Lake Baringo Basin for example, is the ardent need for rehabilitat-
ing severely degraded land, to attain pasture security for livestock, and hence food
security for the local pastoralist communities during the dry seasons and drought. In
addition, this would reduce soil erosion, reclaim gullies, and significantly limit the
amount of topsoil and sediments being deposited into Lake Baringo (RAE, 2003,
2004). As early as 1974 the Government of Kenya (GoK, 1974) described this area
estimated to be 2,115 km2, as an “ecological emergency area”.

9.5 Effects of Range Enclosures

Rangeland enclosure has profound ecological (biophysical) effects and a number
of socio-economic implications that vary significantly, depending on local condi-
tions. Understanding the consequences of the rising trend of rangeland enclosure
has been shown to be imperative. Benhke (1986) and Graham (1988) argued that
what administrators require is not a general policy for or against enclosure, but
rather some understanding of the various effects of enclosure under different cir-
cumstances. Ultimately, researchers may be able to present policy-makers with a
typology of different kinds of enclosure movements, and with a systematic discus-
sion of the probable outcome of each kind of movement. Therefore, the spontaneous
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enclosure of the range by livestock owners may raise new problems, but may also
permit new approaches to the development of the African livestock industry.

9.5.1 Ecological Effects of Enclosures

One consequence of the range enclosure is the notable difference inside and out-
side the fence after vegetation regeneration (Fig. 9.3). An enclosure in a severely
denuded area tends to become an ecological island, and may thrive in desirable
herbaceous and woody plants and overall biodiversity above- and belowground,
from microbial to higher trophic levels (Verdoodt et al., 2009; RAE, 2004; Stelfox,
1986). This, however, depends on a number of factors. Biamah (1988) and Makokha
et al. (1999) singled out the severity of the degradation and range condition before
intervention, time allowed for restoration, and the enclosure size and management
after range restoration as important factors influencing the success of the rehabilita-
tion. Biamah (1988) further argued that the semi-arid rangeland areas typically are
resilient and capable of regeneration even though the process of regeneration can be
delayed by natural forces (1-year and multiyear droughts) or by the interference of
human activities like grazing, time of grazing introduction, and stock densities.

The extent of degradation is an important factor determining whether the range
will recover at all. The removal of vegetation cover from an ecosystem results in
a compounding effect of degradation with the soil being the worst hit component.
With absence of vegetation (Fig. 9.4), the soil is deprived of organic matter, which
is the key to soil fertility and productivity especially in drylands (FAO, 2004), and
is highly exposed to the agents of erosion.

Once the vegetation cover is restored, it improves the soil structure (Bronick and
Lal, 2005), soil water balance (Hongo et al., 1995) chemical soil fertility (Jaiyeoba,
1995; Descheemaeker et al., 2006a; Mekuria et al., 2007), and restores the soil

Fig. 9.3 Inside–outside
contrast in a communal
enclosure. Hard setting is
visible in the foreground-
exposed soils. Photo by SM
Mureithi, 2005
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Fig. 9.4 (Left): Severely degraded rangeland in Njemps Flats being prepared for rehabilitation
(Right): same field converted into productive pasture using enclosure approach. Source: RAE
(2003)

biodiversity and ecosystem services (Su et al., 2005) through reduced soil erosion
(Descheemaeker et al., 2006b). This clearly illustrates the linkages and feedback
loops occurring between biotic and abiotic components of the rangeland ecosystem,
capable of enforcing or reversing land degradation (Perrow and Davy, 2002a, b;
King and Hobbs, 2006; Monger and Bestelmeyer, 2006).

Nevertheless, it is still questionable whether an eroded range can go back to is
potential, as the probability of reversing grazing-induced change in the rangeland
is inversely related to the amount of disturbance involved in the transition (SRM,
1995). O’Connor (1991) and Westoby et al. (1989) argues that severely degraded
rangelands may never return to their original state, even when rested for decades.

9.5.2 Effects of Enclosures on Vegetation

Establishment of vegetation inside the enclosures is a relatively a slow process,
which is dependent on the reliability of rainfall and the effectiveness of the seedbed
and rainwater harvesting structures in place (Pratt, 1964). After initial reseeding and
tree planting, only the well-adapted and hardy species thrive. Once established, such
vegetation can support accumulation and recycling of nutrients by providing organic
matter through litter fall and dead roots, improve soil structure and availability of
nitrogen (when legumes and annual grasses are present).

Vegetation inside the enclosures established in a completely bare degraded area
tends to follow the shrub-herbaceous plant theory of Gilad et al. (2004), where estab-
lishment of one form of plant life synergises that of another. In Baringo (RAE,
2004; 2005) and the neighbouring district of West Pokot (Makokha et al., 1999),
some locally threatened species that had “disappeared” are reported to be present
inside established enclosures. Range enclosure is thus providing a community-
friendly way of restoring dryland biodiversity. Improved infiltration capacity inside
the enclosures enhances the moisture available for the established plants (Ekaya
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and Kinyamario, 2003; Hongo et al., 1995), thereby increasing cover, and standing
biomass (Cleemput et al., 2004; Makokha et al., 1999).

Higher herbaceous and woody species composition has been observed inside
communal enclosures established in a degraded rangeland (Makokha et al., 1999;
Cleemput et al., 2004; Mengistu et al., 2005; Verdoodt et al., 2009), compared to
the outside. This was attributed to deliberate human influence such as the choice
of herbaceous and woody species used for the rehabilitation. The enclosures have
higher forage and browse value, which represents the high percentage of the vegeta-
tion palatable to the livestock (Milton et al., 1997). The high proportion of seedlings
reported in the enclosures in Ethiopia by Mengistu et al. (2005), is an indicator
of recruitment of the plants through germination, and implies the existence of a
good potential for the restoration of woody communities. In contrast, the bulk of the
species outside the enclosures is composed of a variety of invasive (usually noxious)
species, most which are as disturbance and land degradation indicators.

9.5.3 Effects of Enclosures on the Soil

Vegetation in the rangelands has significant influence on the soil, which on the other
hand, influences the kind of vegetation present, as influenced by the climatic factors
and herbivory and human influence (McClanahan and Young, 1996). Protection of
reseeded range is necessary to allow the initial increase of vegetation cover, which
in turn plays crucial role in covering the soil. Biamah (1986, 1988) reported that
increasing ground cover in Njemps Flats prevented soil sealing through raindrop
interception and splash erosion. This sequentially encouraged infiltration thus reduc-
ing high runoff rates and soil erosion. Vegetation breaks up the falling raindrops
so that they reach the soil surface as small droplets hence reducing their impact.
Furthermore, trees utilize deep water table water, improve soil physical condition,
and reduce the ground level wind speed and thus its erosive potential (Dregne,
1992).

In addition to protecting the soil from erosion agents, the tree canopy-herbaceous
layer interaction improves soil fertility through addition of nitrogen and organic
matter. In addition, the vegetation supplies plant litter, which decomposes to supply
the soils organic carbon pools (Kellman, 1979). Dregne (1992) asserted that shrubs
play an important role in maintaining a pool of soil nutrients in desert ecosystems by
creating islands of fertility beneath their canopies through accumulation of organic
matter.

In natural grasslands, Heady (1956) observed that any dead material above the
soil surface is referred to as litter, mulch, or plant residues. Litter increases soil
moisture through its effect on infiltration, evaporation, and runoff. It tends to sta-
bilise soil moisture and temperatures, thus improving conditions for germination
(Ekaya and Kinyamario, 2001). Part of the litter may be buried in the soil through
animal activities, e.g. hoof activity through trampling or arthropod activity leading
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to development of good soil structure. Therefore, if not burned, litter can con-
tribute significantly to the build-up of organic matter in the rangelands (Isichei and
Sandford, 1980). Organic matter has many beneficial effects on the soil’s physical,
chemical, and microbiological properties. Examples include increasing water hold-
ing capacity, and cation exchange capacity, lowering the bulk density of the soil and
increasing the microbial activity amongst others (Dumanski and Pieri, 2000). Litter
also plays a crucial role in nutrient cycling in these ecosystems.

9.5.4 Effects Outside the Enclosures

Overuse of forage plants by the free ranging herbivores leads in the open grazing
areas, to a shift of assemblages dominated by toxic and spinescent woody plants and
numerous species of invading forbs (O’Connor, 1991). This change in composition
may come about because unpalatable plant species that are usually ignored herbi-
vores tend to thrive, out competing those preferentially selected (Milton et al., 1994).
According to (Mureithi, 2006), this shift led to a highly patchy and heterogeneous
rangescape, having range condition deteriorating from within, and consequently,
resulted in an overall declining range trend. Eventual concentration of both wild
and domestic herbivores not allowed utilizing the enclosures, in addition to human
traffic, tend to compound the soil and land degradation problem on the other
side of the fence. Given the fragility, stochasticity and ecological limitations of
these non-equilibrium ecosystems, such a trend may eventually be ecologically
disastrous.

Local people are well aware of the impact of their activities on the open range
and of the negative implications of these activities. There are two sets of reasons
why they continue to carry them out. First, there is usually no alternative means
of making an income, and second, the open range is to all intents and purposes an
uncontrolled resource since the breakdown of traditional structures of governance
by pastoralist’s elders. The state owns the majority of rangeland, but apart from the
heavily protected areas such as nature reserves, most is de facto open access. With
no rules for usage, or no enforcement of rules, each individual makes the most of his
or her opportunity, because if not, someone else will – the tragedy of the commons
(Hardin, 1968), or as it may more correctly be described, the tragedy of the open
access resources ensues unabated.

9.5.5 Socio-Economic Implications of the Enclosures

A successfully regenerated enclosure becomes key resource area for the respective
household or community in a harsh environment. The social and economic con-
sequences of the range enclosure are varied, depending on the accessibility of the
enclosure benefits to the pastoral households, and the environmental goods and ser-
vices tapped either directly or indirectly by the society. The households that have
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access to the communal enclosures on one hand are enjoying improved livelihoods
as a result of income generating activities that have enabled them to profit from the
reclaimed land (Makokha et al., 1999; Kitalyi et al., 2002; RAE, 2004).

Examples of income generation from rehabilitated communal fields in Baringo
enclosures include, amongst others, sale of various commodities from the enclo-
sures (fattened livestock, cut grass for thatch, fodder or hay, grass seed), renting dry
season grazing, and poles for fuelwood or other domestic uses. Bee-keeping using
the Lungstroth hives has also been introduced and is picking up well. The individ-
ual enclosure owners can tap the same benefits depending on the enclosure time,
treatment (whether reseeded or naturally regenerated) and the management.

On the other hand, there are households that neither have access to communal
nor own private enclosures. The herd owners in this cluster are forced to graze their
livestock in the open range, where the competition of scarce pasture resources is
very high (Nyang, 1988). Benhke (1986 asserted that range enclosure will in the
short term, exacerbate the problem of overstocking on the open range by withdraw-
ing parts of the range from communal use, and by forcing more livestock into the
remaining area. The pressure for further enclosure will therefore increase as indi-
viduals watch the commonage shrink and attempt to grab their piece of it before it
is too late. In this way enclosure movements build within themselves pressures for
their own expansion.

However, this scenario creates the haves and the haves-not situation in the range,
and may eventually become a recipe for conflicts in these communally owned range-
lands (Mureithi, 2006). Unless the policy is enacted to guide this changing land
use and land ownership (addressing land tenure, access and land rights) in the
rangelands, the likelihood of instability occurring remains imminent.

9.6 Policy Implications

Land ownership and access to resource, especially grazing land and water is indeed
a very delicate issue in the African pastoral systems. For this reason, Makokha
et al. (1999) suggested a very key point that, those households without enclosures
should not be viewed as non-adopters, as most farmers have logical reasons for not
establishing enclosures. The intervention programme should develop a set of inter-
ventions that could also assist these pastoralists to improve their livelihoods; they
do not necessarily have to establish enclosures. Interventions on improved breeds,
milk and stock marketing, nutrition education may be applicable to them as well
as to those farmers with enclosures (Makokha et al., 1999). Speeding up the land
adjudication process may also help some of these pastoralists, as individual owners
are more likely to place their land under enclosure management, hence minimizing
further land degradation, as well as breaking their poverty cycle (Meyerhoff, 2005
– personal communication to the first author).

The increasing trend of rangeland enclosure poses concerns on the long-term
planning and policy implications of this process. It has been argued that range
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enclosure is producing a new and distinctly African system of range livestock
management, in which animals alternate between both enclosed pastures and the
open range (Benhke, 1986). In these cases it would be unrealistic to base devel-
opment plans on the assumption that we are still dealing with traditional, fully or
semi-nomadic pastoralists.

On the other hand, it would be equally unrealistic for administrators to press for
the complete sedentarisation of pastoralists in the range, or immediate development
of self-contained, fenced ranches, on the model of the standard group or individual
ranch schemes common in Africa in the 1960s and 1970s. A more reasonable objec-
tive would be to devise suitable policy responses to the hybrid form of enclosed and
open-range animal management, which is now developing, and to sponsor technical
research, which will address the characteristic problems of this form of production
(Benhke, 1986; Nyang, 1988).

9.7 Future Trends

Successful rehabilitation of severely degraded semi-arid rangelands in Lake Baringo
Basin using communal enclosures has led to an upsurge of private enclosures on
communal land. This trend is likely to be adopted in other semi-arid rangelands in
Sub-Saharan Africa. Communal and individual farmer’s enclosures form a mosaic in
the severely degraded semi-arid rangelands of Lake Baringo Basin. Recent research
shows rangeland enclosure has significantly improved the range condition of the
enclosed areas, whereas degradation ensues in the open grazing areas (Verdoodt
et al., 2009).

Enclosures with higher biomass production will support higher grazing capac-
ity with good management, implying that less hectarage is required for 1 TLU in
the enclosures, than that recommended in the open grazing rangeland. This trans-
lates into more economic gain to the enclosure owners, since livestock keeping
is their main source of livelihood. A great task facing the RAE Trust today is to
carry out stepwise community mobilisation and education to enable the resource
users embrace the changes in natural resource management. Hopefully, this will
enable them to adapt to the unfolding reality of managing the once open communal
rangelands within a fence.

The sustainability of any positive rehabilitation work however, lies in a proper
and extensive land policy and tenure reform in addressing the needs of pastoral
communities. The communal use of resources has to great extent fuelled land degra-
dation in the Lake Baringo Basin. Most people in this area indicated that they would
care more for the land if they owned it, contrasting the present scenario where they
own it communally and the free access of the common persist (Mureithi, 2006).
The success of the rehabilitation may eventually lie in land adjudication and educa-
tion to enable people to manage resources in a changing system, thus empowering
them to meet themselves their fundamental needs (food, water and forage). The pol-
icy makers therefore, should look beyond indicators of land degradation, and quick
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fix technical solutions, to indicators of food insecurity that simultaneously degrade
human health and nutrition and seek their possible long-term solution.
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Chapter 10
Assessment of Land Desertification Based
on the MEDALUS Approach and Elaboration
of an Action Plan: The Case Study of the Souss
River Basin, Morocco
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Abstract Following the definition of the UNCCD, desertification affects a major
part of Morocco. A large extent assessment is usually difficult due to the lack of
appropriate methods. The MEDALUS approach is one of the available approaches
developed initially for the Mediterranean Europe for desertification sensitivity
assessment based on four main indicators (soil, climate, vegetation and manage-
ment) that are obtained from various parameters. This approach has been applied
(with slight modifications) to the Souss river basin in west central Morocco as a
case study to assist towards the implementation of the National Action Plan (NAP)
to Combat Desertification. Remote sensing data coupled with field and other rele-
vant data were integrated in a GIS database to produce individual maps depicting
the four previously mentioned indicators. Such maps were then overlaid to derive a
comprehensive Desertification Sensitivity Map (DSM). This map, as well as ground
appraisal information, was used to propose an action plan comprising a list of poten-
tial interventions that may contribute to alleviating desertification problems in the
region. The interventions were formulated with the consent of the local stakeholders
in a participatory process. They included both direct interventions towards reduc-
ing land degradation, but also interventions that are linked to alleviating poverty,
and offering alternative income sources to the local population in order to reduce
land resources pressures. The DSM and the action plan proposed were adopted as a
general guideline framework that would be translated into comprehensive detailed
local/communal action plans.
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10.1 Introduction

Desertification is a global phenomenon resulting from combined effects of natural
and human factors leading to land resource degradation with a subsequent reduction
of its potentialities. Over the past 2 decades, the concept of desertification was set
to land degradation in arid, semi-arid and dry sub-humid areas resulting from var-
ious factors, including climatic variations and human activities (UNCCD, 2000).
In this context, desertification sensitivity is viewed as the degree of vulnerability
or response of the environment/land to the impact of natural or anthropic activi-
ties. Consequently, governments were encouraged to establish their national action
programmes and work towards implementing appropriate measures to combat this
phenomenon.

Arid and semi-arid areas, covering about third of the earth surface are particularly
threatened by desertification. Morocco, being located in a south Mediterranean envi-
ronment, is also exposed to this threat, where climate severity, coupled with human
pressures (both in extensive and intensive agriculture), have induced an acceleration
of land degradation processes and lead to major environmental and socio-economic
impacts. Desertification control should rely first on an assessment based on reliable
data and approaches (factors and degree of degradation), and second on the use of
the assessment outcome to trigger awareness and decision making towards deser-
tification control implementations. The human factor is to be put in the centre of
reasoning, from the early diagnostics to final implementation, in order to achieve
reliable results.

Different models have been proposed to assess desertification at different
scales with different approaches and parameters [Methodology for assessment of
desertification (FAO-UNEP, 1984); Land quality indicators (FAO-UNEP, 1997);
MEDALUS (Kosmas et al., 1999); DPSIR-framework (GIWA, 2001); Classification
system for desertification in China (Jun Hou et al., 2003); Iranian Model of
Desertification Assessment (Ahmadi and Nazari Samani, 2006), etc]; however, there
is no consensus on the proper or best way, to assess desertification risk. Those inte-
grating physical and anthropic factors and using spatial geo-information and tools
are particularly preferred. The MEDALUS (Mediterranean Desertification and Land
Use) methodology proposed by the MEDALUS project (EC DGXII Environment
Programme) has been adopted in our study with minor modifications to adjust it to
a basin context. This approach has been used in various areas with Mediterranean
type of climate (Basso et al., 1999a, b; Sabir et al., 2005; Schall and Becker, 2007;
Zehtabian et al., 2004; Vacca et al., 2009); however, most of these studies were
limited to generating desertification risk maps, with limited cases going further to
propose the necessary and appropriate interventions for combating desertification in
the areas assessed.

The objectives of our work were (i) to apply the MEDALUS model to assess
desertification risk in the Souss basin using GIS and remote sensing tools, and
(ii) to use this information as a basis for proposing possible actions to combat this
phenomenon in target priority areas.
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10.2 Materials and Methods

10.2.1 Study Area

The Souss river basin is located in west central Morocco, east of the city of Agadir
(Fig. 10.1). The Atlantic Ocean in the west, the High Atlas Mountains in the north,
and the Anti-Atlas Mountains in the south border it. It lies over approximately
16,000 km2 and is characterized by a semi-arid to sub-desert climate. The mean
annual temperatures precipitations vary respectively from 14 to 20◦C and 150 to
300 mm, from south to north, with great intra and inter annual variations. The
geological formations are very diverse, including Jurassic limestone, Cretaceous
marls, Triasic clays and Doleretic basals, in the north, Quaternary sediments in the
plain, and Precambrian schists, sandstones, limestones granites and quarzites in the
south.

10.2.2 Methodology

The methodology consisted of the following main steps:

• Data collection and processing: this step included collecting relevant information
on the characteristics of the basin, baseline data, previous studies on land
degradation, past and ongoing projects, etc.

Fig. 10.1 Location and delineation of the study area
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• Field appraisals: field transects and surveys were conducted with local pop-
ulation and other stakeholders to better understand the study area, including
environment (physical and human components), the driving forces, as well as
the various relationships that may help to interpret better the results and to pro-
pose appropriate interventions for desertification mitigation. The surveys were
conducted using a participatory approach based on a semi-structured interview
and questionnaires.

• Implementation of the MEDALUS model: the necessary data were processed and
integrated into a GIS database in order to elaborate the various layer maps needed
to develop the desertification sensitivity map for the basin. A desertification zon-
ing and a spatial generalisation with respect to rural communal (RC) limits were
performed as an aid for prioritisation in the action plan.

• The DSM in addition to the collected field information, were used to propose
a package of actions that would enable combating directly or indirectly the
desertification processes.

The MEDALUS model is based on the determination of 4 main indicators:
soil quality, vegetation quality, climate quality, as well as management quality and
human factors. These indicators are themselves determined based on various param-
eter maps (Fig. 10.2). The various parameter maps were determined as follows
and were classified according to the manual proposed by the MEDALUS model
(Kosmas et al., 1999):

Fig. 10.2 Illustration of the indicators and their sub-parameters used in the MEDALUS model
adopted in this study
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• Soil Quality Indicator (SQI): soil information was derived from available soil
surveys and completed for unmapped areas by expert interpretation and ground
truthing of various soil forming factors (litho-geology, climate, vegetation and
relief). Slope was determined from a DEM of the area obtained by a Triangulation
Irregular Network (TIN) prepared from contour lines of 1:100,000 scale topo-
graphic maps. Salinization was not considered in the study due lack of data.

• Vegetation Quality Indicator (VQI): The parameters needed for this indicator
were derived from the land use map as well as from the field transects and sur-
veys. The land use map was obtained from a mosaic Landsat ETM+ images using
a supervised classification combined with ground truthing.

• Climate Quality Indicator (CQI): Climate data were collected from several
weather stations covering the basin. The data were interpolated to determine the
precipitation map. The Bagnouls-Gaussen aridity index (BGAI) was used for the
aridity parameter. Aspect was generated from the DEM.

• Management quality indicator and human factor (MQI): the intensity of land use
was derived from the land use map and ground knowledge of the agricultural
practices in the area. Abandonment of terraced land was not used because of
its limited extent with respect to the scale of work; “Fire” was considered to
be already included in the VQI. “Population pressure” and “Animal pressure”
parameters based on population and livestock censuses were included to take
into consideration the effect of the anthropic factor.

Data for all the parameters was processed in a GIS environment to produce the
four indicator maps as shown in Fig. 10.2. These parameters were then overlaid
to produce the desertification sensitivity map (DSM). The weightings attributed
to some of the parameter and subsequently to each indicator in the geometric

Table 10.1 Extent of the three classes in each indicator map

Indicator Classes Description Area (ha)
Percentage
of area

Soil Satisfactory < 1.13 719, 762 44.6
Moderate 1.13 to 1.45 873, 075 54.1
Low >1.45 20, 980 1.3

Vegetation Satisfactory < 1.13 263, 052 16.3
Moderate 1.13 to 1.45 703, 624 43.6
Low >1.45 647, 141 40.1

Climate Satisfactory <1.15 109, 740 6.8
Moderate 1.15 to 1.81 593, 885 36.8
Low > 1.81 910, 193 56.4

Management Satisfactory 1 to 1.25 1, 321, 716 81.9
Moderate 1.25 to 1.50 222, 707 13.8
Low >1.50 69, 394 4.3
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means calculated were slightly modified from the original MEDALUS model in
order to account for specific characteristics of the basin (Table 10.1). In addition,
the term “satisfactory quality” was used instead of “high quality” for classifying the
indicators.

10.3 Results and Discussion

10.3.1 Preliminary Appraisal

The field appraisals conducted over the basin allowed a better understanding of the
major constraints and driving forces involved in the land degradation process. These
included obviously natural and anthropic factors, which are linked to the socio-
economic conditions prevailing in the various agro-ecosystems present in the study
region. In an arid area like the Souss basin, the severe climate is one of the most
important natural drivers of desertification, with more than 2/3 of the basin not
exceeding 200 mm annual rainfall. Furthermore, during the last 3 decades, the basin
has experienced very recurrent drought years with a trend towards decreasing annual
precipitations, a phenomenon that can be attributed probably to the observed global
climate changes. The severe conditions coupled with drought effects have lead to
the reduction of land productivity and vegetation cover, with both direct and indi-
rect effects on population’s income and stability (accelerating migration). A large
part of the basin is placed on steep slopes with fragile soils and parent materials
leading to significant water erosion, dominantly rill and gully erosion. The Argane
forest, native to Morocco and to the Souss basin, a major source of income for the
population (argane oil extraction), is under a continuous degradation with limited
and dispersed efforts for its regeneration.

The field surveys have also shown that all forms of land degradation are present
and their degree of importance differs from one area to another. The northern High
Atlas region, dominated by more or less degraded forest and rangeland areas are
under extensive pressure of overgrazing and the south mountains are almost becom-
ing bare of vegetation. The central irrigated plain, which has been under very
intensive cropping (various cash crops), shows evidence of loss of soil fertility, soil
compaction, and the trend for salinization. Ground water has also been severely
affected by both the lowering of the water table (about 60 m during the last 30 years)
as well as seawater marine intrusion along the coast (USAID, 2004; ABHAS, 2009;
Choukrallah et al., 2007).

The human factor is a major driving force in desertification. However, its impact
is not to be pejoratively incriminated for land degradation and desertification.
Various scenarios could be found in our study area, among which (i) the lack
of knowledge leading to miss-management and to a disequilibrium between land
potentialities and uses, (ii) ignorance and lack of awareness, (iii) limited resources
and poverty forcing the population to inappropriate practices, (iv) lack of alternative
income to divert the local populations from pressure over the resources, and (v) the
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feel of abandonment leading to an overreaction, etc. Establishing a sense of harmony
between the population in place and the available resources, means establishing a
good strategy towards rural development, including: upgrading knowledge and prac-
tices, enhancing awareness for resource preservation, implementing socio-economic
projects (infrastructure, roads, schools, hospitals, telecommunication, etc), creating
thus new opportunities of alternatives for income sources, etc.

10.3.2 Desertification Indicators

Figure 10.3 shows the maps of the four indicators determined to produce the deser-
tification sensitivity map, while Table 10.1 gives the extent of the classes for each
indicator map.

The SQI map (Fig. 10.3a) shows that more than 50% of the basin area has
soils with satisfactory quality (Table 10.1). These soils are located mainly on the
southeastern part of the basin. The low quality of the soils in the central plain and
northwestern mountains is due to the fine and loamy texture making them very
sensitive to compaction, low infiltration, limited drainage, etc. In the northwest-
ern mountain, water erosion is of concern and the soils with low quality are limited
to steep slope areas with very fragile parent materials such as the clayey forma-
tions of Triasic age. However, this indicator need to be taken with precaution, in

Fig. 10.3 Maps of the four indicators used to produce the desertification sensitivity map. (a): SQI;
(b): VQI; (c): CQI and (d): MQI
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that, satisfactory quality does not mean “agronomic quality” (productivity) of the
soil, but rather its low degree of sensitivity to degradation based on the parameters
used by the approach (parent material, depth, texture and slope). The dominance of
coherent parent materials and the favorable texture classes in these areas made these
two parameters somewhat dominant in the geometric average leading to the SQI.

The VQI map (Fig. 10.3b) indicates that the areas having low to moderate vegeta-
tion quality cover respectively 40 and 44% of the basin (Table 10.1) that are located
mainly on the southeastern part of the basin. This trend reflects the effect of the
harsh climate characterizing these areas leading to a poor and to a low protection of
the soils. The result may appear somewhat contradictory with the SQI, in that, land
with low quality vegetation should be of low soil quality. As discussed previously, in
areas where the parent material is coherent, the resulting soil depth and soil texture
do not reflect the real state of soil degradation.

The CQI map (Fig. 10.3c) indicates that the low and moderate climate quality
area occupy a large part of the basin with respectively 56 and 37%, while the sat-
isfactory quality areas are only about 7% (Table 10.1). This means that almost the
whole basin is vulnerable to desertification due to its arid to arid-subdesertic cli-
mate, and that the climate will be a very determining factor in the desertification
sensitivity assessment.

The MQI map (Fig. 10.3d) indicates, based on the parameters used, that besides
the central plain area, a large part of the basin is of satisfactory management qual-
ity. The plain is particularly vulnerable because of the pressure from an intensive
cropping as well as from the high population density with limited sustainable land
management practices applied for soil and water conservation. In the low population
density and animal charge were in favor of a moderate management quality in the
mountainous areas; though, in small areas not depicted at the scale of the basin, the
impact from animal grazing, wood extraction, etc, are still very visible. The inte-
gration of other parameters in the MQI, such as water management, soil fertility
(organic matter), soil conservation, etc, may help to better express variations of this
indicator.

10.3.3 Desertification Sensitivity Map

The desertification sensitivity map obtained from the overlay of the four previously
discussed indicator (Fig. 10.4) shows that a large part of the basin (72%) is criti-
cally vulnerable to desertification. These areas are mainly located in the Anti-Atlas
Mountains, the central plain and their surroundings. The high desertification sensi-
tivity in the south is attributed to the severity of climate, being influenced by the
desert currents. Contrary to what might be expected, the plain area (both the inten-
sive and semi-intensive zones) are also dominantly fragile to critical, a condition
largely endorsed to the vulnerability of the soils, owed to a fragile soil texture and
its consequences on compaction, low infiltration, and salinity risk. The intensifica-
tion for cash crops has impacted both soil fertility as well as ground water (quality
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Fig. 10.4 Desertification sensitivity map of the Souss river basin

and quantity). The High Atlas areas are rather moderately sensitive to desertification
risk due to the mild climate and the persistence of a vegetation cover.

Areas that are potentially sensitive represent about 15%, and areas slightly sen-
sitive cover only 13% (Table 10.2). In the context of the study area, it was preferred
to use the description “slightly sensitive” instead of “not affected” for the class with
a desertification index <1.17 as suggested originally by the MEDALUS method-
ology. In the south Moroccan conditions, almost all areas are exposed to some
degree of desertification, and therefore, the criterion “not affected” was considered
not appropriate for our conditions.

In general, the variability observed follows the trend of the CQI, indicating
that the climate is a very influencing factor in this case. Similar results have been

Table 10.2 Extent of the desertification sensitivity classes in the basin

Classe Type DSI Area (ha) Area (%)

1 Critical (C) > 1.37 452,164 28
2 Fragile (F) 1.30 to 1.37 309,739 19
3 Moderately fragile (M) 1.23 to 1.30 406,101 25
4 Potentially sensitive (P) 1.17 to 1.22 237,826 15
5 Slightly sensitive (S) < 1.17 207,987 13
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reported in other studies (Farajzadeh and Egbal, 2007) using the same methodology.
This could be also explained by the fact that the model gives higher weight indices
to the climate for the “low” and “moderate” quality classes; a very suitable approach
in the case of areas with harsh climates.

Having a significant part of the basin classified as not very affected by desertifica-
tion, does not mean that it should not receive any form of attention. On the contrary,
the less sensitive areas are those that need particular attention in order to maintain
their natural soil fertility status with minimal interventions. The critical zones are
already in an advanced state of degradation that interventions to combat desertifica-
tion would be either too costly or with minimal impact or success. The prioritization
in this case might be in the opposite sense, that is, the less sensitive areas are those
to be targeted first in order to ensure their sustainability by preserving their quality.
Prevention is better than mitigation.

If a DSM, like the one obtained above, is supplied to decision makers, it would
be very difficult to apprehend as such because the driving forces leading to deser-
tification in each part of the basin, are not well elucidated, especially considering
that the area is very large and the processes may differ from one ecosystem to
another and even within each ecosystem. Therefore, the other layer maps such as
the ones represented in Fig. 10.3 should always accompany a DSM. In the case of
the present study, three detailed reports were made available, one dedicated to the
initial appraisal, the second to the implementation of the MEDALUS approach and
the production of the DSM, and the third to the interventions to be considered in the
action plan.

10.4 Proposition of an Integrated Action Plan to Combat
Desertification in the Souss Basin

The National Action Plan for combating desertification (NAP-CD) (MADRPM,
2001) recommended that any local action plan should be based on a participatory
approach involving the various stakeholders and partners. The present study aimed
to be compliant with this recommendation and therefore has undertaken the fol-
lowing steps in order to propose a general action plan that can be later detailed at
the communal level following a “communal action plan approach”. The action plan
definition relied on three main directives:

• Identify from the desertification sensitivity map the priority zones that really need
immediate and specific interventions, given large extent of the basin and that
actions cannot target simultaneously the whole area.

• Use the information collected in the initial phase of the study along with the
knowledge gathered during the field transects and surveys to propose a package
of specific actions suitable to the various agro-ecosystems.

• Validate the actions proposed in a stakeholder workshop to have the consensus of
the various actors in the basin in order to have good chances for it to be adopted
and implemented.
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It is very important to note that at the scale of the study area (16,138 km2 ∼ 1.6
million hectares), a detailed and comprehensive action plan would require thorough
ground studies with important funding and qualified human resources; therefore,
the action plan proposed in this work comprised a package of potential specific
actions to the various priority zones and recommended an approach that can be
adopted for the local comprehensive communal action plans (CAP). In compliance
with the NAP-CD, the package comprises direct actions targeting land degradation
phenomena, as well as indirect actions aiming at indirectly reducing the pressure on
the resources by improving the different agricultural systems, offering alternatives
of income sources to assist the livelihoods and the well being of the local population.

The spatial entity for intervention can differ from one project to another (basin,
watershed, province, commune, village, etc). The choice of either one is usually
justified by the objectives of the work. In the context of the basin, the “Rural
Communal” (county) entity was considered to be appropriate for local action plans
since various other projects worked or are working at this direction (Goldnick and
Moumadi, 2004; HCEFLCD, 2009; ABHS, 2009; ADS, 2008). The local deserti-
fication action plan could be included in the “Communal Development Plan” for
a more integrated strategy at the local level. Based on the DSM a spatial general-
ization (average) was performed using the communal limits to determine a zoning
in terms of the importance of desertification at the communal level, which helped
better orienting the interventions proposed in the action plan. The three main zones
identified are:

• Zone I: the least sensitive to desertification, located mainly in the north, with
a fair climate, an appreciable vegetation canopy and low population pressure.
However, it is believed that this zone should deserve as much attention, yet even
more attention than the other two zones, in order to sustain its environmental
quality.

• Zone II: critical; located mainly in the plain area with intensive and semi-
intensive agriculture with high population pressure, both rural and urban.

• Zone III: very fragile to fragile, covering almost the 2/3 of the southern part of the
basin. The vulnerability of this zone is due mainly to the aggressiveness of the
climate and the vegetation degradation. The environment is being deserted and
agriculture is limited to confined spaces and oasis. Nomadic extensive grazing is
dominant.

The actions proposed in the plan to respond to desertification problems (natural,
human and socio-economic) were categorized in six categories:

• Direct actions: this group includes direct actions aiming at reducing or allevi-
ating land resource (soil water and vegetation) degradation using appropriate
measures adapted in the context of the area and taking into consideration the local
knowledge. This group includes interventions to be implemented in several sites,
targeting soil erosion control, water harvesting, ground water conservation and
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recharge, forest regeneration, pasture improvement, wastewater treatment and
reuse, etc

• Indirect actions: this group includes actions that will contribute indirectly to the
preservation of the resources through improvement of productivity of the exist-
ing agro-systems, energy saving techniques, and creating alternatives of income
that will reduce the dependence on the available resources and consequently
reduce the pressure. Actions of this category include interventions targeting land
productivity and crop production improvement, diversification of cropping sys-
tems, improvement of animal production and sedentarization of the livestock,
introduction of energy saving techniques for firewood, proximity advisory and
outreach, etc.

• Income generating actions: this category includes actions that will promote
additional incomes to the local population and therefore divert it from overus-
ing the available resources. They concern both existing activities that require
enhancement, as well as alternative new activities. They include the valoriza-
tion (individually or in groups) of local agricultural and non-agricultural products
such as argane and olive oil, honey, medicinal and aromatic plants, prickly pears,
craft and other artisanal, rural and eco-tourism activities, etc.

• Local development actions: this type of actions aims at contributing to the human
and socio-economic development in the area, creating favorable conditions in
terms of infrastructures, public and private services, in order to help reduce
poverty and ensure favorable conditions for the success of the other actions.
These actions include, among others, education (especially for girls), professional
trainings for farmers and youth, roads and transportation for enclaved zones,
electrification, health, potable water, etc.

• Transversal actions: this type of actions will accompany the other categories
of actions previously discussed and aims at contributing to training, increasing
awareness, capacity building, promoting societal and professional organization,
empowerment, developing tools for information dissemination. This type of
actions should the various stakeholders (local rural populations, mainly farmers,
all genders considered; NGOs; technical services, agriculture, forestry, range, etc;
administrators; decision makers, elected communal representatives, local author-
ity representatives, government agencies; etc). These types of actions are to be
reasoned according to the specificities of each target group and use adapter tools
for better communication.

• Coordination, monitoring and evaluation: a desertification action plan would
not be successful without the consent of all stakeholders and partners, both at
the basin and at the communal levels. To be compliant with the NAP-CD, it
should be coordinated by a body that would foster it, take the lead for harmo-
nizing and consolidating the efforts, capitalizing on previous experiences, fund
raising, establishing mechanisms and indicators for monitoring and evaluation,
disseminating results and information. A workshop organized in this context led
to the consent to attribute the coordination to the Regional Directorate of Water,
Forest and Combating Desertification as this task is supposed to be among its
mission.



10 The Case Study of the Souss River Basin, Morocco 143

Table 10.3 Example of a summarized action sheet proposed in the action plan

ACTION no: 1.2.1

Title Soil and water conservation in mountainous areas
Description This type of action comprises measures for soil and water

conservation, both on agricultural and forest areas that will
contribute to reducing soil loss, improving soil fertility and
productivity, conserving water, and preventing sedimentation in the
reservoirs downstream.

Target zones Zone 1
Priority sites/ • Areas upstream of Abdelmoumen, Aoulouz and Chakouken dams

communes • Tiqqui, Argana and Admine forests
• SIBE (sites of biological and ecological interest) sites
• Other sites to be defined by the local communal action plans

Components • Appropriate soil tillages practices on crop lands
• Soil and water conservation techniques (catchment ditches, stone

breaks, cuvettes, etc)
• Water harvesting techniques
• Strip planting
• Mechanical and biological correction of ravines and gullies
• Plantations of fruit trees adapted to water scarcity and harsh climate
• Costal sand dune stabilisation

Beneficiaries Farmers (all gender), local associations, Argane forest right-users,
herder associations, water user associations,. . .

Coordinating body Regional directorate for Water and Forest
Partners Regional Agricultural Office, local NGOs, Regional Service for

Environment, others
Approximate cost 10,000 to 20,000 MADa/hectare

a Moroccan currency.

The action plan comprised a list of 37 types of actions that target several sites or
communes. As a general guideline, the actions proposed were reported as instruc-
tive sheets, each with a brief description, target zones, target sites, beneficiaries (if
any), components, leading body, partners, and an approximate cost when possible
(Bouabid et al., 2007). A summarized example of an action sheet targeting soil and
water conservation in mountainous areas is given in Table 10.3.

10.5 Conclusions

This work is to be considered as case study in methodological and technological
approaches for the assessment and proposing actions to combat land degradation
and desertification towards promoting sustainable land management. Desertification
risk evaluation was accomplished using the MEDALUS model supported by field
participatory appraisals. The results showed that the Souss Basin is in general crit-
ical to fragile to desertification especially in the southern part. The climate is a
very determining factor, aggravated by both physical and anthropic factors. The
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desertification sensitivity map along with the other collected information was used
to propose an action plan specific to the basin, taking into consideration the driving
forces in the various agro-ecosystem. The maps produced, (individual parameters,
indicators, and desertification sensitivity), offer good pictures for better grasping
land degradation, while the action plan gives general guidelines for possible inter-
ventions to combat the various aspects of desertification. Comprehensive local plans
are to be derived from the proposed plan using in-depth appraisals and participatory
communal approaches.
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Chapter 11
Assessment of the Existing Land Conservation
Techniques in the Peri Urban Area of Kaduna
Metropolis, Nigeria

Taiye Oluwafemi Adewuyi

Abstract This study assessed the effectiveness of the existing land conservation
techniques in the peri-urban area of Kaduna metropolis with the aim of ascertain-
ing if the existing conservation methods have helped to alleviate land degradation,
and provide sustainable land use. Random sampling method was used to collect
data from field observation, measurement and semi-structured interviews, which
are analysed using descriptive statistics. The results revealed that there exist local
conservation techniques along with the modern ones, some are physical and oth-
ers are biological methods, even though techniques such as agroforestry, which is
known to be the best method of farming is present but is yet to take root in the area.
Some of these conservation methods are not standardized neither are they imple-
mented in a scientific manner to ensure effectiveness and efficiency without causing
further damage to the land, and there may be no end to land degradation in Kaduna
if the current approaches to conservation are not improved on. It is suggested that
improved water management, improved farming techniques, economic empower-
ment and education of the land users be employed in refining existing techniques,
through which poor management practices such as bush burning, mono-cropping
and overgrazing will be avoided while farmers may easily embrace new practices
such as agroforestry, which provides farmers with income and food all year round
as well as protect the environment from further degradation.
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11.1 Introduction

Mariko (1991) stated that the Earth is humanity’s life support system and any society
must find a way to use its resources in an intelligent, economical and rational way.
In turn, it is also important to enrich the land whose resources are not inexhaustible.
However, in order to manage and use the products and by-products of the land and
the natural environment in a rational way, the soil must be worked intelligently as
its fertile surface is exhaustible.

Mortimore (1998) noted that conservation has different meanings to different
people. For some, it implies the exclusion of humans from protected natural reserves
and to others it entails the protection of threatened species or habitats in ecosystems
that are already occupied or exploited by human populations. The United Nations
(1994) consider land conservation those activities that are part of the integrated
development of land in the arid, semi-arid and dry sub-humid areas for sustainable
development and which are aimed at the prevention and/or reduction of land degra-
dation, the rehabilitation of partly degraded land, and the reclamation of desertified
land.

The causes of declining biodiversity and land degradation are often multiple
and complex and usually involve a combination of human and natural factors. The
impacts of land degradation are also multiple in effects and range from natural to
socio–economic considerations. From field observation, direct and indirect relation-
ships between the state of natural resources (soil, vegetation, water, and ecosystem),
the biological diversity at species level (animal, plant and microbial species) and the
ecosystem level (habitats, interactions, and functions) and the management of those
resources have been discovered. The management practices directly or indirectly
affect the capacity of land users to conserve and sustain resources. It also provides
goods and ecological services such as timber, herbs and eco-tourism. The assess-
ment and monitoring of biodiversity and associated ecosystem services, therefore,
require an integrated suite of biological and socio-economic indicators.

There are three major principles and direction of strategy for combating land
degradation (Hamorouni et al., 2001). First is the sustainable use of water, soil
and vegetation resources by ensuring their protection and conservation, and at the
same time stimulating proper social and economic development. Second, ensuring
land development by encouraging livestock farming and regeneration of natural
vegetation coupled with a better use of soil and water resources. The third is the
integration of farmers into all development and protection actions, by providing
them with logistical support, efficient advice and enabling them to pass from unre-
liable types of agriculture to more regular ones while ensuring a reliable source of
subsistence.

From these principles, various studies summarized the technical measures for
land degradation as follows: soil and water conservation (Ben Hassine et al., 1998;
Ogunwole et al., 2002), water collection and saving (Adewumi and Kolawole,
2002), sand invasion control, regeneration of forest and reforestation of bare land
(IRA, 1991), development and rehabilitation of small irrigated areas, combating
soil salinization, the re-use of drainage water in agriculture, re-use of treated waste
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water in agriculture, agriculture and pastoral development and the improvement of
degraded soils (UNEP, 1985; Mtimet et al., 2002).

However, conservation techniques are not limited to technical measures but
include a range of economic, social and institutional measures, which vary from
place to place. Some major examples of these measures are as follows: appropriate
fertilizer management (Rayar, 1995), supporting research, training of farmers, com-
munity and extension officers on how to use natural resources (Gadzama, 1995),
creation and improvement of local infrastructure, support to small scale farm-
ers and women, building awareness, continuous monitoring, institutional policy
and re-orientation, improving trade, improving the economy and reducing poverty,
developing microeconomic reforms vis-à-vis international, regional and bilateral
cooperation (Harou, 2002).

In the monitoring and dealing with land degradation, the effectiveness of the
existing land conservation methods is very important. Therefore examining the
adequacy of the current measures is a very important step in mitigating land degra-
dation. It is equally important from the point of view that some land conservation
techniques employed by land users may have caused or aggravated the rate of land
degradation.

Consequently, it is important to examine the roles of various land conservation
techniques and their contributions to sustainable land use and development. As
a result, this study aimed at examining the existing land conservation techniques
and its effects on land degradation in the study area. The specific objectives are:
firstly, to examine the existing land conservation techniques, secondly, to evaluate
their effectiveness, thirdly, to suggest how to improve the existing land conservation
techniques if necessary.

11.2 Methodology

11.2.1 Study Area

The study area is the entire peri-urban area of Kaduna metropolis. The peri-urban
areas lie within a 500 m corridor from the outskirts of the city. These zones are
transition areas from rural to urban and they lack adequate infrastructure in compar-
ison to the main city. The study area therefore circled the city and forms an irregular
shape. It falls within latitudes 10◦ 22′ 00′′–10◦ 40′ 00′′ N and longitudes 7◦ 20′ 00′′–
7◦ 28′ 00′′ E with the elevation ranging from 600 to 650 m above mean sea level.

The approximate size of the study area is 24,000 m2 (24 km2). It falls within
Igabi, Chikun, Kaduna North and South local government areas of Kaduna State,
Nigeria (Fig. 11.1). A larger percentage of the northern part of the study area belongs
to the Nigerian Defence Academy, the Nigerian Airforce, the old airport and the
Nigerian Army. The area being a military zone is excluded from the recent wave
of physical development in the city. However, it is not free from agricultural use
(Dogo, 2006).
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The existing land use is predominantly agriculture, while the land cover is dom-
inated by natural vegetation (Plate 11.1). The area’s original vegetation is Guinea
Savannah, which has been replaced by cultured vegetation that is characterized by
tall and short grasses with medium height trees interspersed within shrubs and herbs.

River Gora with six tributaries drains the northern area. The remaining parts do
not fall in restricted environment like most of the northern part. As a result, both
farming and grazing go on hand in hand. The vegetation is the same for both the
northern and southern parts.

River Kaduna and its tributaries drain the southern area. However, there is a sec-
tion along the eastern part where the river creates a sharp boundary between urban
land use and rural land use due to the absence of a bridge. However, a year after the
fieldwork for this research had been completed, a bridge was being built over the
river along the axis, but this has not altered the land use situation.

The trees are generally moderate in size, ranging from 5 to 15 m in height and 15
to 100 cm in trunk diameter. The crops grown are mainly tubers (yams and potatoes),
cereal (maize, guinea corn and millet) and vegetables (spinach, tomatoes, cabbage,
onions etc). Cattle, goat and sheep grazed the vegetation from time to time.

11.2.2 Data and Methods

Studies on land conservation are both biophysical and socio-economic in nature. As
a result the methodology of data collection was designed to reflect these two factors.
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Plate 11.1 SPOT satellite
imagery of Kaduna
metropolis and its Peri-Urban
area

Since the aim of the study is to examine the existing land conservation measures
and its effects on land degradation in the area, first hand information was collected
through observation, measurement and interviews after a thorough reconnaissance
survey.

The sampling design for the study was the random sampling method. The sam-
pling technique was random in order to allow transects that form the study site to be
chosen only by chance so as to avoid any kind of influence for a proper representa-
tion of the study area. A base map was produced during the reconnaissance survey
that served as the sample frame. From the sample frame, 96 portions of 500 m wide
were created. These 96 portions were numbered from 1 to 96. Twelve portions were
then selected randomly. At each portion, transects of 50 m wide and 500 m long
were randomly demarcated for the field observations and measurements (Fig. 11.2).

The field measurements/observations were carried out using quadrant method
and observation techniques accepted for standard fieldwork. On these selected
transects, observation and measurement of land use, land cover, conservation tech-
niques, content of manure, soil type, texture and colour are carried out. The
semi-structure interviews on people’s opinions on the existing conservation tech-
niques and their effectiveness was conducted randomly on farmers found in the
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Fig. 11.2 The study (Source: Fieldwork, 2005)

area. The interview was utilized to gather opinion from people who live and work
in and around the study area. Some of the information that was sought for includes
crop yield, types of land degradation, farming system, crop grown, land use, land
cover, vegetation type, species and diversity, conservation techniques and problems
of farming.
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Data processing involved various descriptive statistical tools such as mean and
percentages. The analysis entails using comparison and inferences while the discus-
sion focused on relating the result of the analysis with other study’s result and their
implication on sustainable environment.

11.3 Results and Discussion

11.3.1 From Field Observation

Observation data from the fieldwork, which are presented in Table 11.1 revealed that
the biological techniques comprise the use of fertilizers, manure, crop residue, crop
rotation farming method and mixed cropping method. The use of fertilizer is the
most common agricultural technique. It was practiced in six out of the twelve tran-
sects selected (50%) namely TP2, TP3, TP4, TP5, TP7 and TP9 closely following
the use of fertilizer and the use of crop residues. Crop residues from previous sea-
son’s harvest are intentionally allowed to remain on the farm to decay. These crop
residues consist of leaves, stems, branches, stalks, chaff and shell of grains such as
the shell of groundnuts. In some cases where the grains are processed on the farm,
it may include waste from such processing. This practice occurred in four transects
(33%) namely TP1, TP2, TP9 and TP10.

The application of manure as a method of land conservation was used in three
transects (25%) namely TP4, TP7 and TP8. The content of the manure varies a lot.
In some places cow dung and chicken waste constitute the manure while others use
household refuse.

The result is that most manure applied to the farm contains several components
with no specific proportion as shown in Plate 11.2 from TP4.

Other observations in the field include crop rotation, a farming system where the
crops planted are rotated between seasons to allow depleted/extracted soil nutrients
by plants to recover. This is a common practice in the study area as noticed during
fieldwork. It was also observed that some farmers employed mixed cropping method
for land conservation. Under this approach instead of rotating different crops on a
piece of land, many types of crops are simultaneously planted over some years.
This allows the replacement of crop nutrient being depleted by a crop to be fixed
by another thereby conserving the land. This mixed cropping is shown in Plate 11.3
from TP1.

Three physical conservation techniques observed during the fieldwork are ridg-
ing across the slope, mounding raised beds and construction of water channels.
These physical conservation techniques are not popular in the area as each of these
techniques was only employed in one transect. Ridges are made across the slope
direction in order to reduce the rate of soil erosion. This is a common practice where
the slope is moderate and the soil is at risk of erosion if cultivated.

The use of raised beds is employed primarily to distribute and retain water for
plant consumption. This approach is commonly used along the flood plain called
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Plate 11.2 Preparation for
manuring in one of the farms

Plate 11.3 Mixed cropping
in one of the farms in the
study area

fadama by dry season irrigation farmers. It requires water to be pumped either
through a pumping machine or manually on to the highest point on the farms from
where it is then circulated through the force of gravity. The construction of a water
channel observed in the field served three purposes: to transfer water from one point
to another, for maximum water utilization and to prevent gully erosion and water
logging along the flood plain. An example of a water channel constructed to prevent
gully erosion is shown in Plate 11.4 from TP3.

Plate 11.4 A constructed
water channel
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11.3.2 From Administered Questionnaires

The existing conservation techniques reported by respondents are the same with the
ones observed previously except for the inclusion of bush burning. Bush burning
method was observed but not considered along with the methods mentioned above
because it was seen as a method of farm clearing. However, some farmers claimed
that they use the ash derived from the burning as a soil-enriching component. A
good example is shown in Plate 11.5 where bush burning is used as a conservation
technique. This technique was observed in all the transects.

11.3.3 Problems of Existing Land Conservation Techniques

The effectiveness of the existing land conservation techniques was examined by
considering the roles of existing conservation methods on biophysical features such
as soil, vegetation, water and biodiversity on one hand, and on socio-economic vari-
ables such as crop yield, return on investment and security of tenure on the other
hand. The conservation methods employed are rendered ineffective by destructive
practices of the people. An example is the practice of outright cutting down of trees
and uncontrolled pruning. From investigation (interview) the farmers agreed that
trees are either cut or pruned in preparation of the land for farming. The percent-
age vary from 62.5% for pruning, 22.9% for cutting down trees while 14.6% were
for neither prune nor cut. Statistics collected for wood collection shows that 60.4%
is used for fuel wood, 22.9% for ash, 12.7% for animal feeds and 4% for manure,
resulting in total that only 27% being used for ash and manure to improve the fer-
tility of the soil while 13% as animal feed and the remaining 60% is used as fuel
wood. This confirms the finding of Mortimore (1998) that most people in Nigeria
still depend on fuel wood for energy.

Some level of awareness exists on conservation techniques, which has led to local
practices of conservation. However, these practices are not scientifically proven. For
example, baseline data on soil condition are mostly not available to determine the
type and level of intervention that will improve the soil. Consequently, some of the
measures taken are abused thereby aggravating degradation in the area in the long

Plate 11.5 Bush burning as a
conservation technique
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run. This is evident from the arbitrary use of refuse and animal dung as a measure
of improving soil nutrient in several places within the study area.

It seems that the effort on grazing control is yielding desired results because
overgrazing contributed only 2.1% to land degradation in the area as revealed by the
result of the interview. Consequently controlled grazing is a good conservation mea-
sure for soil improvement in the area. However, 35.4% of the farmers interviewed
reported that a loss in soil fertility implies, either the farming systems employed
by the farmers reduce soil quality or the conservation techniques employed by the
farmers are inadequate, or both. However evidence tends towards inadequacy of the
conservation techniques. It is also obvious, that the flood control measures adopted
by the farmers are not very effective. Hence, 41.7% of them claimed that flood is
their major problem.

11.4 Implications and Recommendations

The failure of the conservation measures to achieve the desired goals has led to a
number of problems for the human and natural environment. Such problems have led
to many complains by farmers, which include increase in cost of farming (through
increase in labour, time and finance), increase in the use of fertilizer, reduction in
crop yield, loss of soil fertility and loss of agricultural land. The overall effect is low
return on investment which farmers claimed is a major concern and that it has lead
to lack of social and economic security and over exploitation of marginal resources.
To correct these problems and ameliorate there implications on the environment,
the following suggestions are provided based on the experience gathered from the
field.

11.4.1 Education of the Land User

In view of the expected role of the local people in the success of any conservation
technique, the first step towards the improvement of land conservation practices in
the study area is education, particularly, mass literacy of the land users. Education
will be particularly helpful in the areas where the introduction of new land conser-
vation techniques is in the process of refining the existing ones. This will facilitate
effective communication, dedication, trust and the building of farmers’ confidence
in the new methods. For instance, the arbitrary dumping of urban refuse on farms as
manure will be mitigated because appropriate enlightenment will teach the farmers
how to sort the waste in order to separate them into toxics/non toxics and biodegrad-
able/non biodegradable substances before their. In a similar manner, education will
expose the farmers to more information and knowledge on various types of soil,
their characteristics, need and best use in a sustainable way.
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11.4.2 Economic Empowerment

The second suggestion on how land degradation can be controlled in the study area
is through economic empowerment of the people. If all farmers in the area are given
the best education and information on how to protect the environment without eco-
nomically empowering them, land degradation will be inevitable. This is so true
because struggling poor people would not really care about the consequences of
their actions on the environment unless they meet their basic needs. Therefore, they
will farm marginal land, practice farming systems that degrade the environment and
apply agricultural techniques that introduce other environmental problems. This fact
is evident in the studies of Warren et al. (2001) and Butterbury (2001) where people
who depend solely on the land for their livelihood degrade the land to get whatever
that is possible to be able to survive. Bielders et al. (2001) in his study also con-
firmed that those with other sources of income are not desperate and their actions
are not so destructive.

Thus, any intervention that excludes economic empowerment may fail. That is
why an approach such as the agroforestry farming system is highly recommended
to be practiced in the area. This is the only farming system that encourages a broad
base diversification into crop farming, animal husbandry and forestry. It is not only
that each of these units generates income in different ways but also they do so at
different times therefore providing the farmers with regular income throughout the
year. It is the suggestion of this study that when animal husbandry and tree planting
is combined with crop farming the environment will be better utilized in a sustain-
able way. The resultant effect would be better environmental resources conservation
and reduction in the rate of land degradation.

11.4.3 Improved Farming Techniques

The third suggestion on how land degradation can be reduced is by using improved
farming techniques by all farmers. Namely, improved tillage methods (e.g. zero
tillage, ploughing along contour lines, terracing), rotating crops, intercropping, the
use of legumes (which biologically fix nitrogen) as biofertilizers, mulching, com-
posing and rainfall harvesting. These farming methods can improve crop production,
use less water and reduce pressure on the marginal land for food or cash crop
production. The emphasis is that all farmers should adopt using these techniques
irrespective of what they grow. This is required to have a consistent and generally
spread sustainable land use management.

This has being found in different studies, for instance, Ogunwole et al. (2003) and
Ogunwole and Raji (2001) confirmed that better tillage practices increases the yield
of rain fed crop. Adeoye (1990) also shows that grass mulch improved soil condition
(soil temperature and profile water storage) and grain yield, while Bodunde and
Ogunwole (2000) have shown that fruit yield of tomato varieties grow better when
soil moisture is not stressed. This study in particular revealed an average of 50%
increase in production.
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11.4.4 Better Water Management

Alongside is the need for better water management practices since water is the key
factor to land conservation. Although this study assumed that the available quantity
and distribution of rain in Kaduna peri urban area is adequate, however there is the
need to utilize this resource in a sustainable manner so that excess or lack of it will
not aggravate the factors of land degradation. To this end and in agreement with
Adewuyi small barrages should be built across the area to harvest rainwater. These
barrages will help to store excess rainwater during the rainy season and provide
water to the farmers for irrigation farming during the dry season. They will also
help to control flooding in the area thereby reducing land degradation; these bar-
rages will help to stabilize the microclimate condition by lowering the atmospheric
temperature, and improve the land cover distribution and biodiversity of the area.

11.5 Conclusions

In conclusion, we state that the issues of environmental protection require the sup-
port of all citizens as stakeholders. When the environment is neglected, the country
loses valuable resources that lead to bigger problems that may eventually become
difficult to reverse like the case of desertification and big gullies that now threaten
various parts of the country. Solving these problems may demand important rev-
enues that otherwise could be used for other essentials needs of life. Therefore, this
is the time for action to be taken and not time to play politics with issues concerning
the environment and the future of our children.
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Chapter 12
The Use of Tasselled Cap Analysis
and Household Interviews Towards Assessment
and Monitoring of Land Degradation: A Case
Study Within the Wit-Kei Catchment
in the Eastern Cape, South Africa

Luncendo Ngcofe, Gillian McGregor, and Luc Chevallier

Abstract Land degradation is a global problem affecting many countries. In South
Africa extensive degradation can be related to a history of unjust land policies,
which resulted in over-exploitation of the land. According to Hoffman and Todd
(Journal of Southern African Studies 26:743–758, 2000) the problem is most severe
in the communal districts of the Limpopo Province, Eastern Cape, and Northwest
Province. Our study used a combination of GIS and Remote Sensing techniques
together with field visits and household interviews to determine the spatial charac-
teristics, history and nature of land degradation in the Wit-Kei catchment, in the
Eastern Cape Province, South Africa. Vegetation cover and bare-ground change
were selected as land degradation indicators. Using time-series analysis of Landsat
images over an 18-year period (1984, 1993, 1996, 2000 and 2002), the rate and
nature of change was assessed. Results from the Tasselled Cap Analysis technique
showed an unexpected overall vegetation cover increase as well as a bare-ground
increase in other parts of the study area. Based on field visits and interviews, the
vegetation increase was explained by the presence of the invasive Euryops shrub.
Bare-ground increase occurred mainly in former cultivated lands where erosion
features in the form of gullies and dongas have become problematic. Landholders
commented on the decline in food production over time, increase in dongas, and
replacement of grassland by Euryops. The occurrence of erosion features on bare-
ground and the increase of alien vegetation shown by GIS and Remote Sensing
techniques was corroborated by the field and household survey, which added a fur-
ther dimension to the underlying causes. The study demonstrates the value of using
a multidisciplinary approach to obtain a holistic view of degradation, from which
better-informed management decisions may be made.
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12.1 Introduction

Land degradation is an important global issue due to its negative impact on the
environment and quality of life (Eswaran et al., 2001). According to Hoffman and
Ashwell (2001), 50% of the land in South Africa is affected by land degradation,
with the Limpopo Province, Eastern Cape and Northwest Province as the most
affected Provinces (Fig. 12.1). Hoffman et al. (1999) argue that the extensive land
degradation in South Africa can be related to a history of unjust land policies and
over-exploitation of land. Two categories of degraded land were recognised: com-
munal lands, which consisted of former self-governing territories also known as
homelands (predominantly populated by Black South Africans) and commercial
areas, which consisted of land owned by white farmers. Land degradation occur-
ring in communal areas was attributed to poor land management according to the
former apartheid government. However, land degradation nonetheless occurred on
commercial lands too despite apartheid government aid to white farmers.

Bertram and Broman (1999) suggested that assessment of the past and present
land degradation factors needs to be completed in order to address the issue of land
degradation and to achieve sustainable land use. In line with this philosophy, we
adopted a time series analysis for the assessment and monitoring of land degradation
(with vegetation cover and bare-ground change as chosen land degradation indica-
tors) in the Wit-Kei sub-catchment in the Eastern Cape Province of South Africa.
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2001)
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Fig. 12.2 Study area within the Great Kei Catchment, Eastern Cape Province, South Africa

The Wit-Kei is the sub-catchment of the Great Kei catchment within the Transkei
former homeland (Fig. 12.2).

12.2 Methodology

Tasselled Cap Analysis (TCA) of Landsat images (1984, 1993, 1996, 2000 and
2002) and household survey were the chosen techniques for this study. According to
Mather (2003) and Jensen (1996) TCA clearly differentiates between vegetation and
bare-ground by reducing original data of Landsat image into 3 bands namely: bright-
ness (which is designed to highlight bare-ground), greenness (which is designed to
highlight vegetation) and wetness (which is designed to highlight wetlands). The
result of TCA for each band is a grey scale image where brightness represents
area of interest. The brightness and greenness TCA bands were further analysed
for vegetation and bare-ground monitoring for the study period through density
slicing.

Density slicing is the mapping of a range of contiguous grey scale levels of a
single band image (Mather, 2003). These values for density mapping are chosen
based on the histogram analysis of each image separately. The histogram being
defined as a graphical representation of the brightness values that comprise an image
(Mather, 2003). Histograms are automatically divided into 3 ranges, those with low
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Fig. 12.3 Histogram analysis
of Tasselled Cap

range value (representing dark pixels in an image), medium range value (repre-
senting grey pixels in an image) and high range values (representing bright pixels
in an image) (Fig. 12.3). The density slice was computed to select only the high
range values of the TCA of each image. The areas for the selected high range val-
ues in each year (for brightness and greenness TCA bands) were calculated and
analysed.

Household surveys through focus group interviews together with field visits of
the area were also conducted to add a human dimension to the research. Robson
(2002) argued that the focus group technique enriches the discussion as people
with different background view the topic differently. Photographic evidence was
also employed in assessing the extent and nature of land degradation in the area. A
limited number of 32 people were interviewed due to time constraints and homo-
geneity of the study area (all people were amXhosa). De Vos et al. (1998) argue
that selecting a minimum sample number minimises the need of a larger sample
in order to accommodate different groups. In cases where there is homogeneity, he
recommends a sample size of 30 people as enough.

12.3 Results and Discussion

Density slicing was conducted in order to define threshold values from the TCA for
the greenness and brightness components which highlighted only vegetation cover
and bare-ground. The average annual rate of change of vegetation and bare-ground
were then analysed. The results showed somewhat unexpected overall vegetation
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cover increase together with the increase of bare-ground (Fig. 12.4). The increase
of vegetation within the study area was in fact a further indication of land degrada-
tion rather than recovery. Palmer and Tanser (1999, Hoffman et al. (1999), Evans
and Geerken (2004) and Kakembo et al. (2007) also acknowledges that although
vegetation may increase this may be a sign of land degradation due to invasion
of indigenous vegetation by alien species. TCA cannot differentiate between alien
species and indigenous vegetation, demonstrating the vital role played by ground
observations, which complement the remote sensing studies.

Interviews with local communities confirmed that the indigenous vegetation in
the study area is being depleted while the alien Euryops (also known as “Lapesi”

A B

Fig. 12.5 Observed land degradation features
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by the local community) have shown a notable increase. Dongas and rills are also
recognised as land degradation indicators by the interviewees. Photographs cap-
tured during field visit in the area also reveal the status of land degradation in area
(Fig. 12.5).

12.4 Conclusions

Kakembo et al. (2007 suggested that an increase in vegetation cover does not nec-
essarily mean that land degradation is being rehabilitated, a finding confirmed by
our study. We observed that the increase in vegetation in the study area is due to the
encroachment on indigenous vegetation by the alien shrub species Euryops, which
is constitutes another form of land degradation. TCA cannot be used alone to assess
the rate of land degradation, since the method cannot distinguish between indige-
nous and alien vegetation. TCA needs to be complemented by household interviews
and field visits and photographic evidence to accurately assess the rate and extent of
land degradation.

The effectiveness of the combination of Remote Sensing and household inter-
views is also noted by Kinlund (1996), Dzivhani (2001), and Florencia (2003) who
contend that human memories, experience and perceptions in tandem with remote
sensing techniques provide a holistic view in land degradation studies.
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Chapter 13
Environmental Degradation of Natural
Resources in Butana Area of Sudan

Muna M. Elhag and Sue Walker

Abstract Environmental degradation has become a very serious problem in Africa
since the Sahelian drought. It refers to the diminishment of local ecosystem or the
biosphere as a whole due to human activity or the climate factors. Butana, in the
north-eastern part of Sudan is known by many nomadic tribes as a good palatable
grazing area during and after the rainy season. Rainfall plays a dominant role in the
vegetation growth of the area. The goal of this study is to monitor the extent and
severity of environmental degradation in relation to climate variability and change.
The rainfall time series (1940–2004) for four weather stations were examined on
monthly and annual bases to investigate any possible trends. The analysis of rainfall
showed gradual decrease in the rainfall for the whole duration of the study at three
out of the four stations. The progressive decline in the rainfall since late 1960s
was significant and cannot be considered random for the northern part of the area.
A significant increase in temperature, in autumn, is partly due to dry conditions
observed since the late 1960s. Satellite image was used for routine natural resource
monitoring and mapping land degradation. The Moving Standard Deviation Index
(MSDI) increased considerably from 1987 to 2000 and the Bare Soil Index (BSI)
for the degraded sites increased from 0–8 in 1987 to 32–40 in 2000. The BSI image
difference indicated that the index increased between 14 and 43 over the 13 years.
It is therefore, observed that different ecosystems in Butana area were subjected
to various forms of site degradation, which led to sand encroachment, acceleration
of dunes development and increased water erosion in the northern part of the area.
The area has also, been subjected to vegetation cover transformation that made the
pastures to deteriorate seriously in quality and quantity; however, in many parts
of the area, the degradation is still reversible if land use and water point sites are
organized.
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Keywords Environmental degradation · Moving Standard Deviation Index · Bare
Soil Index · Sudan

13.1 Introduction

Environmental degradation refers to the diminishment of a local ecosystem or the
biosphere as a whole due to human activity or climate factors. It occurs when
nature’s resources (such as trees, plants and other habitat, earth, water, air) are being
consumed faster than nature can replenish (Ehrlich et al., 2000). Drylands cover
about 5.2 billion hectares; a third of the land area of the globe (UNEP, 1992) and
occupies roughly one fifth of the world population. Many of these lands appear to
be undergoing various processes of degradation.

Since time immemorial the Butana northeastern part of Sudan has been know
to have excellent pastures (Akhtar, 1994) and the best grazing land in Sudan. The
grasses are palatable with high nutritional value for animals. Thus many nomadic
tribes from adjacent as well as far away regions use it as grazing land during
and after the rainy season. This study aims to quantify the causes of environmen-
tal degradation and their impact on soil and vegetative cover and socio-economic
aspects. The specific objectives were to analyse the rainfall variability during the
period 1940–2004 and to quantify the area affected and extent of environmental
degradation in the area.

13.2 Materials and Methods

13.2.1 Study Area

The Butana is region lies between latitude 13◦ 50′ and 17◦ 50′ N and longitude
32◦ 40′ and 36◦ 00′ E. Figure 13.1 shows the location of the area, which is roughly
kidney-shaped. Rainfall is the most important single determining factor in the
climate because the temperature is high all year around.

13.2.2 Data Collection

The rainfall data used in this study were the monthly time series from 1940 to 2004
for three weather stations, namely (Shambat, Wad Medani, El Gadaref stations),
and from 1970 to 2004 for the station of New Halfa. The Normalized Difference
Vegetation Index (NDVI) for period from 1981 to 2003 was also used. The boundary
of the area was adjusted according to the availability of the Landsat images for
1987–2000. Figure 13.2 shows the study area and the Landsat scenes. Limited field
collection of data has been carried out during March to October 2005. Auxiliary
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Fig. 13.1 Map of Sudan showing the studied area and the locations of the weather stations

Fig. 13.2 Map of the studied
area showing the Landsat
scenes (path/row) in World
Reference System 2 (WRS2)

sources of information include topographic maps (scale 1:250,000). The Landsat
data covering the same area from different dates were geometrically corrected to
each other in order to cut out areas of interest and get the exact size of the area. The
image-processing tool used in this study is ERDAS IMAGINE 8.5, and ArcMap9.1
software.
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13.2.3 Landscape Pattern Index to Monitor Degradation

13.2.3.1 Moving Standard Deviation Index (MSDI)

The land degradation in semi-arid area may increase as result of increasing runoff
and soil and water redistribution (Miles and Johnson, 1990). This leads to an
increase in landscape heterogeneity or variability. The underlying assumption of
the heterogeneity index (MSDI) is that a healthy landscape is less variable than
a degraded landscape (Tanser, 1997). MSDI images were calculated by passing a
3 × 3 moving filter across the image (Elhag, 2006). The moving window calculates
the standard deviations for nine pixels and assigns that value to the middle pixel.
The standard deviation is then placed into a new map at the same location as the
target pixel.

13.2.3.2 Bare Soil Index (BSI)

BSI is normalized index that separates two vegetation with different background viz
completely bare, sparse canopy and dense canopy. The bare soil areas, fallow lands
and vegetation with marked background response are enhanced using this index.
The Bare Soil Index (BSI) was used for mapping bare soil and thus differentiating
it from vegetation cover (Jamalabad and Abkar, 2004; Wessels, 2001). BSI was
calculated according to the following formula

BSI = (B5 − B3) − (B4 − B1)

(B5 + B3) + (B4 + B1)
∗100 + 100

Where:
B1, B3, B4, B5 is band 1, 3, 4, 5 respectively.

13.3 Results and Discussion

13.3.1 Rainfall Analysis

Time series analysis was conducted using long-term monthly and annual rainfall
for the four stations. The result showed that there has been a significant decrease
in the trend of monthly and annual rainfall during the period of 1940–2004 for
Shambat and Wad Median. However, for the period of 1970–2004 the trend was
not significant for New Halfa, which may be due to the limited period of the data
(1970–2004) and does not give the patterns of the rainfall before the Sahelian
drought (1969). El Gadaref station showed a gradual increase for monthly and
annual rainfall but was not significant. These stations represent the south part of
the study area (Table 13.1).
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Table 13.1 The trend of the monthly and annual rainfall and their significant level at P = 0.05

Monthly rainfall Annual Rainfall

Station Trend P Trend P

Shambat – 0.009 0.028∗ –1.23 0.025∗
New Halfa – 0.012 0.574 – 2.22 0.379
Wad Medani – 0.016 0.044∗ – 2.15 0.002∗
El Gadaref 0.012 0.425 1.12 0.101

∗ = Significant (at P = 0.05).

13.3.2 Vegetation Cover Changes

The condition of the vegetation cover in the area was examined using the peak NDVI
(occurring at the end of August and the beginning of September). The departure
from the long-term average of peak NDVI for each pixel was calculated using the
Departure Average Vegetation Method. Figure 13.3 show that the area had a high
percentage of departure from long-term average which reached > 30% during the
drought years. Figure 13.3 also, showed increase in NDVI trends during the period
from 1992 to 2003. Despite the fact that there were few years with high departure
(e.g. 2000) but this departure are still less than that during the period from 1981
to 1991. This indicate that the area start to recover from the effect of the Sahelian
drought.
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13.3.3 Landscape Pattern Index for Degradation

13.3.3.1 Moving Standard Deviation Index

The MSDI shows that the degraded areas exhibited the highest MSDI values, but
undegraded areas showed low MSDI values (Fig. 13.4), whoever, the study area
shows lower MSDI values in 1987 than in 2000. These areas have been severely
eroded with little or no vegetation around Sufeiya, Sobagh and Banat sites they
show higher values in 2000. The image difference for MSDI shows that most of the
areas have exhibited high MSDI during the last 13 years, indicating considerably
increase in degraded areas from 1987 to 2000, especially, around Banat, Sufeiya
and Sobagh.

13.3.3.2 Bare Soil Index

The BSI highlights areas that were potentially affected by erosion, possibly requir-
ing intervention to counteract the severe degradation. Most of the study area had
low BSI in 1987 except few sites which had high index (Fig. 13.5a), however, dur-
ing 2000 most the areas exhibited highest BSI values except for irrigated and rainfed

(a) (b)(a) (b)

Fig. 13.4 Moving Standard Deviation Index (MSDI) for the study area (a) 1987 and (b) 2000
respectively
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Fig. 13.5 Bare Soil Index (BSI) for the study area for (a) 1987 and (b) 2000 respectively

areas, which had low values (Fig. 13.5b). Comparing the MSDI and BSI images it
can be noticed that the degraded sites (e.g. Sufeiya, Sobagh and Banat) exhibited
high values of both indices, which can be interpreted that, the degraded area is more
heterogeneous and there is more bare land than undegraded area. Further on was

Photo. 13.1 Wind erosion around Banat village (photo courtesy S. Walker, August, 2005)
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indicated that the bare soil in the irrigated scheme (south west and north east part)
remains constant (–6 to 8) while in the west and central part of the study area the
bare soil increased by about 14–43%. It can be noticed that the bare soil increased
about 22–43% around Banat, as illustrated in Photo 13.1, this indicate the area is
severely affected by wind erosion.

13.4 Conclusions

The extensive spatial, regular temporal coverage and reasonable cost of satellite
imagery provides an opportunity to undertake routine natural resource monitoring.
It can be noticed that the different ecosystems in the area are subject to various forms
of site degradation. The environmental degradation has led to sand encroachment
and to accelerated development of dunes and also increased the water erosion in
the northern part of the area. Pastures have deteriorated seriously in quality and
quantity. But in many parts the degradation is still reversible if organized land use
and water points could be introduced. The MSDI proved to be powerful indicator
of landscape condition for the studied area. The MSDI values increase considerably
between 1987 and 2000, especially in Sufeiya, Sobagh and Banat areas. The BSI for
these sites increased from 0–8 in 1987 to 32–40 in 2000. The image difference of
the BSI indicated that the index increased about 14–43 over the last 13 years. It is
concluded that the Remote sensing data can provide solid bases for evaluation and
monitoring the environmental degradation but the result must be supported by the
ground truthing as well as perceptions of the people living in the target areas.
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Chapter 14
Land Suitability for Crop Options Evaluation
in Areas Affected by Desertification: The Case
Study of Feriana in Tunisia

S. Madrau, C. Zucca, A.M. Urgeghe, F. Julitta, and F. Previtali

Abstract The study was carried out in the Tunisian site of a Cooperation Project,
aiming to implement techniques for combating desertification. The approach of
the project is based on promoting drought-resistant fodder shrubs as an alternative
crop, in areas where the expansion of traditional cereal and olive trees in not suited
rangelands constitute a land degradation factor. A land evaluation procedure was
implemented based on a Map of Pedo-morphologic Units purposely created and on
GIS based suitability models specifically adapted to the local conditions. The suit-
ability maps obtained showed that about 18% of present rainfed cereal crops and
12% of olive plantations are located in not suited areas. The results also highlight
the areas where further crop development could be more or less advisable and fod-
der shrubs could be introduced as an alternative and sustainable income generating
option.

Keywords Crop suitability · Land evaluation · Drought-resistant shrubs · Soil
survey · GIS · Tunisia

14.1 Introduction

The present work was carried out in the frame of a Euro-Mediterranean Cooperation
Project, (MEDA-SMAP; Short and Medium Term Priority Environmental Action
Programme). The Project (2002–2007) aimed to apply and demonstrate at local level
and on an extensive scale, some techniques for combating desertification in the dry-
lands, based on restoration of vegetation cover and production of fodder resources
for the local breeders.
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In the target areas of Morocco (Rural Municipality of Ouled Dlim, Marrakech)
and Tunisia (Imada de Skhirat, Feriana, Kasserine) drought-resistant fodder shrubs
were used, over some thousands of ha, for restoration of strongly degraded pas-
turelands (Zucca et al., 2005; Bellavite et al., 2009). The species used are mainly
Atriplex nummularia, (Morocco) and Opuntia ficus indica (Tunisia).

The research results reported in this paper derive from the Tunisian site. Rainfed
cereals (barley in particular, Hordeum vulgare) play an important role in the human
diet and breeding in the area, while olive crops (Olea europea) recently underwent
relevant expansion driven by favourable international market factors, as in much of
the “high steppe” parts of the country. This expansion, often carried out in range-
lands, and the introduction of the associated agronomic practices such as tillage,
contributed to intensify wind erosion and, in some cases, sand encroachment, both
in plantations and in downwind areas. In areas threatened by desertification, as the
sites studied by the present project, this activity is considered as highly sensitive by
local authorities (NAP-TUN, 1999).

For this reason, it is of strategic importance to develop an adequate land planning
process, able to evaluate the specific suitability (and vulnerability) of the land to
the considered crops and to suggest alternatives in fragile areas. The fodder shrubs
plantation, such as O. ficus indica, is considered an effective alternative in unsuited,
degraded rangeland. The present study, associated with the cooperation project men-
tioned above, had the final goal of testing reliable criteria to support a suitable land
zoning and in particular at providing the local decision makers with cartographic
tools to best plan land use options, including establishment of new plantations.
Such an approach requires a suitable cartographic support (land/soil maps) based
on which land evaluation can be carried out.

Soil survey always involves a combination of theoretical and practical problems.
The main one is the identification of the physical limits between the different soil
bodies, especially when the variation of their attributes and the distribution patterns
are continuous (Velásquez et al., 2004). Many interpretation strategies of the land-
forms have been conceived in order to infer from them a likely distribution of the
underground parts of the soils. For a long time, laws and rules of variation of soil
nature and distribution, connected and/or depending on laws and rules that govern
the action of one or several soil forming factors (lithology, landforms and geomor-
phic dynamics, surface drainage, vegetation cover and, where existing, land use),
have been investigated (Comolli and Previtali, 1999).

In particular, the concept of soil-landscape-(geo)morphological units is intro-
duced as a retroaction between (geo)lithologic and geomorphic features, landform
evolution, parent materials composition, drainage network and plant cover. In fact,
the characteristics and quality of soils, their distribution and bio-geo-chemical pro-
cesses are the result of interactions and retroactions between the above-mentioned
factors (Wysocki et al., 2000). Especially soils and landforms develop together and
“this development is a two-way street. Soils are affected by landforms, and through
their developmental accessions and features, they in turn influence geomorphic
evolution” (Schaetzl and Anderson, 2005).
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This is why it is more appropriate to reason – spatially and at process level –
in terms of “morphopedology” and not simply “pedology” (Steiner, 1991). This
approach is particularly effective in areas where geomorphic processes are active
and can strongly influence land capability and soil vulnerability to degradation: geo-
morphic dynamics should thus be given relevance in defining mapping units, beside
soil features, in order to enhance the usefulness in land management and planning.

Hence, a correct application of this approach requires, as a first step, an iter-
ative procedure (Legros, 1996), consisting of geomorphological “reading” of the
land, composition of mapping units, survey of typology of the existing soils, feed-
back to the refinement of mapping units. As a second step second, a more accurate
verification of soil distribution and its actual relationship with the soil forming
factors are recognized as dominant, then reaching finally to the composition of
Morphopedological Units (Fig. 14.1). The last ones, compared with maps of the
existing land use, will guide the programmes of agro-ecological management and
land evaluation (Piorr, 2003).

The evaluation of the suitability of a territory to a given crop is a complex
multidisciplinary procedure. Many of suitability evaluation procedures in use are
adaptations to the local conditions of the Framework for Land Evaluation (FAO,

First draft of 
Geomorphologic Map 

2° field survey
(January 2007)  

Preliminary data acquisition
(maps, aerial photographs, etc) 

Pedo-morphologic Map 

1° field survey (March 2006) 

Preliminary definition of the main
geomorphologic and pedologic units 

Lab analysis and elaboration
of pedological samples 

First hypothesis on
Pedo-morphologic units

(draft Map) 

Refinement of the 
Geomorphologic Map 

Field validation of the draft Map

Selection of units needing
further survey 

Acquisition of local
LAND COVER Maps  

Further Lab analysis 

Land Suitability
evaluation 

Fig. 14.1 Methodology implemented to generate the map of the Pedo-morphologic Units in the
study area
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1976), and focus on the severity of land limitations related to crops and land use.
The distinction between the classes is based on the increase of the costs for the
reduction or elimination of these limitations.

The olive tree (Olea europea) is a typical Mediterranean tree crop. It is relatively
not exigent in terms of nutritional elements and water requirements, for these reason,
up to a recent past, it was typically grown in marginal areas. Its wide diffusion gave
rise to the selection of a high number of cultivars and forms of breeding. This vari-
ability does not allow to easily adopting a single suitability model. In Italy the work
done on the suitability evaluation for olive crops has been reported and summarized
by Franchini et al. (2006).

Other models have been recently proposed in Syria (Cools et al., 2003), Egypt
(Wahba et al., 2007), Pakistan (Del Cima and Urbano, 2008), Iran (Lake et al., 2009)
and Spain (de La Rosa et al., 2004). FAO (1983) proposed an approach for rainfed
crops in general that had several local applications. Concerning barley, apart from
the studies carried out by FAO-IIASA (1991), some recent research was done in Iran
(Jalalian et al., 2007; Jafarzadeh et al., 2008; Behzad et al., 2009). These studies
emphasise the marked relevance of salinity and alkalinity as limiting factors. As
will be explained below, these factors were not included in the simplified model
implemented by the present study, although some areas were in fact classified as not
suitable a priori due to their salinity.

The main constraint of the models derived from the FAO Framework is the
need for economic and socio-economic data, not always available. An alterna-
tive approach, called VCs-Vocazione Colturale Specifica (literally, “specific crop
vocation”), was proposed by Danuso et al. (2001). The VCs only considers the agro-
nomic requirements. This simplifies the collection of the necessary data, and allows
a greater flexibility in results applications at different local contexts. This model was
further adapted for rainfed olives and cereals by Sarria (2006), Urgeghe (2006), and
Piras (2006). The results of previous evaluations showed a high reliability in spite
of the relative simplification.

Finally, concerning O. ficus indica, the high degree of adaptation of the species
to aridity and to shallow, marginal soils is very well documented (Mulas and Mulas,
2009). In particular, in the high steppe land in inner Tunisia, it proved to be pro-
ductive and a possible strategic option for the marginal areas, which the local
Government is actively promoting. For this reason no specific suitability model was
here developed for the species, but it was considered as a “residual” option able
to valorise soils not suitable for the traditional crops of the area, as proved by the
cooperation project mentioned.

14.2 Materials and Methods

The study was conducted in an area covering about 27,500 ha (Fig. 14.2; left),
located in Central Western Tunisia (Feriana, Kasserine), on the borderline with
Algeria. The elevation of the area ranges between 750 and 1,100 a.s.l. Average
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Fig. 14.2 Left: Location of the study area. The town of Feriana is located outside the area, a
few km to the East. Right: Map of the Pedo-morphologic Units. 1. Rock outcrops; 2. Pediments;
3. Transition surface between pediments and alluvial fan; 4. Hydromorphic and salinized areas;
5. Areas of aeolian accumulation; 6. Areas of ancient endorheism and fossil sand dunes; 7. River
terraces; 8. Bed and bank of the river Oued Saboun; 9. Bed and bank of the river Oued Saf Saf.
Second order units are also shown, as listed in Table 14.1

annual rainfall (at Feriana for the period 1975–2005) is 314 mm, with maximum
in September and average annual temperature (at Kasserine, some km away; for
the period 1975–2005) is 15.9◦C (2.8◦C, average in January and 35.3◦C in July).
The northern relieves shown in Fig. 14.2 date back to the Cretaceous period and
are mainly made of hard limestone and marl. The plain is characterised by Neogene
(mainly constituted by highly incoherent greenish clay and yellowish sands) and
Quaternary sediments. The Neogene sediments are particularly vulnerable to wind
erosion.

According to the information included in the “Carte Agricole” (PNCA, 2004)
of Tunisia, 66% of the surface is used for agriculture, mainly linked to small
ruminants breeding. Rainfed cereal crops (barley in particular) cover 37% of the
area and Alfa steppe (Stipa tenacissima) is spread in about 90% of the rangeland
surface.
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In some areas the Alfa cover is protected and collected for transformation in
local paper factories. In other places it is more or less degraded due overgrazing and
excessive uptake.

Limited information exists on the soils of the area from the Carte Agricole but
not suited for the aims of the present study. A specific soil survey was thus carried
out to fill this gap and to support the following evaluations. Particular importance
was given to geomorphologic aspects, as discussed above, due to the relevance of
the past and present local geomorphic processes in influencing the landforms and
the soils.

The coherent Pedo-morphologic Units terminology was adopted for the defini-
tion of mapping units in the study area. The land mapping phases were implemented
as represented in Fig. 14.1. The geomorphologic and pedological surveys were car-
ried out in two phases and 60 soil profiles were described and classified according
to the WRB system (IUSS Working Group WRB, 2006).

Land Suitability evaluations related to rainfed olive crops and to rainfed cereals
crops were carried out according to Danuso et al. (2001), modified and fitted to local
conditions based on expert judgments, as described below.

The following variables were selected as basic parameters for land evaluation:

• soil depth to the “lithic or paralithic” contact (d);
• texture, described in terms of USDA classes (t);
• skeleton, as percentage of rock fragments (larger than 2 mm) on the total volume

(sk);
• available water reserve, in mm, ranging from 20 to 200 (wr).

Additionally, the land parameter slope angle, in % (sl) was integrated. For each
variable, an average value (or class, in case of texture), was estimated for each sec-
ond level unit of the Pedo-morphologic Map, based on all profiles and observations
data available for the Map units (Table 14.1).

The slope gradient map was derived from a Digital Elevation Model. Slope
classes (Table 14.2) are established in accordance with the Guidelines for Soil
Profile Description by FAO (2006). Average values were translated into parametric
scores ranging from 0 to 1, as showed in Table 14.2. The suitability was then calcu-
lated using a GIS-algebra procedure (in ESRI-ARCGIS environment), through the
following equation:

For rainfed herbaceous crop:

VA = sl∗(d + t + sk + wr)/4

For rainfed olive crops:

VA = sl∗wr∗(d + t + sk)/3

The results were grouped into four classes: (SC1) poorly suited; (SC2) moder-
ately suited; (SC3) well suited; (SC4) highly suited. Finally, suitability maps were
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Table 14.2 The scores assigned to ranges of values for each soil variable and slope angle classes
(from 1 to 0 the suitability ranges from high to low)

Variable Range
Score rainfed
olive crops

Score rainfed
cereals

Soil depth(d) < 30 cm 0 0
30–60 cm 1 0.7
60–120 cm 1 1
>120 cm 1 1

Texture(t) Loam 1 1
Sandy loam 1 0.7
Sandy clay loam 0.7 1
Loamy sand 0 0.7
Clay 0 0

Skeleton (Sk) >30% 0.7 0
15–30% 1 0.7
5–15% 1 1
<5% 1 1

Available water <50 mm 0.4 0
reserve (wr) 50–150 mm 0.65 0

150–200 mm 0.85 0.7
>200 mm 1 1

Slope angle 0–2 1 1
classes (%) 2–6 0.9 0.9

6–13 0.75 0.75
13–30 0.2 0.2
30–50 0 0
>50 0 0

overlaid to a land cover map produced by the project, to highlight relationship
between suitability and current land use patterns.

14.3 Results and Discussion

Nine Pedo-morphologic Units were defined and mapped. Second level units were
also mapped and typical soils are listed in Table 14.1. The Map is shown in Fig. 14.2
(right). The Map Units can be used to highlight specific “vulnerability” factors,
mainly related to active geomorphic processes. These are not accounted for by the
model, but of course should be considered once the agronomic and land limitations
have been put into evidence by the model. Table 14.3 reports, in quantitative terms,
the results of Land Suitability evaluation, while the land suitability maps obtained
are shown in Fig. 14.3.

It can be noted that all areas assigned to SC1 are the same for both crops, because
this class includes severe limitations, not compatible with agricultural crops. For this
reason in Table 14.3 a single column reports the results obtained.

If the results are analysed according to the Map Units (MU), it could be observed
that MU1 (Rock outcrops) and 2 (Pediments) were assigned 100% to SC1 for both
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Table 14.3 Percentage of each Pedo-morphologic Unit (MU) assigned to each Suitability Class
(SC), for both olive (O) and herbaceous (H) rainfed crops (SC1, not suitable; SC2, poorly suitable;
SC3, moderately suitable SC4, very suitable)

SC 1
(%) SC 2 (%) SC 3 (%) SC 4 (%)

Map unit
(MU)

Both
crops O H O H O H

Total
hectares
Per MU

1 100 0 0 0 0 0 0 3,490
2 100 0 0 0 0 0 0 2,117
3 34 0 0 5 14 60 51 8,261
4 100 0 0 0 0 0 0 538
5 0 81 81 1 19 18 0 2,809
6 0 0 0 2 100 98 0 625
7 1 1 21 48 38 50 40 9,263
8 0 100 100 0 0 0 0 164
9 2 98 98 0 0 0 0 269

Tot
27,534

Total
hectares
and per-
centage
per SC

9,058
(33)

2,750
(10)

4,673
(17)

4,962
(18)

5,856
(21)

10,764
(39)

7,947
(29)

Fig. 14.3 Land Suitability Maps to rainfed olive (left) and cereal (right) crops. The ranges of
reported values correspond to the four classes (higher score means higher suitability)
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crops. In the case of MU2, this is mainly due to the shallow soils and to the steep
slopes of the unit.

The same suitability class was assigned to MU4 (saline areas), for different rea-
sons. In fact it was considered as not suitable a priori, by expert judgement, due to
the high soil salinity, but actually the present model does not include salinity as a
variable. This decision was taken in order to avoid designing a model much relying
on data often not available.

MU3 yielded much more variable results. It presents a marked difference
between sub-Unit 3.1, very suited in average and 3.3/3.4. The latter are poorly
suited due to the thick calcrete crusts (3.3) and the shallow, quite light soils (3.4).
A great part of these three sub-units were assigned the same suitability class (SC4
and SC1 respectively), for both crops. Thus sub-unit 3.2 in fact determines a large
part of the difference in evaluation between the two crops. It should be added that
MU3.4 is also characterised by a specific “vulnerability” related to the present
intensity of wind erosion. In this case, the status of soils is degraded enough to sug-
gest not to cultivate the area based on agronomic considerations alone; otherwise,
considerations related to geomorphology would do so.

The evaluation of Map Unit 5 reflects quite well the different characteristics
of the two sub-units 5.1 and 5.2. The former is poorly suited (SC2) for both
crops, mainly due to the very sandy, shallow soils. The latter is characterised by
weakly cemented aeolianites, originated by past Aeolian deposition. These soils
are deeper and texture is much coarser, yielding SC3 for herbaceous and SC4 for
olive. This evaluation is not completely satisfying if the vulnerability of the weakly
structured soils of the sub-unit to water erosion is considered. Tillage should be
done very carefully and SC2 for herbaceous would probably be more prudent.
Similar considerations could be done for MU6, needing conservative agronomic
practices.

The areas characterised by the highest suitability are mostly located in the west-
ern and central sectors, (alluvial terraces, MU7.1/7.2). These areas are almost flat
and characterised by deep fine soils, with relevant water reserves. However, MU7.2
(endorheic areas) has some limitations due to the very fine texture and relatively
poor drainage and that explains the high percentage values in SC3 class for both
crops. MU7.3, in the southwestern sector, shows instead limitations related to tex-
ture and skeleton affecting herbaceous crops only, resulting in a higher proportion of
SC2 values for such crops. Map Units 8 and 9 are relatively small and homogeneous
and almost completely classified as SC2.

14.4 Conclusions

The work carried out has been focused on land suitability evaluation as a tool to
analyse the land degradation risk related to specific land uses in an area already
affected by desertification. Land degradation risk could be seen as a consequence of
irrational allocation of land use, especially when unsuitable land is also vulnerable
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to degradation processes such as erosion. The approach implemented for producing
the necessary cartographic support, or the Pedo-morphologic Map, was intended to
meet the information needs by providing information on both agronomic properties
and active geomorphic processes. Land evaluation also contributes to define possible
mitigation strategies, by indicating where conservative crops such as fodders shrubs
could best become an alternative to impacting crops.

The results obtained could be made clearer if considered in the light of present
land use patterns. By overlaying the land suitability maps and the present land
use map, the following considerations were made. About 18% of present rainfed
cereal crops and 12% of olive plantations are located in not suited areas, some of
them strongly affected by wind erosion. On the other hand, up to about 60% of
the SC4 (highly suited) areas for both crops are already correctly exploited. The
remaining SC4 surface is still in part (about 15% in average) not used, being clas-
sified as “open space, scarcely vegetated” (most often degraded rangeland). This is
potentially available for crop development.

The poorly suited areas across different land units are generally associated with
rock outcrops, salinity, active wind erosion or aeolian accumulation dynamics, thick
calcrete crusts. In many cases they have already been successfully planted with fod-
der shrubs. As an example, Atriplex nummularia developed very well on the saline
soils of the study area. Opuntia ficus indica proved to be effective on very sandy
soils of MU5, even in presence of thick surface sand cover, but also on shallow soils
subjected to severe wind erosion. Social acceptance has been high too, also due
to the income generated. Further plantations could be preferentially made in these
areas. Areas having intermediate suitability classes could be considered for crop
development, but on a case by case basis, because in some situations conservative
practice need to be adopted.

It can thus be concluded that, if integrated in the local land planning pro-
cesses, the studies carried out, the methods developed and the Maps produced could
significantly contribute to valorise possible crop complementarities, supporting
sustainable rural development and reducing desertification risk.
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Chapter 15
Strategic Nutrient Management of Field Pea
in South-Western Uganda

P. Musinguzi, J.S. Tenywa, and M.A. Bekunda

Abstract The highlands of south-western Uganda account for the bulk of field pea
(Pisum sativum L.) produced and consumed in the country. The crop fetches a stable
price, which is as high as that of beef, but it has remained outside the mainstream
of the research process. Low soil fertility, unfortunately, is poised to eliminate the
crop. Nitrogen, phosphorus and potassium have variously been reported as deficient
on the bench terraces where crop production is primarily done. Strategic nutrient
management requires that the most limiting nutrient is known in order to provide a
foundation for designing effective and sustainable soil fertility management inter-
ventions. A study was conducted on upper and lower parts of the bench terraces
on the highlands in south-western Uganda to identify the most required macro-
nutrient(s) in field pea production. Treatments included: 0 and 25 kg N ha–1, 0 and
60 kg P ha–1, and 0 and 60 kg K ha–1, all applied factorially in a randomized com-
plete block design. Parameters assessed included nodulation, nodule effectiveness
for BNF and dry weight, shoot dry weight (SDW), and grain yield. Nutrient appli-
cations that resulted in the highest crop responses were considered as most required,
and hence, most limiting to plant growth and yield. Phosphorus based nutrient com-
binations gave the highest increments in total and effective nodule numbers, as well
as dry weight, irrespective of terrace position. On the other hand, N based combina-
tions led to the highest shoot dry matter at flowering (39% higher over the control).
The superiority of N was carried over up to final harvesting, with stover and grain
yields edging out the other treatment regimes on either terrace positions.
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15.1 Introduction

Field pea is a legume crop, reportedly among the key components of human diets
worldwide (Duke, 1981). It is cultivated for fresh green seed, tender green pods,
dried seed and forage. In sub-Saharan Africa (SSA), field pea is a primary source of
protein for many communities, in spite of the fact that it is hitherto largely under-
studied among legume crops. It is commonly grown in the cool highlands of Africa
like in Ethiopia and Kenya.

In Uganda, field pea is a staple as well as a major income earner for most small-
scale farmers in the highlands of southwestern (SW) region, where the agro-ecology
is most suited for its production. The crop fetches a stable price, which is as high
as that of beef, yet it has remained outside the mainstream of the research pro-
cess. Apart from the local demand, which is far from satisfaction, the crop presents
great potential for export to European countries where it is heavily consumed and
forms a significant component of the diets and yet the local supply in Uganda is still
very low.

The crop is traditionally grown in rotation with other crops on terrace benches
constructed on the steep hills of SW Uganda. These terraces have been continuously
cropped for decades without nutrient management attention hence; soil fertility
depletion is among the major factors constraining field pea and crop production
in general in this region (Lindblade et al., 1996; Siriri, 1998). In fact, on-farm yields
currently stand at a paltry 400 kg ha–1, contrasting with 2 t ha–1 obtained in other
countries (FAO, 2000). Literature on soil fertility management is still hard to trace
in the entire eastern Africa.

Field pea is a renowned heavy consumer of N and P (Poulain, 1989 as a legume,
the crop is endowed with potential for replenishing soil N through biological N
fixation (BNF)). The continuous production process results in depletion of the other
nutrients, especially P and K that are required in fairly large quantities by the crop.
Besides, the viable performance of BNF depends on the adequacy and balanced
proportions of the spectrum of the other nutrients (Pulong, 1994).

In order to elevate the productivity of field pea to profitable levels in Uganda, it is
prudent that renewed attention is focused on sustainable soil fertility management.
The objective of this study, therefore, was to identify the most limiting nutrient
to production of the crop as the strategic entry point to effective management and
subsequent formulation of rationalized packages.

15.2 Materials and Methods

An on-farm experiment was conducted on bench terraces of SW Uganda, in
Kabale district during two rainy seasons of 2005 (September–December) and 2006
(March–July). The area is characterised by mountainous relief of flat topped hills
and ridges, underlain by partly granitised and metamorphosed Precambrian rock
formations of the Karagwe–Ankolean system (Harrop, 1960). Elevation ranges
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between 1,300 and 2,400 m above sea level, with bi-modal annual rainfall pattern.
The annual minimum and maximum means are 1,092 and 1,500 mm, respectively,
while respective temperatures range between 10 and 23◦C (KDMD, 2005). In 1999
the soils of the region were mainly classified by Wortmann and Eledu (1999) as
Ferralsols.

Our study involved ten farm fields and these were in effect the replications.
Treatments included two terrace positions, namely upper (UTP) and lower (LTP);
N, P and K applied as 0 and 25 kg N ha–1, 0 and 60 kg P ha–1, and 0 and 60 kg
K ha–1. The experiment was factorial and was laid out in a randomized complete
block design. N, P and K were applied in the form of urea, triple super phosphate
and muriate of potash (KCL), respectively. The choice of the rates was based rec-
ommendations for a number of annual legumes cultivated in the country (NARO,
1996).

The experimental sites’ soil (0–20 cm depth) was pre-analysed for pH (water),
total N and organic matter content, available P, and exchangeable K+ and Ca2+ using
procedures outlined by Okalebo et al. (2002). A locally known field pea variety,
which is “white and black eyed” called Meisho was used. Because available stockists
did not carry certified field pea seed, farmers’ stocks off the previous season were
used. As such, seed viability was tested using routine procedures. In plots of 4 m by
4 m, seeds were planted by broadcasting and incorporated into soil. The experiment
was entirely rain-fed, and was managed following farmer practices.

Parameters assessed included nodulation, nodule effectiveness for BNF and dry
weight, shoot dry weight (SDW), and grain yield. Nodule and other associated eval-
uations were done 30 days after planting (DAP). For this purpose, 10 pea plants were
randomly selected from each plot for destructive sampling. They were carefully dug
out and the roots freed of adhering soil and debris using distilled water, prior to the
evaluation. Nodules were removed, counted and sliced cross-sectionally for assess-
ment for potential BNF using the leghaemoglobin pigment indicator Thereafter,
each sample’s nodules gravimetric moisture content determination and eventual dry
nodule dry weight was determined. The process involved oven-drying at 65◦C for
48 h prior to dry weight determination. All nodule data were expressed per plant as
the unit. Immediately after nodule removal, the shoots were severed from the roots
with a knife, bulked per sample and subjected to gravimetric moisture dry weight
determination as described above.

At approximately 60% flowering, 10 plants were again randomly collected from
each plot for further shoot dry weight (SDW) assessment using the gravimetric pro-
cedure. Finally, at physiological maturity (120 DAP for this variety), the remaining
plants were uprooted, and root parts severed from the shoots with a knife. Fresh
weight of the shoots with pods was recorded per plot before ten plants with seed
were sub-sampled for dry weight assessment. The remaining plants of the har-
vested sample were air-dried to 14% moisture content, threshed and winnowed.
The clean seeds were weighed and a portion sub-sampled for gravimetric mois-
ture content seed dry weight determination. Seed yield values were extrapolated to
yield per hectare prior to statistical analysis using analysis of variance (ANOVA)
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using GenStat. Significant treatment means were separated using Fisher’s Least
Significant Difference (LSD) test at 5% probability level.

15.3 Results and Discussions

15.3.1 Site Soil Characteristics

Soil pH was generally below the limit of 5.5 (Table 15.1) widely considered opti-
mal agronomically. On the other hand, total organic matter and exchangeable bases
(K+ and Ca2+) were in the adequate range, total N and plant available P were
marginally adequate and critically low, respectively (Table 15.1). In fact, total
N, soil organic matter, and exchangeable bases concentrations varied across the
terrace, with higher concentrations in LPT than UPT. This observation is in con-
formity with the one made by Siriri (1998) a decade ago. Phosphorus values in the
range of 3–7 folds less than the critical limit are suggestive that the element has
great potential for limiting plant growth. Davies et al. (1985) and Pulong (1994)
similarly reported considerable negative effects of sub-optimal soil P supply on
field pea performance. On the other hand, the spatial gradient in soil chemical
properties across the terraces suggests that soil management within the terrace
ought to be disaggregated accordingly in order to achieve realistic crop responses.
However, how management of such micro-site level resource variations fits into
the small-scale farmers’ biophysical and socio-economic frameworks needs further
investigation.

15.3.2 Nodulation and Associated Parameters

Phosphorus based treatment outstandingly (p<0.05) increased nodule number and
weight (Figs. 15.1 and 15.2). Application of P alone resulted in a nodule number
increment of 54% over the control (no application), while application of N+P+K and
P+K increased the numbers by 53 and 49%, respectively (Fig. 15.1). Furthermore,
the highest increment in nodule weight of 66% was realised with P alone, followed

Table 15.1 Chemical characteristics of the site soil in SW Uganda

Organic Matter Total N K+ Ca2+
Terrace
position pH (%)

Bray 1 P
(mg kg–1) Exchangeable (cmol. kg–1)

Upper 5.2 3.8 0.21 1.76 0.61 4.96
Lower 5.3 4.4 0.27 5.84 0.66 5.84
aCritical

values
5.5 3 0.2 15 0.4 4.5

aCritical values for most crops in East Africa (Okalebo et al., 2002).
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Fig. 15.2 Nutrient application effects on nodule dry weight in field pea in SW Uganda

by P+K with an increase of 62% (Fig. 15.2). On the other hand, sole application
of N and K had no significant effect (p>0.05). This sequence of observations on
nodule parameters demonstrates that phosphorus was most required nutrient rela-
tive to N and K. Phosphorus plays a key role in nodule activity through increased
formation and availability of Adenosine Tri-phoshosphate (ATP), a resource mate-
rial for the energy intensive for the N reduction process via nitrogenase enzyme
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Fig. 15.3 Nutrient application effects on effective nodule number in field pea in SW Uganda

activity (Slinkard and Drew, 1988). In fact, this was evident in the P applied cases
where the number of potentially BNF-effective nodules was the highest (Fig. 15.3).
Surprisingly, there were a few nodules in the control treatment with the pigment
indicative of BNF effective at such low available P concentrations levels. This could
be explained by the possibility that the plant has evolved mechanisms for P access
at such low levels. A possible candidate mechanism in this case is mychorrhyzae
formations, which are known to enhance the plant’s ability to access the higher
plant’s access to otherwise unavailable soil resources (Clark and Zeto, 2000). This
speculation requires an independent investigation.

15.3.3 Shoot Dry Matter at 60% Flowering

Shoot dry weight (SDW) response was at variance with the nodule parameters dis-
cussed above (Fig. 15.4). In this case, it was the N based treatments that led to
the highest SDW over the control. Generally, P and K based combinations trailed.
Furthermore, plant sensitivity to the treatments was way superior on the UPT to that
of the LPT, with SDW values several folds greater (p<0.05). In fact, on the LTP,
only N resulted in significant increment in this parameter (Table 15.2).

The disappearance of the outstanding effect of P application on the crop and the
emerging superior effect of N, suggest that the latter became limiting in the later
stages of plant growth. This could be explained by the fact that the rate of N applied
(25 kg ha–1) was rather too low to support the crop through its requirement. In
a study done elsewhere by McKenzie et al. (2001) observed high field pea yield
responses only at rates as high as 60 kg N ha–1. The observation also implies that
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Table 15.2 Shoot dry matter response to nutrient application on bench terraces at flowering

Dry above ground matter (kg ha–1)

Nutrient treatments Upper terrace position Lower terrace position

Control 2,789 3,256
N+P 5,298 3,654
N+K 4,573 3,714
P+K 4,821 3,147
N+P+K 4,318 3,961
N 5,336 4,538
P 3,852 3,531
K 4,343 3,940
LSD0.05 1,208 840

the observed soil test total N (Table 15.1) did not mineralise adequately to influ-
ence plant available N concentrations to sufficiently supplement applied N. This
suggests that soil total N is not a dependable index for soil N availability to a crop.
Furthermore, the emergent superior influence of N implies that biologically fixed
N by the crop was equally inadequate to additionally cater for the crop needs. At
this stage, this study has demonstrated that P and N are closely related as limiting
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nutrients in this region for field pea production; which one of them is the most
limiting is a rather circumstantial phenomenon.

15.3.4 Stover and Grain Yield

Stover and grain yield at harvest were not significantly (p>0.05) influenced by nutri-
ent application within each terrace position though the LTP generally registered
significantly (p>0.05) higher stover dry weight (3,906 kg ha–1) than its UTP coun-
terpart (3,318 kg ha–1). However, grain yield gave totally contrasting performance,
with the upper part of terrace significantly (p<0.01) higher (958 kg ha–1) than the
lower part (730 kg ha–1).

This contradiction could have been due to heavy rains that fell (>150–
180 mm/month) during podding and grain filling stages, that caused lodging and
injury of the plants including the rotting of the pods; such cases were observed more
on the LTP than the upper part. According to Duke (1981), lodging is a common
phenomenon that may significantly affect field pea yields. However, it was not clear
as to why there was more pronounced lodging on the LTP than its counterpart posi-
tion. The logical explanation is that higher fertility on the former promoted more
vigorous plant growth, which in turn predisposed the crop free-fall. On the other
hand, there are also physiologically based factors that could lead to the reversed
observation. For instance, imbalance in N supply in the soil in excess of a certain
level tends to over-favour vegetative growth at the expense of grain production. In
this connection, less of the assimilates accumulated during the vegetative phase and
eventually translocated into the reproductive apparatus of the plants. In a nutshell,
these observations further underscore the need for targeted soil fertility management
interventions for each of the terrace position in order to optimise as well as achieve
sustainable crop production.

15.4 Conclusions

The most constraining nutrient in the soils of SW Uganda is P; its deficiency par-
ticularly manifests in terms of the intensity of BNF indicators (nodule numbers and
effectiveness, and dry weight). However, the effect of P is closely followed by and
eventually surpassed that of N, especially in terms of stover and grain yield. The
LTP is generally more fertile than the UTP, but the former favours stover produc-
tion, while the latter favours grain yield. Heavy rains and their attendant lodging
effects appear to affect grain yields on the LTP more than the upper positions.

Acknowledgement Authors thank the Regional Universities Forum for Capacity Building in
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Chapter 16
Effectiveness of Soil Conservation Measures
in Reducing Soil Erosion and Improving Soil
Quality in China Assessed by Using Fallout
Radionuclides

Y. Li and M.L. Nguyen

Abstract China experiences the most severe water and wind erosion problems in
the world. Using fallout radionuclide techniques (FRN), our objectives were to
assess the extent of soil erosion and to quantify the beneficial effects of soil con-
servation measures at four sites extending from South West (SW) to North East
(NE) China. At the Xichang site of SW-China, the combined use of FRN 137Cs
and 210Pbex measurements demonstrated that the effectiveness of vegetation species
in reducing soil erosion decreased in the following order: shrubs > trees with lit-
ter layer > grasses > trees without litter layer. At the Yan’an site of Loess Plateau,
sediment production estimated by 137Cs declined by 49% due to terracing and by
80% due to vegetated (with grass and forest) compared to the cultivated hillslopes.
Vegetated hillslope with grasses and forest increased soil organic matter (SOM) by
255%, soil available N (AN) by 198%, and soil available P (AP) by 18% while
terracing increased SOM by 121%, soil AN by 103%, and soil AP by 162% com-
pared with the entire cultivated hillslope. Both terracing and vegetating hillslopes
were found to enhance soil porosity as shown by a decrease in soil bulk density
(1.6 and 6.4%, respectively). At the Baiquan site in NE-China, soil loss as measured
by 137Cs tracer, decreased by 14% due to terracing and by 34% due to contoured
tillage. At the Fengning site, data from 7Be measurements indicated that 4 years of
no tillage with high crop residues (50–56 cm depth) reduced soil erosion by 44%
and no tillage with low residues (25 cm depth) reduced soil erosion rates by 33%
when compared with conventional tillage practices.

Keywords China · FRN (fallout radionuclides) · Soil conservation measures · Soil
erosion · Soil quality
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16.1 Introduction

Over the last decades, soil conservation measures, such as re-vegetation, terracing,
and conservation tillage practies throughout the northern and western regions of
China, have been extensively used for control of water erosion and sedimentation.
These regions experience the most severe water and wind erosion problems in the
world. According to the Chinese Water Resources Ministry, China has spent billions
of yuans since 2001 planting trees, converting marginal farmland to forest and grass-
lands and fighting soil erosion. Over more than half a million sq km of the lands on
hillsides have been set aside for afforestation or pasture. A total of 350,000 km2

of plants and grassland have been restored and conserved. In addition, 11 major
state-level water and soil conservancy projects are currently in operation, cover-
ing over 500 counties and cities. But few quantitative assessments have been made
on the effecttiveness of such soil consevation measures in reducing soil erosion at
regional and national scales because of lack of a large-scale assessment technique.
A regional evaluation on the effectiveness of these soil conservation programmes
is urgently needed for the development of integrated land and water management
practices.

Fallout radionuclides (FRNs), including cesium-137 (137Cs), excess lead-210
(210Pbex), and beryllium-7 (7Be), are an effective way for studying soil erosion
and sedimentation within the agricultural landscape (Wallbrink and Murray, 1993;
Zapata, 2003; Li et al., 2003). Cesium-137 from atmospheric nuclear weapon tests
in 1950s and 1960s is a unique tracer for erosion and sedimentation, since there are
no natural sources of 137Cs in the environment. Lead-210 is a naturally occurring
radionuclide from the 238U decay series. It is derived from the decay of gaseous
222Rn. Some 222Rn in the soil diffuses into the atmosphere and decays to 210Pb and
subsequent fallout of 210Pb to the landscape surface provides an input that is not
in equilibrium (excess) with its parent 226Ra (Robbins, 1978). By measuring 210Pb
and 226Ra in the soil, 210Pbex can be calculated and used to measure soil move-
ment (Joshi, 1987). Berylium-7 is also a naturally occurring radionuclide produced
by the bombardment of the atmosphere by cosmic rays causing spallation of oxy-
gen (O) and nitrogen (N) atoms in the troposphere and stratosphere. Production of
7Be is relatively constant, producing a constant fallout deposition on the landscape
(Wallbrink and Murray, 1994, 1996a).

When FRNs reach the soil surface, they are quickly and strongly adsorbed by
exchange sites and are essentially non-exchangeable in most environments (Cremers
et al., 1988; Robbins, 1978; Olsen et al., 1986). Biological and chemical processes
move little of FRNs while physical processes of water, wind and tillage are the dom-
inant factors moving FRN-tagged soil particles in the landscape surface. Accurately
measuring 137Cs, 210Pb, and 7Be in environmental samples is relatively easy using
gamma ray spectrometer.

Measured patterns of the distribution of 7Be, 137Cs, and 210Pb on the landscape
provide information on short-term (<30 days), medium-term (∼40 years) and long-
term (∼100 years) average soil redistribution rates and patterns, respectively. The
basis of FRN technique involves comparing the measured inventories (total activity
in the soil profile per unit area, horizontal distance) at study sites with an estimate
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of the total atmospheric input obtained from a reference site (Zapata, 2002). By
comparing FRN measurements of the study site with the reference site, one can
determine whether erosion (less FRN present than at the reference site) or deposition
(more FRN than at the reference site) has occurred.

Against this background, studies were conducted in areas extending from south
west (SW) to north east (NE) of China. The objective was to assess the effectiveness
of soil conservation measures in reducing soil erosion using FRNs (137Cs, excess
210Pb, and 7Be).

16.2 Materials and Methods

16.2.1 Study Sites

Four sites that represent diverse condtions in China were considered in this study
(Fig. 16.1). They are (i) the Xichang site (27◦43Ń, 102◦13É) in the purple soil
region of SW-China, (ii) the Yan’an site (36◦42′N, 109◦31′E) on the Loess Plateau,
(iii) the Baiquan site (47◦30′N, 125◦51′E) in NE-China, and (iv) the Fengning site
(41◦12′N, 116◦38′E) in N-China. At the Yan’an and Baiquan sites, severe water
erosion is the major cause of soil loss resulting from intensive tillage oprerations

Yan’ an Xichang

Baiquan Fengning

Fig. 16.1 Eroded landscapes at the 4 study sites: Yan’an, Xichang, Baiquan and Fengning
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and inappropriate crop rotations on hillslopes. For the Fengning site, wind erosion
is the main cause of soil erosion, resulting from conventinal deep tillage operations
without surface cover. At the Xichang site, over-grazing is considered to be the
major cause of accelerated soil erosion and associated land degradation.

Cesium-137 (137Cs) and excess 210Pb (210Pbex) were used to quantify the effec-
tiveness of soil conservation measures which included terrace, vegetation and
contour tillage to reduce soil erosion and sedimentation on hillslope landscapes at
the Xichang, Yan’an and Baiquan sites. Beryllium-7 (7Be) was used to assess the
short-term (3–5 years) impacts of soil conservation tillage practices on soil erosion
at the Fengning site.

16.2.2 Soil Sampling

At the Xichang site of SW-China, five typical species of plants were selected from
the lower slope position on a 40-year restoration hillslope to evaluate effective-
ness of trees, shrubs, and grasses to entrap sediments delivery from the upslope.
They were: Eucalyptus robusta Smith (tree without litter layer), Pinus massoni-
ana Lamb (tree with litter layer), Camellia oleifera Abel (shrub), Dodonaea viscose
(shrub) and Eulaliopsis binata (grasses). Soil samples for determination of 137Cs
and 210Pbex were taken to a depth of 30 cm using a 6.74 cm diameter hand-operated
core sampler at both the downslope and upslope for selected trees and shrubs, and
at the growing site for the grasses.

At Yan’an site of Loess Plateau, the topography can be divided into hillslopes
of 10–30◦ (inter-gully area) and gully slopes greater than 35◦ (gully area). Three
hillslopes and two gully slopes were selected to assess spatial patterns of sediment
production under specific land use and land management practices at hillslope scale.
These hillsllopes were: (a) a cultivated hillslope, (b) a terraced farm hillslope, and
(c) a vegetated hillslope, i.e. grassland on the top portion, forestland on the upper
and middle portion, and grassland on the lower portion of the backslope. Two gully
slopes were: one gully slope was cultivated and the other was grassland where nat-
ural grasses were sparsely distributed. Soil samplings for 137Cs and soil quality
analyses were undertaken using a 6.74 cm diameter hand-operated core sampler,
with samples taken at 10 m intervals along cultivated and vegetated hillslopes and
gully slope transects, and 3–5 m intervals along the terraced farm hillslope transect
including all portions of the terrace. Three cores were collected at each sampling
point to a depth of 50 cm and were then bulked to make a composite sample.

At the Baiquan site of NE-China, field sampling was collected on two pairs of
sloping farmland. The first pair of slopes included a terraced slope less than 4◦ and a
gentle slope of 6–10◦ without terraces. The relative elevation of the sloping farmland
was about 15 m, and the horizontal length of slope was about 50 m. The second
pair of slopes were managed by downslope farming and contour farming practices,
respectively. The relative elevation of the slope was about 16 m, and the horizontal
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length of slope was about 102 m. Soil samples for determination of FRN inventory
were taken to a depth of 15 cm at the upper, middle positions of slopes, and 60 cm at
a lower slope position along three parallel transects in downslope direction. In total,
five samples were collected at the upper, middle and lower positions of the slopes,
respectively.

At the Fengning site of northern China, the major objective was to assess the pos-
sibility of using 7Be to assess short-term changes in soil redistribution rates and soil
quality parameters due to conservation tillage practices. There were five treatments:
(i) Ref (Reference) – undisturbed never-cultivated grassland; (ii) CT – conventional
tillage, spring wheat – fallow rotation; (iii) NT + HR – no-till for 3 years, spring
wheat – surface residue cover with 50–56 cm high wheat straw fallow rotation; (iv)
NT + LR – no-till for 3 years, spring wheat –surface residue cover with 25 cm wheat
straw fallow rotation, and (v) T-G-conversion of cultivated land to grassland for 5
years. Soil samples for determining 7Be were taken to a depth of 20 mm for all
treatments immediately after wind erosion event in 2003 and 2004, respectively.

Reference sites for determining 137Cs, 210Pbex, and 7Be were established at
undisturbed, non-eroded, and uncultivated grassland in the four study areas. For
the assessment of soil conservation measures on soil quality parameters, soil bulk
density (BD) were determined over the 40-cm sampling depth, while soil available
nitrogen (AN), soil available phosphorus (AP) and soil organic matter (SOM) were
for the surface 10-cm only at Yan’an site of Loess Plateau (Li and Lindstrom, 2001).

16.2.3 Sample Analysis

Soil samples were air-dried and passed through a 2-mm sieve and weighed for
the measurement of 137Cs, 210Pbex, and 7Be specific activities. Soil samples for
measuring 210Pb were sealed in containers and stored for 28 days to ensure equi-
librium between 226Ra and its daughter 222Rn (half-life 3.8 days). The amounts
of 210Pbex in soil samples were calculated by subtracting 226Ra-supported 210Pb
from the total 210Pb concentration. Measurements of 137Cs, 210Pb, and 7Be activ-
ities were conducted using Laboratory Gamma Spectrometer with Lab SOCS
(Laboratory Sourceless Calibration Software) (BE5030, CANBERRA). Cesium-
137 was detected at 661.7 kev peak while total 210Pb was detected at 46.5 kev,
and the 226Ra-supported 210Pb and 7Be were detected at 609.3kev and 477.6 kev,
respectively. Analytical precision for all FRNs was between ±5% and ±10%. Soil
BD (Mg m–3) calculation were based on volume of bulked soil cores and oven
dried mass determinations (Pennock et al., 1994). Soil available N (mg kg–1) was
determined by using microfussion (Bremner, 1965) and soil AP (mg kg–1) was
determined using the method described by Olsen and Sommers 1982. Organic mat-
ter (percentage by weight) was measured by wet combustion (Nelson and Sommers,
1982).
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16.3 Results and Discussion

At the Xichang site in SW-China, results through a combined use of fallout 137Cs
and 210Pbex measurements suggested that the effectiveness of plant species in
entrapping sediment from upslope decreased in the following order: shrubs > trees
with litter layer > grasses > trees without litter layer (Table 16.1). Based on the 137Cs
reference value at the permanent cover site consisting of a mixture of tree with lit-
ter layer (Pinus massoniana Lamb) and re-growth grasses (Eulaliopsis binata), a
gain in 137Cs was more than 39% under Dodonaea viscose (shrub) and Camellia
oleifera Abel (shrub), compared with 13% under Pinus massoniana Lamb (tree with
litter layer). In contrast, loss in 137Cs was more than 33% under Eucalyptus robusta
Smith (tree without litter layer) and about 7% under Eulaliopsis binata (re-growth
grasses) due to over-grazing.

Table 16.1 Entrapment of sediment by different species of vegetation planted over the last 40
years at the Xichang site in SW-China

Inventories (Bq m–2) Loss or gain (%)

Plant species 137Cs 210Pbex
137Cs 210Pbex

Pinus massoniana Lamb
(tree with litter layer)

951 ± 63 1,0794 ± 1,978 12.55 –14.14

Eucalyptus robusta Smith
(tree without litter layer)

563 ± 51 5,379 ± 1,835 –33.35 –57.21

Dodonaea viscose (shrub) 1,182 ± 66 10,014 ± 1,984 39.94 –20.34
Camellia oleifera Abel

(shrub),
1,198 ± 77 11,268 ± 2,234 41.82 –10.36

Eulaliopsis binata
(re-growth grasses)

781 ± 48 8,897 ± 1,936 –7.62 –29.22

Pinus massoniana Lamb
mixed with Eulaliopsis
binata (permanent
vegetation cover used as
a reference site)

845 ± 53 12,571 ± 2,247 0 0

At the Yan’an site, results throuth using 137Cs measurements indicated that
landscape location had the most significant impacts on sediment production for cul-
tivated hillslopes in the Loess Plateau, followed by the terraced hillslope, and to a
lesser degree for the vegetated hillslope (Table 16.2). Sediment production increased
in the following order: top < upper < lower < middle for the cultivated hillslope, and
top < lower < upper < middle for the terraced hillslope. The mean value of sediment
production declined by 49% for the terraced hillslope and by 80% for the vege-
tated hillslope compared with the cultivated hillslope. The vegetated gully hillslope
reduced sediment production by 38% compared with the cultivated gully slope. This
data demonstrated the effectiveness of terracing and perennial vegetation cover in
controlling sediment delivery on a hillslope scale.
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Table 16.2 Mean sediment production caused by water erosion and its standard deviation on hills
and gully slopes under different land uses at the Yan’an site, derived from the measurement of
137Cs

Hillslope (t ha–1 a–1) Gully slope (t ha–1 a–1)c

Location Cultivated
Terraced
farmland

Vegetated
(grass/forest) Cultivated

Vegetated
(grasses)

Top 17 ± 6 13 ± 10 (24)a 11 ± 6 (35)a 87 ± 41 54 ± 18(38)b

Upper 49 ± 30 27 ± 16 (45) 2 ± 8 (96) 87 ± 41 54 ± 18 (38)
Middle 71 ± 25 37 ± 36 (48) 17 ± 15 (76) 87 ± 41 54 ± 18 (38)
Lower 63 ± 16 25 ± 11 (60) 11 ± 21 (83) 87 ± 41 54 ± 18 (38)
Mean 50 ± 20 26 ± 19 (49) 10 ± 13 (80) 87 ± 41 54 ± 18 (38)

a reduction in soil losses due to terracing or vegetated on hillslope (%).
breduction in soil losses due to vegetated on gully slopes (%).

According to Li et al. 2003, the amounts of 137Cs and averaged ratios of 210Pb
to137Cs in the 0–5 cm surface soil (2.2–4.7 Bq kg–1 and 20.7:1 – 22.1:1, respec-
tively) and in the 5–30 cm subsoil (2.6 Bq kg–1 and 28.6:1, respectively) on the
cultivated hills and gully slopes were close to those of the deposited sediment in
the reservoir (3.4 Bq kg–1 and 29.1:1, respectively). These results suggest that the
main sediment sources in the catchment were from the cultivated slopes and from
the gully hillslopes. Changes in land use types can greatly affect sediment produc-
tion from gully hillslopes. An increase in grassland and forestland by 42% and a
corresponding decrease in farmland by 46%, reduced sediment production by 31%
in the catchment (Li et al., 2003).

Concerning the role of soil conservation measures in improving soil quality
parameters, changes in 137Cs, SOM, soil AN, soil AP and soil BD were specifically
compared between the terraced and vegetated hillslope and the cultivated hillslope
at the Yan’an site. The magnitude of 137Cs, SOM, soil AN and soil AP were sig-
nificantly lower on the steep cultivated hillslope than on the terraced and vegetated
hillslope (Table 16.3). Vegetated hillslope increased SOM by 255%, soil AN by
198%, and soil AP by 18% while terracing increased SOM by 121%, soil AN by
103%, and soil AP by 162% when compared with the entire cultivated hillslope.
Concentration of SOM, soil AN and soil AP in the terraced hillslope were 64, 68,
and 223% of those in the vegetated hillslope, respectively. In contrast, terracing
and vegetation resulted in a 1.6 and 6.4% decline in soil BD, respectively com-
pared to an averaged value of 1.26 Mg m–3 for the entire cultivated hillslope. The
changes in soil quality parameters are in agreement with redistribution pattern in
137Cs inventory. Over the last 40 year, the loss in 137Cs was much lower on terraced
and vegetated hillslopes than on the cultivated hillslope based on the 137Cs reference
value (2,390 Bq m–2) basis, which is further evidenced by the sedimentation data
listed in Table 16.2.

Results from the Baiquan site in NE-China showed that the upper position con-
tained the highest amount of 137Cs whereas the lower position had the lowest 137Cs
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Table 16.4 Effectiveness of terracing farmland on soil erosion reduction as compared with
farmland without soil conservation measures at the Baiquan site (NE-China)

137Cs inventory (Bq m–2)
Soil erosion rate
(t ha–1 year–1) Reduction

in soil
losses by
terraces
(%)

Slope
position

Terraced
farmland Uncertainty

No soil
conservation Uncertainty

Terraced
farmland

No soil
conserva-
tion

Upper 1, 184 95 1, 079 84 22 24 8
Middle 948 78 862 66 26 27 4
Lower 832 65 296 27 28 36 22
Mean 988 79 746 59 25 29 14

Table 16.5 Effectiveness of contouring farm practice on soil erosion reduction as compared with
downslope farm without soil conservation measures at the Baiquan site (NE-China)

137Cs inventory (Bq m–2)
Soil erosion rate
(t ha–1 year–1) Reduction

in soil
losses by
contour
cultivation
(%)

Slope
position Contour Uncertainty Downslope Uncertainty Contour

No soil
conserva-
tion

Upper 1,151 97 809 71 23 33 30
Middle 1,191 116 612 53 22 40 45
Lower 1,197 96 929 72 23 32 28
Mean 1,179 103 784 65 23 35 34

for the sloping farmland (Table 16.4 and Table 16.5). The sediment budget, which
was calculated using 137Cs inventories, showed that by terracing the field, soil ero-
sion rates were reduced by 14% for the entire slope, compared to downslope farming
land (Table 16.4). On the contoured cropping farmland, different slope positions
were found to have similar amounts of 137Cs (Table 16.5), suggesting that contoured
cultivation measures could effectively control soil erosion, especially in the middle
position where serious soil erosion occurs. Compared with the downslope farmland
(i.e., no soil conservation), contoured cultivation reduced soil erosion rates by 30,
45 and 28% on the upper, middle and lower slope positions (Table 16.5). Altogether,
contoured cultivation reduced soil erosion rates by 34% over the entire slope. These
results suggested that contour farming practices might be more effective in reducing
soil losses than terracing in NE-China.

The data from 7Be measurements suggests a significantly positive effect from
soil conservation tillage practices in reducing wind erosion in N-China (Table 16.6).
As compared with CT (conventional tillage), the mean fallout 7Be inventory
was increased by 56.8% for TG, 44.4% for NT+HR, and 32.5% for NT+LR.
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Table 16.6 Summary statistics for beryllium-7 inventories under different soil conservation
practices at Fengning site (N-China)

Treatments Mean (Bq m–2) SD (Bq m–2) CV (%)
Change with
CT (%)

Change with
reference (%)

Ref 169.3 209.6 123.8 104.5 0.0
T – G 129.8 146.9 113.2 56.8 –23.3
NT + HR 119.6 152.2 127.2 44.4 –29.4
NT + LR 109.7 97.1 88.5 32.5 –35.2
CT 82.8 111.3 134.4 0.0 –51.1

By comparison with the NV (undisturbed, non-cultivated grassland) site, the
conventional tillage operation resulted in more than a 50% loss of the total 7Be
amount, which was much higher than the soil conservation tillage practices. These
indicate that soil losses were more substantial under CT than under conservation
practices.

16.4 Conclusions

Fallout radionuclides were shown to be effective at assessing the beneficial effects
of soil conservation measures in reducing soil erosion in four study sites. The com-
bined use of fallout 137Cs and 210Pbex measurements suggested that shrubs are more
effective in reducing soil erosion on eroded hillslopes than grasses, while planting
trees without litter layer did not effectively control soil erosion at the Xichang site
of SW-China. At the Yan’an site of the Chinese Loess Plateau, soil losses, estimated
by the fallout 137Cs measurements, declined by 49% due to terracing and by 80%
for the vegetated hillslopes compared with the cultivated hillslopes. Vegetated hill-
slope increased SOM by 255%, soil AN by 198%, and AP by 18% while terracing
increased SOM by 121%, AN by 103%, and AP by 162% when compared with the
entire cultivated hillslope. In contrast, soil bulk density decreased by 1.6% due to
terracing and by 6.4% due to vegetation.

A net soil erosion rate, measured by the fallout 137Cs tracer, decreased by 14%
on terraced farmland compared with a 34% reduction in soil loss due to contoured
tillage in the Baiquan site of NE-China. The data from 7Be measurements indicated
that 4 years of no tillage with high (50–56 cm depth) residues reduced soil erosion
by 44% and no tillage with low (25 cm depth) residues reduced soil erosion rates
by 33% as compared with conventional tillage practices in the Fengning site of
N-China.
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Chapter 17
Policy Impacts on Land Degradation: Evidence
Revealed by Remote Sensing in Western Ordos,
China

Weicheng Wu and Eddy De Pauw

Abstract This paper presents a multi-temporal monitoring and assessment of
biomass dynamics in response to land cover change in Western Ordos, one of the
most important dry areas in China, aiming to reveal the impacts of governmental
land management policies on the biomass production of the rangeland ecosystem
and on land degradation. Multi-temporal Landsat images (MSS 1978, 1979; TM
1987, 1989, 1991, 2006 and 2007; ETM+ 1999, 2001, 2002, 2004) were used
in this research. An integrated processing algorithm, indicator differencing and-
thresholding and post-classification differencing, was applied to reveal the land
biophysical change and rangeland degradation, and a relevant biomass estimation
model was developed for the rangeland ecosystem based on other researchers’ work.
Meteorological data since the 1960s were incorporated in the analysis to avoid
false signals of degradation, as could arise from normal climatic variability. The
results show that to some extent land management policies have been instrumen-
tal in the protection and recovery of grasslands biomass production. On the other
hand, in the non-controlled and weakly monitored zones land degradation, in the
form of biomass loss due to desert extension, vegetation degradation, salinisation
and water-table decline has continued. This could be attributed to a combination
of both natural and human factors, such as lack of protection against strong winds,
collective grazing in the permitted rotation areas and previously controlled zones,
and over-pumping for agricultural and sand control activities. From this case study,
it seems that the effectiveness and rationality of land use policy depend on whether
it can coincide with the interests of the local people while conserving the envi-
ronment. Where there is a conflict between economic viability and environmental
sustainability, land degradation is inevitable.
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17.1 Introduction

Since they can directly and indirectly influence land resources exploitation, creation
of market and economic opportunities and the impact of policies on the ecosystem
degradation has been increasingly recognized as some of the main social drivers.
Although a certain number of researches have dealt with human-environmental
interaction by linking land use change revealed by remote sensing with human activ-
ity (Serneels and Lambin, 2001; Veldkamp et al., 2001; Verburg et al., 2002; Wu
et al., 2002; Wu, 2003b; Xie et al., 2005), few analyses have focused specifically on
the impacts of policies on land degradation. The objective of this paper is to conduct
a study, taking the Western Ordos Region in China as an example, to monitor the
biophysical response of ecosystems to the implementation of different land policies
through remote sensing using vegetation indices trajectories and biomass dynamics.

As a part of the Ordos Plateau and bordering the Loess Plateau on the south,
the Ordos region is administratively located in Inner Mongolia and adjacent
with Shaanxi Province on the southeast and Ningxia Province on the southwest
(Fig. 17.1). The region is mainly sandy rangeland interleaved with desert patches

Fig. 17.1 Location of the Ordos Region and its administrative units. Note: The basic administra-
tive unit shown in this figure in Inner Mongolia is Banner, which is equivalent to County in other
provinces
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and locally some pieces of cropland, and thus named the Mu Us Sandy Land. The
field investigations by Huang and Zhang (2006) identified as the main herbaceous
and shrub species in this sandy land Artemisia ordosica, Stipa bungeana, Juniperus
vulgaris, and Caragana intermedia.

The average annual precipitation is around 279 mm in the Banner Otog, of which
85% is concentrated in the period June–September. The wind blows mainly from
the northwest (230 days) and its speed exceeds 17 ms–1 during more than 40 days
per year. The highly concentrated rainfall and strong winds provoke soil erosion
and water loss by runoff. Due to an abundant good-quality coal resource under the
Plateau, as well as natural gas and oil reserves, Ordos has become in recent years
one of the national energy bases under the mid-to-long term national strategy “To
Develop the West”. The fossil fuel exploitation driven by this development, com-
bined with long-time human activities in grazing, deforestation and land reclamation
for agriculture driven by a number of different local and national policies, together
with medicinal herbs and fuel wood collection, have caused significant land use
change and land degradation (Jiang et al., 1995; Zhang and Wang, 2001; Wu et al.,
2005; Xu, 2006).

Among hundreds of national and local government policies, those related to,
or having influenced land use and management in Western Ordos are listed in
Table 17.1. Going back to their implementation dates, multi-temporal satellite
images were acquired for revealing land cover change and land degradation and
projecting biomass dynamics in time to understand the biophysical response of the
rangeland ecosystem to the implementation of these policies. The images dated

Table 17.1 Multi-temporal satellite images used in this study

Captors Scene
Acquisition
dates

Spatial
resolution

Mean
haze

Policy implementation
period

Landsat 5 TM
Landsat 5 TM
Landsat 5 TM
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 7 ETM+
Landsat 5 TM
Landsat 5 TM
Landsat 5 TM
Landsat 3 MSS
Landsat 3 MSS

Path-Row:
129-33

2007 Aug 10
2007 July 09
2006 Aug 07
2004 Aug 25
2002 Aug 20
1999 Aug 12
1991 Aug 30
1989 Sep 17
1987 Sep 20
1979 Oct 09
1978 Aug 21

30 m
30 m
30 m
30 m
30 m
30 m
30 m
30 m
30 m
56 m
56 m

28.90
30.07
35.28
13.18
13.78
31.06
27.87
38.11
28.24

13.13

Period 3: 2000–2001,
“Herbs collection
forbidden” and
“Grazing-forbidden
and -rotation
policy”

Period 2: 1987–1988,
Deng’s “Open and
reform” and
“Legalization of the
private economy”

Period 1: 1979–1985,
Nationwide
implementation of
Deng’s “Household
land tenure policy”
and issues of the
Decree of Grassland

Note: the haze values in digital count (DC) derived from the 4th Tasseled Cap feature are used for
atmospheric correction.



222 W. Wu and E. De Pauw

1978, 1987, 1999 are considered to represent the initial state of the land at the begin-
ning of each policy implementation period, and those of 2007 as representing the
current state (see Table 17.1).

17.2 Data and Methods

17.2.1 Data

Multi-temporal Landsat images and the initial implementation dates of different
policies concerning land use and management were compiled (Table 17.1) as well
as meteorological data, especially monthly and annual rainfall from 1960 to 2007
(station locations shown in Fig. 17.1).

17.2.2 Method for Biophysical Change Extraction

Among a number of available change detection approaches, the post-classification
differencing (Wu, 2008) and indicator differencing-and-thresholding algorithms
were selected. Image pre-processing included image-to-image rectification (RMS
error of 0.23–0.58 pixels), atmospheric correction using the COST model (Chavez,
1996; Wu, 2003b), transformation of the Enhanced Vegetation Index (EVI) devel-
oped by Huete et al. (1994) and the Normalized Difference Vegetation Index (NDVI)
proposed by Rouse (1973) and Tucker (1979). After pre-processing a differencing
and thresholding technique was applied to the EVI for the periods 1987–1999 and
1999–2007, and a post-classification differencing for the period 1978–1987 (overall
classification accuracy >95%). For more details on this change detection technique
is referred to (Wu et al., 2008). Here the emphasis is laid on the approaches for
grassland biomass estimation.

17.2.3 Biomass Estimation Models

To project the biomass dynamics in response to land use change and land degra-
dation in time, it is necessary to build up first biomass estimation models for the
corresponding land use/cover type, in this case, rangeland interleaved with desert
patches and croplands. In order to select an appropriate model, a comprehensive
review was undertaken of the available estimation approaches, which is summarized
in the following paragraphs.

Since 1980s a number of researchers have undertaken remote sensing-based
biomass estimation for rangeland, grassland and savannah in different regions, such
as Sahelian Africa (Tucker et al., 1983, 1985; Devineau et al., 1986; Justice and
Hiernaux, 1986; Prince and Tucker, 1986, Diallo et al., 1991; Prince, 1991; Wylie
et al., 1991 and 1995; Bénié et al., 2005), the grasslands in North America (Everitt
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et al., 1989; Merrill et al., 1993; Todd et al., 1998; Reeves, 2001; Reeves et al., 2001;
Wylie et al., 2002; Butterfield and Malmstrom, 2004), in South America (Flombaum
and Sala, 2007), in Inner Mongolia in China, and in Mongolia (Xiao et al., 1997,
Kawamura et al., 2003; Akiyama et al., 2005; Kawamura et al., 2005; Akiyama and
Kawamura, 2007; Ichiroku et al., 2008).

Tucker et al. (1985) found a strong correlation between the integrated satellite
data (e.g.�NDVI) of the growing season and end-of-season aboveground herba-
ceous biomass for the Western Sahelian region where tree cover is less than
10%. Based on field measurements Devineau et al. (1986) obtained a non-linear
relationship between herbaceous grassland biomass and NDVI, in the form B =
0.00216 NDVI1.7 (t ha–1, R2 = 0.927), where NDVI is in fact NDVI × 100.
Bénié et al. (2005) applied this equation to investigate the spatial-temporal dynam-
ics of the herbaceous biomass in Burkina Faso. Buerkert et al. (1995) noticed
that weed biomass is linearly correlated with NDVI in Niger in the form of B =
1.0417NDVI-0.2177 (t ha–1, R2 = 0.777).

Todd et al. (1998) used Tasseled Cap features (Greenness, Brightness and
Wetness), NDVI and TM band 3 (Red) to investigate the above-ground biomass
of the short-grass steppe of Eastern Colorado. They found that all of these indica-
tors are well correlated to standing biomass (R2 = 0.62–0.67) for grazed grassland
but that the Red indicator is more responsive (R2 = 0.70) than other indicators
for ungrazed grassland. Frank and Karn (2003) obtained non-linear relationships
between grassland biomass and NDVI in the Northern Great Plain in the form of
B = 2.698 + 3,709.449 NDVI3 (kg ha–1, R2 = 0.83, p ≤ 0.05) and found that NDVI
has good potential for use in predicting biomass and canopy CO2 flux rates for
grassland. Butterfield and Malmstrom (2004) also reported that NDVI was strongly
correlated with above-ground green biomass of grasslands in California throughout
the growing season (R2 = 0.78) and that a single NDVI-biomass function may be
applied to the grasslands up to the period of peak greenness.

While quantifying herbaceous biomass in rangeland ecosystems in western North
Dakota, Reeves (2001) worked out the relationship between biomass and NDVI,

resulting into the equation B = NDVI (65.0112)+
(∑

P(0.9) − (∑
Th

)2 (0.0013)
)

,

where B is the estimated biomass within each Thiessen polygon, NDVI is the
average NDVI for a given polygon,

∑
P is the summation of precipitation from 1

January to the date of ground sampling, and
∑

Th is the summation of thermal time
(TAVGdaily – 0) from 1 January to the date of ground sampling where TAVGdaily
is the daily average temperature. Reeves (2001) considered that the relationship
between grassland biomass and LAI is strongest when the biomass is at its peak
in July (R2 = 0.78).

Yu et al. (2004) analysed the relationship between above-ground net primary
production and annual rainfall in Inner Mongolia, China and found that peak above-
ground biomass (PAB) is positively correlated with the annual rainfall (PAB =
0.5515Rainfall-25.631, R2 = 0.684), in which the slope exceeds those obtained
from other dry regions in Africa and South America implying a higher rain-use
efficiency in Inner Mongolia. Kawamura et al. (2003) conducted biomass estima-
tion in the same area employing AVHRR NDVI and later these authors (Kawamura
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et al., 2005) used MODIS vegetation indices to undertake a similar study by estab-
lishing both linear and exponential relationships. For the live and total biomass
(including live and dead), these relationships are summarized in the regression equa-
tions of Table 17.2. It is clear from their study that for both live and total biomass
MODIS NDVI and EVI are of higher predictive power than the same indices derived
from AVHRR, and that NDVI gives a better result than EVI. Akiyama et al. (2005)
obtained a similar level of correlation between the live biomass and MODIS EVI in
the same region, with equation B = 18.722 exp (5.698EVI) (R2 = 0.744).

Table 17.2 Regression analysis results between biomass and vegetation indices (After Kawamura
et al., 2005)

Coefficient of
determination

Explanatory
variable Function type a b R 2

Average error
(g m–2)a

Total biomass
(dry matter
g m–2)
n = 30

AVHRR-NDVI Linear
Exponential

–58.23
11.13

571.37
6.07

0.53
0.64

± 54.24
± 36.65

MODIS-NDVI Linear
Exponential

–160.02
16.31

628.08
4.26

0.75
0.83

± 40.08
± 33.16

MODIS-EVI Linear
Exponential

–87.01
24.56

797.67
5.71

0.69
0.77

± 44.24
± 38.28

Live biomass
(dry matter
in g m–2)
n = 30

AVHRR-NDVI Linear
Exponential

–47.74
11.13

454.43
6.07

0.54
0.64

± 42.97
± 36.65

MODIS-NDVI Linear
Exponential

–127.00
12.15

495.98
4.36

0.74
0.83

± 32.31
± 25.70

MODIS-EVI Linear
Exponential

–73.39
18.35

644.10
5.86

0.71
0.80

± 33.75
± 28.48

Note: Linear-type: B = a + bX; Exponential-type: B = a∗Exp (bX); aAverage error is calculated
from the original “error sum of squares” by Kawamura et al. (2005).

Among the above mentioned models, the exponential one derived from MODIS
NDVI for total biomass, by Kawamura et al. (2005) in Inner Mongolia, B = 16.31
exp(4.26∗NDVI) (R2 = 0.83) produced the best fit with the field biomass data mea-
sured in Ordos: (1) desert steppe for the period 2002–2005 (9.5–175.1 g m–2 with a
mean of 56.6 g m–2) by Ma et al. (2008); (2) shrub-grassland within a range of 28–
236 g m–2 in Mu Us Sandy Land in 2006 by Cheng et al. (2007); (3) 50–100 g m–2

in the Banners of Otog and Otog Front in the period July–August 2007 by the local
government1; and 68–195 g m–2 (mainly 124–140 g m–2) in the enclosed grasslands
in the north Yanchi near Sanduandi of Otog Front by Shen et al. (2007). In addition,
Hu et al. (2007) investigated the spatio-temporal dynamics of aboveground net pri-
mary productivity (ANNP) in Inner Mongolia and reported the ANNP varying from
28.53 to 157.78 g m–2 a in the western part of the Mu Us Sandy Land. Hence this
model was selected for estimating the rangeland biomass for all other observation
years.

1Ordos Weather Bureau, 2008: http://www.imwb.gov.cn/qxinfo/stinfo/200803/773.html



17 Policy Impacts on Land Degradation 225

17.3 Results

The land degradation detection and multi-temporal biomass estimation results are
shown in Figs. 17.2 and 17.3. Several types of degradation were observed. The first
one is the southeasterly expansion of desert patches, especially in the non-controlled
zones, at a rate of 11–21 m year–1. In more detail, deserts and small patches
of sand dunes expanded depending on location by 120–240 m, 90–180 m, and
60–150 m, or 240–570 m in total, in the periods 1978–1987, 1987–1999 and
1999–2007 (Fig. 17.2) and swallowed the grassland on their southeast margins
where there were not enough shrubs (e.g., Caragana Korshinskii Kom and Salix
gracilior) to block sand movement. This extension is a result of wind blowing from
northwest, which occurs about 230 days per year. The second type is vegetation

Fig. 17.2 Land degradation in the Western Ordos (modified from Wu et al., 2008). Note: this
Figure shows (1) desert patches extending to the southeast (see the up-left zoom) along the dom-
inant wind direction from NW to SE and (2) grassland in degradation in the observed periods
1978–1987, 1987–1999 and 1999–2007. Sites A, B, C and D were selected to check and calibrate
the relationship between the biophysical feature changes (e.g., NDVI and biomass) and the annual
rainfall variation. According to our previous work (Wu et al., 2008), Site A experienced degrada-
tion in 1978–1989 but controlled in 1991–1999 and again degradation after 2002; Sites B and C
are protected or enclosed areas from grazing, no evident degradation was observed; site D suffered
degradation in 1987–1999 but recovered after 2002. Zooms Z1, Z2 and Z3 are examples showing
vegetation cover degradation around water points/settlements and Z4 a recovery (see Wu et al.,
2008 for detail)
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Fig. 17.3 Multi-temporal biomass dynamics in the Western Ordos

degradation around water ponds/settlements (with patch diameter varying from 300
to 1,600 m) and in some permitted rotation grassland, of which a part had previ-
ously been controlled. This kind of degradation is not stationary: in one period it
was observed in one place, and in another period in another place.

While discerning vegetation degradation in some places, we also observed sig-
nificant increase in vegetation vigor and cover (see Wu et al., 2008), especially in
the recent decade. This greening trend is attributed to the conversion from grass-
land to agricultural land (including farmland, plantations of economic plants such
as ephedra, licorice, etc.), and from natural grassland into pasture/forage land irri-
gated with underground water. Sand control in the sandy land and desert patches,
by planting grasses, shrubs and trees in a grid pattern, has also increased the green-
ness of land cover. This practice has to some extent restored a number of degraded
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patches around water ponds/settlements, although the greenness in these patches
has not yet reached the same level as the surrounding grassland after 20–30 years
recovery.

In order to uncover the spatio-temporal variability of the biophysical features
related to these land cover changes, and to understand the importance of human
intervention in provoking land degradation, four typical sites, marked A, B, C and D
(see Figs. 17.2 and 17.3 for locations), were extracted for checking biomass dynam-
ics against annual rainfall (Fig. 17.4). Of these, sites A and D suffered degradation,
whereas B and C experienced no significant change (see note of Fig. 17.2).

Fig. 17.4 Temporal biomass dynamics in the observed sites. Note: Left side graphs show biomass
dynamics against annual rainfall in the Sites A, B, C and D, right side ones reveal their relationships
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It was found that the average biomass production sensed by satellites in the sites
A and D is not well correlated to their annual rainfall (A1 and D1 in Fig. 17.4, R2 =
0.007–0.324). However, in the enclosed or protected sites B and C a strong positive
relationship exists between biomass density and the annual rainfall (B1 and C1 in
Fig. 17.4) with R2 values of 0.555–0.724, which are close to the correlation (R2 =
0.684) obtained by Yu et al. (2004) in Inner Mongolia.

17.4 Discussion and Conclusions

Land degradation as influenced by unfavourable land cover changes, is a compli-
cated phenomenon related to both natural and human factors. After weighing the
importance of the two groups of factors, Zhu and Liu (1989) concluded that the
anthropogenic factors account for 94.5% of the responsibility in provoking deserti-
fication in China. It is thus essential to analyse the impacts of human activities on
the environmental change and land degradation.

Heretofore, recognized human factors include overgrazing, population growth,
land reclamation, institutional weaknesses, irrational policies, land tenure, mar-
ket economy, water overuse, over-collection of fuelwood, over-excavation of wild
medicinal and edible herbs, exploitation of fossil fuel (coal, oil and gas), over-
hunting, culture and lack of education (Jiang et al., 1995; Erdunzhav, 2002; Enkhee,
2003; Wu, 2003a; Gai, 2007). However, not all of these socio-economic and cultural
factors had the same importance in effecting land degradation in history. Policies are
the underlying forces driving other kinds of socio-economic activities (proximate
causes) which directly lead to land use change, development of market economy
and new enterprises, and exploitation of natural resources in Ordos (Wu et al.,
2008).

In the past centuries, land reclamation from grassland for agriculture was,
despite unsuccessful outcomes, undertaken again and again, driven by different
national policies such as “Consolidating the frontier with immigrants from the
interior of the country for reclamation” in Dynasty Qing and “Giving prominence to
agricultural food production” in the period 1956–1974. Of little productivity under
the semi-arid and arid climate conditions, rainfed cropland was, after 2–3 years
of use (Enkhee, 2003; Wu, 2003a), often abandoned and exposed to soil ero-
sion and desertification. New land reclamation was conducted elsewhere for food
production. These practices constituted a vicious cycle “Reclamation-Cultivation-
Abandonment-Reclamation” leading to land degradation in the rangelands (Wu,
2003a). As Enkhee (2003) analysed, land reclamation, regardless of natural con-
ditions, might have been the major cause producing the initial state of the Hobq
Desert in the north and the desert patches in the Mu Us Sandy Land (see the up-left
zoom in Fig. 17.2 and the patches with biomass density < 0.3 t ha–1 in Fig. 17.4) in
the south in Ordos since the Dynasty Tang (A.D. 618–907). Unfortunately, neither
remote sensing images nor maps are available to back up this kind of historical land
degradation analysis.
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In the recent decades the impacts of policies can be analysed in a more tangible
way. In the period 1979–1984, Deng’s policy “Household responsibility for agri-
cultural production” and the promulgation of the “Decree of Grassland” in 1985
had greatly aroused the enthusiasm of peasants and raised the agricultural produc-
tion, but left the grassland in a situation “collective grassland and private cattle”
which lasts up to today. To gain more personal profits and income, each herdsman
had an incentive to raise as many animals as possible on the public land, inevitably
leading to a Chinese variant of “the Tragedy of the Commons” (Hardin, 1968) and
the “institutional defect” (Erdunzhav, 2002), which is the direct consequence of
“indefinite land property” (Gai, 2007). During this period, land degradation, despite
its localized character, occurred throughout the study area (1978–1987 VGT-D in
Fig. 17.2).

In 1987–1988, under the development strategy “Invigorating the domestic econ-
omy and opening to the outside world”, Deng’s “Open and reform” policy, and the
decree on “Legalization of the private economy”, hundreds of rural enterprises and
companies were established in Ordos, based on the region’s agricultural and pastoral
products like food, wool and natural resources (coal, oil, gas, medicinal and edible
wild herbs). Widespread collection of herbs for providing materials to these enter-
prises and for increasing family income induced local people to overturn the fragile
sandy soils in search for licorice roots (Glycyrrhiza uralensis) and Nostoc com-
mune var. Flagelliforme, leading to a large reduction in biomass production in some
areas and land degradation (e.g., see 1987–1999VGT-D and Site D in Fig. 17.2 and
Fig. 17.4d). One bright spot during this period was the spontaneous establishment
of an ecological construction enterprise – a non-governmental sand-control team –
composed of the local peasants and shepherds. The objective of this team was to
combat desertification by planting ephedra, licorice, Hedysarumleave, Caragana
korshinski, Artemisia sphaerocephala and Artemisia ordosica, sea-buckthorn, etc.,
in a grid pattern to restore the degraded land and protect the sandy land from degen-
eration, and simultaneously bring economic benefits for the local people. No doubt
this activity has greatly produced positive impacts on the environment, as evidenced
by the biomass increase in the period of 1989–1999 in Site A (Fig. 17.4a).

After 1999, with the inauguration of the national middle-to-long term strategy
“To Develop the West” in 1999, Ordos has become one of the National Energy
Bases, thanks to its abundant fossil fuel resources. With the exploitation of coal,
oil and natural gas and overuse of water in mining and agriculture, new forms
of land degradation took place, particularly oil pollution, cropland destruction,
water-table decline.2 Aware of this serious land degradation, the central government
promulgated a national order to “Forbid collection of herbs in grasslands” in 2000.
Complementing this national policy, the local governments of Otog and Otog Front
implemented a “Grazing-forbidden and -rotation policy with a subsidy system” in
2001 to treat grazing differently in different zones. The policies were implemented
by closure of large pieces of grassland for recovery and by conversion of parts of

2http://yudefu186.bokee.com/viewdiary.15081810.html
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highly productive grassland into pastures, cultivated with some aridity- and cold-
resistant forage grasses such as alfalfa (Medicago sativa) and Astragalus adsurgens
for animal breeding. As a result the previously open grazing became indoor dry-
lot feeding. With the added boost of favourable rains biomass has since increased
(e.g., Fig. 17.4). An interesting fact is that with the implementation of these poli-
cies, not only the vegetation vigour and biomass but also the cattle numbers have
increased. This has led to an improvement of household income of the local peoples
and their livelihood. The average per capita income of the rural people has increased
by 60.9 and 119.1% respectively in the Banners Otog and Otog Front from 2000 to
2005 (Wu et al., 2008). However in areas where communal grazing was permit-
ted or in the protected zones where surveillance was less effective, the grasslands
have suffered even more grave destruction due to overgrazing (1999–2007 VGT-D
in Fig. 17.2 and Fig. 17.4a), although the annual rainfall was normal in 2007.

In summary, the impacts of policy are complex and often entail positive and neg-
ative aspects, in terms of whether the policy can bring profits to the herdsmen and
farmers while protecting grassland from degradation. The evidence from Ordos sug-
gests that if there is a contradiction, land degeneration is unavoidable. The impact
assessment should be dialectically conducted from multiple dimensions, although it
is difficult to unravel the effects of overlapping policies.

This study attempted to assess the impacts of policy from a viewpoint of bio-
physical change, as revealed by remote sensing in the Western Ordos rangeland.
Despite its immaturity this technology provides interesting possibilities to look into
the interaction between changes in socio-economic activities, especially those that
are policy-driven, and the ecological system. In the absence of human intervention,
biomass productivity is completely associated with the natural conditions, such as
rainfall, temperature and radiation. When there is human intervention, this produc-
tivity is not any more related only to natural conditions but also to land use practices
and exploitation of land resources. This difference makes it possible to discern the
contribution of human impact on the rangeland productivity. This is one of the
advantages that remote sensing technology has brought us. Another fact revealed
in this case study is that it is possible for decision-makers to work out sustainable
grazing and rangeland use policy by controlling grazing intensity through carrying
capacity analysis based on biomass productivity estimation.

Land degradation is not an irreversible biophysical degeneration. It is produced
by implementation of unwise policies (e.g., land reclamation in the early of 1970s
Zhang and Wang, 2001; Enkhee, 2003; Wu, 2003a) or by exploitative activities
under rational policies (e.g., overgrazing in the permitted areas under the “graz-
ing forbidden and rotation” policy; overuse of underground water for planting trees
on the sand dunes to combat desertification). At the same time land degradation
can also be mitigated and reversed by reasonable execution of rational policies. For
example, the legalization of the private economy in 1988 not only promoted land
degradation but also gave rise to the sand control enterprise in the region, which con-
tributed significantly to the ecological recovery of the region. Similarly the “grazing
forbidden” policy implemented with subsidies to herdsmen has truly restored and
protected some grassland.
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Chapter 18
Assessment of Land Degradation and Its
Impacts on Land Resources of Sivagangai Block,
Tamil Nadu, India

A. Natarajan, M. Janakiraman, S. Manoharan, K.S. Anil Kumar, S. Vadivelu,
and Dipak Sarkar

Abstract A detailed cadastral level survey of land resources occurring in
Sivagangai block of Tamil Nadu state, India, covering an area of about 44,600 ha,
was carried out during the period 2006−2007. Based on this, 18 soil series were
identified and 103 phases mapped at 1:12,500 scale. The study revealed severe
sheet erosion on the uplands, heavy siltation of tanks and development of salin-
ity/sodicity at the lowlands as major causes for the drastic decline in productivity.
The study warrants systematic and timely efforts to arrest soil erosion on the
uplands, proper maintenance of tanks to increase the storage capacity and recharge
of the aquifers and providing drainage facilities to reclaim the lowlands and prevent
the development of salinity/sodicity in the study area.

Keywords Detailed soil survey · Land degradation assessment · Salinity
development · Sheet erosion · Soil series

18.1 Introduction

Tamil Nadu is the southernmost state of India. It is an agrarian state with more
than 60% of its people still depending on agriculture for their livelihood. Out of
the total geographical area of 13 million hectares, only about 50% is available for
cultivation. This limited cultivable area is under severe strain due to increasing pop-
ulation pressure and competing demands of various land uses. Because of this, there
is significant diversion of farmlands and water resources for non-agricultural pur-
poses. Further, degradation due to soil erosion, salinity/alkalinity, water logging and
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depletion of nutrients has already affected about 6 million hectares of land in the
state (Natarajan et al., 1997).

The degradation and diversion is continuing every year without any check and
needs to be corrected urgently to maintain the sustainability of the ecosystem.
For this, a thorough understanding of the factors and processes responsible for the
types of degradation observed at field level is very essential. Detailed site-specific
databases can help in assessing and treating the degraded lands in an effective
manner. The farm-specific database can be obtained by carrying out detailed char-
acterization and mapping of the available land resources such as soil, water, climate,
minerals and rocks, vegetation, crops, land use pattern, socio-economic conditions
and infrastructural facilities by using a suitable base map.

The land resources of Sivagangai block, like in other parts of the state, are facing
serious problems of degradation like severe soil erosion and nutrient loss in the
uplands, salinity, sodicity and water logging in the low lying and tank irrigated areas.
Earlier investigations carried out in the block were on a smaller scale (SS and LUO,
1994; Natarajan et al., 1997) and provided only general information on the nature of
the soils and other resources. Because of this, the extent and severity of degradation
could not be assessed properly. Thus, in order to assess the exact nature and extent
of various forms of degradation and its impact on land resources, cadastral level
survey was carried out in Sivagangai block during 2006 and 2007.

18.2 Materials and Methods

18.2.1 Study Area

The Sivagangai block is located on the northwestern part of Sivagangai district in
Tamil Nadu, India and lies between 9◦45′ and 10◦05′ North latitude 78◦19′ and
78◦33′ East longitude (Fig. 18.1). The total area of the block is 44,660 ha, which
constitutes about 10.7% of the total geographical area of the district. The block has
51 revenue villages.

Geologically, the block can be considered as an extension of the larger
Indian peninsular shield, which is composed of diverse rock types belonging to
Archaean period. Charnockite and granites (Igneous rocks), hornblende biotite
gneiss, garnetiferous-quartzo-feldspathic gneiss, quartzite (Metamorphic rocks) and
Cuddalore sandstone, conglomerate sandstone with shale, boulder bed conglomer-
ate shale and sandstone, alluvium and laterites (Sedimentary formations) are the
major rock types observed. Hornblende biotite gneiss occurs extensively while all
the others are limited in extent.

The elevation ranges from 80 to 120 m above MSL and the area is gently sloping
with a slope percentage ranging from 1 to 4. The general direction of the slope
is from northwest to southeast. Many small streams with a vast network of tanks
drain the block. All the tanks are seasonal and dependent only on rain. The block
forms part of the Inland Lateritic Plain in Tamil Nadu. Isolated hillocks, ridges,
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Fig. 18.1 Location map of Sivagangai block in Sivagangai district, Tamil Nadu

gently to very gently sloping uplands, lowlands and narrow valleys are the major
landforms identified in the area. Very gently sloping uplands occur extensively in
all the villages.

The climate is semi arid tropical and monsoonic type. The mean annual rainfall is
786 mm. The rainfall is erratic and not normal in many years, which varies from less
than 400 mm to more than 1,300 mm in the area. Major part of the rainfall (51%)
is received during the monsoon period. October, November and December are the
rainy months and May and June are the hotter months of the block (Fig. 18.2). The
soil moisture is dry in some or all parts of the soil pedon for 90 or more cumulative
days in most years. The soil temperature at 50 cm depth is more than 22◦C and
the difference between mean summer and mean winter soil temperature is less than
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5◦C. The growing period is about 4 months in a year. However, the probability of
getting normal rainfall is only about 40% and hence, the growing period becomes
shorter in 6 out of 10 years in the area.

Large tracts of cultivable lands are lying fallow due to non-profitability of agri-
culture. The net area sown is reducing every year (<20% at present) and fallow lands
occupy large parts in all the villages. Cultivation is confined mostly in the tank-
irrigated areas. Paddy, sugarcane, groundnut, banana, pulses, coconut and chillies
are the major crops cultivated in the lowlands and short duration cereals, pulses and
oilseed crops in the upland areas.

18.2.2 Methodology for Database Generation

The detailed soil survey of the villages was carried out by using cadastral maps
of 1:12,500 scale as a base in conjunction with remote sensing data products
of the same scale. Based on geology, drainage pattern, surface features, slope
characteristics and land use, landforms and physiographic units were identified and
profiles (755) were studied in transects for all the units (Natarajan et al., 2002). The
soil and site characteristics were recorded on a standard proforma (Soil Survey Staff,
1993).

Based on the soil-site characteristics, the soils were grouped into 18 different soil
series. Soil depth, texture, colour, amount and nature of gravel present, calcareous-
ness, presence of limestone, nature of substratum and horizon sequence were used to
identify different soil series occurring in the area. Based on variations observations
on surface texture, slope, erosion, presence of gravels, salinity, sodicity etc., phases
of soil series were identified and mapped. Soil samples were collected from repre-
sentative pedons and characterized for particle size separates, soil reaction, electrical
conductivity, free calcium carbonates, organic carbon, cation exchange capacity and
extractable bases by standard recognised procedures (Jackson, 1973).

The soil maps were finalized separately for each village and the block map was
prepared later by subjecting them to both cartographic and categorical generaliza-
tions (Fig. 18.3). The soil maps of the villages and other inputs collected during the
survey were used to identify the constraints like shallow soil depth, erosion, gravel-
liness, calcareousness, salinity and sodicity in the area. Based on the interpretation,
various land degradation maps were prepared by using GIS software.

18.3 Results and Discussion

Based on the survey, 18 soil series with 103 phases were identified and mapped.
Out of this, eight soil series occur in the lateritic uplands and 10 in the lowlands.
Out of the 103 phases mapped, 61 occur in the uplands and 42 phases in the low-
land areas of the block (Natarajan et al., 2007). As per Soil Taxonomy (Soil Survey
Staff, 2003), all the upland soils are grouped into Alfisols and lowland soils under
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Fig. 18.3 Soil map of Sivagangai block, Sivagangai district, Tamil Nadu

Inceptisols (Table 18.1). Profile development is very well expressed in the upland
soils.

In the lateritic uplands, out of the eight soil series mapped, Sivagangai,
Malampatti, Idayamelur and Kandangipatti series occur extensively, occupying
about 90% (15,264 ha) of the upland area (Table 18.1). Tamarakki, Tamaraikulam,
Salur, Melapoongudi, Nalukottai and Kilathari series are the major lowland soils
(14,224 ha) of the block. The phsico-chemical properties of major soils of the block
are given in Table 18.2. Brief description of the major soil series identified in the
block is given below.

18.3.1 Soils of Lateritic Uplands

Sivagangai series consists of very deep (>150 cm), dark red, well-drained, non-
calcareous soils with gravelly clay texture. The gravel content ranges from 35 to
70% and increases with the depth of the soil. These soils occur normally on the
lower part of the lateritic uplands. Thin patchy to thick continuous clay skins are
noticed in all the subsoil horizons. This series is severely affected by sheet and rill
erosion and in many villages surface layer and major part of the subsoil is eroded
(Fig. 18.4).

Malampatti series consists of deep (100−150 cm), reddish brown, well-drained,
non-calcareous soils with gravelly clay texture. The gravel content (>35%) increases
with depth in the subsoil. These soils occur on the middle and lower part of the
uplands with a slope gradient of 1−3%. The texture of the surface soil is dominantly
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Table 18.1 Classification of the soils identified in Sivagangai block

Soil series Family or higher taxonomic class Area (ha)

Lateritic uplands
1. Koovanipatti (Kv) Clayey skeletal, mixed, isohyperthermic Rhodic

Paleustalfs
304.75

2. Kandangipatti (Kp) Clayey skeletal, mixed, isohyperthermic Rhodic
Paleustalfs

1, 575.46

3. Idayamelur (Im) Clayey skeletal, mixed, isohyperthermic Rhodic
Paleustalfs

2, 822.06

4. Malampatti (Mp) Clayey skeletal, mixed, isohyperthermic Rhodic
Paleustalfs

5, 802.38

5. Sivagangai (Sv) Clayey skeletal, mixed, isohyperthermic Rhodic
Paleustalfs

5, 063.85

6. Keelapoongudi (Kl) Fine, mixed, isohyperthermic Rhodic Paleustalfs 413.10
7. Illuppakudi (Ip) Fine, mixed, isohyperthermic Rhodic Paleustalfs 452.93
8. Usilankulam (Uk) Fine, mixed, isohyperthermic Typic Haplustalfs 442.71

Lateritic lowlands
1. Pillurani (Pl) Fine, mixed, isohyperthermic Typic Haplustepts 59.77
2. Valthupatti (Vp) Fine, mixed, isohyperthermic Typic Haplustepts 252.07
3. Tamaraikulam (Tk) Fine, mixed, calcareous, isohyperthermic Aquic

Haplustepts
3, 053.84

4. Tamarakki (Tm) Fine, mixed, calcareous, isohyperthermic Vertic
Haplustepts

3, 295.15

5. Salur (Sl) Fine, mixed, calcareous, isohyperthermic Oxyaquic
Haplustepts

3, 153.65

6. Perungudi (Pg) Fine, mixed, calcareous, isohyperthermic Typic
Haplustepts

436.09

7. Pulikulam (Pk) Fine, mixed, isohyperthermic Typic Haplustepts 772.65
8. Melapoongudi (Mg) Fine, mixed, isohyperthermic Typic Haplustepts 1, 796.68
9. Nalukottai (Nk) Fine, mixed, calcareous, isohyperthermic Aquic

Haplustepts
1, 917.78

10. Kilathari (Kt) Fine, mixed, calcareous, isohyperthermic Aquic
Haplustepts

1, 007.16

loamy with less than 15% gravel. The texture of the subsoil is either sandy clay or
clay with thin patchy to thick continuous clay skins. It is the dominant upland soil
of the block and occurs in all the villages. Sheet erosion is severe in many places in
this soil.

Idayamelur series consists of moderately deep (75−100 cm), dark red or dark
reddish brown, well-drained upland soils with gravelly clay texture. The gravel con-
tent (35−70%) increases with depth of the soil. Surface texture is dominantly loamy
with gravels observed in many places. Thin patchy to thick continuous clay skins
are noticed in the subsoil. Severe sheet erosion is observed in many areas of this
series.

Kandangipatti series consists of moderately shallow (50−75 cm), dark red or
dark reddish brown, moderately well drained, calcareous (only in the subsoil)
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Fig. 18.4 Severe soil loss
due to sheet and rill erosion in
Sivagangai series, S.No. 11,
Cholapuram village,
Sivagangai block

gravelly to extremely gravelly clay soils occurring on the lower part of the uplands,
bordering lowlands. Few to common calcium carbonate nodules are observed in the
subsoil of this series.

18.3.2 Lowland Soils

Tamaraikulam series consists of deep (100−150 cm), greyish brown, somewhat
poorly drained, calcareous, clay soils occurring in almost levelled lowlands. Surface
cracks, mottlings, calcium carbonate nodules, angular blocky structure and pres-
sure faces are commonly observed. These soils are subjected to flooding for a
short period. The organic carbon ranges between 0.1 and 0.7% and Ph from 8.4
to 8.9, which increases with the depth of the soil. The calcium carbonate nodule
also increases with depth and below 100 cm the nodules range from 20 to 40%. The
ESP is less in the first two layers (about 6%) and increases sharply to about 18%
from third layer onwards (Table 18.2).

Tamarakki series consists of very deep (>150 cm), greyish brown, poorly drained,
calcareous, clayey soils occurring in almost level low lands. These soils develop
deep wide cracks in summer months. Reduction mottlings, angular blocky structure
and pressure faces are noticed in the lower part of the subsoil. Calcium carbonate
nodules occur after 100 cm depth. Reaction with dilute Hydrochloric acid is slight to
violent in the surface soil. In the “Bk” horizon, the calcium carbonate nodules range
between 20 and 40%. The ESP ranges from 7 to 16% and increases with depth of
the soil.

Salur series consists of very deep (>150 cm), greyish brown, somewhat poorly
drained, calcareous, clayey soils occurring in low land areas. Reduction mottlings
and pressure faces are noticed in the subsoil. Calcium carbonate nodules occur after
100 cm depth. These soils are flooded for a short period.

Melapoongudi series consists of very deep (>150 cm), dark yellowish brown,
moderately well drained, non-calcareous, clayey soils occurring in the low lands.
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Fig. 18.5 Degraded sodic soils with columnar structure, Nalukottai series in S.No. 77, Arasani
village, Sivagangai block

The surface soil contains less than 15% gravels and subsoil less than 35% gravels.
Calcium carbonate nodules are absent. In the lower horizons, common and many
iron gravels are noticed. The organic carbon (ranges from 0.1 to 0.8%) decreases
regularly with depth. The EC is less than 1 dS m−1

Nalukottai series consists of moderately deep (100−150 cm), dark greyish
brown, poorly drained, strongly calcareous, very strongly alkaline, sodic soils with
clayey texture. Many calcium carbonate nodules are noticed from 50 cm onwards.
The soils are flooded frequently during the rainy season. It is one of the most
degraded soils of this tract. It is affected by severe sodicity with well-developed
columnar structure (Fig. 18.5). The pH is 9.5 in the surface and 9.7 in the subsoil.
The EC is 1.8 dS m−1 in the surface and increases to 3.9 dS m−1 in the subsoil. The
ESP ranges from 20 to 24%, which is the highest among all the lowland soils of the
block.

Kilathari series consists of very deep (>150 cm), greyish brown, poorly drained,
calcareous, very strongly alkaline, sodic, clayey soils occurring in nearly level low
lands. Reduction mottles, pressure faces and columnar structures are noticed in the
subsoil. Calcium carbonate nodules increase with depth. These soils are frequently
flooded. The pH ranges from 9.1 to 9.5, EC from 1.3 to 2.2 dS m−1 and ESP from
18 to 23, showing an increasing trend with the depth of the soil. Severe sodicity and
salinity phases of this series were mapped in many villages.
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18.4 Causes for the Degradation of Resources

The detailed survey has brought out clearly that severe soil loss in the upland areas,
heavy siltation of the tanks, invasion of prosopis (Prosopis juliflora) and other weeds
in the tank beds and development of salinity, or alkalinity or sodicity in the lowlands
are the major causes responsible for the severity of the degradation observed in the
block.

18.4.1 Degradation Due to Soil Erosion

Among the major types of degradation identified, soil erosion is the most serious
problem and a major cause for the loss of productivity in the upland areas of the
block. Practically no parcel of land in the villages surveyed is left intact by this
scourge. The erosion is either severe or moderate in most of the areas and slightly
eroded soils occur only in patches.

In many soils, the intensity of erosion is so severe that it is difficult to see even
a thin layer of soil left intact. But yet in many places there is no visible mark or
sign of erosion seen at the surface. This is because of the nature of erosion, which
is predominantly of sheet wash type. Since sheet erosion leaves no visible marks
like rills or gullies, its impact is not assessed properly and often they are missed or
ignored in the field, which generally results in under estimation of soil loss at field
conditions.

Sheet erosion removes mostly the finer particles like silt, clay, organic matter and
nutrients from the surface. If it is not checked, particularly in the initial stages, this
leads to the complete removal of the surface soil first and then the subsoil from its
place of occurrence and resulting, ultimately, in the accumulation of only coarser
particles like sand, gravel, pebbles or stones at the surface (Fig. 18.4). The presence
of large amounts of gravel at the surface of many upland soils is a clear indication
of the extent of damage already caused by sheet erosion in the block.

Sheet erosion is also responsible for the reduction of soil depth in many upland
soils. The slow removal of finer soil materials over a period of time is responsible
for the occurrence of relatively shallow soils with coarser texture in many places.
But this effect cannot be noticed easily at the surface. Only careful observation and
comparison of similar soils at different locations can reveal this fact. The presence
of thin soil layer followed by gravelly layer or completely exposed gravelly layer
at or near the surface in many phases of the soils mapped is due to the prolonged
removal of soils by sheet erosion in the block.

Generally, most of the upland soils in the block are characterized by the pres-
ence of large amounts of iron gravel or gravelly layer at some depth in the solum.
These iron gravels form generally at deeper layers, due to the prevalence of alternate
oxidation and reduction conditions. Even a short period of reduced environment is
sufficient to bring the iron into circulation. At the interface between the oxidation
and reduction zones, the reduced iron is oxidized and deposited as nodules. The
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continuation of this process leads to the formation of a thick nodular layer in the sub
soil. The occurrence of distinct iron nodular layer after 100 cm depth in Illuppakudi,
Keelapoongudi and many other upland soils is due to the existence of the condi-
tions elaborated earlier. These nodules once formed are generally non reactive and
resistant to any change in the soil.

Due to the existence of uncontrolled sheet erosion, in many areas, the soil mate-
rial is completely eroded leaving only the dense and compact iron gravelly layer
exposed at the surface. Since this process of erosion occurs over a period of time
and there is no obvious mark or sign seen at the surface, we fail to realize the seri-
ousness of the damage caused by this type of erosion in time. Only when all the
soil material is eroded and the gravelly layer is exposed completely, we realize, sud-
denly, the extent of damage caused. But the damage is already done and it becomes
too late to initiate any effective conservation measures in the field. The presence of
large quantities of gravel at the surface, occurrence of exposed iron nodular layer
or ironstones in many areas and dark coloured manganese coated indurated material
near or at the surface are due to the effect of large scale uncontrolled sheet erosion
prevalent in the block.

Generally, neglect of sheet erosion leads to the development of rills and gullies
later. Next to the sheet erosion, significant amount of soil is eroded from the uplands
due to rill erosion. Gully erosion is not common in this block and confined mainly
to the lower part of the uplands. Since rills and gullies are noticed easily in the
field, more attention is given in the various conservation programmes to check their
spread, but maximum soil loss is due to sheet erosion, which needs to be tackled
urgently.

Due to long neglect and lack of conservation, erosion has become a serious prob-
lem of this. If timely measures were initiated to control the effect of erosion, it would
not have caused such a damage and soil loss. Actually, controlling erosion is not a
difficult task in a terrain like this. The gently to very gently sloping landscape looks
almost like a plain area with the slopes ranging from less than 1−3%. With such
gentle and long slopes, even a simple structure like farm bunding is sufficient to
arrest the runoff and minimize the loss of soil considerably. Construction of costly
conservation structures is needed only in areas having deep rills or wider gullies and
such gullied lands occur only in a limited extent in the block.

18.4.2 Degeneration of Tanks

Tank irrigation is an age-old practice in this area. The numerous tanks dotting this
landscape have formed the lifeline of agriculture for centuries. The well-developed
and intricately linked tank irrigation system is in total decay due to the neglect and
misuse. Almost all the tanks are heavily silted at present due to unchecked erosion
from the uplands. Silt accumulation not only reduces the storage capacity but also
the percolation of water downwards. This is because, once the silt settles down at
the bottom of the tank it closes almost all the pores and channels thus preventing the
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movement of water further into the ground water or any other aquifer nearby. Due
to this, the ground water recharge is very much affected and whatever little water
is stored in the tank is also lost due to evaporation. Almost all the tanks are in the
same state.

Added to this is the misuse of tank beds for social forestry, brick making and ille-
gal encroachment. The ill-conceived idea of planting trees in the tank bed reduces
not only the storage capacity, but also completely prevents taking up of any desilta-
tion work. Most of the tree species planted have a very high evapotranspiration rate,
which results in huge loss of stored water. During poor rainfall years, the situation
becomes much worse and whatever little water stored in the tank is not sufficient
even to meet the evapotranspiration needs of the trees grown in the tank bed.

Another serious threat is the encroachment of the tank bed by Prosopis. Almost
all the tanks in the block are encroached by this fast spreading species. It is a heavy
feeder with very deep root system, which extracts large amounts of water for growth.
This depletes the water level very fast from the tank bed and also from the surround-
ing areas. If the tanks have to serve the twin purposes of irrigation and recharge
of the aquifers in the future, then controlling erosion from the uplands, desilting
of the tank beds, removal of all the encroachments in the tanks, removal of social
forestry plantations and complete eradication of prosopis from tank beds are to be
undertaken urgently in this area.

18.4.3 Development of Salinity/Alkalinity in the Lowlands

The widespread occurrence of both salinity and alkalinity in the tank irrigated low-
land areas of Sivagangai block, is mainly due to the neglect of the irrigation and
drainage system and consequent degeneration of the tank network over a period of
time. Due to this, more than 85% of the lowland soils have developed moderate
to severe alkalinity and the remaining soils are already showing signs of alkalin-
ity in the block. As per the survey, out of the total area of about 15,745 ha in the
lowlands, about 3,000 ha have become already barren due to severe alkalinity prob-
lem, approximately 10,650 ha area is affected by moderate to strong alkalinity and
another 2,100 ha area is showing mild alkalinity condition.

The development of salinity in the lowlands is due to the slow build up of salts in
the soil, rise in ground water level and poor water management techniques followed
in the command areas. Weathering and soil formation is a continuous process in any
area. Normally, the salts released by weathering and carried by the runoff water is
either deposited in the low-lying areas and depressions or leached further down in
the profile. The leached salts may be completely removed from the soil or it may be
deposited at some depth in the profile depending upon the amount and intensity of
the rainfall.

In Sivagangai area, the total amount of rainfall (about 800 mm) is quite sufficient
to leach most of the salts formed from the uplands. The occurrence of well-drained
soils in the uplands clearly indicates the extent of leaching in the upland areas. Out
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of the eight soils identified in the uplands, all are well drained except one series,
which has calcium carbonate in the substratum and occurs in the transition zone.

In the lowlands, the leached salts are either deposited at the surface or leached
into the soil, ground water or into the streams and rivers downstream. All this
depends on the amount of rainfall, slope of the land, texture and permeability of
the soils and provision of free drainage in the area. Since the slope is negligi-
ble and permeability of the soil is low due to clayey texture, complete leaching
and removal of salts from the soil is not possible from the lowland area. Due to
this, salt concentration is always more in the lowland soils compared with upland
soils. So, salt accumulation is a continuing process in the lowlands of the block,
albeit slowly. Continued accumulation of salts has led to the formation of a compact
layer/substratum at some depth as seen in some of the lowland profiles.

This is reflected by the high pH, EC values and calcium carbonate content of the
lowland soils when compared with the upland soils (Table 18.2). All the lowland
soils have moderate to very high pH (7.9 to more than 10), slight to moderate EC
values (up to 4 dS m−1) and moderate to high calcium carbonate content, indicating
the extent of salt accumulation in the lowland areas of the block.

Mere build up or increase in the concentration of salts in the soil will not make
the soil saline or will automatically lead to the development of salinity in any area.
Salinity will not develop as long as the drainage of the area is free. So, the mech-
anism that triggered the formation of saline soils in the area is the rising ground
water table. In the lowlands of Sivagangai block, poor drainage, heavy texture and
presence of hard substratum at some depth in the soil hamper the free flow of water
and help in the build-up of the ground water level. Due to this rise, the salts present
in the soil becomes mobile and move along with the rising ground water to the sur-
face and gets deposited after precipitation, resulting in the formation of saline soils,
which is very widespread in this block. In these soils, the pH is less than 8.5, EC
around 4.0 dS m−1 and ESP less than 15.

In many lowland soils, the salinity is moderate to severe. It is very widespread
in the lowlands of Panaiyur, Pillur, Ponnakulam, Sendi Udayanathapuram, Kovanur,
Arasani and Arasanur villages. The occurrence of salt affected soils in the block can
be clearly seen from the Resourcesat imagery of the area around Panaiyur village
(Fig. 18.6). The white tone of the imagery indicates vast tracts of salt affected areas
in the block. Adopting proper water management techniques in the field can prevent
salinisation.

18.4.4 Formation of Sodic Soils in Sivaganga Block

The removal of salts and replacement of other cations in the exchange complex
by sodium has resulted in the formation of sodic soils in the area. In saline soils
mapped, calcium and magnesium are the dominant ions and the exchange complex
is saturated with either calcium or magnesium ions, even though sodium ions are
also present in the soil. When the salts are removed, particularly from the surface
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Fig. 18.6 Salt affected soils
seen as a white tone on the
FCC imagery from
Resourcesat LISS-IV/P6,
Panaiyur area, Sivagangai
block, Sivagangai district,
Tamil Nadu

layers, either by leaching due to irrigation or any change in the surface or subsurface
hydrology, the exchange complex is slowly replaced by sodium ions. This leads to
the dispersion of clay because of the highly deflocculating property of the sodium
ions.

Once the clay is dispersed, it starts moving from the upper layers to the subsoil
below. In the process, the pores present in the lower layers are slowly filled with the
finer clay material from the surface, resulting in the formation of a dense, almost an
impermeable layer in the subsoil. At this stage, the properties of both surface and
subsoil are completely altered. Due to the removal of clay and other finer materials,
the surface texture becomes coarse and development of columnar structure becomes
prominent (Fig. 18.5) Below this depth, the structure is completely destroyed and
the horizon becomes massive and almost impregnable even when it is wet. At this
stage, the soil becomes almost sterile and cannot support any vegetation. Only few
halophytes, which are resistant to high concentration of salts, can thrive in such
soils. Continuation of this process has led to the widespread occurrence of sodic
soils in the block.

In Sivaganagi block, such sodic soils are seen in many villages, particu-
larly in Panaiyur, Pillur, Ponnakulam, Sendi Udayanathapuram, Kovanur, Arasani,
Muthupet and Arasanur villages. Out of the ten soil series identified in the block,
Kilathari and Nalukottai soils, occupying about 3,000 ha in the block (about 19%
of the lowland area) are seriously affected by this problem (Fig. 18.7) These soils
are commonly seen in association with saline soils in the surveyed villages. In many
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Fig. 18.7 Map showing the areas affected by salinity and sodicity in Sivagangai block

places, it is difficult to separate sodic soils from that of saline soils in the field due
to their close association.

Normally sodic soils are observed in depressions or low-lying areas when com-
pared with the occurrence of saline soils in the field. Due to high pH and ESP values,
whatever little amount of organic matter present in these soils are also dissolved,
giving rise to dark colouration to the surface soils in many places. Even the colour
of the irrigation water is changed to dark brown due to the dissolution of the organic
matter from these soils. These soils are lying almost barren and sodicity is emerging
as a serious problem in the remaining lowland areas of the block.

18.5 Conclusions

The large scale mapping of the land resources occurring in the rainfed semi arid
plains of Sivagangai block, covering an area of 44,660 ha, was carried out to iden-
tify the nature and exact extend of land degradation occurring at each and every
parcel of land in the area. The survey helped in identifying site-specific problems
of the area, which was not possible from the earlier small-scale surveys. In regard
to the database, severe soil erosion in the uplands, heavy siltation of the tanks and
development of large-scale salinity and sodicity in the lowlands are the major causes
for the severity of the degradation observed. The degradation has drastically affected
the productivity of the resources and because of this the cultivable area has come
down to less than 10% of the total area in the block. Since the problems of the
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area are linked with each other, only an integrated management strategy will help in
restoring the degraded resource base to its original glorious past.
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Chapter 19
New Approaches in Reclamation of Degraded
Soils with Special Reference to Sodic Soil:
An Indian Experience

R.K. Isaac, D.P. Sharma, and N. Swaroop

Abstract The study was conducted in sodic soil (alkali soil) having pH 10.5 and
ESP 35.0 for reclamation with graded doses of gypsum applied with press mud
organic matter and bio amelioration by planting forest tree species along with forage
grasses. The highest yield was obtained at 50% gypsum (CaSO4, 2H20) application,
which was comparable with gypsum applied at 25% gypsum requirement (GR)
value with press mud in the rate of 10 t ha–1. It is inferred that bio-amelioration
resulted not only in decreasing pH but also in substantial improvement in organic
matter and available P in the soil. This technique was found viable and eco-friendly,
meaning that could be expanded on large scale in the country with the participation
of farmers. Because of impeded drainage conditions, moisture retention at low ten-
sion near saturation assumes importance in alkali soils. Leaching of excess soluble
salts by addition of water through frequent irrigation is helpful for reclaiming sodic
soils.

Keywords Sodic saline soil · ESR · Acid-sulphate · Soil quality · Hydraulic
conductivity · Indo-Gangetic plain

19.1 Introduction

Land degradation is a key environmental challenge that has the potential to threaten
future viability of the agricultural system In India. Soil degradation, conversion of
agricultural use, and urbanization has decreased the per capita arable land (Mishra,
2005). Land degradation as a function of natural environments, land use and its
management includes evaluation of different land use categories for data collection
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and assessment that need to be confronted with traditional land use policies. Limited
water availability, climate variation and injudicious use of agricultural resources
threaten the future of India’s agriculture and increase the risks of soil degradation.

The soil resources of India are enormous as nine out of twelve soil orders of
USDA Soil Taxonomy occurs in the country (Mishra, 2005). Table 19.1 shows the
soil resources and soil related constraints. However, soil related constraints are espe-
cially critical in arid, semi-arid and hilly region. Important constraints are low soil
fertility and nutrient depletion, physical degradation and accelerated soil erosion.
Application of ecological principles like land use capability classification involving
ecological factors such as soil depth, texture, slope, production potential, population
pressure, and water availability provide important inputs for effective land manage-
ment alternatives. The limitation in land use affects the adoption of agricultural
practices, water application methods and soil and water conservation measures for
optimum crop production and sustainable land use.

Due to unabated wide spread land degradation of different kinds almost 187.7
million hectares in India are affected at unacceptable level. Among these, the salt-
affected soils encompass millions of hectares with largest area in the state of Uttar
Pradesh. More than 50% of the salt affected soils in the world are sodic, and their
larger extension occurs in Australia. The expansion of irrigation and especially the
use of poor quality irrigation water have aggravated the situation.

In earlier reports Abrol and Bhumbla (1971) reported 7 million hectares of salt
affected soils occurring in different parts of the country. Bhumbla (1975) classified
the distribution of these soils into six different classes viz, sodic, saline, potentially

Table 19.1 Soil resources of India and soil related constraints

Soil order

Land area
(million
hectares)

Percentage of the
total area Soil-related constraints

Alfisols 44.29 13.5 Weak soil structure, crusting, compaction,
erosion by water

Aridisols 14.07 4.3 Drought stress, nutrient depletion, wind
erosion, desertification, secondary
salinisation

Entisols 92.13 28.0 Erosion, nutrient depletion, low soil organic
matter

Inceptisols 130.37 39.8 Erosion, low soil organic mater nutrient
imbalance

Mollisols 1.32 0.4 (no constraints)
Ultisols 8.25 2.5 Erosion by water, nutrient imbalance,

acidification, P fixation
Vertisols 27.96 8.5 Massive structure, poor tilth, drought stress,

water erosion
Histosols 0.002 – High organic matter
Other 9.67 2.95
Total 328.06 100

Source: Velayutham and Bhattacharya (2000)
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saline, coastal saline, deltaic saline and saline acid sulphate soils. It is to be noted
and emphasized that Abrol and Bhumbla (1971) reported only barren uncultivated
saline/sodic soils while projecting figures of 7.0 million hectares salt-affected soils,
but they did not include 2.2 million hectares area of Rann and Kutch, which is an
extensive saline marsh area where wild life exist, salt manufacturing is the main
industry and cattle grazers abound. In case they had included this area, the total
extent of salt effected soil in India would have been 9.0 million hectares.

The situation is rather critical. Out of the large arable area of 329 million
hectares, 187.7 million hectares are degraded at different categories and threats
and this is of major concern. About 95.65 million hectares of cultivated land suf-
fers from physical degradation, out of which shallow soils cover 25.02 million
hectares, hard soils cover 20.35 million hectares and highly permeable soils cover
10.77 million hectares. Soils with high mechanical impedance at shallow depth
cover 10.63 million hectares, slowly permeable soils cover 9.43 million hectares
and area with other physical constraints is 9.45 million hectares (Yadav, 1996)

Table 19.2 shows the states of Haryana, Punjab, Uttar Pradesh and Bihar that are
largely the most salt-affected states. This was verified by remote sensing method-
ology adopted for the purpose of delineation of various types of salt-affected areas.
Survey shows that large fertile land areas are being affected by salinization and alka-
lization due to expansion of furrow irrigation and water mismanagement greatly
contributes to soil degradation through increasing salinization, sodification and
water logging. (Estimates indicate that world wide 20% of irrigated land suffers
from salinity/sodicity and water logging). Suri (2007) states that chemical degrada-
tion by salinization or alkalinization is reported to extent to 10.1 million hectares

Table 19.2 Severity and extent of soil degradation in the states of Haryana, Punjab, Uttar Pradesh
and Bihar (million hectares)

Severity of degradation

Degradation process Low Medium High Very high Total area

Water erosion 148.9
(a) Loss of top soil 27.3 99.8 5.4 132.5
(b) Terrain – 11.8 – 4.6 16.4
Wind erosion 13.5
(a) Loss of top soil 0.3 5.5 0.4 – 6.2
(b) Loss of top soil/terrain

deformation
– 4.6

(c) Terrain deformation/
over-blowing

2.7 2.7

Chemical deterioration 13.8
(a) Loss of nutrients 3.7 – 3.7
(b) Salinisation 2.8 7.3 – 10.1
Physical deterioration 11.6
(a) Water logging 6.4 5.2 11.6
Total area 36.8 137.9 8.5 4.6 187.8

Source: Sehgal and Abrol (1994)
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Table 19.3 Land degradation statistics in India

S No. Agency/Organisation Year

Area affected by
land degradation
(million hectares) Criteria for delineation

1 National Commission on
Agriculture (NCA)

1976 175.00 Based on secondary data
only

2 Ministry of Agriculture,
GOI

1985 173.64 Based on the land
degradation statistics for
the states

3 National Bureau of Soil
Survey and Land Use
Planning (NBSS&LUP)

1994 187.70 Mapping on 1:4.4 million
scale based on Global
Assessment of Soil
Degradation (GLASOD)
guidelines

4 Ministry of Agriculture,
Department of
Agriculture and
Cooperation

1994 107.43 Based on the land
degradation statistics
from the States

5. National Bureau of Soil
Survey and Land Use
Planning

2004 147.80 Mapping in 1:250,000 scale
and GLASOD method

(Table 19.2) and the problem is increasing at an alarming rate in the canal irrigated
areas. The industrial effluent, sewage sludge and agro-chemical residues, either
in-situ or through the ground water resources are also degrading the soils.

Table 19.3 shows the differences that could be found when various sources of
reporting and information are used to assess the extension of land degradation.
The great differences are a source for concern and point out the need for unified
methodologies to evaluate accurately the extent the of land degradation.

19.2 Characteristics of Sodic Soils

Sodic soils not only have adverse chemical and physical properties for plants but
also poor tilth due to high soil loss (> 9.0 pH and high ESP >15). The virgin sodic
soils depict advanced state of deterioration with distinct crust of alkaline earth car-
bonates. Sodic soils, truly called non saline-sodic soils exhibits water-soluble salts
less than 4 dS m–1 and in absence of water soluble salts, are highly dispersed and
impermeable to both water and air. The infiltration rate of sodic soils remain less
than 0.5 cm day–1 due to sealing of water conducting pores which decreases steeply
at an ESP of 15 attaining maximum fall up to 40 ESP, beyond which only marginal
decrease in hydraulic conductivity occurs. Soil surveys in India in sodic soils have
indicated the presence of loamy texture up to about 1 m depth below which lay a
calcic horizon. This creates problems for tillage that could be possible over a nar-
row moisture range. Due to sodium saturated illuvation the formation of clay argilic
and/or nitric horizons in such soils of Indo-Gangetic plains are common.
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19.2.1 Genesis of Sodic Soils

Several studies have confirmed the occurrence of sodic soils (Table 19.4) in micro
depressions in parts of Indo-Gangetic Plains (IGP). These have developed primar-
ily through weathering of plagioclase feldspar through hydrolysis and carbonation
processes (Bhargava and Rajkumar, 2004). Feldspar happens to be a common con-
stituent of sodic as well as non-sodic soils. Although the IGP has very gentle
slope gradients, there exist micro depressional position all over the plain with net
difference in elevation in the range of 30–60 cm. The synthesis of Na2CO3 and
NaHCO3 primarily occur through weathering followed by several reactions like
cation-exchange leading to Na saturation of most parts of the soil profile, precip-
itation of Ca and Mg as their carbonates and hydrolysis of exchangeable Na during
infiltration of rain water, further augmenting the formation of sodium carbonate.
The study conducted at the experimental farm in Karnal (Haryana state) established
clearly that all alkali (sodic) areas occurred specifically in low lying depressions,
frequently receiving runoff wash and passing through repeated cycles of wetting
and drying, while the soils occurring at elevated sites not influenced by wetting and
drying cycles remained relatively free of sodicity problem, although situated in close
proximity with the ones affected.

Table 19.4 Recent estimated of sodic soils in Indo-Gangetic plain (India)

State Area of sodic soils (.000 ha)

Jammu & Kashmir 20.0
Punjab 190.0
Haryana 255.7
Rajasthan 9.5
Uttar Pradesh 5,000.0
Bihar 229.0
Total 5, 705.1

Formation of sodic soils has taken place in micro-depressions but is not related
to greater in-situ weathering of plagioclase. It is, in fact, related to accumulation
of surface runoff water charged with alkali carbonates in these depressions. These
bio carbonates (HCO3

–) turn to carbonate (CO3
2–) as the soils passes through the

drying phase. The hydrolysis of feldspar produces alkali bicarbonates and car-
bonates. It was further established on the basis of studies conducted at Central
Soil Salinity Research Institute, Karnal, Haryana state in India that watering of
aluminium-silicate minerals and dual factors of micro-relief and climate facilitate
seasonal flooding and evaporation of the accumulated runoff wash play a critical
role in the formation of sodic soils.

19.2.2 Properties of Salt-Affected Soils

Salt-affected soils in India occur in three different categories (1) saline soils (2)
saline-sodic soils and (3) Non saline-sodic soils. Saline soils occur in several parts
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but most typically in the coastal area. This type of salt-affected soils contain high
amount of water soluble salts of Cl, SO4, NO3, of Na, K, Ca and Mg. Due to high
content of water soluble salts, the osmotic pressure of soil water show high electrical
conductivity (>4.0 dS m–1) and pH <8.2. The main problem in such soil is that due to
excessive pH, water-soluble salts do not permit normal growth for many crop plants.

Non-saline-sodic soils are characterised by high pH (>8.5) and low water soluble
salts (low electrical conductivity EC <4.0 dS m–1). The salts are alkaline in chemical
properties. The exchangeable sodium percentage is greater than 15, which make the
soil to be in dispersed conditions when irrigation water is applied. In some parts
of India, non-saline alkali (sodic) soils occur in patches with dark grey colour that
has been found due to solubilization of soil organic matter content by strong alkali
produced due to hydrolysis of sodium and potassium. The experiments conducted
in non-saline sodic soils in Phulpur tehsil of Allahabad district of UP (India) and
Kumarganj Faizabad in the vicinity of agricultural university farm and farmers field
(1978) showed dark grey to whitish colour identified as non-saline sodic soil high
in pH (>9.9). We describe below in detail the saline sodic soils.

19.2.2.1 Physical Parameters – Diagnostic Criteria for Saline Sodic Soils

Physical soil attributes as diagnostic criteria for sodicity problems were described
as early as 1916 (Gedroiz, 1916) based on the concept of soil base exchange. Sodic
soils occurring in IGP are highly dispersed in nature and on the degree of disper-
sion that is positively correlated with ESP (r = 0.896) and dispersion coefficient of
6.23 against ESP (= 15). The excess of exchangeable Na deteriorates soil structure
through the process of swelling, dispersion and slumping of soil aggregates through
wetting and drying (Mullins et al., 1990). Clay dispersion causes the blocking of
soil pores at more than 50% (Gupta and Narain, 1971), reduces conductivity and
soils exhibit poor soil water relations. Sodic soils are dense and compact having a
bulk density of 1.6 g cc–1, which may be 0.1–0.2 units higher than the normal soils.
Reclamation treatments have been found to reduce the bulk density in the surface
but insignificantly in the subsurface soils (Acharya and Abrol, 1978; Gupta and Jha,
2000).

A positive correlation was found between ESP/pH and bulk density with r =
0.627 and a value 1.54 g cc–1 has been found corresponding to sodicity of pH 8.5.
The most favourable bulk density for wheat growth was recorded as 1.35 g cc–1

(Singh and Gupta, 1971; Acharya and Abrol, 1978). Due to impeded drainage con-
ditions prevalent in alkali soils, moisture and low tension near saturation assumes
importance. Moisture at higher suction (0.05 Mpa and above) assumes little impor-
tance in view of the extremely low hydraulic conductivity of alkali soils at these
suctions (Acharya and Abrol, 1975).

pH-ESP Relationship

Sodic soils cause more deleterious effect on plants due to high pH (pH >9.0) and
high exchangeable sodium percentage (ESP >20). In the state of UP, defective use
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of ground water has caused aggravating water logging problem with the fluctuat-
ing water table within 1.0 and 1.5 m depth. Deteriorations due to high pH, salt
content and degree of sodium saturation values show gradual decrease with depth
(Table 19.5).

Table 19.5 Typical characteristic properties of a sodic saline soil in Indo-Gangetic Plains (India)

Sodic soil Saline soil

Soil depth
(cm) pHe EC (dS m–1) ESP Texture pHe EC (dS m–1) ESP Texture

0–10 10.0 15.0 85 Sandy
Loam
(SL)

7.2 56.0 3 Sandy
Loam
(SL)

10–25 10.1 11.6 76 7.4 24.0 4
20–50 9.7 4.8 60 7.6 6.0 9
50–75 9.6 1.5 50 7.9 5.7 7
75–90 9.3 2.0 30 7.3 5.0 3.0

Under natural conditions a good correlation has been found between pH and ESP
in the sodic soils (Govinda Iyer et al., 1963; Kanwar et al., 1963; Singh et al., 1971;
Agarwal and Tripathi, 1974). Normally, ESP of 15, electrical conductivity of 4.0
dS m–1 or less and pH of 8.5 and above are considered the critical limits for dis-
tinguishing a sodic from non-sodic soil. In the recent past criteria for distinguishing
sodic soil from non-sodic soil, ESP of 15 and pH of 8.5 has been advocated by some
scientists. Abrol et al. (1980) also advocated these criteria with slight modification
in pH (8.2) and ESP (15–20) but it must not be forgotten that pH 8.2 is not alkaline
as even neutral salts could produce pH values as high as 8.5. Even in calcareous
soil the abundance of lime (CaCO3 >8.0%) does not permit the pH to go more 8.5.
Hence, the research data obtained by Sharma (2004) support the criteria of ESP of
15 and pH 9.2 for distinguishing sodic soils from non-sodic soils.

Gupta and Narain (1971) provided the theoretical basis for the relationship
between pH and ESP for sodic soils (Fig. 19.1). They observed that the exchange-
able sodium ratio (ESR) of sodic soils containing CaCO3 could be defined by P
CO2, selectivity pH coefficient, ionic strength and soluble sodium concentration.
Using a selectivity coefficient of 0.345 (moles L–1)–1/2 for Na-Ca exchange, ESR
could be calculated for degraded sodic soils as follows:

log ESR = pH − 5.236 + 1/2 log CO2+log (Na) + 0.51
√

u

Sodic soils occurring in the Indo-Gangatic plains of India are highly dispersed in
nature and the degree of dispersion is positively correlated with ESP (r = 0.896)
and dispersion coefficient of 0.23 against ESP 15 (Khosla et al., 1973; Sadhu et al.,
1980).
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19.3 Reclamation Measures and Technologies for Improvement
of Sodic Soils

Reclamation measures adopted for amelioration of sodic soils in India include
the use of gypsum (CaSO4, 2H2O) and Pyrite (FeS2). These reclaiming mate-
rials have been applied based on specific soil gypsum requirements. The graded
doses of gypsum alone and in combination with organic materials such as compost,
farmyard manure (FYM), Pressmud, sugarcane trash, water hyacinth, and wheat
straw have better potential effects in the reclamation of both sodic and saline sodic
soils.

The horizontal approach for increasing crop production through reclamation
of large areas of sodic soils in the country to make them suitable for cultivation
seems to be inevitable for food security due to the fast growing population of
India. Being a costly and non-renewable natural resource, gypsum inputs neces-
sitates to be the supplemented with local available organic amendments. The
decomposing power of sodic land is lower than that of normal cultivated soils
(Bajpai and Gupta, 1979). Quite often, due to low yield, the efficiency of added
chemical fertilizer is very low and unprofitable in such soils. Reclamation of
alkali/sodic soils basically requires neutralization of alkalinity and replacement
of most of the sodium ions (Na+) from the exchange complex by the most
favourable fertilizer use efficiency. Besides, chemical amendments such as gyp-
sum/pyrite, organic amendments and green manures could be used to reclaim these
lands.
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19.3.1 Amendment Requirements

The quality of an amendment required for reclamation of an alkali soil depends on
the exchangeable Na to be replaced and depth of the soil to be reclaimed. This qual-
ity is often referred to as gypsum requirement (GR) of the soil. Equivalent amount
of any amendment can be calculated on the basis of conversion factors. While each
amendment has a place in reclamation, effectiveness under different soil conditions
is governed by several factors, the principal ones being the alkaline earth carbonates
(CaCO3) and the pH. Acid or acid formers react immediately with limestone natu-
rally present in the sodic soils to provide soluble calcium. Materials such as sulphur
or iron pyrite must first be oxidized to produce acid, which slowly dissolves native
calcium carbonate present in the soil.

19.3.1.1 Relative Reclaiming Efficiency of Chemical and Organic
Amendments

The reclamation of sodic soils with abundant Na2CO3 and NaHCO3 that upon
hydrolysis produce alkalinity leads to high pH and ESP causing poor physical prop-
erties. The reduction replacement of exchangeable Na by Ca ion and the Na ion is
thus leached out of the soil root zone. Sodic soils developed in the Indo-Gangetic
plains invariably contain free CaCO3 concretions (locally called Kankar) throughout
the soil profile. For reclaiming a sodic soil, CaCO3 concretions play an important
role. Reclamation can be accomplished by chemical and organic amendments. The
result of the experiments conducted at experimental stations has shown that graded
doses of different amendments viz. sulphuric acid, nitric acid, pressmud (carbona-
tion and sulphitation processes) gypsum, aluminium sulphate, ferrous sulphate and
FYM were used for the reclamation of sodic soils.

Experiments have showed that gypsum applied at the rate of 12–15 Mg ha–1

(50% GR for 0–15 cm soil), is sufficient to initiate the reclamation process in rice-
based cropping systems. Field studies have also shown also that gypsum dose could
be reduced from 50 to 25% GR when organic matter viz. FYM@ 20 Mg ha–1 was
also applied. Reduction in pH and ESP changes in various treatments indicated that
soil improvement was better in the surface layers in rotation having rice as one
of the crops. The use of iron pyrite (FeS2) was also found to be equally effective
and is more beneficial in soils having calcium carbonate concretions in the topsoil.
India has large reserves of pyrite (FeS2) of sedimentary origin containing 10–40%
sulphur in the form of FeS2. Native calcium carbonate in sodic soils reacts with the
acid formed to generate soluble Ca2+, which replaces exchangeable Na+ from the
exchange complex of the soil.

The technology developed for reclaiming sodic soil depends on the proper choice
of amendments. Experimental results have shown that both amendments proved
effective in increasing grain yield of both rice and wheat but the grain yield after
application of pyrite was lower than those after gypsum application. Since the north-
ern state of Bihar adjacent to Uttar Pradesh has large reserves of iron pyrites, this
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amendment could be used to accelerate the reclamation process of the sodic and
saline-sodic soils of this region. Pyrite of 5 mm size gave significantly higher yield
of rice and wheat as compared to 10 mm size, but it needs to be applied under moist
conditions for its fast reaction or oxidation.

The role of organic materials was more pronounced at lower quality of gypsum
requirement (25% + FYM 10 t ha–1) followed by gypsum applied at the rate of 50%
GR. Both FYM and pressmud (by product of sugar industry) were found better in
comparison to rice straw, wheat straw and fly ash with respect to physical properties
of soil as well as yield of crops.

Bio-inoculants organic amendments integrated with gypsum were tried for the
reclamation of sodic soils and their efficiency was tested on the yield of rice and
wheat at Etawah district of Uttar Pradesh (Gupta and Jha, 2000). These were eight
treatments consisting of rice straw, pressmud, water hyacinth with bio-enounlant
and with gypsum applied @ 25% GR value. Rice and wheat yield increased
significantly due to bio-inoculation with press mud and water hyacinth.

19.3.2 Acid – Sulphate Soils

These soils occur in coastal areas of India and in other areas with similar conditions
having high organic matter content influenced by the intrusion of seawater or by the
presence of sulphates under reduced condition that favour their formation. These
soils occur in Kerela, Sunderbans area of West Bengal, Coastal Orissa and Andman
and Nicobar Islands. These soils are characterized by very low pH, plant growth is
poor due to less availability of Ca, N2, Mg, micro nutrients and toxic elements like
Al and Fe. These soils are rather difficult to manage due to intense degradation.

19.4 General Conclusions on Management and Improvement
of Sodic Soils in the Indo-Gangetic Plains

Soils of Indo-Gangetic plains of India (IGP) by large have been assessed for their
high productivity and still this alluvial plain constitutes the country’s granary bas-
ket. Of the total 17.1 million hectares canal irrigated area, 1.38 million hectares
falls in Haryana, 1.36 million hectares in Punjab, 3.08 million hectares in UP, 1.10
million hectares in Bihar and 1.5 million hectares in Rajasthan. Water from the
Himalayan rivers was harnessed by the British government to augment food pro-
duction and to ward off recurrence of famines. But due to faulty planning in its
wake, the canal irrigation caused secondary salinisation/sodification under certain
typical environmental situations.

Salinity has become a very serious problem for India. The change in the hydrol-
ogy with the addition of extra irrigation water has disturbed the hydrologic balance
of the fertile land in several parts of Uttar Pradesh state inside the Indo-Gangetic
plains. When subsurface water fills the soil profile and the water comes to the soil
surface, it enters a stream, or forms a wetland. Where evaporation is the only outlet



19 New Approaches in Reclamation of Degraded Soils with Special Reference 263

to a wetland, the evaporating water leaves behind all the salt. Salts in the soil con-
tinue to accumulate over time if they are not continuously or periodically removed.
The repeated application of irrigation water adds the salt concentration.

Management of saline soils includes leaching of excess soluble salts, lowering
of water table depth, selection of suitable crops and improved land management
practices. Leaching reduces the root zone salinity to a desired level through removal
of excess salts. Subsurface drainage is also an effective tool for lowering the water
table, removal of excess salts and prevention of secondary salinization.

Drip and pitcher methods are very useful for saline soils as they add water
directly into the root zone at controlled rates and even saline water can be used
under these methods without any detrimental effect on crop growth (Bandopadhyay
et al., 2001 ) owing to dilution of salts at the root zone. Yield reduction in saline soils
can be minimized through selection of salt tolerant crops and different planting tech-
niques that can reduce the salt stress on plant growth. A better salinity control can
be achieved by using sloping bed seeds planted on the sloping side just above the
water line. Alternate furrow irrigation is advantageous as the salts can be displaced
beyond the single seed row (Michael, 1978).

Sodic soils are characterized by low intake of water or normally less than 5 mm
day–1 and therefore these soils are suited to lowland rice cultivation without pud-
dling. Reclamation was found to improve infiltration but much below the level
of normal soil when the subsoil was dense and equally alkaline (Gupta and Jha,
2000). Since such soils have very slow permeability, their hydraulic conductiv-
ity (HC) is 1/10–1/50th of normal soils. After 4 years of reclamation, saturated
hydraulic conductivity of the surface soil was found to have increased significantly
but improvement in sub-soil was nominal (Gupta and Jha, 2000) and HC was found
to be negatively correlated with pH/ESP. Only a slight decrease in saturated HC was
noticed as ESP increased from 5 to 14 but any further increase in ESP brought a
sharp decline in HC.

Shallow rooting, greater moisture extraction from the surface layers, low upward
water flux, etc result in rapid depletion of moisture in the surface in sodic soils
affecting plant growth and the frequent demand of water to soak the shallow root
zone. Light and more frequent irrigation is therefore needed in alkali soils. Heavy
irrigation leads to water stagnation and lower yield. If the soil gets improved in
deeper layers (i.e. from drainage), the crop is relieved of the greater moisture stress
by downward improvement in water flow (Acharya et al., 1979).

Though the effects of sodic waters on soil degradation and crop yields have been
reported extensively, only a few selected waters were tested and these did not inter-
acted the effects of water quality parameters. It is therefore, imperative that adverse
water qualities containing alkali salt ions be mixed with good quality water before
used for irrigating sodic reclaimed land. Additionally, poor water quality could be
improved with additions of soluble Ca2+ by dissolved gypsum (CaSO4.2H2O) to
lower the high SAR value of water since dissolved electrolytes do help in the recla-
mation of sodic soil without any dispersing effect on soil properties. High irrigation
frequency with low irrigation depth has been found beneficial to improve yields of
most of the crops grown in the sodic soils.



264 R.K. Isaac et al.

Rice/wheat improving system for 1–2 years after reclamation has been found
quite effective for sodic soils. The water requirement for rice cultivation even under
continuous submergence is appreciably lower. It is, thus, appreciated that sustain-
ability of crop yield is more effective on long term basis with low water requirement
with rice-wheat/rice-barley legume cropping system. Rice is preferred as first crop
in alkali soils as it can grow under submergence, can tolerate fair extent of ESP
and can influence several microbial processes in the soil, which can improve soil
physical and chemical properties along with additional returns on long-term basis.

Long-term experiments of planting forest tree species and forage grasses such as
Brachiaria mutica, Leptochloa fusca and Setaria sphacelata have shown positive
results in improvement of sodic soils. Planting of salt tolerant cultivars, drainage,
leaching out of salt, graded use of gypsum, pyrite application at gypsum require-
ment values on land irrigated with sodic water have proved to be viable and an
efficient approach with huge potentials for exploiting sodic land for crop pro-
duction. Application of pressmud (sugarcane by product) with graded doses of
gypsum proved beneficial for production of rice and wheat (Table 19.6). Pressmud
is available in abundance in India.

Grain yield of rice and wheat showed significant increase in the yield at various
doses of gypsum and pressmud. The highest yield was at 50% gypsum requirement
which was comparable with gypsum at 25% GR + Pressmud @ 10 t ha–1. The yield
performance was at par with the application of organic matter at the same level of
pressmud.

In a long-term experiment, bio-ameliorative effects of agro-forestry on sodic soil
were studied. Soil samples were taken from a 5-year-old agro-forestry plantation
field for determination of pH, organic carbon and available P (Jackson, 1973). The
experiment showed a sharp decline in pH and alkalinity and conspicuous increase
in organic carbon and available P content in the soil (Table 19.7).

The highest reduction in ESP was found with Acacia nilotica + forage grasses
followed by Prospis juliflora and Eucalyptus tereticornis. Survival of all species
was excellent which ranged from 72 to 100%. The maximum height was attained by
Eucalyptus tereticornis, followed by prospis juliflora and Acacia nilotica indicating
their high adaptation ability in such environments.

Some grasses like Deplache fusca (Karnal grass), Bracharia mutica (Para grass)
and Cynodon dactylon (Bermuda grass) have been reported to produce 50% yield

Table 19.6 Relative efficiency of graded doses of gypsum with press mud on yield of rice and
wheat grain (Qha–1)

Treatment combination Rice Wheat

Control 10.5 08.5
Gypsum @ 50% GR 34.40 26.50
Gypsum @ 25% GR + PM @ 10 t ha–1 34.90 26.45
Gypsum @ 25% GR + PM @ 7 t ha–1 29.50 22.80
Gypsum @ 25% GR + PM @ 5 t ha–1 28.00 19.00
Gypsum @ 25% GR + OM @ 10 t ha–1 34.42 25.80
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Table 19.7 Changes in soil properties

Treatment pH (1:2) EC (dS m–1) OC (g kg–1) Av. P (kg ha–1) ESP

T0 Control 10.5 2.8 6.0 35.0
T1 Prospis Juliflora 9.5 7.0 10.5 12.0
T2 Eucalyptus tereticornis 9.6 8.0 11.2 14.0
T3 Acacia nilotica + forage

grass
9.0 12.0 12.2 10.2

at ESP level above 30, while Leptochloa fusca can grown in sodic soil with ESP
as high as 80–90 (Kumar and Abrol, 1988). Among the various forest species eval-
uated, Casuarina equisetifolia (Soru), Eucalyptus tereticarnis (Safeda), Leucaena
leucocephala (Subabul), Dalbergia sissoo (Shisam) were found to be most suitable
for fuel, fodder and timber, respectively. For the reclamation of salt affected and
water logged lands, aforestation with tree species like Eucalyptus spp. Prospopis
juliflora, Acacia nilotica, Azadirachtra indica, is proven to be effective (Sharma,
2004).

Jain et al. (2002a) reported that growing two salt-tolerant species, viz., Albizia
procera and Acacia auriculiformis for a year reduced the pH (9%) exchangeable
Na (39%) and ESP (36%) and increased the soil organic carbon (88%), exchange-
able Ca (58%), Mg (37%) and CEC (24%). The reduction in Na, Ca was more
under Acacia auriculiformis (55%) than in Albizia procera (46%). Similar trend was
observed with Azadirachta indica and Pongamia pinnata showing a better efficacy
on a degraded silty clay loam soil with high sodicity (Jain et al., 2002b).
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Chapter 20
Soil and Water Degradation Following Forest
Conversion in the Humid Tropics (Indonesia)

Gerhard Gerold

Abstract Indonesia’s annual deforestation rate of –1.2% is dramatic compared for
example to Brazil’s 0.4% loss of forest cover. Sulawesi region of Indonesia still
has a forest cover of 48%, but as population has been growing by 66% over the
past 2 decades, massive land cover transformations are going on that have changed
the land cover pattern and consequently soil and water resources of the region are
altering as well. Since 2001, we investigate the impact of forest conversion on the
water balance, nutrient losses and soil erosion of a small mesoscalic tropical catch-
ment, which is integrated into the long-term interdisciplinary collaborative project
STORMA (www.storma.de). The study was conducted in a small mountainous
catchment, which is located at the north-eastern border of the Lore Lindu National
Park Central of Sulawesi. The Nopu catchment (51S 01757231E, 9867683 N) cov-
ers an area of approximately 2.6 km2. Since 2001 the catchment is monitored with
three weirs (automatic stage recorder), one climate station and six rain gauges.
Traditional slash & burn cultivation is predominant and heavy machinery is not
used. At two sub-catchments (rainforest weir 3, slash & burn weir 2) changes in
river discharge and nutrient outputs with time and differences were analysed since
2002. As indicators for land degradation we studied the changes of infiltration rate,
water flow path (increasing interflow and surface flow) and soil nutrient output with
river discharge. In the Nopu catchment slash & burn activities increased mainly
since 2003/2004 with forest reduction until 2007 in the sub-catchment weir 2 from
87% (2001) to 26% forest cover (2007). Due to forest conversion, river discharge
increased from 9 to 17% for the period 2002/2003–2005/2006 mainly driven by
increase in overland flow and quick interflow. Three scenarios (forest/cacao/slash &
burn (corn with cassava)) were simulated with the application of the water balance
model WASIM-ETH. Simulation results supported the experimental results showing
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an increase from 8% to 17% annual discharge for cacao and slash & burn scenario
and give insight into the changing discharge components. The increase in overland
flow leads to an increase in soil erosion with doubling of suspended sediment out-
put from 2003 to 2005. Also, higher soil nutrient leaching and increase in quick
interflow has caused an increase by ratios of 1.5–1.9 of the main cations (Ca, Mg,
K) and nitrogen (TNb) in the sub-catchment partially deforested compared to the
natural forest sub-catchment. After 2005/2006, land degradation indicators of sus-
pended sediment output and soluted nutrient output indicate a “stabilizing effect”
with decrease due to land use change to cacao agroforestry in the mid slopes of the
catchment.

Keywords Rainforest conversion · Tropical catchment · River discharge simula-
tion · Solute nutrient output · Suspended sediment output · Sulawesi-Indonesia

20.1 Introduction

Indonesia’s annual deforestation rate of –1.2% is dramatic compared for example
to Brazil, which exhibits only a 0.4% loss of forest cover (FAO, 2003). Sulawesi
still has a forest cover of 48%, but as population has been growing by 66% over the
past 2 decades massive land cover transformations are going on that are chang-
ing the land cover pattern. Consequently soil and water resources of the region
are altering as well. Rainforest conversion, predominately into annual cultures and
cacao-systems, was intensified in Central Sulawesi during the last decade. Since
2001, we investigated the impact of forest conversion on the water balance, on
nutrient losses and on soil erosion of a small mesoscalic tropical catchment, which
is integrated into the long-term interdisciplinary collaborative project STORMA
(www.storma.de).

Besides many plot related studies on soil erosion for different land use types
in the tropics (Van Dijk and Bruijnzeel, 2004) long-term catchment studies on
changes of water balance components and nutrient losses with forest conversion
are rare. Considering the increasing stress for water resources of developing coun-
tries in the humid tropics due to rapid deforestation rates and climate change, there
is an urgent global research need for humid tropical hydrological and associated
mesoscalic catchment processes (Leemhuis et al., 2007). According to Abbot and
Reefsgard (1996) spatially distributed and time-dependent hydrological modelling
is of outermost importance (“the conditio sine qua non”) for investigations in this
area.

Therefore the main questions to be answered are: (1) how does forest conver-
sion affect main water balance components and river discharge, and (2) how does
forest conversion effect suspended material and soluble nutrient output of a small
mesoscale tropical catchment.
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20.2 Material and Methods

20.2.1 The Study Site

The study was conducted in a small mountainous catchment, which is located at the
north-eastern border of the Lore Lindu National Park, Central Sulawesi, Indonesia.
The Nopu catchment (51S 01757231E, 9867683 N) covers an area of approximately
2.6 km2, of which 86% are situated within the borders of the National Park. The
catchment area receives an annual mean precipitation of around 2,500 mm without
any clear dry season and the altitude ranges from 600 to 1,400 m a.s.l. with steep
slopes at the upper catchment (Fig. 20.1).

Based on soil mapping for the whole catchment, Eutric and Dystric Cambisols
(FAO, 1998) with fairly high cation exchange capacity (7–14 cmol kg–1 in B-
horizon) and base saturation of 45–90% are the dominant soil types formed on
andesite and granite parent materials (Kleinhans, 2003; Mackensen et al., 1999).
The catchment was divided into three sub-catchments, each of them representing
different stages of land use. About 20 years ago smallholders started to establish
cacao plantations in the lowlands (subcatchment A, weir 3). The middle part (B,

Fig. 20.1 Nopu catchment with instrumentation and land cover classification 2004. Sub-
catchment B with weir 2 (W2) is forest conversion catchment, sub-catchment C with weir 3 (W3)
is the reference forest catchment (natural rainforest)
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weir 2:650 m–950 m.a.s.l.) is dominated by ongoing forest conversion with patches
of annual crops, pasture and agro-forestry. Rainforest is found for most of the upper
area (C, weir 3) of the catchment (Fig. 20.1, Gerold et al., 2004).

Since 2001, the catchment is monitored with three weirs (automatic stage
recorder), one climate station and six rain gauges. Data are recorded regularly on a
10 min basis. Furthermore, soil moisture measurements (TDR system) are used for
the main land use types such as cacao and slash & burn (maize) and natural forests, 4
times week–1 at 29 field points. Additionally lysimeter stations with measurements
of seepage nutrient concentrations in the soil depth of 30/60/90/120/150/180 cm are
installed (weekly samples). Since 2007, thorough rates and nutrient fluxes in two
cacao- and one natural forest site in relation to open area input (incident rainfall) are
investigated. Plot measurements on soil erosion were conducted for the main land
use types in 2005 and 2006. Traditional slash & burn cultivation is predominant in
the area and heavy machinery is not used.

20.3 Methods

Since 1999/2000 the middle part of the catchment is dominated by ongoing forest
conversion with patches of annual crops, agro-forestry (cacao) and secondary forest.
The lowest part is used for cacao plantations for the last 15–20 years but rainforest
still remained dominant in the upper part of the catchment (above 900 m a.s.l.).
Increasing forest conversion in the catchment was studied by satellite image detec-
tion (Quick Bird images from 2001, 2004, 2007, Fig. 20.1) validated with ground
check and quantitative change detection for the main land cover types (object based
image classification with eCognition V.30). For two sub-catchments (rainforest C,
weir 3, slash & burn B, weir 2) we compared the changes in soil moisture, river
discharge and nutrient output.

In 2001 in the context of the hydrological project, two automatic weather stations
(AWS) with rain gauges (Friedrich Germany, 0.1 mm resolution, 5-min data inter-
val) and four rain-gauge stations (tipping bucket system, Friedrich Germany, 0.2 mm
resolution, 10-min data interval) were installed in the catchment from 620 until
1,075 m a.s.l., to investigate the pattern of spatial and temporal rainfall distribution
(Fig. 20.1).

For the river discharge and hydro-chemical composition measurements, three
composite (rectangular-rectangular-trapezoidal) cross section weirs were con-
structed for each sub-catchment (Fig. 20.1). They were built up at the outlet of
the total catchment (weir 1, A), slash & burn sub-catchment (weir 2, B) and natu-
ral forest sub-catchment (weir 3, C) (Fig. 20.1). For each weir, water levels were
recorded with automatic stage recorders since November 2001. Additionally, flow
velocity measurements were carried out to establish a stage-discharge relationship
for each weir (for details see Kleinhans, 2003; Lipu, 2007). At weir 2 (forest con-
version sub-catchment) and weir 3 (forest sub-catchment), multi-parameter sensor
(MPS-D SEBA Hydrometry, Germany) including measurements of temperature,
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electric conductivity, pH, O2-content, water level and turbidity (in NTU) every
10 min were installed in November 2001. The turbidity sensor has a sensitivity of
0.5 NTU and the scale of measurement ranged from 0 to 1,070 NTU, at weir 2, and
from 0 until 975 NTU at weir 3. The water stage data was used for corresponding
time-intervals as a reference to control the turbidity value (Lipu, 2007).

For the determination of dissolved nutrient concentration (hydro-chemical
parameter) manual weekly samples were taken at weir 2 and 3 from river discharge
and analysed for the main cations, anions, pH, EC and DOC. Event based flood
samples were taken manually.

For the measurements of suspended load concentration it was possible to install
at weir 2 an automatic water sampler (ISCO 7200, USA, 24 bottles) with regular
water samples for normal river discharge (base flow), 2 times week–1 (Monday
and Thursday, 24 h) and for flood events (storm flow, water level ≥10 cm at
weir 2, ≥5 cm at weir 3) with 15 min time interval (6 h) (October 2004 until
December 2005). At weir 2 and 3, manual water samples for base flow and storm
flow (same day and hour as weir 2) were launched from May 2003 until December
2005 (Lipu, 2007). Liquid suspended sediment samples were filtered (0.45 μm)
and then weighed as oven dry sediment (mg l–1) at the STORMA laboratory. Since
November 2001 weekly and event triggered manual river discharge samples (1 l bot-
tles) were taken for soluble nutrient output calculation. After filtration (0.45 μm) all
chemical analysis were done by the STORMA-laboratory at Tadulakko University,
Palu, Central Sulawesi, Indonesia. Ca; K; Mg; Na; Si were analysed using an ICP-
OES Optima 2000 DV (Perkin Elmer). Minimum concentration for calibration was
0.1 mg l–1. PO4-P; NO3-N and NH4-N were analysed using an AA3 Autoanalyzer
(Bran & Luebbe). The detection limit was 0.1 mg l–1 for NO3-N and NH4-N. For
PO4-P it was 0.05 mg l–1.

To study the impact of forest conversion on the water balance of the Nopu River
catchment we applied the Water Flow and Balance Simulation Model WASIM-ETH
(Schulla and Jasper, 1999). WASIM-ETH is a process-based fully distributed catch-
ment model. A grid gives the spatial resolution and the time resolution can vary
from minutes to days. The main processes of water flux, storage and the phase
transition of water are simulated by physically-based simplified process descrip-
tions (Schulla, 1997). The meteorological input data of the model are interpolated
for each grid cell and data output provide the simulation for the main hydrologi-
cal processes like evapotranspiration, interception, infiltration and the separation of
discharge into direct flow, interflow and base flow.

These calculations are modularly built and can be adapted to the physical char-
acteristics of the catchments area. The model was applied on a daily basis at a res-
olution of 30 m pixels. The model was calibrated using measurement data from the
field and missing parameters were used from literature (Kleinhans, 2003; Leemhuis,
2005). Water balance and discharge dynamics of the Nopu catchment were modelled
from 19 September 2000 until 19 February 2003. The calibration period was from
November 2001 to March 2002 and the validation period run from April 2002 to
February 2003. Both periods include a rainy and a dryer season and the statistical
quality of the model results were r2 0.83 and 0.86 for calibration and validation,
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respectively (Nash and Sutcliffe, 1970). The difference between model and
discharge measurement were low, i.e. for 2002 only 20 mm and for the total run
6 mm.

Different river discharges regression between suspended sediment concentra-
tion (SSC, g l–1) and turbidity (NTU 100–1 units) were calculated (weir 2: r2 =
0.56; weir 3: r2 = 0.72) and used for the calculation of suspended sediment output
(Lipu, 2007). Soluted nutrient output was calculated for the yearly mean and median
value as well as sum of the daily nutrient output (daily discharge × nutrient conc.),
multiplied with 365 n–1 (n = sampling days) (Tables 20.5 and 20.6).

As indicators for land degradation we investigated the changes on infiltration
rate, water flow path (increasing interflow and surface flow), suspended sediment
output and dissolved nutrient output with river discharge.

20.4 Results

The comparison of the measured annual river discharge and the analysed land cover
changes from 2001 until 2007 deliver a first general overview on the impact of
forest conversion on the hydrology of the observed watershed (Table 20.2). In the
Nopu catchment, slash & burn activities increased mainly since 2003/2004 with
forest reduction until 2007 in the sub-catchment with weir 2 from 86% (2002) to
37% forest cover (2007). Land use classification based on satellite imagery shows
a reduction of the natural forest in the lower catchment area from 82.1% in 2001 to
38.7% in 2004 and 15.1% in 2007 (Table 20.1).

Table 20.1 Land cover change in Nopu subcatchment 3 and 2 from 2001 until 2007 (weir 3
catchment with 80.6 ha, weir 2 catchment with 101.9 ha)

Year

2001 2004 2007

W3 W2 W3 W2 W3 W2
Land use ha % ha % ha % ha % ha % ha %

Closed forest 80.6
100

83.7
82.1

76.5
94.9

39.4
38.7

62.8
77.9

15.4
15.1

Open forest 5.0
4.9

3.0
3.7

30.5
29.9

8.5
10.5

22.0
21.6

Mosaica 3.5
3.4

1.0
1.3

21.1
20.7

3.0
3.7

27.5
27.0

Cocoa
plantation

7.4
7.3

0.03 7.0
6.9

1.4
1.7

23.0
22.6

Agricultureb 2.2
2.2

0 1.9
1.9

0.8
1.0

10.5
10.3

aMixture of cocoa, crops, natural forest patches and secondary forest
bMixture of annual crops – most maize, cassava, peanuts.
Source: IKONOS 7th Jan. 2001, Quick Bird 23rd June 2004, Quick Bird 27.05.2007.
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Table 20.2 Water balance components areal precipitation (P), discharge (Q), evapotranspiration
(aET), hydrological characteristics (discharge coefficient Qc, Q5) and specific suspended load
output for the sub-catchments W3 (natural forest) and W2 (forest conversion)

Year/weir Areal P (mm) Q (mm) aET (mm) Qc (% of P) Q5 (mm d–1)

Specific
suspended
load (kg ha–1

mm–1 Q)

2002/W3 2,550 929 1,826 28.4 9.2 0.45
2002/W2 2,542 1,373 1,169 54.0 5.0 0.32
2003/W3 2,734 814 1,920 29.8 7.1 1.34
2003/W2 2,579 1,378 1,201 53.4 4.4 1.40
2004/W3 2,090 351 1,739 16.8 2.2 0.37
2004/W2 2,081 691 1,390 30.7 2.8 2.56
2005/W3 2,942 1,029 1,913 35.0 10.8 1.04
2005/W2 2,645 1,642 1,003 62.1 5.2 1.77
2006/W3 2,843 1,325 1,518 46.6 10.6 0.81
2006/W2 2,682 1,506 1,176 56.2 5.3 1.86
2007/W3 3,193 1,352 1,841 42.3 10.0 0.81
2007/W2 3,013 1,633 1,380 54.2 6.8 1.04

Q5 = 5% of days equal or greater of this discharge (mm d–1).

In the first step, an increase was identified for the area classified as mosaic (a
mixture of annual crops, cocoa plantation, natural forest patches and secondary for-
est) from 3.4% in 2001 to 20.7% in 2004. The second increase revealed was that of
cocoa plantation area from 6.9% in 2004 to 22.6% in 2007. Smallholders through
slashing and cutting trees do the conversion manually. Slash & burn, which was still
common until 2004, is hardly practiced anymore in the area. Before planting the
cocoa trees, the ground is usually prepared for 1 or 2 years by planting annual crops
(mainly maize).

By monitoring the discharge since 2002 from a changing (weir 2, deforestation)
and a mainly natural sub-catchment (weir 3), we tried to investigate the effect of
land use change on river discharge. The yearly discharge development and flood
characteristic suggests a development of the lower sub-catchment discharge (W2)
to a slightly more extreme runoff regime. For years with similar rainfall amounts
(2002, 2003, 2005, 2006) runoff coefficient increased slightly in sub-catchment W2
from 2002/2003 to 2005/2006 by +3–8% (+ 260 mm) and peak discharges (Q5)
increased from 4.4–5.0 mm d–1 to 5.2–5.3 mm (Table 20.2).

Despite high rainfall, Q5 is stable at about 10 mm d–1 in the forest sub-catchment
(W3, 2005–2007). For both sub-catchments, discharge increased with increasing
rainfall amounts. The forest sub-catchment (W3) has a more extreme behaviour
(higher flood discharge Q5, higher total discharge in rain-laden years) due to higher
steepness and lower water storage capacity (groundwater storage capacity 57.5 mm,
in sub-catchment W2 = 82.4 mm, Kleinhans, 2003). Despite higher rainfall in 2005,
discharge at W3 increased in 2006 by 300 mm. Hydrograph separation with digital
filter method (TSPROC and Doherty, 2003; Kleinhans, 2003) indicated direct flow
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components (surface runoff and quick interflow) over the years of 25–31% for weir
2 and 35–40% for weir 3, except for drier years like 2004 revealing only 13%.

However, during storm flow events the rate of direct flow reached a maximum
of 88% (W2) and 93% (W3) on an hourly base. Over all years (2002–2007) an
average of 30% days year–1 was identified with direct flow components at both
sub-catchments, particularly during the main rainy season (December–January,
March–May) having high soil moisture content. The calculation of the surface
runoff coefficient (SF) shows no significant differences between the sub-catchments
with a variance of 2–13% (W3) and 5–12% (W2) of yearly discharge (driest and
wettest year). According to Kleinhans (2003) surface runoff increased by 20%
in the forest conversion sub-catchment (W2) compared to the “natural” forest
sub-catchment (W3).

Based on the weekly river discharge samples (2002–2007), the specific yearly
dissolved nutrient output was calculated for weir 2 and weir 3 (Table 20.5). For the
cation Ca no significant differences (p = <0.001) exists from year to year (excep-
tion only for dry year 2004). However, between weir 2 and 3 there are significant
differences from 2005 until 2007. For TNb (total nitrogen bound) main differences
occur in 2005 and 2007. The converted sub-catchment (W2) exhibits an increase
in dissolved nutrient output from 2002 (82% closed forest, Table 20.1) until 2006
(15% closed forest 2006, Table 20.1) for the main cations and TNb, but a decrease
from 2006 to 2007 for Ca and an increase for K, TNb and phosphorus (Table 20.5)
was recorded despite much higher precipitation in 2007.

In regard to phosphorus in both catchments from 2006 to 2007 there is a
remarkable increase. With the overall dataset for base flow and storm flow, the
dissolved nutrient concentration between weir 2 and weir 3 was tested for statis-
tical significance (Wilcoxon, Mann & Whitney). The biogenic cation K, which is
highly enriched in the forest and cacao sites (Nicklas, 2006) shows, parallel to the
macronutrient N (TNb), a significant increase during storm flow conditions and sig-
nificant higher concentrations at weir 2 for both discharge conditions. Pedogenic
and geogenic cations (Ca, Mg, Si) show typical dilution effects during storm flow
conditions (Table 20.4).

The development of suspended sediment load delivers an impression of soil
erosion and sediment output (without bedload!) from the two sub-catchments.
According to Lipu (2007) the volume weighted specific suspended load output
increased by factors of 2–8 (weir2/weir3 kg ha–1 mm–1 runoff) from 2002 to
2004 and 2006 (Table 20.2). It is remarkable, that suspended load decreased after
2005/2006 to 1.04 kg ha–1 mm–1 Q in 2007!

Three scenarios (forest/cacao/slash & burn (corn with cassava)) were simulated
based on the main processes of land use change in the catchment and related to
land use pattern of 2002 (Table 20.3). The results of the three-water balance model
exhibit clear differences to the real land use. The increase in discharge for annual
crops is completely related to overland flow. Interflow and base flows are reduced
compared to present land use.

The causes of increased surface run-off are linked to reduced interception and
reduced infiltration. Research on saturated hydraulic conductivity clearly shows the
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Table 20.3 Water balance of 2002, modeled water balance for different land use scenarios (forest,
cacao, and traditional agriculture (corn with cassava)) and relative changes of the components
compared to the present land use mixture (Kleinhans, 2003)

Land use scenarios

Simulated water
balance
[mm year–1]

Present
land use Forest Cacao Annual crops

Precipitation 2,360 2,360 – 2,360 – 2,360 –
Interception 409 480 17.4% 309 –24.4% 114 –72.1%
Throughfall 1,951 1,880 –3.6% 2,051 5.1% 2,246 15.1%
Transpiration and

soil evaporation
1,027 1,046 1.9% 910 –11.4% 1,232 20.0%

Evapotranspiration 1,436 1,526 6.3% 1,219 –15.1% 1,346 –6.3%
Discharge 987 923 –6.5% 1,153 16.8% 1,064 7.8%
Direct flow

(overland flow)
227 181 –20.3% 318 40.1% 414 82.4%

Interflow 489 476 –2.7% 542 10.8% 403 –17.6%
Base flow 271 266 –1.8% 293 8.1% 247 –8.9%
(Stock) storage

changes
–63 –89 41.3% –12 –81.0% –50 –20.6%

reduced conductivity for older cacao fields, imperata grassland and annual cultures
(corn) of ksat 6 mm h–1 compared to ksat 210 mm h–1 of forest and younger cacao
fields. Additionally, the runoff coefficient increased from 2.2% for forest to 6–9%
for corn and old cacao fields as revealed by the soil erosion plots (Wischmeier-plot-
size, Gerold et al., 2010).

For the cacao scenario, all discharge components are contributing to the increase
in discharge. The increase of overland flow is much lower than for the agricultural
(annual crops) scenario due to the relatively high leaf area index of cacao with much
higher interception values. With same soil parameters for all simulation run for the
cacao scenario show an increase for all three discharge components. The forest sce-
nario leads to the reduction of all discharge components. The reduction of base flow
and interflow, however, are low compared to the surface run-off, which is reduced
by 20.3%.

20.5 Discussion

Confirmed by several tropical paired catchment studies (Critchley and Bruijnzeel,
1996; Bonell, 2005) river discharge in general increases with forest conversion, but
seasonal variation, peak floods and dry weather discharge depend on rainfall inten-
sity, catchment characteristics and type of land use (e.g. pasture and annual crops
versus agroforestry). The main characteristics of the Nopu catchment include the
forest conversion with slash & burn activities that increased mainly since 2003/2004
and with reduction of closed forest in the sub-catchment of weir 2 from 82% (2002)
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to 22% (2007). It is assumed that the natural forest in the sub-catchment area B
(W2) will eventually be lost completely and that the major part of the mosaic land
use in 2007 (27%) will also be converted into cocoa plantation.

From 2005 to 2006 one farmer opened the natural forest at the south-western
border of the sub-catchment from weir 3 (about 2 ha with maize cultivation, own
observation 2006). This was part of the beginning of the human impact with a
decrease of closed forest from 94.9 to 77.9% in the sub-catchment 3 (Table 20.1). In
consequence, changes in water balance components (interception – 10–15%, tran-
spiration – 6–20% Table 20.3, Falk et al., 2005; Oltchev et al., 2008) led to an
increase +11% of discharge in 2006 without increase in annual rainfall from 2005
to 2006. With comparable rainfall amount the discharge in sub-catchment B (weir
2) from 2003 to 2005 increased from 200 to 250 mm. In this period, closed forest
decreased from 80 to 39%. Hilbert (1967) pointed out that a rough generalization of
1% forest conversion leads to an increase of discharge by 2.5–4.5 mm. Following
this assumption the theoretical increase at weir 3 is between 43 and 77 mm (mea-
surement +300 mm) and at weir 2 from 100 to 180 mm (measurement +200). This
indicates, that forest conversion in the humid rainforest and in a mountainous steep
area (average slope angle 24.5◦) with high percentage of quick interflow (27–35%
of total discharge, Kleinhans, 2003) could lead to quick response of total discharge.
In the sub-catchment B, a much deeper unsaturated soil zone (ground water level
1–3 m during the year) with higher groundwater recharge (max. 140 mm month–1)
causes higher dry weather discharge (Q95 3–4 fold higher at weir 2 compared to
weir 3).

Therefore, the discharge regime is less extreme. Applying the water balance
method aET values vary between 4.2–5.2 mm d–1 (weir 3) and 2.7–3.8 mm d–1 (weir
2) (Table 20.2). The calculated evapotranspiration according to Penman-Monteith is
3.9–4.1 mm d–1 (Kleinhans, 2003). Real evapotranspiration (aET, mm year–1) for
tropical rainforests in SE-Asia show amounts between 1,440 mm (East Malaysia
Kuraji and Paul, 1994) and 1,835 mm (East Malyasia Malmer et al., 2005 and
water balance method). The difference in daily aET between sub-catchment 2 and
3 varies between 0.9 mm d–1 (2006) and 2.0 mm d–1 (2003), which is in line with
the measured differences of rainforest and cacao/mixed agriculture (maize-cassava)
(Hölscher, 1995; Oltchev et al., 2008).

Deforestation alters hydrologic processes and water quality in catchments world-
wide. Experimental controlled catchment studies with paired watersheds and the
use of modelling for evaluating and predicting hydrological consequences of land-
use change had advanced in the last years (De Vries and Eshleman, 2004). But
for the humid tropics consequences of land-use change on hydrology and mainly
hydro-geochemistry have received little attention. Forested catchments in the humid
tropics with soils having high base cation saturation release up to one order of mag-
nitude more cations in stream water than those with cation-poor soils (Bruijnzeel,
1991). In south-western Brazilian Amazon basin for example, Biggs et al. (2002)
analysed, only once, the wet and dry season of 49 river sites for streamwater
hydrochemistry (catchment areas between 18 and 12,500 km2) considering soil
exchangable cation content and percentage of deforested watershed. They found that
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concentrations of potassium (K), sodium (Na) and chloride (Cl) increase with defor-
estation extended and the ratios of disturbed to undisturbed stream concentrations
range from 1.2 to 3.1 (K) and 0.8–2.2 (Na). But they also found higher stream water
cation concentrations in watersheds originating from soils with higher base cation
stocks.

Markewitz et al. (2004) found higher stream water concentrations of Ca, Mg, K
and Na during the wet season in a partially deforested eastern Amazonian watershed.
Ballester et al. (2003) found similar result for larger rivers in Rondonia, but the
relation of stream chemistry to land use was complicated by the fact that most of
forest clearing in the region occurred on soils with higher original cation stocks.

The advantage of our longterm experimental catchment study is, that base flow
and storm flow nutrient concentration were analysed and that the underlying geology
and soil characteristic is similar for both sub-catchments (weir 2 and 3).

Median nutrient concentrations for base flow differ for all years between weir 2
and weir 3 referring to Mg, K, Na and TNb. For storm flow conditions a significant
difference additionally exists for Ca and a general dilution happens with the excep-
tion of TNb (Table 20.4). This indicates, that higher soil solution concentrations of
biogen K and nitrogen in the upper soil horizon (0–100 cm), originating from the
slash & burn slopes, contributes to interflow input to river discharge. For Ca we
measured highest concentration in 30 cm depth of the soil profile (lysimeter plot
with maize/cacao) compared to forest and cacao lysimeter station (median 13 mg
l–1 vs. 5 mg l–1, locations, Fig. 20.1). Therefore, during storm flow, the saturated
upper soil horizons contribute to higher calcium leaching and quick interflow trans-
port to the river. Vertical gradient of cation concentration in soil solution exist for
K with maximum of median K-concentration in 60–90 cm depth (7 mg l–1) (data
evaluation for 2002–2007). For K leaching to groundwater (base flow conditions)
and additionally subsurface stormflow contributes to K export to the river.

Applying a conceptual model of water and solute transport pathways to a pasture
hillslope in South-western Brazilian Amazon for 10 rainfall events (October–
November 2002) Biggs et al. (2006) identified that near stream zones (equally to
subsurface storm flow at downslopes in Nopu) controlled the export of K and total
dissolved N and that Na and Si export was coming via groundwater from upslope
areas (saturated saprolite). Box plots of vertical cation soil water solution from 30 to

Table 20.4 Median values (mg l–1) and standard deviation (s) for the main soluble cations and
TNb at the outlets of weir 3 (natural forest) and weir 2 (forest conversion) for base flow (BF) and
storm flow (SF) (2002–2007)

Weir/element Ca Mg K Na Si TNb

BF 3 17.1 (3.7) 5.1 (1.2)∗ 2.8 (1.2)∗ 3.1 (1.3)∗ 7.0 (3.2) 0.20 (0.27)∗
BF 2 17.6 (4.3) 5.9 (1.5) 3.3 (1.4) 6.0 (2.4) 8.5 (3.9) 0.24 (0.23)
SF 3 12.9 (3.2)∗ 3.7 (1.1) 3.4 (1.4)∗ 3.1 (1.2)∗ 4.9 (2.8) 0.52 (0.39)∗
SF 2 15.0 (3.5) 4.4 (1.3) 4.1 (1.7) 4.7 (1.7) 6.3 (2.7) 0.65 (0.53)

Source: Since 2002 water samples weekly for BF, for SF event based; statistical significance
between weir 2 and 3 at P = <0.001 with∗.
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180 cm depth for the three lysimeter plots (Fig. 20.1) with a constant increase of Na
concentrations from 30 cm (median 2 mg l–1) to 180 cm (median 5 mg l–1) and for
Si concentrations with 10 mg l–1–15 mg l–1 and a dilution effect (storm flow con-
centrations lower than base flow concentrations, Table 20.4) support the assumption
of geogenic export (Na, Si) with the slope groundwater to the stream zone.

Biggs et al. (2002) reported a significant increase of K and Na stream concen-
tration with increasing deforestation, whereas Ca and Mg concentration is mainly
influenced by the soil conditions (soil exchangeable cation content). This may
explain that for Ca and Mg the human deforestation impact at weir 2 is overlapped
by the main soluble soil cation stock (75–95% Ca + Mg saturation of CEC).

Chemical fingerprints of flow paths in a native small rainforest catchment in
western Amazonia (Elsenbeer and Lack, 1995) dominantly covered by Ultisols
showed very low soil water cation concentrations from 30 until 90 cm depth
(<1 mg l–1 Ca, Mg, K) and low base- and storm flow river concentrations (<2 mg
l–1), which are typical for terra firme lowland streams of a clear water type of
Amazonia (Brinkmann, 1985). Based on young relief and soil development in
Central Sulawesi, even for natural mountainous rainforest catchments, nutrient
concentrations belong even more to the category of “white water rivers”.

The converted sub-catchment B (W2) has a significant increase from 2002/2003
onward for TNb-concentration and specific dissolved nitrogen output, indicator for
the intensive new slash & burn practise in 2003 and 2004 (Table 20.5). Comparing
the year 2002/2003 with 2006/2007, a significant increase also exists for Ca and K.
The increase of specific TNb-output from 2006 to 2007 in sub-catchment C indi-
cates the beginning influence of forest opening since 2006 associated with higher
mineralisation rates of the litter- and humus horizon. Exhibiting higher discharge,
the absolute nutrient output per ha and year from sub-catchment B (Table 20.2)

Table 20.5 Specific soluted nutrient output (kg ha–1 year–1 mm–1 Q) for the subcatchments W3
(natural forest) and W2 (forest conversion)

Year/weir Ca Mg K Na Si TNb P

2002/W3 0.17 0.05 0.03 0.03 0.08 0.13∗10–2 0.47∗10–2

2002/W2 0.19 0.08 0.05 0.09 0.14 0.21∗10–2 0.69∗10–2

2003/W3 0.18 0.05 0.02 0.03 0.03 0.07∗10–2 2.32∗10–2

2003/W2 0.19 0.05 0.03 0.07 0.04 0.08∗10–2∗
1.50∗10–2

2004/W3 0.11∗ 0.03 0.02 0.02 0.05 0.26∗10–2∗
0.03∗y10–2

2004/W2 0.13∗ 0.04 0.02 0.04∗ 0.08 0.27∗10–2∗
0.06∗10–2

2005/W3 0.17 0.05 0.03 0.04 0.05 0.24∗10–2∗
–

2005/W2 0.21 0.06 0.04 0.07 0.07 0.38∗10–2∗
–

2006/W3 0.18 0.05 0.03 0.04 0.07 0.39∗10–2∗
0.04∗10–2

2006/W2 0.22∗ 0.06 0.04 0.07 0.09 0.40∗10–2∗
0.05∗10–2

2007/W3 0.15 0.04 0.03 0.03 0.07 0.47∗10–2∗
0.12∗10–2∗

2007/W2 0.19 0.06 0.05∗ 0.08 0.10 0.76∗10–2∗
0.17∗10–2∗

– not enough data for calculation.
∗ significant difference between year and 2002/2003 at P <0.01.
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is higher by a factor of 1.5–2.2 in the sub-catchment B (W2) in relation to sub-
catchment C (W3) (Table 20.6). The output relation between weir 2 and 3 from
2003 to 2007 increased tremendously for nitrogen! For the main cations, only for K
a significant difference exists at weir 2 for the specific dissolved output comparing
2003 with 2007.

These findings correspond with paired catchment studies and broad watershed
studies (Biggs et al., 2002). Neill et al. (2006) found significant higher concentra-
tions only for K and Na in pasture streams compared to rainforest streams (factor
1.3–2.2), but Ca and Mg concentrations did not differ. Biggs et al. (2002) concluded
that the lack of a strong land use signal for Ca and Mg might be due to the duration
of the impact of deforestation on soil water solute concentration. But our findings,
with no time lag between stream nutrient concentration analysis and deforestation,
are more consistent with the geo-chemical model of mobility of elements and cation
exchange capacity of the soil (Ludwig et al., 1999). Most soluble elements (K, Na,
NO3) have better detectable stream responses to vegetation disturbance.

Comparing ratios of disturbed (forest conversion) to pre-disturbance (natural for-
est) stream dissolved nutrient output (Table 20.6, 2007), ratios range from 1.5 to 1.7
(Ca, Mg) up to 3.0 (Na) and 2.0/1.8 for TNb and K. This is comparable to the range
of enrichment reported by Neill et al., 2006, forest to pasture) which were Ca (1.2),
Mg (1.2), K (2.3) and Na (1.3) and Biggs et al., 2002, forest to mixed agriculture)
reporting rations for K (1.2–3.1) and Na (0.8–2.2).

Stream solute concentration and output of biogenic K (highest through fall
enrichment by forest and agroforest systems (e.g. cacao) as well as nitrogen deriv-
ing from mineralisation of the A-horizon can be used as good indicator of human
disturbances in natural watersheds.

Our results indicate along with the development of median nutrient concentra-
tions in base flow and storm flow, that the patchiness of land use and ongoing
conversion to cacao plantation after 1–2 years of slash & burn agriculture do not
result in high increase of specific dissolved nutrient output for most cations. The
absolute increase mainly results from the increase in discharge for both weirs.
Between 2003 and 2005 with comparable annual rainfall in sub-catchment B there is
the highest increase in discharge (+9% Qc), which correlates with the first intensive
slash & burn impact in the sub-catchment (Table 20.1). Development of discharge
coefficient and dissolved nutrient outputs (exception TNb) after 2005 indicates a
“stabilizing effect” due to the increase in young cacao plantation. The same effect
exists for the development of suspended load outputs from sub-catchment B with a
remarkable decrease from 2005/2006 to 2007.

20.6 Conclusions

Additionally to the fact that higher soil erosion with higher sediment yield is induced
by rainforest conversion to different land use types in the inner tropics the water bal-
ance is significantly disturbed as well. This also holds true in the case of small-scale
agricultural land use. Type and magnitude of changes for individual water balance
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components in small mesoscalic catchments depends on land use types, age and kind
of field practice. For our case of traditional shifting agriculture followed by cacao
plantation, the quickest responses after forest conversion were found for soil nutri-
ent leaching and dissolved nutrient export to the river for potassium and nitrogen.
Also soil erosion with suspended load and sediment yield react quickly in years with
highest deforestation impact. Hydrological responses react with time lag, depend-
ing on the rate of deforestation. For our case, forest cover decreased from 82 to 15%
from 2001 to 2007. Consequently total runoff and peak discharges increased sig-
nificantly from 2003 to 2005 in the forest conversion sub-catchment. But land use
change to more cacao plantation (cacao boom in Sulawesi) decreased the discharge
coefficient after 2005. The same development exists for the specific suspended load.

The main results are:

1. Due to forest conversion river discharge increase by 9–17% from 2002/2003
to 2005/2006 mainly driven by increase in overland flow and quick interflow
(Gerold and Leemhuis, 2008). The application of the water balance model
WASIM-ETH with simulation results for the Nopu catchment (forest, cacao-
plantation, slash & burn with maize and cassava) support these experimental
results and gives insight into the changing discharge components.

2. The increase in overland flow leads to an increase in soil erosion, so specific
suspended load increased from 2002 to 2005 (maximum) and then decreased
with extension of cacao agroforestry.

3. Specific soluted nutrient output mainly increased following deforestation for
potassium and nitrogen and indicate the importance of these biogenic elements
for the analysis of human disturbances in watersheds.

However, extensive land use practice with cacao plantations is less critical and
can maintain soil fertility and water resources better than annual crops.
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Chapter 21
Relationships Between Land Degradation
and Natural Disasters and Their Impacts
on Integrated Watershed Management in Iran

Hamid Reza Solaymani Osbooei and Mahnaz Bafandeh Haghighi

Abstract Integrated watershed management entails coordination and cooperation
as well as the management of soil and water for the attainment of several objectives.
There are numerous examples and regulations to be cited from countries such as
the US and Australia, which clearly depict measures and activities directed at the
management of soil, water and other environmental resources. Reports indicate that
discharges from groundwater resources, fountains, and Qanats in vast areas of Iran
have drastically declined so that supplying drinking water in some areas is facing
serious difficulty. Water table decline, gradual salinization of the underground reser-
voirs and their declining quality lead to more soil salinization and increasingly lower
harvest yields. Combined with the low irrigation efficiency (around 30–35%), these
problems indicate that less than 10% of the annual precipitation is being used for
productive use. Increased salinity in both surface and ground water resources can be
ascribed to overexploitation, depletion of the vegetation cover, deforestation, range
degradation, and increasing agricultural developments. All in all, these factors have
led to more runoff and to rising water level in low-lying areas. From a management
perspective, considering the potential capacity of watersheds as well as supervis-
ing land use in watersheds with regard to the importance and functions it can have
various governmental and strategic aspects of watershed management. Among the
first steps to be taken in implementing a management system are strengthening the
intersectional coordinating institutions, identifying critical and strategic watersheds
(e.g., in terms of their importance for drinking water supply), defining types of land
uses according to definite standards, and supervising the general trend of activities in
the watershed. For solving the above problems, the participation of local communi-
ties in watershed management must be taken more seriously than ever. Mechanisms
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must be developed to remove undertakings by the government in favor of a priva-
tized system of watershed executive management so that the public sector will be in
a position to take its fundamental role of steering and mentoring the implementation
of projects. Along these lines, it is essential for banks and the related systems to be
empowered in order to offer financial support and backing.

Keywords Land degradation · Natural disaster · Iran · Watershed management

21.1 Introduction

The importance of soil, water, and natural resources as cornerstones and essen-
tial factors in national production are universally recognized in both developing
and industrialized countries. However, the exploitation and management of these
resources do not follow a unique pattern across the world. Whereas in some parts of
the world proper management practices are employed, in others these vital resources
are experiencing fatal devastation due to either natural or human-induced factors
or both. The emerging crises in most regions of the world as a result of serious
water shortage are the immediate results of population increase and reduced water
quality due to imprudent water management by man and increased water pollution.
Formulation of region-specific practices in watershed management gains increas-
ing importance in the face of the global variations in climatic and demographic
conditions.

Iran had a high birth rate in the decade from 1976 to 1986. The dire conse-
quences of this rather high population explosion and the war from 1980 to 1988 are
currently unfolding in all social and environmental aspects. Planners, researchers
and managers in their concerted efforts to preserve the natural environment and its
resources for future generations are busily engaged in finding practical ways to pre-
vent the degradation inflicted by the growing demands of this large population on
soil, water, and natural resources.

Compared with other sources such as petroleum, water cannot be easily trans-
ported. It flows under gravity and easily escapes access. Under our climatic
conditions, it is one of the most scarce and most vital resources that have witnessed
drastic quantitative fluctuations in recent years. Plant and animal resources in the
region have been undergoing corresponding variations. This calls for a firm planning
for prudent water consumption in the years to come. Water inflicts great damages to
human beings and property during floods and endangers social life during droughts.
It is, therefore, essential to establish a balance between supply and demand prior
to, and as a preparation for, the emergence of water crises. The next limiting factor
is soil, whose interactions with water and plant life are essential. Human interven-
tion in this cycle leads either to production or to regression and deterioration of
these resources. It is evident that human intervention in natural cycles can have
both negative and positive effects. Just as population increase, overexploitation and
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the employment of heavy machinery can destroy natural resources, well-defined
and thought-out management and resource utilization practices can bring with them
higher yields, more productivity and sustainability. It is the coexistence of soil,
water, and human resources that requires a sound management to create a balance
in life, production, vegetation cover and forest; without the human element, nature
will find a balance of its own.

21.2 Integrated Watershed Management

Management normally deals with establishing coordination among disparate entities
and/or components with casual reference to the role of the manager. This approach,
however, fails to distinguish the role played by the society and its culture in man-
agement. Water resources management is of special importance because of its vast
temporal and spatial dimensions, its relationships with both natural and social laws,
its interactions with governmental and non-governmental organizations, and its role
in food security, social services, and community infrastructures. Water resources
management involves the management of the geo-system, the bio-system, and the
human community system. That is why water resources management must of neces-
sity include the management of the whole water cycle. Such a management system
will consist in coordination and cooperation in the management of the soil and water
to achieve such objectives as harvesting reliable and pollution-free water; allocating
timely water for irrigation purposes; supplying adequate drinking water; supply-
ing for industrial, energy, and environmental water demands; soil erosion control
in catchments; and flood and sediment control and increasing the effective life of
dam structures. There are different aspects to this management that involve not only
the various sectors and ministries but also the community and its culture. This vast
and inclusive phenomenon will necessarily call for a national and comprehensive
approach.

More than 130 years has passed since J.W. Powell first defined the term “water-
shed” or “catchments” in 1896. Watershed is defined as a natural unit for the
management and preparation of land. The management of this natural unit involves
the management of environmental resources aimed at maximum productivity at the
least social, environmental, and economic damages. Integrated watershed manage-
ment is a coordinated and well-behaved management of economic, social, biological
and physical systems with the least negative effects on the resources while also
securing and supplying for the benefits of the community.

Integrated watershed management entails coordination and cooperation as well
as the management of soil and water for the attainment of several objectives. There
are numerous examples and regulations to be cited from countries like USA and
Australia (Burton, 1988) that clearly depict measures and activities directed at the
management of soil, water and other environmental resources.

There is universal consensus among all those involved that, on a large scale, it
is essential to exercise governmental authority in watersheds so as to regulate and
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define land use in such a way to observe the overall capacity of the watershed,
to control water quality and quantity, and to minimize soil erosion and sediment
deposition. However, most experts and practitioners maintain that, on a smaller
scale, operations such as erosion and sedimentation control in smaller watersheds
must be implemented as executive and corrective measures in those regions (IECA,
2000). Salinity control and supervision for optimal use of the resources may also be
included under the rubric of corrective measures.

Integrated watershed management, as a new concept, calls for the collaborative
activities of an assortment of expert groups including hydrologists, hydraulic engi-
neers, soil conservationists, natural resources experts, geologists and a multitude of
other engineers, experts and social scientists in a concerted effort assisted by local
communities to seek ways of preventing further losses and degradation of natural
resources.

Recognizing the watershed as the best unit for planning, development and
resource management encourages appropriate and proper institutional arrangements
in the watershed for a comprehensive management system. The different stages
of management in the watershed require different institutional arrangements. The
different stages include production, balance, and sustainability of the resources;
harvesting, distribution, utilization and consumption. There are numerous factors
involved in resource management that make watershed management a quite compli-
cated task during the production and sustainability stages, requiring the coordination
and collaboration among many organizations and sectors. Although initially man-
aged easily with the erection of control infrastructures and water transfer systems,
the stage of development, harvesting and distribution faces more and more man-
agement complexities with increasing control on resources, increasing prices,
emergence of environmental problems, pollution of resources, and overexploitation
of groundwater resources. When these issues are integrated with consumption and
reuse management into a unified whole, then the need for more coordinated arrange-
ments among the sectors and executive bodies involved becomes evident while the
differences and conflicts for meeting the dynamic demands are also disclosed.

21.3 The Need for an Integrated Management

The gradual salinisation of soil, the devastation of vegetation cover, reduced soil
productivity, increased erosion and sedimentation, and increasing chemical pol-
lution were first noticed in Australia where, in 1985, the integrated watershed
management was adopted and watershed was recognized as a management unit.
In the United States, the change in the course of the Kimi River located in the
Mississippi drainage basin and the reduction of its length by half resulted in the
devastation of 18,000 ha of wetland with the subsequent extinction of valuable fish
species, increased environmental pollution, and loss of beautiful natural sites. This
fatal event led to Food Security Act of 1985. In 1987, a Resource Conservation and
Development Program (RC&D) was also passed by the legislature, which enabled
the government to control not only soil erosion but also farm production. According
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to this program, 40–45 million acres of land that had escaped farming due to exces-
sive erosion was brought under tree and forage cultivation within a 10-year plan
(Journal of Soil & Water Conservation, 1988).

Decades have passed now since the idea of watershed management was first put
forth in countries like USA, Australia, and New Zealand. In others such as Canada,
UK and US, it has been found that drinking and irrigation water supply must be left
to the private sector while watershed management must remain within the hands of
the government assisted by public participation. There are still other countries that
are in the process of reviewing their policies with regards to the management of
their strategic resources.

Although agriculture and livestock production have a history of over 5,000 years
in Iran, evidence shows that the major trend in soil erosion and flood flows is of
a recent history of no more than 100 years. Like in other parts of the world, there
have been great efforts in Iran put to the development and proper utilization of soil
and water resources. Introduction of mechanization and machinery in these areas
and easy access to new equipment have enabled individuals and local communities
to exercise a more rapid influence on nature. However, some have brutally invaded
nature either for their base living or merely for more profits.

Official statistics indicate that Iran once had an estimated forest area of 19.5
million hectares. Today, this has dropped to around 12.4 million hectares while there
has also been a drastic qualitative decline in forest areas. During the years 1985–
1995, the poor, moderated and good quality of forest and ranges was decreased from
14, 60, and 16 million hectares to 9.3, 37.3, and 43.3 million hectares, respectively
(Statistical Yearbook, 1997, Iran Statistics Center, 1999 and Ministry of Budget and
Planning of I.R. of Iran).

It can thus be claimed that forests and ranges in Iran have paved a regressive
path. This is only why Iran is more fragile and susceptible than other parts of the
world. Despite having less than 1% of the world population, Iran has at its disposal
less than 0.36% of world fresh water, and for worst also suffers from an uneven
distribution. The per capita water 40 years ago was 4,000 m3 this has currently been
reduced to 1,200 m3, and will further reduce to 400 m3 in 40 years’ time (Statistical
Yearbook, 1986, Iran Statistics Center, Ministry of Budget and Planning of I.R. of
Iran).

Iran has a long tradition in civilization. More than 80,000 operational and non-
operational Qanats (underground water galleries), dams and weirs and a lot more
of historical water structures have been reported by historians to exist along with a
multitude of lively forests. But sadly today, we are witnessing an imbalance in our
environment. The British Consulate in Iran reports in its travel accounts the names
of the then thick forests in Sarakhs region, a region that is currently barren and dry
(Rahbari and Roshani, 1986). The elders in many parts of the country such as Fars,
Kurdistan, and Azerbaijan have also reported of forests and plant covers so thick
that they were impassable.

Soil erosion is a major problem in Iran’s watersheds. Soil erosion will occur
wherever the soil is bare and water flows across it. The loss of topsoil from the
land limits the growth of vegetation. Soil washed into rivers can cause flooding and
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further erosion. This disturbs the river habitats and the sedimentation downstream
affects the capacity of streams, lakes and reservoirs.

Sediment in the river and reservoir causes environmental problems that have
undesired effects on water quality, and create large losses and dangers. On the basis
of measured data and monitoring in a number of reservoirs, the country will annu-
ally be facing 250 million cubic meter of sedimentation in the reservoirs and 400
million cubic meter of sedimentation to downstream of dam reservoirs and irrigation
networks.

Population growth and need for food from the main sources of income in water-
shed area (agriculture and animal husbandry) over exploit the land. A decrease of
vegetation cover and deforestation due to overgrazing and cutting the trees for fuels
or cash (or to increase arable land) results in more flooding and landslides and
destroy infrastructures. The climate change due to the human activities has also
changed rainfall pattern and has increased the risk.

Infrastructures play an important role in reducing poverty, and have a direct
impact on watershed management. Either lack or not having access to it by being
destroyed with natural disasters could affect the rural communities and their lives.

Under natural conditions in the catchments, livestock and plant life establish an
environment in balance for their interactions. If man succeeds to conserve this bal-
ance through his proper management, it will be possible to produce and supply the
necessary food while also conserving soil, water, and plant resources.

Soil erosion and low range productivity follows range degradation. This will, in
turn, lead to larger range area requirements by people to feed their livestock, which
only means invasion on neighbouring range and involvement in tribal conflicts
across the region.

Once the vegetation cover on watershed is degraded, rainwater will not infil-
trate into soil and forms fast runoff flowing in small streams, which ultimately join
each other to create destructive floods. The floods may then demolish and wash
away all facilities such as roads, bridges, downstream villages, farmlands, and other
infrastructures.

Implementation of watershed management practices and rehabilitation of vege-
tation cover will provide the conditions for a proper resource exploitation led by
scientific management. It is essential to know that rehabilitation is not final job and
exploitation must be guided by technical and scientific considerations. Otherwise,
degradation and desertification will occur again and the investments will be wasted.
It is even more essential to prevent rather than cure; i.e., technical consultation
must be sought in the maintenance and conservation of catchments prior to their
degradation.

The relationship between environment change, land degradation, natural disas-
ters and the poverty is evolving and gradually being better understood. This chain is
the major threat to the civilization, and specifically to the development of the poorest
and most marginalized people. This chain if not controlled creates a moving vicious
cycle, which will be growing, and expanding and more people will be affected by
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it. The disruptions in the natural environment not only lead to desertification and
drying but also influence the constant and variable features of the strata in the bio-
sphere as well. The air, soil and subsoil strata; plant and animal communities; and
even the human legacy on the earth are all endangered by this disruption. The only
way to reverse or to slow down this dangerous trend is a well-defined management
system and a set of proper activities.

The establishment of Ministry of Jihad Construction in 1979 initiated the estab-
lishment of large-scale rural development activities Parallel to the infrastructure
development, the shortcomings and constraints in water resources development in
the country have led the decision makers to select agricultural developments as the
key and pivotal indicator of development in general. Thus, a large-scale program
of dam construction and water resource development has been initiated to meet
the demands of agricultural development. Unfortunately, the activities conducted
in some area could not stop land degradation and migration and in some cases
accelerated the process. Ignorance of proper methods of watershed management
and over exploitation by people in some marginal areas causes these watersheds to
soon change into dry deserts devoid of life and vitality.

Lack of a comprehensive or holistic approach, improper interventions, and inad-
equate legislation with varied conflicting regulations are among the major causes
for the natural resource degradation occurring in Iran. These have culminated in a
feeling of possession of watersheds by local settlers, which has led to acquisition
and devastation. As an example of this devastating trend, rather than developing
development plans proportionate to watershed capacity, a plan was developed to
secure self-sufficiency in meat production that inevitably increased livestock num-
bers from 3 to 7 times the carrying capacity of ranges. This was while another
plan was developed for self-sufficiency in agricultural products that changed more
range land into dry land farms. The two conflicting plans had drastic effects on
the degradation of rangelands in Iran (but fortunately, a Livestock Balancing Act
has been recently developed and approved that will hopefully reverse the trend).
Other destructive activities include the application of excessive machinery on land,
eradication of bushes, deforestation, and improper land use changes. These have
cumulatively resulted in more flood occurrences, by 10 times, with their subsequent
droughts and groundwater level decline in most areas.

Water erosion has gained an increasing momentum over the past half century.
Studies indicate that 50% of maize yields are lost if 60 cm of topsoil is washed
away and that in cases where 80 cm of the topsoil is washed away, the resulting
reduction will be 100%. Studies on less deep soils (Pierce et al., 1984); show when
20 cm of topsoil is washed away, 50% of the crop is lost; when 25 cm of the topsoil
is washed away, the losses will be 100% (Giam Pietro and Pimental, 1993). Studies
on forest areas based on direct measurement of seed growths indicate that a loss of
only 3 cm of the forest soil causes an average reduction of 80% in seed trees.

Over the past 3 decades, the sedimentation process in catchments areas has wit-
nessed an increasing trend due to intensified soil erosion and flood events (Sharifi
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et al., 2002). The sediments have not only inflicted destructive damages on differ-
ent water storage and transfer facilities but have caused adverse geomorphologic
changes in rivers as well. This will naturally result in flooding risks in agricul-
tural lands and industrial and municipal facilities in the neighbouring areas due
to sediment deposition and reduced flow capacity. The environmental impacts due
to sedimentation such as adverse effects on water quality and aquatic habitats a
well as rising of wetland beds and natural lakes are alarming signals of enormous
nationwide economic havoc. During only one flood event, approximately 10% of
the Golestan dam reservoir was deposited with sediments, the economic damage
being estimated at around $150 million (Pierce et al., 1984).

Reports indicate that discharges from groundwater resources, fountains, and
Qanats in vast areas of the country have drastically declined so that supplying drink-
ing water in some areas is facing serious difficulty. Water table decline, gradual
salinization of the underground reservoirs and their declining quality lead to more
soil salinization and increasingly lower yields. Combined with the low irrigation
efficiency (around 30–35%), these problems indicate that only less than 10% of the
annual precipitation is being used for productive use.

Another emerging aspect of the problems associated with improper management
of watersheds is land salinization. Increased salinity in both surface and ground
water resources can be ascribed to overexploitation, depletion of the vegetation
cover, deforestation, range degradation, and increasing agricultural developments.
All in all, these factors have led to more runoff and to rising water level in low-lying
areas.

Salinity is a threat to soil productivity and public health in rural and urban com-
munities living in catchments areas. Rural farms, urban development, infrastructures
(bridges and roads), water users, and the environment are adversely affected by
salinity. Although salinity may be a natural phenomenon in some areas, increased
salinity in other parts is the direct result of uprising water table which is itself caused
by changes in land use such as depletion of the vegetation cover, urban develop-
ment, river flow regulation, irrigation and cropping. Such factors result in what is
commonly called “secondary salinization”.

If left unattended to, not only will salinity lead to decreasing harvests, as its first
and foremost consequence, but sustained salinization will also result in alkalinity
of the land and its ultimate desertification. When this happens, it will be too late to
take any corrective measures and we should only witness the expansion of deserts,
immigrations, rapid livestock mortality, and loss of our national legacy.

21.4 The Methods to Be Applied in Watershed Management

Among the first steps to be taken in implementing a watershed management sys-
tem are strengthening the intersectional coordinating institutions, identifying critical
and strategic watersheds (e.g., in terms of their importance for drinking water sup-
ply), defining types of land uses according to definite standards, and supervising the
general trend of activities in the watershed.
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Any sectoral approach must be abandoned in favour of an integrated, inter-
sectoral approach. In sectoral approaches, it is only the economy of the cubic meter
of harvested water that is given first priority in investments at the expense of environ-
mental and community relocation costs. It must be borne in mind that communities
are the backbones to all development. In such profit-seeking, limited approaches,
even the costs for implementing upstream watershed management operations and
the costs of constructing water transfer and distribution facilities are not taken into
account. This is while in an integrated management priority is given to supply-
ing water for communities settled over the years, abatement of economic stresses
on these communities, decentralized rather than centralized investments in envi-
ronmental plans and artificial recharge schemes, utilization of precipitation, and
increasing soil moisture to assist range and forest reclamation.

In (semi-)arid countries, more than 90% of water resources is often used in irriga-
tion. This is while precipitation in these regions undergoes considerable variations
through the year and from year to year. The quantity of precipitation in different
regions is directly related to the altitude of the watershed. In (semi-)arid zones,
evaporation is also rather high, usually several times the quantity of precipitation.
This combination of climatic and demographic conditions have led to the develop-
ment of decentralized water utilization organizations through which participatory
systems such as the Qanat, local water storage systems (Abanbar), Khooshab, and
Ice water systems have evolved through the centuries.

In some areas in Iran, the population may not exceed 600 people km–2. The
population density varies at upstream and downstream watershed. Land farms in
these areas are normally small and water consumption has naturally been organized
in participatory systems. Single cropping and centralized water use is rarely ever
found in (semi-) arid regions and is associated with numerous problems in cases
where such instances exist. For instance, in situations where the population density
is low and where population is concentrated along coastal areas or riverbanks, there
is usually no concern for water evaporation and/or wastage so that no human inter-
vention is generally needed to optimise on consumption or to increase the water
available. The only concern in such areas would be transfer of water to population
centres.

In contrast, in areas with high population density and high evapotranspiration
rates, watershed management is concentrated on water transfer and, even more
important, on reducing evaporation and on salvaging a percentage of the precip-
itation before it is lost to evaporation. In most rural watershed areas, the main
difficulty lies in supplying drinking water, combating dry spells, and providing water
for supplementary irrigation for dry land farming. Centralized investments by the
government in constructing large dams to procure drinking water for downstream
large cities or establishing centralized agricultural sites may not be considered as
solutions to rural community problems. Instead, these communities always look for
ways to mitigate dry spells and periodical droughts through water storage in under-
ground reservoirs, through preservation of soil moisture, or through storage of water
in places as near to their residence as possible.



294 H.R.S. Osbooei and M.B. Haghighi

There is no doubt that the Water Council Act of 2000 passed by the Iranian
Parliament has triggered an important movement in non-sectoral integrated water-
shed management, The legislation has as its objective the formation of a supreme
watershed management body to serve as the highest decision-making body in defin-
ing national policies and guidelines in this area. The need for the formation of
a national water council had already been emphasized and reiterated by various
authorities over the years. It is certain that the Council will establish different sub-
commissions to address its agenda items including the major aspects of defining
policies, major allocations, inspection and information dissemination, as well as
the financial aspects of water concerning water supply and use, and priorities in
investments. It is expected that the duties and liabilities of each sub-sector will
be defined after the sub-commissions are set up. The National Water Council will
be expected to establish, in a later stage, regional watershed management councils
as management-executive bodies as well as local watershed management councils,
which will be in charge of daily affairs and activities within the watershed. These
lower councils will consist of political managers, executive managers and users’
representatives.

A next step by the Council will be to define an upper uptake limit based on the
base water year, water rights, and environmental considerations. Independent mech-
anisms will have to be developed for water allocations to environmental projects
(watershed management, desertification control, range and forest reclamation. . .).
The water pricing must become realistic in order to economize on water use and
make water supply economical. Special exemptions or subsidies need to be given
to small landowners and environmental projects. For agricultural and industrial
establishments, the pricing system should be based on water consumption rates and
total production rates for every cubic meter of water used. Volumetric measurement
installations will allow exchange and trading on a larger scale between the down-
stream and upstream communities. In order to conserve the physical, chemical and
biological quality of water, a quantified system of quality indices must be defined
so that every salinity unit can be commercialised for industrial and agricultural
users according to a legal regime. Privatization and services provided in irrigation
management and watershed management must be organized within a governmental
structure.

21.5 Concluding Remarks

A new era has definitely started in Iran in the integrated watershed management that
so far pursued disparate and independent objectives such as supplying irrigation or
drinking water, neglecting issues such as flooding, erosion, sedimentation or the
various environmental changes. It is certain that this trend has become a thing of
the past, as watershed areas cannot be maintained intact. They must be managed
for various objectives and beneficial uses. It is also definite that industrial, mining,
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recreational, agricultural, and range uses of watersheds will continue even at a more
intensified level due to the growing demands.

The development operations of the recent past concentrated on single objectives
such as water harvesting or its use, thus pooling all investments on a single objective.
However, while water economy must be regarded as a major concern, it is necessary
to define new policies for such areas as natural resources and livestock breeding,
the environment, erosion, sedimentation, flooding, etc. Thus, creating coordination
among various bodies and agreement on the policies and planning must form an
essential objective of the integrated watershed management.

An integrated and demand driven strategy for sustainable development of water-
sheds with empowerment of people and active participation and partnership of local
communities is necessary to ensure productivity and sustainability in the watersheds
(Sharifi and Haydarian, 1999). Any successful approach should closely be involves
community sectors at grass-root levels, including NGOs, women and youth, in for-
mulation, planning and implementation as well as launching awareness to sensitise
all stakeholders to understand the impacts and to identify their roles.

In most regions, comparing with other natural resources, water is the scarcest
substance. As a result, production relies heavily on underground and surface water,
which become increasingly scarcer. Water will remain a barrier to the achieve-
ment of poverty alleviation and food security. Most of renewable water resources
have already been committed by conventional method of dam construction but
the demand for water is exceeded renewable water supplies. Therefore the future
emphasis must be directed towards increasing the efficiency of water management
and increasing water productivity and producing more crops per cubic meter. Unless
there is an increase in watershed investment to generate higher employment, in
come, productivity and production opportunity for local inhabitants the trend of
watershed degradation will continue to exist.

A second question to be addressed is whether or not the existing legislations are
adequate for our long-term objectives. The answer is clearly negative. Currently, a
major problem in the way of integrated management is the lack of a set of com-
prehensive laws that can serve as the foundation and supporter of an integrated
watershed management.

The next issue of concern is the planning and financing system. Most of the
organizations involved are entangled and choked by the national bureaucracy inher-
ent in the planning and financing system. They normally face resistance against
reforms and improvements even in cases where the sources of the problem are iden-
tified and/or disclosed. Lack of financial and human resources most often discourage
them. Measures must be taken to lift these obstacles.

Public participation by the local communities in watersheds must be taken more
seriously than ever. Mechanisms must be developed to remove executive undertak-
ings by the government in favour of a privatised system of watershed executive
management so that the public sector will be in a position to take its more funda-
mental role of steering and mentoring the implementation of projects. Along these
lines, it is essential for banks and the related systems to be empowered in order to
offer financial facilities.
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Chapter 22
Modelling Carbon Sequestration in Drylands
of Kazakhstan Using Remote Sensing Data
and Field Measurements

P.A. Propastin and M. Kappas

Abstract Landsat ETM+ data were related with field measurements of carbon
stocks residing in the vegetation and in the soil along a 230 km west-east tran-
sect within Kazakhstan’s grassland zone. The biomass carbon was correlated to the
mid-infrared corrected Normalized Difference Vegetation Index (NDVIc). Soil car-
bon responded most strongly to the multi-spectral features of the Kauth-Thomas
transformation (KT) and was modelled using the non-linear multiple regression.
Retrieved models were applied to the Landsat ETM+ image and carbon stocks were
mapped over Shetsky district of Karaganda province at the pixel-by-pixel scale.
Total terrestrial carbon stocks estimated for the area of Shetsky district account to
97.2 million tons, whereas most part of it (97.6%) is residing in soil.

Keywords Carbon stocks · Kazakhstan · Grassland · Remote sensing

22.1 Introduction

Drylands cover more than 30% of the earth land area and comprise a variety of
ecosystems, such as different variations of grasslands, which are large reservoirs of
carbon as well as potential carbon sinks and sources to the atmosphere (Heimann,
2001). In Kazakhstan, grasslands, expanding from north to south (600–1,000 km)
and from west to east (about 3,000 km), cover the largest part of the total terri-
tory and represent the major pool for carbon absorption and are believed to offset
significant proportion of carbon emissions associated with fossil fuel combustion
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(Lal, 2004). Information on carbon stocks within landscapes is an important topic
for annual reports for the Kyoto Protocol. The Government of the Republic of
Kazakhstan signed the Kyoto Protocol in 2003. Obtaining of quantitative informa-
tion on carbon stocks over the huge area of the country is a great challenge for
the researchers and land use planners of this young independent state. However, a
detailed investigation of the stocks changes in grasslands of Kazakhstan has not yet
been done. Thus, monitoring carbon sequestration in the grasslands is of great inter-
est in relation to understanding the current status of the global carbon cycle and to
meeting requirements of the Kyoto Protocol.

Carbon stocks of an ecosystem, in general, include the carbon residing in soil and
biomass. Biomass includes the aboveground and belowground living mass, and the
dead mass of litter. Several different approaches to estimating larger-scale carbon
stocks may be undertaken, with each approach having both advantages and disad-
vantages. A standard concept is used by the Intergovernmental Panel on Climate
Change (IPCC, 1997), which establishes ecological regions within an area to be
studied, quantifies historical land use and land use change within those regions,
establishes current soil and biomass carbon concentrations for each land use unit,
and calculates and then aggregates the total carbon within each unit (Eve et al.,
2001; Woomer et al., 2004).

Another concept, providing a capability for wide-area monitoring biomass pro-
duction and carbon stocks, employs analysis of biomass inventory data obtained by
field survey using the regression models between remote sensing data and measured
biomass data (Lu, 2006; Zheng et al., 2004). In order to scale biomass from plot esti-
mates to landscape and regional levels, the estimates have to be linked with spectral
reflectance of remote sensing data. Grasslands regions are characterized by rela-
tively high response of the vegetation cover to remote sensing-derived vegetation
indices such as simple ratio (SR), normalized difference vegetation index (NDVI),
and the corrected normalized difference vegetation index (NDVIc) (Tieszen et al.,
1997; Paruelo and Lauenroth, 1998; Diallo et al., 1991). Biomass is frequently
calculated from linear and non-linear regression models established between these
indices and field measurements (Lu, 2006).

Recent studies have also shown that various characteristics of soil cover such as
moisture, organic carbon, iron, nitrogen, salt and sodium content can be effectively
estimated from spectral reflectance of remote sensing data particularly in regions
with transparent vegetation cover resembling grasslands and shrublands (Ben-Dor
et al., 1999; Bartholomeus et al., 2007). Remote sensing of soil carbon is based on
the existence of a relationship between spectral reflectance and the carbon content
in air-dried soil of the upper horizon. Organic carbon in soils is strongly related to
total organic matter, iron oxides and other soil constituents that can successively
estimated from remotely sensed data (Vinogradov, 1981; Leone et al., 1994; Jarmer
et al., 2003).

In this study, we estimate the carbon stocks in a grassland-dominated region
in Central Kazakhstan and describe the effects of land use changes. An inventory
of terrestrial carbon stocks was conducted employing regression models between
fine-resolution satellite data and field measured carbon stocks occurring in soil and
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plants. The approach allowed the estimation of total carbon stocks for the year 2004
for each pixel over the 250 × 250 km study area. Results were considered in rela-
tion to design of algorithms for satellite-based monitoring of the Kazakhstan-wide
carbon stocks.

22.2 Study Area

The study area is located in the middle part of Kazakhstan between 48◦20′ and
49◦30′ northern latitude and 72◦ and 74◦10′ eastern longitude and encompasses
the southern margin of the Kazakh Hills (Fig. 22.1). It comprises the northern area
of the Shetsky district in Karaganda province. The climate of the region is dry,
cold and high continental. Average annual precipitation is about 250–300 mm. The
most part of precipitation falls during warm period from March to October. Inter-
annual rainfall variation has a coefficient of variation of 20–35%. The temperature
amplitude is relative high: average January temperature is below –12◦C and average
July temperature is about 26–28◦C. The growing season starts in April and continues
till October.

Steppe grassland and short grassland are the two vegetation types covering the
study region. The steppe grassland is dominated by genera Festuca and Stipa.
Few euryxerophilous forbs occur; the co-dominants are dwarf shrubs of the genus
Artemisia and sometimes of other genera, particularly Anabasis and Salsola. Species
diversity is about 12–15 species in a square metre. The height of the canopy
decreases from 30–40 cm in the north to 15–20 cm in the south, while vegetation
cover decreases from 50–70% to 20–30%, and even less. The vegetation growth in
the study area is strongly dependent on precipitation dynamics. Grasses and shrubs
in the vegetation cover grow during the whole vegetative period, but the vegetation
growth is most rapid during May and early June (the period of greatest precipita-
tion) in the southern part, and during June in the northern part of the study area.
During droughty months in summer (July and early August) their rate of develop-
ment is hindered. This period of semi-dormancy occurs throughout the study region
(Propastin et al., 2007).

Fig. 22.1 Location of the study area (black rectangle) on a map of Kazakhstan (left) and a subset
of Landsat ETM+ band 4 for Shetsky district (right)
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22.3 Data

22.3.1 Carbon Data

Carbon data were collected from 14 georeferenced locations along a 230-km
transect representing the entire range of ecological conditions and land uses in the
study region. Fieldwork was carried out at the peak of growing season in June 2004.
Data were sampled from four replicates within each test site. Each replicate occu-
pied 0.0625 ha. Total carbon was defined as the sum of the herbaceous biomass,
root, litter, and soil carbon pools, with biomass assumed to contain 0.47C. The
peak-season living aboveground biomass and litter was measured by destructive
sampling of 1.0 m2, with samples weighted, sub-sampled, and dried at 65◦C to con-
stant weight to correct for moisture content. Roots were collected by excavating a
square of 1.0 × 1.0 m to a depth of 50 cm with a narrow, flat-bladed shovel and
handsaw. Coarse roots were hand sorted and washed. The remaining sample was
dispersed in tap water, passed through a 2-mm sieve, and fine roots were collected
without differentiation between live and dead roots. Roots were washed of gross
mineral contamination, dried at 65◦C to constant weight, and weighted. The pro-
portions of litter and roots to aboveground biomass were calculated. The original
values of dry matter were converted to carbon.

Total soil organic carbon to 50 cm was calculated from measurements of the
total soil organic carbon concentrations of the 0–10, 10–20, 20–30, 30–40 and
40–50 cm soil layers and soil bulk density at 10, 20, 30, 40 and 50 cm depths. Soils
were recovered in these five layers using a narrow, flat-bladed shovel. Organic car-
bon was determined by sulphuric acid and aqueous potassium dichromate mixture
with external heating and then absorbance measured at 600 nm using a colorime-
ter (Nelson and Sommers, 1975). Samples for soil bulk density were collected by
driving a thin-walled metal cylinder of known volume into the vertical face of the
excavation with a wooden mallet at the five depths, withdrawing the filled cylinder,
trimming soil protrusions with a knife, and storing the sample in a plastic bag for
later soil moisture and bulk density determination. Bulk density was measured by
oven drying soil cylinders of known weight and volume for moist soils.

22.3.2 Satellite Data

Mapping carbon sequestration relied on a fine-resolution satellite data set: a Landsat
enhanced thematic mapper plus (ETM+) image acquired on 19 June 2004. The
image has very good quality and is devoid of clouds over the study area. The terrain
in the study area is predominantly flat, hence, atmospheric effects can be regarded
as uniform. The data were first geometrically corrected using a set of ground control
points extracted from 1:100,000 topographic maps. Then the data were radiometri-
cally normalized using the absolute correction approach (Song et al., 2001). The
Landsat ETM image of the study area was then subset spatially and spectrally for
further data transformation and modelling.
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22.3.3 Remotely Sensed Explanatory Variables for Carbon Stocks

After pre-processing the satellite data, a variety of vegetation indices and image
transformations were calculated. Best results were produced by utilization of
the near-infrared corrected normalized difference vegetation index (NDVIc) and
features of the Kauth-Thomas transformation (KT). These indices and image trans-
formations are to be briefly described here (Table 22.1). The NDVIc is a derivation
from NDVI and was developed to incorporate middle-infrared information while at
the same time accounting for background effects in the observed reflectance (Brown
et al., 2000). The advantage of NDVIc over other vegetation indices such as NDVI
is that the difference between cover types is very much reduced so that the accuracy
for retrieval of biophysical variables for mixed cover types can be improved and
a single algorithm can be developed without the use of a co-registered land cover
map.

The Kauth-Thomas (KT) transformation (Kauth and Thomas, 1976) is com-
monly used for image transformation and enhancement. The KT transformation not
only provides a mechanism for reducing data volume with minimal information loss
but its spectral features are also directly related to the important physical parameters
of the land surface (Crist and Cicone, 1984; Jin and Sader, 2005). In this study, the
KT transformations of the six non-thermal ETM bands were performed to produce
six multi-spectral features. All of them were potentially differentiated in terms of
stability and change in a multi-spectral data set. We were primarily interested in
the first three KT features (brightness, greenness and wetness), because they seem
associated strongly with observed differences in vegetation and soil characteristics
(Healey et al., 2005).

Table 22.1 Image variables used in the research

Index/image
transformation Formula∗ Source

Corrected
normalized

Difference
vegetation

Index (NDVIc)

(NIR − R)/(NIR + R)∗(1 − MIR1 − MIR1min
MIR1max − MIR1min

) Brown et al.
(2000)

Tasselled cap
transform

Brightness (KT1)

Greenness (KT2)

Wetness (KT3)

0.304∗B + 0.279∗G + 0.474∗R+
+0.559∗NIR + 0.508∗MIR1 + 0.186∗MIR2

−0.285∗B − 0.244∗G − 0.544∗R+
+0.704∗NIR + 0.084∗MIR1 − 0.180∗MIR2

0.151∗B + 0.197∗G + 0.328∗R+
+0.341∗NIR − 0.711∗MIR1 − 0.457∗MIR2

Kauth and
Thomas
(1976)

∗NIR, near-infrared band (760–900 nm); R, red band (630–690 nm); B, blue band (450–520 nm);
G, green band (520–600 nm); MIR1, middle-infrared band (1,550–1,750 nm); and MIR2, middle-
infrared band (2,080–2,350 nm).
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22.3.4 Integration of Field Measurements and Landsat Data
to Produce Maps of Carbon Stocks

All the sample data have accurate coordinates derived from GPS devices and were
located on the pre-processed Landsat image. These sample data were linked to the
vegetation indices or the image transformations derived from the Landsat images to
extract the value for each sample site. A window size of 3 by 3 pixels was placed
over each individual test site to extract the mean value of each vegetation index
or image transformation. Carbon parameters, such as standing crop carbon, total
plant carbon, and soil carbon at different layers, from each site were associated
with the satellite data using linear and non-linear regression approach. The leave-
one cross-validation method was used for evaluation of modelling results. Values of
root mean square error (RMSE) and determination coefficient (R2) served as guides
for accuracy assessment. Best accurate regression models were then employed to
the Landsat ETM image in order to estimate carbon stocks for each pixel and to
create final maps of carbon stocks over the entire study area (Table 22.2).

Table 22.2 Statistic models used for calculation carbon stocks from landsat data (g C m–2)

Parameter Regression model R2 RMSE, g C m–2

Standing crop 340.51∗NDVIc-2.401 0.90 22.81
Total biomass 876.72∗NDVIc-1.949 0.71 43.61
Soil 0–10 cm exp(8.0033 – 0.0023∗KT1 +

0.0135∗KT2 – 0.0078∗KT3)
0.58 352.35

Soil 0–20 cm exp(8.8527 – 0.0032∗KT1 +
0.0120∗KT2 – 0.0064∗KT3)

0.55 716.83

Soil 0–30 cm exp(9.3184 – 0.0040∗KT1 +
0.0089∗KT2 – 0.0047∗KT3)

0.51 962.22

Soil 0–40 cm exp(9.4578 – 0.0034∗KT1 +
0.0073∗KT2 – 0.0029∗KT3)

0.50 1, 174.59

Soil 0–50 cm exp(10.59 – 0.0078∗KT1 –
0.0072∗KT2 + 0.0101∗KT3)

0.48 1, 425.38

22.4 Results

Remote sensing-derived variables were useful predictors for carbon stocks in the
living aboveground biomass, total biomass, and soil. Particularly the living green
biomass responds very strongly to the remote sensing-derived NDVIc. The overall
model for standing crop explained 90% of variance (p <0.0001). The model for
total biomass has significantly lower explanation power with R2 = 0.71, however, it
was sufficiently for mapping this variable from Landsat data. The lower explanation
power of the total biomass model is caused by enclosure of the vegetation parts that
have no response (biomass of roots) or very weak response (biomass of litter) to
remote sensing data. For carbon stocks in soil, the model’s explanation power was
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significantly weaker: the percentage of explained variance ranged from 58 to 48%,
depending on the soil layer. However, these models were also statistically significant
at the P <0.01 level and showed sufficient accuracy in terms of their RMSE values
for the application at regional scale with the Landsat data.

By employing the models from Table 22.1 both to Landsat TM and ETM images,
we generated estimates of carbon stocks in biomass (separately in living above-
ground biomass, and total biomass) and soil at different horizons for each pixel
within the study area. The total carbon stocks were calculated by summing esti-
mations of total biomass carbon and soil carbon. The final maps are presented in
Fig. 22.2. The spatial distribution of carbon stocks residing in different ecosystem
compartments shows clear pattern within the study area. There is a southwest-
northeast gradient of carbon stocks, which is associated with general distribution
of vegetation types across the study area driven by patterns in precipitation and tem-
perature. It is well known that, because precipitation is the major limiting factor for
vegetation growth in drylands, it controls strongly the spatial patterns in vegetation
production (Robinson et al., 2002; Propastin and Kappas, 2008).

Total carbon stocks ranged from 3,837 g C m–2 in the southern section to 9,829 g
C m–2 in the northern section (Fig. 22.2c). Soil is the most important carbon pool
in the study area. The carbon residing in biomass ranged from 132 to 294 g C m–2

(Fig. 22.2b), whereas its overall part in the ecosystem total carbon stocks is less
than 6% (Fig. 22.2d). The percentage of the carbon residing in biomass is signifi-
cantly higher for pixels representing agriculturally used areas where it scores values
>4.5%. In 90% of other pixels, it ranges from about 0.5 to 2.5%. The approach
resulted in estimated total carbon stocks of about 97 million tones over the whole

Fig. 22.2 Carbon stocks (g C m–2) for 2004 in standing crop (a), in plant biomass (b) and total (c).
Panel (d) shows the percentage of carbon stocks residing in biomass from the total carbon stocks
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Table 22.3 Estimated terrestrial carbon stocks in Shetsky district (Karaganda province) for 2004

Area (106 ha)
Mean carbon
stocks (t C ha–1)

Area carbon
stocks (t C 106)

Percentage
from total

Biomass 1.368 1.755 2.327 2.395
Soil 1.368 67.033 94.875 97.605
Total 1.368 68.787 97.203 100

study region with a mean value of 68.787 t C ha–1. From the total system carbon,
97.6% is residing in soils (Table 22.3).

22.5 Conclusions

Based on Landsat ETM+ data and in situ measurements of carbon residing in differ-
ent compartments of ecosystem, carbon stocks were mapped for a large grassland
region in Central Kazakhstan. Remotely sensed data provided effective explanatory
variables for predicting spatial variance in carbon across the study area. In the results
presented here, carbon residing in biomass, including its aboveground, belowground
parts and dead litter, could be modelled with high accuracy from the mid-infrared
corrected vegetation index using linear regression approach. Soil carbon showed the
strongest relationships with the multi-spectral features of the Kauth-Thomas trans-
form (brightness, greenness, and wetness) and could be predicted by a non-linear
regression model. The study suggests that terrestrial carbon stocks in Shetsky dis-
trict (1.368 million hectares) was 97.2 million tons, with >97% of this residing in
soil (0–50 cm). The findings of the study serve to a better understanding of car-
bon cycle in dry lands of the interior Eurasia and should play an important role in
the establishing of an appropriate model for calculation of carbon assimilation in
grasslands of Kazakhstan for annual reports for the Kyoto Protocol.
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Chapter 23
The Effectiveness of Two Polymer-Based
Stabilisers Offering an Alternative
to Conventional Sand Stabilisation Methods

Ashraf A. Ramadan, Shawqui M. Lahalih, Sadiqa Ali, and Mane
Al-Sudairawi

Abstract Sand stabilisation techniques have largely been utilised on the basis of
trial-and-error at various locations in Kuwait. However, no specific technique has
been identified as the most suitable so far. Short-term solutions, though attrac-
tive, are more costly and their effect is short-lived. Mechanical, chemical and
biological dune and encroaching sand control techniques have been attempted,
however, in isolation, leading to limited success with financial penalties some-
times. A common shortcoming of mechanical methods is the long-term, high-cost
sand clearance work required to maintain efficiency, e.g., cost of clearing 415,000
m3 of accumulated sand from As-Salmi Road-Kuwait reached KD108,166 during
5 months in 1993/1994. Chemical methods have their drawbacks too, mainly the
pollution caused to the environment. For biological methods, it is well known that
the revegetation of sand dunes of heights above 1.5 m is biologically non-viable
without the initial use of mechanical and/or chemical techniques. Only after the soil
has been stabilised and the threat of seedling burial and seedling root exposure has
been eliminated, can one turn to biological techniques. In this paper we report on
the preliminary findings of a series of laboratory experiments with the objective
of assessing the stabilisation characteristics of two stabilisation chemicals, namely
SUMF and SF-C, on sand taken from As-Salmi and Al-Atraf area in Kuwait. The
series of the experiments conducted covered: grain size and chemical composition
analyses as well as unconfined compression and water runoff erosion tests. The
results obtained demonstrated the superiority of SUMF stabiliser when it comes to
the mechanical strength. However, the water runoff erosion tests showed the SF-C
treated samples to have higher resistance to water erosion than those treated with
SUMF. Also, SF-C was superior as far as the thickness of the stabiliser layer is
concerned.
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23.1 Introduction

The climatic conditions in the State of Kuwait are hot, arid, with scanty rainfall.
Hot and dry summer winds are usually experienced for the greater part of the year.
Average annual rainfall and temperature are 110 mm and 26◦C, respectively. In
general the naturally available water in Kuwait is scarce and it varies in its qual-
ity, Al-Naser (1978). The factors of hot and dry weather, soil characteristics, wind
speed and availability of local and regional sources of sand conspire to make the
desert in Kuwait a suitable source for sand particles that can be easily entrained
by the wind. The desert of Kuwait has a fragile environmental ecosystem balance
between its natural elements including climate, water resources, soil, vegetation,
and animal life (Kuwait National Report on the Implementation of the UNCCD,
2000). Man-related activities are the primary source disturbing this fragile balance.
Examples include: overgrazing, successive sand and gravel quarrying, camping, off-
road vehicle movement and military activities. As an example, Al-Dabi et al. (1996)
reported an increase in the rate of sand dune formation in northwest Kuwait from 31
dunes year–1 during 1985–1989 to 321 dunes year–1 during 1989–1992 and related
this to military activities. Human activities similar to those mentioned above, in
the presence of some natural factors like high evaporation, low rainfall rates, sandy
soils containing negligible amounts of organic matter and weak cohesion and high
permeability between particles have initiated naturally-irreversible phenomena like
soil migration and loss of its productive ability, increase in dust and sand storms,
and the spread of mobile sand dunes as well as creation of new ones. Add to that
the long drought periods, e.g., from 1958 till 1976 (Kuwait National Report on the
Implementation of the UNCCD, 2000), which have affected Kuwait, producing the
perfect conditions for a never-ending source of sand particles feeding storms and
making the building blocks of active sand dunes.

The best and long-term solution to the problem of mobile sand dunes is to estab-
lish suitable, self-sustaining vegetation on them. The anticipated high cost is readily
justified if one considers the direct threat posed by sand dunes due to burial of valu-
able infrastructure or blockage of stretches of main roads and the resulting serious
social and economic problems. Add to that the savings on the cost of the continuous
clearing of encroaching sands from roads, airport runways (civil and military), oil
operational areas and towns. A study conducted by Ahmed et al. (1996) revealed
that KD1108,166 was spent on removing 415,000 m3 from As-Salmi Road during
5 months only (26th June 1993 until 25th September 1993 and 19th July 1994 until
16th September 1994). Mechanical methods, e.g., fences, fences combined with
ditches, sand ridges occasionally stabilised with oil, and paving have been tried
with some success in Kuwait, Gharib and Al-Hashash (1985), Gharib et al. (1985),
Anwar et al. (1987), Abdullah (1988), Khalaf et al. (1990) and Al-Sudairawi (1995).
These techniques, however, require continuous maintenance and can become inef-
fective in a relatively short period of time. In this paper we report the results
obtained from tests on two promising sand stabilisation chemicals, one of which

1Kuwait dollar.
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is commercially available and the other has been developed and patented by KISR
(Lahalih et al., 1988; Lahalih, 1997, 1998). The SF-C is prepared from concentrated
solution of polymer modified styrene acrylic copolymer resin with a specially
designed plasticiser while SUMF is a polyanionic Sulfonated Urea-Melamine
Formaldehyde condensate. Both of the chemicals are reported to help reestab-
lishment of the native vegetation cover and ultimately control migration of sand
dunes.

23.2 Area of Concern

As-Salmi Road runs from As-Salmi border station in the south west to Al-Jahra city
in the north east. The segment of As-Salmi Road of interest to this study runs close
to Ali As-Salem Airbase, which is in a playa depression called Al-Atraf. Water
catchments in this area collect water and sediments and act like a local source of
sand when it dries during the summer season. A total distance of 50 km of the road
is affected by mobile sand in the form of sand dunes or active sand sheets. According
to Ahmed et al. (1996), near to Al-Atraf area, a 20 km stretch of As-Salmi Road,
which is the subject of this study, is affected by dunes migrating from Ali As-Salem
Airbase in the south-eastern direction (see Figs. 23.1 and 23.2).

The stretch of the road of concern to this project is located within the main
path of the wind corridor and hence is subjected to the direct influence of
Al-Huwaimliyah active mobile sand belts with various modes of Aeolian sand
deposits (sand dunes, dust fallout and mobile sand). In their extensive study,
Al-Ajmi et al. (1994), classified Kuwait into zones according to the severity of sand
encroachment. The region surrounding Ali As-Salem airbase was considered to suf-
fer from severe sand encroachment. The fact that about 30% of the sand cleared from
the main roads in Kuwait comes from this Road, Ahmed et al. (1996), strengthens

Fig. 23.1 The locations
of the sand samples near
As-Salmi Air Base
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Fig. 23.2 The locations of
the sand samples used in the
study

the previous argument. The axes of the existing sand dunes, which can be as close
as tens of metres from the main road, are aligned with the prevailing wind direc-
tion in Kuwait, i.e. from northwest to southeast, and they have heights ranging from
0.5 to 4.5 m, Anwar et al. (1987). The rapid development of these dunes has been
known for a long time and it is anticipated to continue unless preventive or control
measures are implemented.

23.3 Materials, Equipment and Procedures

23.3.1 Grain Size Analysis

Two samples each weighing 10 kg were collected from 7 locations near As-Salmi
Road (shown in Fig. 23.2). The samples were dried in an oven (70◦C for 24 h). The
dried disaggregated sediments of the samples were mixed thoroughly and split in
two methods, i.e. (a) coning and sorting and (b) John Splitter Method, to obtain the
desired weight of 0.2 kg for the grain size analysis using a nest of nine sieves.

23.3.2 Chemical Analysis

The chemical analysis was performed at the Petrography Laboratory of
Kuwait Institute for Scientific Research (KISR) using an X-Ray Florescence
spectrometry technique (XRF). A BRUKER-S4 PIONEER-Germany analyzer with
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sequential wavelength-dispersive which uses fusion method of sample preparation
was used.

23.3.3 Unconfined Compression Tests

The compressive strength tests were conducted for different application rates as
listed in Tables 23.1 and 23.2. For the control experiment, 640 g of sand was mixed
with 112 ml of water to obtain a homogeneous mix. The mix was then cast in a
cylindrical mould (50 mm diameter and 100 mm high). A 1 kg weight was used
to compact the sample by 15 free falls from suitable height (30 cm). The moulds
were left to cure in room temperature for 24 h before it was put in a preheated 70◦C
oven and left for another 24 h to cure. For the chemical stabilisers, the following
procedure was used to make the samples:

Table 23.1 The different treatment levels of the sand with SUMF and the relevant solid content
to sand weight ratio

Exp. No.
Mixture A
(ml) Water (ml) Solution (ml)

Solution solid
conc (%)

Solid content
weight/sand
weight (%)

1 102.82 681.18 784 2.86 0.5
2 205.5 578.5 784 5.71 1
3 308.26 475.74 784 8.57 1.5
4 411.01 372.99 784 11.43 2
5 513.76 270.24 784 14.29 2.5
6 616.51 167.49 784 17.14 3
7 719.27 64.73 784 20 3.5

Table 23.2 The SF-C to water mixing ratios for the SF-C compressive strength tests

(SF-C/water)
mixing ratio SF-C (ml) SF-C (g) Water (ml)

Total volume
(ml)

Solid content
in SF-C/sand
Weight (%)

1/6 16 15.02 96 112 2.35
2/5 32 30.05 80 112 4.70
3/4 48 45.07 64 112 7.04
4/3 64 60.10 48 112 9.39
5/2 80 75.12 32 112 11.74
6/1 96 90.15 16 112 14.09
ALL 112 105.17 0 112 16.43

1. For the SUMF experiments, the below ingredients were mixed to get 2,570 ml
of mixture A as shown below, the right amount of mixture A was then mixed
with the right amount of water to reach the required concentration as given in
Table 23.1. Seven experiments were conducted for each sand sample.
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2. For the SF-C experiments, the right amounts of the SF-C concentrate solution
were mixed with distilled water (<20,000 ppm salt) to make a diluted solution of
volume = 112 ml as shown in Table 23.2. The seven experiments below covered
mixing ratios from 1:6 (recommended) to pure SF-C.

SNF UF PVA H2O Mixture A
Solid content
weight (g)

ml 128.5 385.5 1799 257 2570 449.08

3. 112 ml of the final mixture was mixed with 640 g of sand.
4. The mix was then cast in the cylindrical mould on three equal layers and

compacted as mentioned above following Lahalih (1998).
5. The samples were left (4 for each concentration) to cure in room temperature for

24 h.
6. The samples were placed in a preheated 70◦C oven for 24 h to cure.
7. Three of the four samples were used in the unconfined compressive test (one

sample was kept for reference).
8. The samples were crushed at 1 mm min–1 rate.

The compressive strength tests were conducted in accordance with the interna-
tional standards (American Society for Testing and Materials-ASTM C39). The
compressive strength of the specimens was tested on a compressive test device
(Testometric-AX FS-150KN).

23.3.4 Water Runoff Tests

In this task, the dried treated sand was subjected to water flow to simulate flooding
in the water runoff test rig shown in Fig. 23.3. The steps for these tests were as
follows:

1. Dry sand was wetted by 10% of its weight of distilled water to obtain a
homogeneous wet mix.

2. The mix was compacted in (300 × 300 × 50 mm) trays with perforated bottom
surface (1 mm holes) to allow water infiltration.

3. The compacted dry samples were sprayed with the SUMF (mixing ratios shown
in Table 23.3) at the rate of 3.5l m–2 (recommended rate), except for the first
experiment where the application rate is 7.0l m–2. The application rates for SF-C
are listed in Table 23.4.

4. Samples were allowed to dry under atmospheric conditions for 24 h and then in
an oven at 70◦C for another 48 h.

5. Samples were left under atmospheric conditions for 40–50 days.
6. The thickness of stabilised layer was measured.
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Fig. 23.3 The water runoff test rig

Table 23.3 The different application rates of the sand with SUMF and the relevant solid content
to surface area ratio for the water runoff tests

Water runoff test (SUMF)

Solid
Solid content

Exp.
no.

SNF
(ml) UF (ml) PVA (ml) H2O (ml)

Total volume
(ml)

content
weight (g)

weight/area
(g m–2)

1 24.77 74.31 346.79 184.13 630 108.00 120.00
2 12.39 37.16 173.39 92.06 315 54.00 60.00
3 6.19 18.58 86.70 203.53 315 27.00 30.00
4 3.10 9.29 43.35 259.27 315 13.50 15.00

7. Dried samples were weighed.
8. Trays of dried treated sand were inclined by 30◦ and then subjected to water flow

from the top to simulate flooding. The water runoff test rig, shown in Fig. 23.3,
was used for this experiment.

9. Water flow-rate was fixed at 6 l min–1 and the run lasted for 6 h.



314 A.A. Ramadan et al.

Table 23.4 The different application rates of the sand with SF-C and the relevant solid content to
surface area ratio for the water runoff tests

Water runoff test (SF-C)

Solid content

Exp. no. SF-C (ml) SF-C (g) H2O (ml)
Total volume
(ml)

(SF-C/water)
mixing ratio

weight/area
(g m–2)

1 8.57 8.05 51.43 60 1/6 8.94
2 17.14 16.10 42.86 60 2/5 17.89
3 25.71 24.15 34.29 60 3/4 26.83
4 34.29 32.19 25.71 60 4/3 35.77
5 42.86 40.24 17.14 60 5/2 44.72
6 51.43 48.29 8.571 60 6/1 53.66
7 60 56.34 0 60 ALL 62.60

10. At the end of each run, the sample was dried in a preheated 70◦C oven for 48 h
and then weighed to calculate the percentage of eroded material.

11. Once the sample has dried completely under atmospheric conditions it under-
went another cycle of testing.

12. Each sample underwent three cycles of testing.

23.4 Results and Discussion

23.4.1 Grain Size Analysis

The grain size analysis was described in details in Ramadan and Lahalih (2007). In
brief, the sand used can be categorised as fine to medium ranging between poorly-
sorted to moderately-well-sorted. Its mean grain size and sorting range from 1.812
to 2.428 phi and 0.618 to 1.252 respectively. The skewness ranges from – 0.740 to
0.310 whilst the kurtosis values of the sand range from 1.747 (platykurtic) to 3.783
(mesokurtic) with an average of 2.320 (mesokurtic). Figure 23.4 shows the grain
size distribution of the sand used.

23.4.2 Chemical Analysis

The results obtained are tabulated in Table 23.5. In general, SiO2 represented 84%
of the oxides in the sample.

23.4.3 Unconfined Compression Tests

The compressive strength of the dune sand from all locations improved by a factor of
177–266 and 19–31 due to the treatment with 2.5% (solid content/sand weight ratio
%) SUMF and SF-C respectively. For the SF-C treated samples, the peak stress-solid
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Fig. 23.4 Average grain size distribution for sand used

content weight ratio curve is linear in general (refer to Fig. 23.5) whilst for those
samples treated with SUMF, the curve was parabolic, as shown in Fig. 23.6. The
compressive strength tests revealed a proportional relationship between the solid
content weight ratio and the compression strength of the sand treated with the two
stabilisers. However, for the SF-C tests, the overall trend of monotonic increase in
the peak stress values with the dose reached its maxima at 14% treatment and drops
for higher treatment dosages, i.e. when sand is mixed with SF-C only. Treating the
sand with the SF-C concentrate without water increases the compressive strength of
the sand by a factor of 34, however this increase is similar to that achieved with 8%
solid content weight ratio. Hence the maximum compressive strength is reached for
an SF-C solid content weight ratio of 14%.

23.4.4 Water Runoff Test

For the SF-C treated sand, the samples show resistance to water runoff erosion start-
ing from an application rate of 17.89 g m–2, i.e. Experiment (Exp. 2), while for the
SUMF, the resistance appears only at 60 g m–2 application rates, i.e. Exp. 2, and
hence the SF-C is more suitable for stabilising surfaces which are prone to water
runoff. Figure 23.7 shows that for the first cycle of the experiment, the weight of
the sand eroded is nearly constant for the 17.89 and 26.83 g m–2 application rates
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Fig. 23.5 Results of the unconfined compression test for sand treated with SF-C

Fig. 23.6 Results of the unconfined compression test for sand treated with SUMF
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Fig. 23.7 The weight of eroded sand due to water runoff vs. application rate by SF-C

(Exp. 2 and 3). As the application rate increases, the weight of the eroded sand due
to water runoff decreases linearly (linear inverse proportionality). The weight of
the sand eroded due to the second cycle is nearly double that from the first cycle,
i.e. 28.5 g compared to 56 g for Exp. 2. As the application rate increases, the dif-
ference between the weights of the sand eroded from the first and second cycles
decreases to reach 4 g at Exp. 5, i.e. 14.5 g compared to 18.5 g from the 1st and 2nd
cycles respectively. This difference increases for Exp. 6 and 7 (53.66 and 62.60 g
m–2 respectively) so that for Exp. 7 the ratio of the weight of the sand eroded form
the 2nd cycle to that from the 1st cycle is nearly 5:1. For the 3rd cycle, the weight
of the eroded sand is nearly triple that eroded during the 1st cycle, 89 g compared
to 28.5 g for Exp. 2. As the application rate increases, the difference between the
weights of the sand eroded from the 2nd and 3rd cycles decreases to reach 3 g at
Exp. 5, i.e. 16 g compared to 19 g from the 2nd and 3rd cycles respectively. In gen-
eral, the weight of the sand eroded due to water runoff decreased as the application
rate increased.

In contrast to Figs. 23.7, 23.8 is much simpler while the relationship between the
weight of the eroded sand and the application rate is reversed. Here, this relationship
is linearly directly proportional, i.e. the weight of the sand eroded increases with the
application rate, which is unfavourable. For application rates less than 60 g m–2,
the samples failed after exposure to water runoff for 2 h and 40, 50 and 37 min for
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Fig. 23.8 The weight of eroded sand due to water runoff vs. application rate by SUMF

application rates of 30, 15 and 7.5 g m–2 respectively. The ratio between the weight
of the sand eroded during the 1st cycle to that eroded during the 2nd cycle is 5:8 for
Exp. 2 (60 g m–2) and 3:4 for Exp 1 (120 g m–2).

The ratio between the weight of the sand eroded during the 1st cycle to that
eroded during the 3rd cycle is 5:14 for Exp. 2 (60 g m–2) and 4:10 for Exp. 1 (120 g
m–2). As a quick comparison between the weights of the sand eroded from samples
treated with the same amount, i.e. 60 g m–2, of SF-C and SUMF, the weights of
the sand eroded during the 1st, 2nd and 3rd cycles were 23, 30 and 58 g for the
SUMF experiment compared to 4, 16 and 19 g for the SF-C experiment revealing
the superiority of SF-C in increasing the surface resistance to water runoff erosion.
Figures 23.9 and 23.10 show the weight of the sand eroded due to the water runoff
tests versus the time of the experiment. In these two figures, each experiment is
represented by a vertical line (not drawn), while in Figs. 23.7 and 23.8 each line
represents one whole experiment, e.g. three runs of 6 h each. For a constant flow-
rate of 6 l min–1, the rate of loss per time can be treated as a straight line for the
SF-C experiments but not for the SUMF experiments.

For SF-C the thickness of the stabiliser layer increased with stabiliser solid con-
tent weight per area, whilst for SUMF, the thickness of the stabiliser layer was nearly
fixed at 8 mm, refer to Fig. 23.11. pH value varied between 7.35–7.55 and 7.5–7.85
for sand treated with SF-C and SUMF respectively.
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Fig. 23.9 The weight of eroded sand due to water runoff vs. exposure time for SF-C

Fig. 23.10 The weight of eroded sand due to water runoff vs. exposure time for SUMF
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Fig. 23.11 Variation of stabilised layer thickness with the solid content weight/area ratio

23.5 Conclusions

The grain size analysis revealed that the sand could be categorised as fine to medium
ranging between poorly-sorted to moderately-well-sorted. The SUMF treated sand
had a peak stress value which was about 11 times the corresponding one for sand
treated with SF-C at 3.5% stabiliser solid content to sand weight ratio. The SF-C
treated sand had a compressive strength of 13.26 kg cm–2 when treated with 14%
stabiliser solid content to sand weight ratio, while SUMF treated sand had a com-
pressive strength of 55.06 kg cm–2 when treated with 3.5% stabiliser solid content
to sand weight ratio. The above shows that SUMF is more suitable for stabilising
surfaces, which are prone to mechanical forces (due to human/animal activities,
e. g. grazing, camping and off-road driving).

For the SF-C treated sand, the samples showed resistance to water runoff erosion
starting from an application rate of 17.89 g m–2, i.e. Exp. 2, while for the SUMF,
the resistance appeared only at 60 g m–2 application rates, i.e. Exp. 2, and hence the
SF-C is more suitable for stabilising surfaces which are prone to water runoff. For
the SF-C treated samples, the weight of the eroded sand reduced as the application
rate increased, however, for the SUMF treated samples, the opposite was true.

In brief SF-C outperformed SUMF when erosion was caused by water while
SUMF outperformed SF-C in compressive strength. When one takes into account
that SUMF can act as a fertiliser (which helps the growth of native plants), and the
other fact that water erosion is not a significant problem in Kuwait, one would prefer
SUMF in conditions like those of Kuwait.
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Chapter 24
Mountainous Tea Industry Promotion: An
Alternative for Stable Land Use in the Lao PDR

Ayumi Yoshida and Chanhda Hemmavanh

Abstract Through fieldwork, analysis and planning of a model for a tea project,
it has been found that the Phongsaly tea industry could be developed through
co-operation with China’s Yunnan province. The authors’ tea industry model for
Phongsaly province has been proposed to the authorities of Phongsaly and Yunnan
as a co-operation project. Chinese investors have been invited to Phongsaly to set
up tea businesses and to exchange agricultural technology.

Keywords Tea industry · Lao PDR · China PR · Sustainable land use ·
Policies · Trade · Income generating · Poverty alleviation

24.1 Introduction

Phongsaly is a mountainous province of the Lao PDR, located on the southern bor-
der of Yunnan province of China. The province’s seven districts are considerably
diverse in population, being home to 28 ethnic groups. This diversity, and the rugged
topography of the area, makes the provincial government’s task of managing and
developing the local economy a difficult one.

With nearly 90% of the population depends on shifting cultivation. During the
period 1997–1998 Phongsaly was classified as the third poorest province in the
country: 64.2% of its people were officially below the poverty line (GoL, 2003).
In 1992 forest area covered nearly 44% of the total land area, but by 2002 this figure
had fallen to under 24%, a loss of 325 ha year–1 (DoF, 2005). As in other parts of
the world, degradation of forest is occurring at an alarming rate.

Phongsaly province has a rich history of tea growing. The Phounoi ethnic group
has, like the Blang and the Hani (usually known as the Samtao and the Ahka
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in Laos) minorities who live in Yunnan China, planted tea for centuries (Huang
Guishu, 2005). Ancient horse and mule tracks for trading tea with China and
other countries still run through Phongsaly. One of these connects from Yiwu
Xishounbanna Yunnan China through Phongsaly then Hanoi-Haiphong Vietnam
and then connecting Hong Kong by boat (Yunnan Daily, 2006).

Research of literature on this area reveals papers relating to anthropology, the
environment, and poverty. Many papers concentrate on surveys of opium growing,
shifting cultivation, and poverty alleviation but without supplying remedies for these
problems (e.g. UNODC, 2002–2005). Chinese investors have proposed to develop
tea plantations in Phongsaly as means of helping the local people there. This paper
attempts to analyse the methods and possible impacts of tea plantation promotion
to help develop a tea project model that will have the best chance of successfully
growing tea and bringing socio-economic benefits to Phongsaly people.

24.2 Study Area: Khomen Village

Fieldwork was conducted in the village of Khomen in January 2007. The authors
interviewed and held discussions with villagers and local government staff.
Secondary research has been restricted by the fact that the written historical records
on rural areas of Laos are often very limited (Sanderwell, 1999), hence much of the
data used for this paper are based on professional experience and fieldwork.

Ban Khomen is located about 10 km south of Phongsaly district town and
is around 270 km from the Lao-China border post at Boten in Luang Namtha.
The village area covers 1,701 ha at elevations of 450–1,800 m. Annual rainfall is
1,500–2,000 mm. The villagers are Sinsily, known as Phounoi in Lao. This ethnic
group moved from Burma since the year 1600 (LNFC, 2005). The population of the
village is 313 people living in 80 households: about six people per household at a
density of 18 persons km–2. The population aged less than 17 years old or more than
64 years of age is 20% while those aged between 18–64 years make 80% of the total
(Fig. 24.1)

24.3 Before the Tea Project

Prior to 1999 tea was not a commercial activity in Phongsaly. Tea plantations were
small as local people used the leaves for their own consumption or as gifts and
sold only to the local market. Livelihoods in Ban Khomen, as in most parts of
the province, depended on the shifting cultivation of rice and several other crops.
Khomen was accessible only by a narrow track, which was very difficult to use dur-
ing the rainy season. Houses remained traditional, with thatched roofs that needed
replacing every 3 years, and there were few motorbikes or other forms of transport
in the village.
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Fig. 24.1 The study area.
Source: Lao Urban Planning
and Research Institute (2007)

24.4 The Tea Project

In 1999 a Chinese company established a tea station in the area. They contracted
local people to develop their tea plantations. According to these contracts, the com-
pany sold 2,500 tea bush seedlings to each farmer at US$0.0052 per seedling along
with a tea leaf cutting tool at $2 per tool. The farmers planted the bushes on their
own land and agreed to sell tea produce to the company at the Phongsaly market
price.

In 2005 another company from Malaysia came to Phongsaly district to invest in
tea production. The local government allocated this firm a tea development zone
near Ban Khomen, where the Chinese company had already started operations with
local people. This move upset the Chinese company and certainly did not encourage
it to increase its investment. This situation in indicative of the local government’s
lack of a clear policy on tea development and also a dearth of experience in promot-
ing foreign direct investment (Phongsaly Planning and Investment Office, 2005). If
the authorities were able to find good markets for tea they would be able to support
several investors and so develop a stable tea industry.

It is certain that Phongsaly government and the villagers of Khomen support
the project. However, support from the provincial authorities comes only in the
form of information and advice – not money. All project funds come from for-
eign investors. Phongsaly provincial government’s total agricultural development
budget is very small and must be shared among various agricultural activities
including forestry, irrigation, and livestock. The budget covers only agricultural
monitoring and personnel cost, not extension (Phongsaly Planning and Investment
Office, 2005).
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24.4.1 Tea Plantation Areas

Following the implementation of these foreign tea projects, tea plantation area
increased rapidly in Ban Khomen, rising from 63 ha in 1996 to 92 ha in 2006. Tea
plantations have also been developed in 33 other villages in Phongsaly district, cov-
ering a total of about 1,022 ha in 2007 (Phongsaly Agriculture and Forestry Office,
2007; MAF, 2005) (Fig. 24.2).

Fig. 24.2 Tea plantations
area. Sources: Authors’ field
survey, 2007

24.4.2 Price

The price of tea is increasing every year, with the market rate for dried tea leaves
(old planted tea) moving from $0.61 kg–1 in 2002 to $3.1 in 2006. After the arrival
of the Malaysian investors demand for tea increased and the price began to rise. As
most tea buyers come to Laos from China, the local price is very much affected by
the tea market in China, with the price in Phongsaly usually mirroring the rates on
the Yunnan tea market. Compared with Yunnan tea, Phongsaly tea sells at a very low
price: old planted tea in Phongsaly is the same as a price of Yunnan planting tea.

Investor-sponsored tea planting began in 2002 and bushes planted in that year
gave their first harvest in 2005. Pu-erh tea is gaining popularity in China. Pu-erh
tea made from old planted bushes is more valuable than new-planted tea leaves and
the price for this tea is rising sharply in China. New species and leaves from newly
planted tea bushes are not so attractive for Chinese companies and traders (Figs. 24.3
and 24.4).
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Fig. 24.3 Tea price in Ban
Khomen. Source: Authors’
field survey (2007)

Fig. 24.4 Tea price in
Yunnan. Source: Pu-erh Vista
(2007)

24.4.3 The Tea Trade

Before the tea projects were established local people use to take their tea to the local
market but it was difficult to sell it there, given that the local market was full of tea
and few outside buyers would attend (Fig. 24.5).

Since the tea projects were established local people do not need to take their tea
products to the market as the Chinese company comes to Khomen village every
week in the harvest season, and buys tea from all the villages based on the market

Local People Local Market Fig. 24.5 Tea trade before
tea projects
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Fig. 24.6 New tea trade system

price. In addition, some independent tea traders come to buy Phongsaly tea and
export it to China (Fig. 24.6).

24.4.4 Improving Local Livelihoods

Prior to the tea projects the lives of Ban Khomen people were tied to shifting cul-
tivation with 3-year fallows. Now most of the villagers are engaged in tea planting
and annual household income has risen to about $300. They can buy rice, and can
afford to rebuild their traditional houses with new constructions.

In the 5 years that Phongsaly people have implemented these tea projects, living
standards have improved. Most of those involved with the plantations have aban-
doned shifting cultivation and the area of land under slash-and-burn has decreased.
At the same time there exist challenges to future tea development. The following
section discusses how the existing tea development structure can be improved.

24.5 Key Challenges

While conducting this study it became clear that the local people and authorities
would have great difficulty in improving the tea industry by themselves as:

1. There are no local tea experts with knowledge in tea marketing, tea science, tea
ecology, tea culture etc;

2. Most Lao people do not habitually drink tea, so the tea market in Laos is limited.
Access to tea markets in other countries is required;

3. The Phongsaly tea industry is in its early stages and therefore needs more invest-
ment. However, the local government lacks funds and the central government has
transferred responsibility for such activities to the local authority.
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4. A useful model or guidelines for agricultural commodity projects such as tea do
not yet exist.

Considering the above four factors, it is recommended that Phongsaly looks to
co-operate with Yunnan province at governmental level. Yunnan is not only next to
Phongsaly Province but also has much experience in successfully developing the tea
industry. The planting environments of Phongsaly and Yunnan are quite similar, so
this experience should prove pertinent to Phongsaly.

24.5.1 Phongsaly Tea Development Model

The following steps are proposed to help the Phongsaly tea industry through its early
stages, by creating a future tea development vision for a successful and sustainable
industry (Fig. 24.7):

Step 1: Phongsaly government develops tea policy details in terms of investment
incentives for foreign investors, foreign property protection, and training for
government officials and coordinators;

Step 2: Phongsaly government makes a tea treaty with Yunnan, under which
the Yunnan provincial agriculture department promotes tea investment in
Phongsaly. After investment, exchange of experience, and agricultural trials, a
fixed tea market is arranged with Yunnan province.

Tea policy 

Phongsaly
Government

Yunnan Government 

Yunnan tea investors Local tea farmers 

Provincial Agriculture
Department

(Tea project coordination
office)

Project 
1. Investing  in the tea industry in Phongsaly 
2. Creating an original local brand of Phongsaly tea  
3. Holding tea culture activities and protecting old tea species 
4. Planting tea to replace opium poppy and overcome poverty 

Monitoring 

Financial, technical support, products 

Monitoring 

Problem solving and promotion 

Fig. 24.7 Tea policy
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Step 3: Phongsaly does not have its own tea brand, while Yunnan tea is sold under
many brands that are well known on the Chinese market. This gives Yunnan tea
a better price than Phongsaly tea, but Phongsaly can create its own tea brand
with support from Yunnan investors.

Step 4: Cultural activities should be held to promote Phongsaly tea. For example,
caravans could be held along the ancient tea road from Phongsaly.

24.5.2 Stakeholders

For the successful development of tea production and marketing, five organisations
are proposed as key stakeholders in the industry in Phongsaly:

1 Phongsaly provincial government;
2 Yunnan provincial government;
3 Phongsaly Tea Project Coordination Office;
4 Yunnan tea investors;
5 farmers.

How these different stakeholders interact will have both economic and social
consequences. The local Phongsaly and Yunnan authorities would be responsible
for developing a policy for successful tea development and promotion. This policy
should protect the rights of both investors and farmers while promoting Phongsaly’s
tea industry.

The Phongsaly provincial agriculture department will need to respond to the
tea project. This office has the role of promoting the tea industry and coordinat-
ing between local farmers and Yunnan investors under the tea policy, reporting to
both provincial governments on progress within the tea project. This office will
also be the key body in drawing up contracts between investors and farmers and in
organising activities to promote Phongsaly’s tea industry.

24.6 Conclusions

The Phongsaly tea project has now been running for around 8 years. It is vital at
this juncture that a focus be applied to making the crop sustainable for the future.
If this can be achieved, then this project can attain the national government goals of
eradicating shifting cultivation and opium production, and also of ending poverty in
Phongsaly province.

Since the central government transferred autonomy to local authorities, provin-
cial governments have not only had to maintain healthy administration, but are also
responsible for securing their own sources of revenue. The tea project will both cre-
ate revenue and also encourage people to settle in more concentrated populations in



24 Mountainous Tea Industry Promotion 331

smaller same areas where they can grow tea, access social infrastructure, and find
improved lifestyles.

If this project model is successful, it could be applied to other areas of Laos,
which face similar problems to Phongsaly. The crop in question need not be tea, but
could be another commodity which is suited to the local environment and which is
sought after on neighbouring markets.

This study shows that it is difficult to resolve social problems in Laos indepen-
dently: we must know how to co-operate with other countries to get their help and
learn from them. In the case of Phongsaly and the tea industry, reaching an agree-
ment with China is important as farmers and administrators in the province need to
learn much in order to fulfil the potential of their situation. China has shown itself
to be a key partner in helping the Lao PDR to develop in various fields, including
the social, economic, environmental and political, and Lao people should be able to
take advantage of this by promoting exchange with China.

Acknowledgement Heartfelt gratitude is extended to Mr. Sutanong, head of the forestry section
of Phongsaly Province Lao PDR who actively assist us to collection data during in Phongsaly
Province.
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Chapter 25
Rehabilitation of Deserted Quarires in Lebanon
to Initial Land Cover or Alternative Land Uses

T.M. Darwish, R. Stehouwer, C. Khater, I. Jomaa, D. Miller, J. Sloan,
A. Shaban, and M. Hamze

Abstract Abandoned quarries in Lebanon represent not only deteriorated scenery
but also a negative element leading to landscape fragmentation and ecosystem dete-
rioration. Between 1996 and 2005 the number of quarries increased from 711 to
1,278 with a simultaneous increase of quarried land from 2,875 to 5,283 ha. Remote
sensing data from 2005 showed that 21.5% of quarries were distributed on forest-
land/arable land while 32.4% of quarries were detected on scrubland-grassland.
Due to institutional weakness and the absence of a national policy, most Lebanese
quarries have not been exploited following environmental concepts. To facilitate
decision-making on rehabilitation options we propose two geospatial models based
on bio and geophysical variables like precipitation, slope gradient, slope aspect, the
availability of soil material, rock infiltration and soil texture to assess the proba-
bility of reclamation success. All attributes in the vegetation recovery model were
assigned a weighted numeric score and separated into four classes of likely re-
vegetation success. In addition to the above-mentioned parameters, water-harvesting
potential was assessed based on catchment area above the quarry and rock perme-
ability within the quarry. Therefore, deserted quarries were assessed for potential
vegetation establishment and/or water harvesting. Results showed that potential
re-vegetation success is strongly linked to terrain geomorphology and climatic con-
ditions. Quarries suitable for water harvesting were spread all over the territory and
can present useful additional water resources on the dry eastern mountain chain
characterized with water scarcity. The good separation of the two sets of quarries
suitable either for re-vegetation or water harvesting suggests the workability of the
models, which need further field testing. But, limited national resources available
for reclamation will be better targeted toward assessing those quarries where the
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likelihood of successful reclamation is most probable. The results of these mod-
els could be used to support decision-making concerning rehabilitation strategies
towards restoration or possible alternative post-reclamation land uses.

Keywords Land degradation · Land cover change · GIS model · Quarries ·
Restoration · Water harvesting

25.1 Introduction

Quarrying activity is a necessary economic and financial activity serving the needs
of social and urban development. Recent changes in the Lebanese governmental pol-
icy impose quarries rehabilitation. However, starting from the 1980s, a large number
of quarries were abandoned in Lebanon and still left unmanaged. Decades of unreg-
ulated urban and industrial growth have left hundreds of quarry scars across the
Lebanese territory. Official records estimated the number of quarries at 711 in 1996
(Handassah, 1996). Institutional weakness and the absence of a policy for integrated
land resources management aggravated the deterioration of the mountain soil-forest
ecosystem, especially in degraded quarries (Khawlie, 1998).

Moreover, sustained urban and industrial expansion is exerting increasing pres-
sure on limited soil and water resources in the arid and subhumid Lebanese area
(Eswaran and Reich, 1999; Darwish et al., 2004). Land degradation resulting from
the mismanagement of quarried sites affects the soil-vegetation ecosystem and water
balance in the watersheds leading to soil erosion and landslides. Most abandoned
quarries in Lebanon leave lasting scars on the landscape and represent potential risks
to natural ecosystems, particularly for the fragile Mediterranean forest and limited
water resources (Atallah et al., 2003; Khater, 2004).

Climate change and recurrent droughts in the East Mediterranean complicate
the restoration of quarries into initial land cover. The morphology of the southeast
Mediterranean coast interacts with the atmospheric circulation features and strongly
controls the spatial distribution of rainfall (Enzel et al., 2008). It creates a rain-
fall gradient promoting the dominance of forest on the western aspects of Mount
Lebanon, while the eastern Lebanese and other east Mediterranean regions are char-
acterized by a semi arid to arid climate and represent rare and degenerated forest
and bare rocky lands. For these reasons, uncontrolled quarry expansion has altered
natural landforms, and destroyed original vegetation and soil cover.

Abandoned and deserted quarries can negatively impact the ecological nature
of landscapes (Mouflis et al., 2008), beside the pollution effects on forests health
that can affect the natural recharge and deteriorate the groundwater quality (Cape,
2008). Reforestation in the highlands of Lebanon showed low performance and low
survival rate for transplanted trees varying between 10 and 40% due to complex
morphology and large human pressure (USAID/ECODIT, 2002). The spontaneous
vegetation dynamics on deserted limestone quarries in Lebanon (Khater et al., 2003;
Khater, 2004) and the suitability of quarries as landfill sites (El-Fadel et al., 2001)
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were evaluated. Besides the risks of groundwater pollution by seepage of toxic pol-
lutants from landfill sites, harsh climatic conditions and human interaction reduce
the possible re-vegetation success on poor substrates. Stehouwer et al. (2006) have
assessed the use of bio-solids as amendment to restore the vegetation cover in
surface coalmines post exploitation phase.

Overcoming strong barriers to forest establishment through enrichment planting
was assessed on recently abandoned pastures (Zimmerman et al., 2000). It is impor-
tant therefore to assess the likelihood of vegetation recovery based on the impact
of different ecological factors to explore potential alternative uses of Lebanese
abandoned quarries. Accordingly, the objective of this work was to involve east
Mediterranean bio and geophysical variables into a spatial GIS model to assess the
potential restoration success to previous land cover or water harvesting and suggest
national course of action for ecosystem restoration efforts addressing the suitability
of quarries in Lebanon for rehabilitation.

25.2 Materials and Methods

Satellite imagery of Landsat TM5 (30 m spatial resolution) from 1996 and 2005
as well as Ikonos (2 m resolution) from 2005 were used to locate the quarries in
the Lebanese territory. The resulting spatial distribution of quarries was compared
to the land cover map of Lebanon produced using 1998 IRS-1D (panchromatic
5 m spatial resolution). Satellite images were inspected visually on screen to iden-
tify quarry distribution and coverage patterns. This was followed by field surveys to
support delineation of quarries. Distribution of quarries was examined with respect
to individual thematic layers for which georeferenced data were available using the
GIS facilities of ArcGIS 9.2. Thematic layers considered included landcover, soil,
precipitation, geology and landform. Two models were developed to assess and rank
quarries in Lebanon according to potential for (1) successful restoration to previous
land use/re-vegetation, and (2) reclamation for water harvesting.

Parameters within these layers included in the models were assigned a numeric
value based on their potential for future restoration of revegetation or reclamation
for water harvesting. Both models assessed potentials associated with individual
quarries based on a summation of the numeric values for each parameter included
in the model. The distribution of numeric scores was then divided into ranked cat-
egories. Input parameters used in the model assessing potential for re-vegetation
success included precipitation, slope gradient, slope aspect, soil material availabil-
ity and soil texture (Table 25.1). Each of these parameters was assigned a numeric
impact value (rating) ranging from 0 to 4. The quantity and quality of soil material
adjacent to quarries was included in the vegetation model to evaluate the possibility
of providing sufficient mineral substrate from neighbouring areas with deep soils
possessing good physical-chemical properties for plant establishment and survival.

Because of the very strong correlation between elevation and precipitation, ele-
vation was not explicitly included in the model. We also recognized interactive
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impacts among some parameters. For example, northern aspect was considered as a
negative factor in the high precipitation (high altitude, lower temperature) areas due
to decreased solar radiation and cooler temperatures. Northern aspect was classified
positively in the lower rainfall zones (low altitude and high temperatures) due to
decreased evaporative loss and moderated temperatures allowing for better vegeta-
tion establishment. Moreover, germination and early establishment in the field are
favoured in shaded sites, which have milder environment and moister soil than open
sites during low rainfall periods (Vieira and Scariot, 2006). Flat areas were also
given higher ranking because decreased runoff and erosion and greater infiltration
and soil water storage would favour establishment and growth of seedlings.

Because plant community composition in the country is strongly related to the
“series of vegetation” which are more strongly associated with altitude and soil-
parent material rather than with any other abiotic factor (Masri et al., 2006), soil type
and rocks were introduced into the model. To assess the soil type and availability of
soil material in the vicinity of degraded quarries, the updated soil map of Lebanon
at 1:200,000 scale was used (Darwish et al., 2002). Soil taxonomic groups were
categorized into two classes based on potential soil productivity and depth. Soil tex-
tural classes were separated into three groups on the basis of potential water holding
capacity and susceptibility to compaction. On the basis of assigned value ranges,
precipitation class was given the greatest weight in the model, slope factors inter-
mediate weight, and soil factors the lowest weight because the first two parameters
modify and sometimes predefine soil properties inherited from the parent material.

The other model prepared to assess the potential of quarries for water harvesting
was developed using a GIS approach similar to the re-vegetation model. Parameters
included in the water-harvesting model were slope, catchment area above the quarry,
and rock permeability. Rock permeability at the quarry location was evaluated on
the basis of the porosity associated with the types of basaltic, sandstone, marl and
hard limestone bedrocks. These parameters and associated values are presented in
Table 25.2. Catchment area categories were designed with respect to calculation of
average area of catchment basins in Lebanon and the 4 quartiles calculated to define
the class limits.

Precipitation was not included in the water-harvesting model because even in
regions with low annual precipitation, water harvesting is feasible since much of the
rainfall comes in intense, infrequent and short storms that generate significant runoff

Table 25.2 Parameter categorization and numeric values used to assess the potential redevelop-
ment of quarries for water harvesting in Lebanon

Slope gradient Rock infiltration Catchment area (ha)

Class(%) Value Class Value Class Value

<8 3 Extreme 3 320–1,745 4
8–15 2 High 2 1,745–4,095 3
15–30 1 Medium 1 4,095–15,150 2
>30 0 Low 0 15,150–24,470 1
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Table 25.3 Modelling the potential rehabilitation success of quarries in Lebanon

Re-vegetation success
suitability for water
harvesting Very high (A) High (B) Medium (C) Low (D)

High (1) 1-A 1-B 1-C 1-D
Medium (2) 2-A 2-B 2-C 2-D
Low (3) 3-A 3-B 3-C 3-D

and flash floods. Furthermore, it is precisely these regions of the country that would
benefit most from water harvesting. By overlaying the output from re-vegetation
and water harvesting models, a combined model was developed that could be used
to facilitate prioritisation of quarry rehabilitation and to explore adequate decisions
on the rehabilitation strategy to be tested and implemented. In the combined model,
water-harvesting classes were assigned a numeric value and re-vegetation classes
were assigned a letter value (Table 25.3). The resulting alphanumeric code thus
contains an integrated assessment concerning both alternatives of potential rehabil-
itation for quarries. The approaches can reveal the potential for a given quarry for
either or both options.

25.3 Results and Discussion

In less than 10 years, the number of quarries increased by 55.6% (from 711 in
1996 to 1,278 in 2005). The area of land affected by quarrying activities increased
by 54.4% (from 2,875 to 5,283 ha) over the same period (1996–2005). Recent
remote sensing data (2005) showed that 42.6% of these quarries are located on
sparse grassland-bare rocky lands (Fig. 25.1), 21.5% on forestland-arable land while
32.4% of quarries were detected on scrubland-grassland and 3.2% of quarries were
scattered inside urban zones.

The model for potential restoration success showed that relatively few quarries
were assessed as having a very high (20 quarries over 175 ha) or high probabil-
ity (144 quarries over 513 ha) of success as restoration to previous land cover
(Fig. 25.2). Those sites are concentrated in the mountain sub humid area and western
aspects of Mount Lebanon including the coastal area characterized by high winter
rainfall followed by a long dry period. Some of them occurred on the eastern aspects
of Mount Lebanon facing the semiarid Bekaa area and on the southern mountain
range. These results reflect the difficulty in establishing lasting vegetative cover in
regions characterized with low rainfall and high temperatures.

Quarries ranked as medium (603 quarries over 2,150 ha) and low (511 quar-
ries over 2,428 ha) probability of success for restoration to previous land cover
are scattered throughout the country reflecting how the complex morphology of
the country and microclimate can affect the restoration success. Areas character-
ized by arid climate might require controlled intervention to sustain the vegetation
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Fig. 25.1 Distribution of quarries on different land cover/use in Lebanon

recovery (Le Houérou, 2002). It is suggested that these quarries should be further
assessed for alternative future land uses, as a large number of problems related to
the rehabilitation process will be posed by the inaccessibility of the quarries and
steep landform.

Most of the benefiting areas from higher rainfall in Lebanon tend to be located in
steeply sloping areas where transporting soil material, spreading and incorporating
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Fig. 25.2 Spatial distribution, number and area of quarries classified according to suitability for
restoration to previous land cover

soil amendments, planting, and controlling erosion would be difficult. Such land-
scape specificity would require some modification of the observed shape (standing
walls with a slope gradient over 90%) left after the exploitation by probable reshap-
ing of deserted quarries by allowing controlled additional exploitation and blasting
or transporting rock and soil material from close locations to bring the area into
reclaimable shape.
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In case policy is oriented to re-establish the pre disturbed landscape and land
cover, it is necessary to consider management options to accelerate recovery and
restore productivity, biodiversity and other values (Parrotta et al., 1997). These steps
consist of recovering bare slopes of drylands in the North East Bekaa representing
less challenging task than establishing initial vegetative cover on the abandoned
quarries on western slopes of Mount Lebanon. However, several cost effective tech-
nical measures should be undertaken like re-mining the abandoned sites to bring
them into updated exploitation criteria and shape including backfilling with inert
materials, blasting the vertical walls to re-contour into milder slopes or terraces.
Contouring and reshaping abandoned Lebanese quarried sites would permit surface
placement of loose rocky and sandy material where annual and perennial vegetation
could be re-established.

Output from the water harvesting assessment model produced a somewhat more
even distribution of quarries within the three classes. A large number of quarries
(616 units over an area of 2,129 ha) were ranked as having a high potential for
redevelopment as water harvesting sites due to their position in the catchment and
relatively low rock infiltration (Fig. 25.3). Water is an increasingly limiting resource
in the country, and there is increasing competition for water among domestic, indus-
trial, and agricultural users. Given the torrential nature of rainfall in Lebanon and its
uneven distribution, many areas experience a severe shortage of fresh water in dry
months.

Despite the fact that rainfall is more abundant in the western mountain chain, the
country lacks large water harvesting structures. The eastern mountain chain having
arid and semiarid climate showed large area of quarries suitable for water harvesting
from recurrent flush floods, mainly in spring and fall. These water reservoirs will
contribute to reducing the impact of devastating floods and provide additional water
in this high water deficit area. A total of 442 quarries were found suitable for both
water harvesting or ground water recharge purposes

Another alternative use that could be suggested for abandoned quarries in
Lebanon is redevelopment into landfills. In fact, many are being illicitly used for
this purpose. However, such practices could have devastating impact on groundwa-
ter quality if improperly managed. A key feature would be bedrock permeability and
stability, factors included in the water-harvesting model. Thus, quarries ranking high
for water harvesting could also represent potential sites for landfill development.
However, other factors such as proximately to urban areas, transportation, and size
would also need to be considered. By combining the outputs of the re-vegetation
and water harvesting models, an overall assessment of quarry rehabilitation was
generated (Fig. 25.4).

There is relatively little overlap of quarries given a high ranking by both of the
assessment models. Thus the models were effective in segregating quarries into clear
rehabilitation alternatives. Only three quarries were ranked in the highest categories
for both re-vegetation and water harvesting. Of the 220 quarries ranked high for
water harvesting, only 40 were also ranked high or very high for re-vegetation.
Similarly, of the 124 quarries ranked high or very high for re-vegetation, only 40
were also ranked high for water harvesting.
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Fig. 25.3 Spatial distribution, number and area of quarries classified according to suitability for
water harvesting

The combined model also demonstrates that quarries with a very high poten-
tial for re-vegetation (A) are mostly located in the Mount Lebanon mountain range
(20 quarries), while those with high suitability for water harvesting (1) are more
numerous (220) and are spread all over the territory.

Well-segregated quarries (high rankings in one model and low in the other)
should be considered for rehabilitation following their high ranking. Quarries with
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Fig. 25.4 Combined model output of quarry suitability for rehabilitation in Lebanon

high rankings in both models in all likelihood would be well suited for a combined
approach of re-vegetation and development of reservoirs. This rehabilitation success
model can be used as a tool to help with future prioritisation of quarry rehabilitation,
locating quarries for rehabilitation, and to guide rehabilitation strategies. Although
final decisions would clearly require extensive site investigations, this model can
limit such investigations to those quarries with the highest probability of success.
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25.4 Conclusion

The richness of agro-ecological zones in Lebanon derive from complex orography,
variable climate and rich biodiversity. However, the chaotic and uncontrolled expan-
sion of quarry sites and limited rehabilitation of quarries is affecting vegetation
cover, causing forest fragmentation and loss of arable lands. Given the large number
of quarries and limited availability of resources for rehabilitation, a national priority
for Lebanon should be to direct resources to those sites with the greatest likeli-
hood of successful rehabilitation. The GIS based models presented in this paper
have ranked all quarries in Lebanon with respect to their potential for successful
re-vegetation and their potential for redevelopment as water harvesting sites.

Both models produced a wide distribution of preferred uses for the quarries and
effectively identified those that should be high priority candidates for rehabilita-
tion. Detailed site investigations would be required to confirm the model output and
to develop specific reclamation plans. However, use of these models can help tar-
geting such investigations to sites with high potential for successful reclamation.
Overlaying the output of the two models demonstrated a strong segregation of sites
suitable for re-vegetation and those more suitable for water harvesting. Thus, these
models could also be used to help direct reclamation strategies.

Prioritisation of quarries for reclamation should also consider the present envi-
ronmental impact of the quarry and the potential for mitigation of that impact by
reclamation. We are in the process of developing a third model that will assess poten-
tial environmental impact of existing quarries. The proposed model could also be
used to limit future quarrying activity to sites with minimal potential environmental
impact.

Overlaying this model with the combined model output presented in this paper
will result in a further refinement of the tool to help direct national policy and lim-
ited resources toward those sites where the greatest benefits will be realized with less
ecosystem damage. Assessing the environmental and health risk impact from current
and future quarrying activities within a national policy for quarry exploitation and
reclamation is essential to meet the needs of the growing population, while main-
taining the sustainable use of natural resources for future generations. Legislation
must consider not only licensing quarry exploitation but also their rehabilitation
during the process of work. Monitoring the potential effect on vegetation cover and
water resources is a continuous task serving the ecosystem conservation and public
health.
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Chapter 26
The Impact of Land Use Change on Water
Yield: The Case Study of Three Selected
Urbanised and Newly Urbanised Catchments
in Peninsular Malaysia

Mohd Suhaily Yusri Che Ngah and Ian Reid

Abstract Economic development and increasing population has brought signifi-
cant changes in land cover and placed stress on water quantity within tropical river
catchments, including those of Malaysia. There is a need to investigate the impact
of land use changes on water yield in moderate-sized (c. 1,000 km2) catchments,
such as the Langat and Linggi, since these provide the water resources that cater
for the rapid urbanization and industrialization that characterizes Malaysia. (On the
contrary, most previous studies have been dealing with very small catchments i.e.
<25 km2, and frequently <1 km2). Findings from our study provides information for
local river managers and development planners and will assist them in minimizing
the negative impacts of development on water resources, while promoting sensible
planning within river basins especially in the newly developed catchments such as
the Bernam. An analysis of land-cover in the Langat, Linggi and Bernam basins
indicates that there has been a significant change from forest (primary and sec-
ondary selva) to agriculture, especially tree crops (rubber, oil palm), ranging from
7 to 15% in the three water catchments, and an increase in the urban area that ranges
from 183 to 394% during the period 1984–2002. Despite this, the runoff coefficient
shows no significant increase during 42 years of development. The coefficient lies
between 22 and 48%. The outcome is not straightforward and counter intuitive when
comparison is made with results from other experimental catchments in the tropics.
This study suggests that up-scaling the findings of small catchment studies of for-
est removal is far from simple, especially in the wet tropics, where the impact of
tree crops on water relations may be insufficiently distinguished from primary or
secondary forests.
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26.1 Introduction

Since its independence in 1957, development in Malaysia [i.e. deforestation, agri-
culture, urbanization and industrialization] has been focussed on the coastal areas,
especially the West Coast of Peninsular Malaysia (Fig. 26.1). All the main drainage
basins, namely, the Klang, Langat, and Linggi, have undergone rapid development
since the 1970s, with a view to providing a catalyst for a development corridor and in
order to achieve the Government’s vision to achieve developed country status by the
year 2020 (Vision 2020). Consequently, many of the West Coast river basins have
experienced severe environmental problems, especially those related to water, such
as pollution of water bodies, shortages of water and urban flooding (Jamaluddin,
2000).

Since all of these main river basins have already been developed, the Government
has decided to expand development also to other river basins, which have a potential
to support and accommodate the economic activities of the Kuala Lumpur area. The
Bernam Valley, which is situated 73 km northwest of Kuala Lumpur, is one of those
river basins that is now subject to extensive land development planning proposals
by local governments and the corporate sector. The early stage of development in
Bernam was started in 2000 and it is expected that various environmental problems,
especially those involving water quantity will occur in Bernam, as they did in the
Klang, Langat and Linggi catchments (Fig. 26.2). This is because part of the Bernam
Valley is situated in a sensitive area of the Main Range, which supplies most of
Peninsular Malaysia’s water needs.

Fig. 26.1 Geographical location of study catchments in Peninsular Malaysia
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Langat Linggi Bernam

Fig. 26.2 Drainage network of the Langat, Linggi and Bernam catchments

To minimise the environmental degradation already experienced in the moderate-
size Langat and Linggi basins, developers and managers need to be vigilant when
dealing with land development and the need for environmental sustainability. In
this context, the purpose of any development should “meet the needs of the present
without compromising the ability of future generations to meet their own needs
generated from environmental resources” (Brundtland Commission, 1987). Because
land development in Malaysia has been driven by economic considerations, there is
a need to study the hydrological impacts of rapid land use development so that
lessons can be applied to new development areas. In this context, the Langat and
Linggi catchments have been examined in order to provide an analogue for the
Bernam. This is an important step in providing basic information to managers, so
they can monitor and manage the new land development programme in the Bernam
in a proper manner. The impact of economic development in Malaysia on the envi-
ronmental quality of the river basin in general, and on water resources in particular,
has not been studied so far in a significant way. The study that we report could
help preventing further environmental deterioration by implementing appropriate
policies in the future.

26.2 Material and Methods

Relations between key environmental factors and development processes in two
developed catchments (the Langat River Basin – Selangor State and the Linggi River
Basin – Negeri Sembilan state) have been studied and identified. It is important to
understand hydrological relationships before, during and after land use changes have
occurred. Managers can use these findings to attempt to predict potential impacts of
land use change on the hydrology in the Bernam Valley and encourage the adoption
of sustainable development practices. These “analogue” catchments were chosen
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because each of them has similarities with the Bernam in terms of climate, geology,
river system, and rainfall.

Archived hydrological and land use data for the years 1960–2002 were analysed
in order to assess whether they can be used as a basis for the development of trans-
fer functions to predict what might happen in the Bernam Catchment. These would
allow recognition of the possible impact of land development scenarios on rainfall-
runoff relations, and they will be related to environmental sustainability issues over
a time period since the 1960s. All of this information will allow development of a
hydrological framework for river management in the Bernam Valley. All of these
data sets were obtained from various Malaysian government agencies. It is impor-
tant to convey that this study was dealing with imperfect archived datasets. The
reasons include administrative instability following independence, lack of trained
local engineers and technicians, and a lack of budget to repair and purchase new
equipment. This caused existing stations not to be maintained, new data not to be
collected and led to some data archives being lost.

Notwithstanding the data limitations, all available records were initially screened
using various types of analysis. For example, time-series were scrutinized for the
consistency of historical datasets of rainfall and runoff in order to identify anomalies
in the sequence of observations; test of normality in the data frequency distribu-
tions (using the Kolgomorov-Smirnov test statistic) prior to rainfall-runoff analysis;
double-mass analysis was also deployed in order to examine any peculiarities
of rainfall and runoff data within the catchments; correlation analysis (Pearson,
2-tailed) was also widely used to establish the relations between rainfall gauges,
indicating the strength and direction of covariation; ordinary least-squares regres-
sion (OLS), commonly used in hydrological studies, was also applied here to
establish the rainfall-runoff relations and transfer functions; and student’s t-test has
been used to assess the significance of any differences in suspended concentration
data during pre- and post-development periods in the same catchment and between
catchments to help recognise land use change impacts in the Langat and Linggi
basins. Finally the likely impact of such changes following new developments in
the Bernam catchment was elaborated.

26.3 Results and Discussion

From this research, significant trends in land use change from forest (primary and
secondary selva) to agriculture, especially tree crops (rubber, oil palm), ranging
from 7 to 15% in the three water catchments, and an increase in the urban area
that ranges from 183 to 394% during the period 1984–2002 throughout the three
catchments have been documented. This confirms that the tropical countries have
undergone very rapid changes involving deforestation, agricultural conversion and
urbanisation. The major driving forces behind these activities are the expanding
economic development and population growth. Many urban developments have
been permitted on the floodplain by local authorities. Assessing the impact of land
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use change on hydrology, it is important to consider the impact of new land uses on
rainfall-runoff intensity (Fig. 26.3).

Despite this, the runoff coefficient shows no significant increase during 42 years
of development. The coefficient lies between 22 and 48%. The outcome is not
straightforward and counter intuitive when comparison is made with results from
other experimental catchments in the tropics, where there has been shown to be
a significant increases (45–70%) in runoff when natural forests have been cleared
as reported by Hsia (1987), Lal (1990), Malmer (1993), Abdul Rahim and Zulkifli
(2004) and Bruijnzeel (1990, 2004). It is surmised that the fraction of rainfall leav-
ing the drainage basin through the gauging station remains similar where tree crops
are an important replacement for native forest and where urbanization covers less
than 20% of the catchments (Figs. 26.4, 26.5 and 26.6).

However, there is a significant increase in sediment yield of 19% during the
development period, which is functionally related to changes in land use cover, both
in agricultural and urban areas. Biological oxygen demand (BOD5) also shows a

Fig. 26.3 All catchments – land use map 1984–2000 (based on DOA map)
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Fig. 26.5 Linggi: rainfall-runoff coefficient for complete and partial monthly records – 5-year
running mean (1961–2002)
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significant increase where more domestic sewage and industrial waste discharges
to the river as a function of higher population and industrial growth since 1990s.
Water quality considerations dictate that the catchment must be properly protected
and managed to ensure sustainable development.

26.4 Conclusions

The literature suggests that there is an impact on rainfall-runoff and water qual-
ity with urbanization expansion and development. This study shows that, in
moderate-sized catchments of c. 1,000 km2 in the wet tropics, the outcome is less
straightforward. While water quality deteriorates, the fraction of rainfall leaving
the drainage basin through the gauging station remains similar where tree crops
are important replacement for native forest and where urbanization covers less than
20% of the catchments. Nevertheless, water quality considerations dictate that the
catchment must be protected and managed to balance the needs of development
against those of preservation of forestland. The initial intention to establish a pre-
dictive tool of land use impact on water relations i.e. a transfer function developed
in analogue catchments that can be used to mitigate the effects of development
has been abandoned in favour of assessing hydrological process-response in catch-
ments as yet to be developed so that the findings can be used to inform land use
management.

To conclude, an integrated study of land use, climatology and hydrology within
river basins is essential to understanding the potential impact on the water quantity
and water quality of an expanding population that is increasingly urbanised. This
study provides information for the local river managers and development planners
and could assist in minimizing negative impacts of development on water resources
while promoting sustainable planning within river basins.
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Chapter 27
Reclamation of Land Disturbed by Shrimp
Farming in Songkla Lake Basin,
Southern Thailand

Charlchai Tanavud, Omthip Densrisereekul, and Thudchai Sansena

Abstract Based on remotely sensed data, it was revealed that, over the period of
24 years, from 1982 to 2006, areas devoted to shrimp farming in Songkla Lake
Basin, southern Thailand, increased by a total of 7,401 ha, equivalent to an increase
of 212.0%. The dramatically rise of the land under shrimp culture was attributed
to culture technological advances, government subsidies and strong demand for
shrimp in global markets. However, with the continued expansion of culture ponds,
most farms were abandoned after 5–7 years of operation due to production losses
stemming from problems with water quality and associated outbreaks of disease.
Characterization of the properties of soil materials collected from an abandoned
shrimp pond indicated that the shrimp farmed soils possessed several adverse
physical and chemical impediments to the establishment of vegetation. The major
physical limitations were largely associated with low saturated hydraulic conduc-
tivity and low oxygen diffusion rate whereas high salinity levels were the main
chemical constraints. Methods to overcome these physical problems were investi-
gated by mixing the farmed soils with locally available amendment materials such as
gypsum and vermiculite. Findings revealed that the incorporation of these amend-
ments into the farmed soils improved their physical properties through increased
saturated hydraulic conductivity and oxygen diffusion rate values. The elevation of
the saturated hydraulic conductivity values could also facilitate the leaching out of
salt from the farmed soils resulting in reduced salinity levels. The applicability of
this amelioration procedure under field conditions merits further research.
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27.1 Introduction

Songkla Lake Basin, located on the eastern coast of the southern Thai Peninsula,
covers an area of approximately 8,463 km2, of which 1,043 km2 or 12.3% is open
water in the form of three interconnected lakes (Fig. 27.1). The lake system, con-
necting to the Gulf of Thailand through a narrow channel outlet at the southern end
of the lake, is subject to seasonal fluctuations in salinity. The economy of the basin
is agricultural in nature. Rice is cultivated in the lowlands, rubber and mixed orchard
in the foothills and terraces, and shrimps along the coastal shores (Tanavud et al.,
2001). The Songkla Lake Basin, which was once the richest and most extensive rice
growing area, was formerly described as the rice-bowl of southern Thailand.

Black tiger shrimp (Penaeus monodon) culture was introduced to the basin in
the early 1980s as a mean of generating foreign exchange and enhancing employ-
ment opportunities in the basin’s rural areas (Flaherty and Karnjanakesorn, 1995)
(Fig. 27.2). Despite the large financial benefits generated, the production of farm-
raised shrimp has given rise to deleterious environmental impacts such as soil
salinization, water quality deterioration as a result of effluent disposal, and compe-
tition between agriculture and aquaculture for freshwater supplies (Flaherty et al.,
2000) (Fig. 27.3).

The degradation of the coastal environment also contributed to shrimp dis-
ease outbreaks resulting in crop failures and pond abandonment (Dierberg and
Kiattisimkul, 1996). These disease problems then led to the migration of the culture

Songkla Lake Basin

Thale Sap Songkla

Gulf of Thailand

Thale Luang

 Shrimp farm areasThale Noi

Fig. 27.1 Songkla lake basin
from space



27 Reclamation of Land Disturbed by Shrimp Farming 357

Fig. 27.2 The cultured pond

Fig. 27.3 Environmental
impacts of farming operation

operations into rice-growing areas inland from the coast. At present, the exact
area under shrimp farming in the basin is not known and hence the extent of the
pond-induced problems is difficult to assess. In the majority of cases many of the
ponds were abandoned after 5–7 years of operation as a result of environmental
degradation and associated disease outbreaks.

In the early 2000s, white shrimp (Penaeus vannamei) was introduced into the
basin after the tiger shrimp production declined due to slow growth rates and out-
breaks of disease (Szuster, 2006). Despite this switch, it is anticipated that white
shrimp operations will face the same problems with poor water quality and risks
of disease as those experienced by the earlier tiger shrimp cultivations (Belton and
Little, 2008).

The abandoned shrimp ponds are characterized by unstable, deformed
landscapes, which are a potential hazard to the surrounding environment. Field
observations indicate that natural establishment on these disturbed lands is
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negligible or slow even many years after cessation of farming, pointing to one or
more growth limiting factors in the media. As crop production is inadequate to
meet the requirements of the basin’s population and concerns over environmental
degradation are growing, reclamation of the disturbed lands has become an essential
consideration.

The general objective of the reclamation is the return of disturbed lands to a con-
dition approaching its original biological potential for crop production, amenity, and
to an aesthetically pleasing condition (Bradshaw and Chadwick, 1980). Since lands
disturbed by shrimp farming were originally in agricultural use, reclamation to agri-
culture is perhaps the most common land use objective. The identification of the
limitations to growth in the rooting medium and the amelioration measures require-
ments have therefore become the essential fundamental prerequisite for successful
land reclamation schemes. In general, soil physical limitations are the most diffi-
cult to ameliorate, and these often dictate production potential after the more readily
altered chemical constraints are corrected. The aims of this study, therefore, were (i)
to ascertain the areal extent of shrimp farming in Songkla Lake Basin using remotely
sensed data and GIS, (ii) to define potential limitations to plant growth in the shrimp
farmed soils by characterization of their major physical and chemical properties, and
(iii) to evaluate the possibility of ameliorating the physical limitations of the farmed
soils by means of mixing them with gypsum and vermiculite.

27.2 Materials and Methods

27.2.1 Areal Extent of Shrimp Farming

A Geographic Information Systems (GIS) was used in this study to compile spatially
explicit data layers that described the basin’s land use. All spatial analysis operations
were performed using ArcGIS 9.0 software. To allow for comparisons, land use
was determined for three time periods: 1982, 2000 and 2006. The 1982 land use
coverage was generated by digitising from a paper map displaying 1982 land use
at a scale of 1:50,000 prepared by the Department of Land Development. The 2000
and 2006 land use coverage were digitised from paper maps visually interpreted
from 1:50,000 Landsat TM images acquired in 2000 and 2006, respectively. Ground
truthing was also conducted to assist in the imagery classification and validate the
final results. Following the preparation of land use coverage for the three dates, the
areas of each category of land use for each period were calculated using ArcGIS.

27.2.2 Characterization of the Shrimp Farm Soils

Soil samples were taken from pond bottoms in an abandoned shrimp farm area in
Songkla lake Basin. These soils are referred to as shrimp farmed soils in this study.
According to the Department of Land Development (1973) using the USDA Soil
Taxonomy system, the soils on which the cultured pond was built were identified as
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Ranot series and classified as Typic Tropaqualfs. At each sampling location, three
composite samples of disturbed farmed soils with an additional three samples of the
undisturbed farmed soils were collected using a core sampler with an open ended
metal cylinder of 5 cm internal diameter and 5 cm long (DIK-1621). Each composite
sample was made up of three individual samples each taken randomly to a depth of
30 cm. The disturbed samples were air-dried, ground, passed through a 2 mm sieve
and thoroughly mixed.

Particle size analysis was performed using the hydrometer method (Dirksen,
1999). Soil bulk density was determined by the core method. Plant available water
was evaluated as the difference in water content held at a matric potential of –10
and –1,500 kPa (Rowell, 1994). Saturated hydraulic conductivity was determined
in the undisturbed core samples using a Falling-Head Permeameter (DIK-4050).
Oxygen diffusion rate (ODR) was measured in the core samples equilibrated at –
10 kPa using an Oxygen Diffusion Rate Meter (DIK-5100). A pocket penetrometer
(Eijkelkamp-06.03) with a probe diameter of 6.4 mm was used to measure mechan-
ical resistance of the core samples at –10 kPa. Measurements of pH and electrical
conductivity (EC) were made on a 1:5 soil/de-ionized water suspension. Soil organic
matter content was measured using the Walkley-Black technique (Nelson and
Sommers, 1982). Cation exchange capacity (CEC) was estimated by distillation of
ammonia displaced by sodium (Thomas, 1982). Available phosphorus was analysed
according to the Bray–2 method (Bray and Kurtz, 1945). Exchangeable potas-
sium was extracted using ammonium acetate and determined by flame photometry
(Thomas, 1982).

27.2.3 Physical Amelioration of the Shrimp Farmed Soils

Amelioration of physical limitations of the shrimp farmed soils was achieved
by mixing them with locally available amendment materials such as gypsum
(CaSO4.2H2O) and vermiculite (Mg,Ca,K,Fe)3(Si,Al)4O10(OH)2.4H2O). In the
case of the soil-gypsum mixture, the gypsum was added to the farmed soils at rates
of 0, 12.5, 28.0 and 37.5 t ha–1. Soil-vermiculite mixtures were also prepared in
which the resulting vermiculite contents were 0, 12.5, 25.0 and 50.0% on a vol-
ume basis. After mixing, sufficient amounts of each mixture were transferred into
a column constructed from a PVC tube (15 cm diameter and 100 cm in length)
sealed at the bottom by a cap. To ensure free drainage, a hole at the bottom of each
tube was made. During filling, the mixtures in the tube were packed by tamping the
sides of the tube with a rubber hammer to give a final depth of 80 cm. The mix-
tures were maintained at constant soil water content, representing a matric potential
of –10 kPa. After the 12 months period of the experimentation, three replicate undis-
turbed core samples were taken from the uppermost 30 cm of each mixture in the
tube for saturated hydraulic conductivity and oxygen diffusion rate measurements
using the methods described in the previous section. Analysis of variance (ANOVA)
was used to test the effects of the inorganic amendments on physical properties
of the mixtures. Values of soil properties that differed at p <0.05 were considered
significant (Fowler et al., 1998).
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27.3 Results and Discussion

27.3.1 Areal Extent of the Shrimp Farming

Based on the analysis of satellite images, it was found that areas devoted to shrimp
farming in 1982 covered an estimated 3,491 ha, equivalent to 0.47% of the total
area of the basin (Table 27.1). At that time, the development of shrimp farming was
limited to a relatively narrow band of coastal land, ensuring easy access to saline
water. Over a period of 18 years, from 1982 to 2000, area under shrimp culture
increased from 3,491 to 7,799 ha, equivalent to an increase of 123.4% (Table 27.1).
In 2000, the ban of shrimp ponds along the coastline progressively widened as the
coastal shore became increasing crowded with culture ponds. During the 6-year
period from 2000 to 2006, shrimp cultivation areas further increased by 3,093 ha,
representing an increase of 39.7% (Table 27.1). These new cultivation areas have
emerged in freshwater areas inland from the coast as well as along the lakeshores.
It is noteworthy that, over a period of 24 years, from 1982 to 2006, areas devoted to
shrimp culture dramatically rose from 3,491 to 10,892 ha, representing an increase
of 212.0%.

27.3.2 Characterization of the Shrimp Farmed Soils

The shrimp farmed soils had clay percentage of 69.19 and their textural class was
clay (Table 27.2). The high bulk density in the farmed soils suggested that com-
paction had occurred, probably as a result of tractor wheel passage during pond
construction. The air-filled porosity was below the critical value of 10%, indicating

Table 27.1 Estimates of land use in Songkla lake basin in 1982, 2000 and 2006

Area∗ (ha)

Land use categories 1982 2000 2006

Forest 146, 568 86, 225 78, 052
Rubber 292, 610 404, 531 434, 745
Rice field 208, 599 164, 209 141, 200
Fruit orchards 21, 412 126 2, 766
Perennial crops 1, 196 881 680
Shrimp farming 3, 491 7, 799 10, 892
Mangrove forest 3, 221 406 387
Fresh water swamp forest 24, 821 18, 682 12, 917
Water bodies 1, 334 2, 632 2, 762
Urban/built up area 30, 990 54, 568 56, 213
Miscellaneous 7, 725 1, 908 1, 353
Total 741, 967 741, 967 741, 967

∗Excludes lake surface.
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Table 27.2 Physical and chemical properties of the shrimp farmed soils

Properties of shrimp farmed soil

Chemical properties
pH 6.98
EC (mS cm–1) 13.74
Organic matter content (g kg–1) 4.50
CEC (cmol (+) kg–1) 21.95
Available phosphorus (mg kg–1) 19.51
Exchangeable potassium (cmol(+) kg–1) 1.54

Physical properties
Texture Clay
Sand (%) 0.27
Silt (%) 30.54
Clay (%) 69.19
Bulk density (g cm–3) 1.78
Particle density (g cm–3) 2.71
Air-filled porosity at field capacity (%) 9.95
Plant available water (%) 9.72
Saturated hydraulic conductivity (m s–1) 4.16 × 10–7

Oxygen diffusion rate (g cm–2 min–1) 14.34 × 10–8

Resistance to penetration (kPa) 120.63

that oxygen supply might become limiting to root growth (Landon, 1991). In addi-
tion, the farmed soils had low values of available water percentage (Table 27.2),
apparently as a result of higher bulk density and low organic matter contents.
The saturated hydraulic conductivity values fall within the low class according to
Ghildyal and Tripathi (2005).

The predominance of fine-textured soils accounts for the low value of saturated
conductivity, and possibly results in waterlogging conditions, which promote deni-
trification and runoff losses. If the diffusivity values of 20 × 10–8 g cm–2 min–1 is
taken as a lower limit for plant growth as suggested by Stolzy and Latey (1964), then
the dissuasive transport of gases through air-filled pores in the farmed soils would be
restricted, affecting nutrient and water uptake, and eventually the growth of plant.
Taylor and Burnett (1964) cited a mechanical resistance of about 2,500 kPa at –
10 kPa was sufficient to prevent or markedly reduce root elongation. The mechanical
resistance recorded in farmed soils at –10 kPa was 120.63 kPa. This resistance figure
is well below 2,500 kPa and as such it could be assumed that mechanical impedance
to root ramification would not be a limitation to plant growth.

The pH value for the farmed soils was in the optimum range for satisfactory
growth (Table 27.2). The EC value was above the critical value of 4.0 ms cm–1,
indicating that plant grown on the farmed soils would be restricted by soluable salt
(Rowell, 1994). The organic matter content was lower than published critical values
of 5 g kg–1 (Department of Land Development, 1973), suggesting that the contribu-
tion to total nitrogen from organic sources could be expected to be extremely small.
Phosphorus concentration in the farmed soils was higher than minimum threshold of
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4 mg kg–1 (Landon, 1991), suggesting a probable sufficiency. The potassium levels
in the farmed soils were found to be higher than the critical values of 0.15 cmol (+)
kg–1, and therefore deficiency was unlikely (Landon, 1991). Based on these find-
ings, it is apparent that land from which shrimp has been farmed has been left in
a condition that is far from ideal for agricultural purposes. Tanavud et al. (2001)
obtained similar results working with the shrimp farmed soils collected from an
abandoned shrimp farm area in Hat Yai District, Songkla Province.

27.3.3 Amelioration of Physical Limitations of Shrimp
Farmed Soils

Under the conditions of this experiment, it was evident that the incorporation of
gypsum into the shrimp farmed soils significantly increased saturated hydraulic con-
ductivity value of the shrimp farmed soil-gypsum mixtures (Figs. 27.4 and 27.5
and Table 27.3), with a plateau being reached at 25.0 t ha–1. Likewise, the addi-
tion of gypsum significantly elevated oxygen diffusion rate values of the mixtures,
with a plateau being reached at 12.5 t ha–1. With respect to vermiculite, values
of saturated hydraulic conductivity and oxygen diffusion rate increased progres-
sively with increasing quantities of vermiculite (Figs. 27.6 and 27.7 and Table 27.3).
However, the levels of vermiculite applied were insufficient to produce a well-
defined plateau for the farmed soil-vermiculite mixtures. Laboratory investigations
indicated that the application of gypsum and vermiculite had a positive influence
on the physical characteristics of the shrimp farmed soils. An additional benefit is a
reduction in salinity levels resulting from improved leaching of salt brought about by
enhanced saturated hydraulic conductivity values of the farmed soils. It is notewor-
thy that the effectiveness of incorporating gypsum in improving physical properties
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Fig. 27.4 Responses of saturated hydraulic conductivity values of the shrimp farmed soils to the
addition of gypsum
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Fig. 27.5 Responses of oxygen diffusion rate values of the shrimp farmed soils to the addition of
gypsum

Table 27.3 Effects of gypsum and vermiculite on saturated hydraulic conductivity and oxygen
diffusion rate of the shrimp farmed soils. Numbers in brackets represent standard deviation

Gypsum rate (t ha–1) Vermiculite (% by volume)

Physical
properties 0.0 2.0 4.5 6.0 0.0 12.5 25.0 50.0

Saturated
hydraulic
conductivity
(× 10–7m s–1)

4.16a∗
(0.002)

4.86ab
(0.001)

5.55b
(0.007)

5.20b
(0.003)

4.16w
(0.002)

9.95x
(0.007)

14.69y
(0.007)

24.65z
(0.003)

Oxygen
diffusion rate
(× 10–8 g cm–2

min–1)

14.34a
(1.643)

32.27b
(3.228)

30.66b
(1.614)

32.27b
(1.076)

14.34x
(1.643)

41.96y
(3.228)

47.33y
(6.718)

105.42z
(1.865)

∗Means followed by the same letter within each parameter are not significantly different at 5%
probability level.

of the farmed soils could be increased if more time is allowed for the removal of
exchangeable sodium by calcium.

27.4 Conclusions

Characterization of the physical and chemical properties of the shrimp farmed soils
has led to the conclusion that the physical problems of low saturated hydraulic con-
ductivity and low oxygen diffusion rate values, and the major chemical constraint
of high salinity level would pose limitations to the establishment of vegetation on
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Fig. 27.6 Responses of saturated hydraulic conductivity values of the shrimp farmed soils to the
addition of vermiculite
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Fig. 27.7 Responses of oxygen diffusion rate values of the shrimp farmed soils to the addition of
vermiculite

the farmed soils. To ensure successful establishment of plants on these farmed soils,
these inherent limitations must be corrected. Laboratory studies have shown that the
incorporation of the gypsum and vermiculite improved their physical properties of
the farmed soils through increased values of the saturated hydraulic conductivity
and oxygen diffusion rate. The elevation of the hydraulic conductivity values could
also facilitate the leaching out of salt from the farmed soils resulting in reduced
salinity levels. In alleviating physical impediment to growth, solutions reached were
based solely on physical parameters measured in the laboratory. The ultimate indi-
cator of soil physical conditions, however, is the plant, and thus there is a need for
assessing the growth response of plants to the physical properties of the gypsum and
vermiculite amended farmed soils in the glasshouse and in the field.
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Chapter 28
The Effect of Bio-solid and Tea Waste
Applications on Erosion Ratio Index of Eroded
Soils

Nutullah Ozdemir, Tugrul Yakupoglu, Elif Ozturk, and Orhan Dengiz

Abstract The aim of this study was to determine the effects of organic wastes such
as bio-solid (BS) and tea waste (TW) on erosion ratio index (ER) of eroded soils
in different levels (slight, moderate and severe). Soil samples used in this research
were taken from surface soil (0–20 cm depth) located on agricultural land of Samsun
province in the northern part of Turkey. These soil samples were treated with organic
residues at four different levels (0, 2, 4, and 6% basis w/w) and each treatment was
replicated three times in a split block design. All pot mixtures were incubated for
4 weeks under greenhouse conditions and later tomato plants were grown in all
pots. When plant growth was in its 14th week, the experiment was ended. After
greenhouse work, changes in ER values of eroded soils were determined. It was
determined that the BS and TW treatments dramatically decreased ER values of
the eroded soils compared to the control treatment. Statistical test results showed
that erosion level (p <0.001), type of residue (p <0.01) and the application dose
(p <0.001) caused the changes of the ER values.

Keywords Erosion ratio · Organic wastes · Soil erodibility · Turkey

28.1 Introduction

There are a number of problems that threaten the life quality of mankind. One of
the most severe recognized worldwide such threats is soil erosion. Losses of the
most valuable natural resource-the soil-takes place almost imperceptibly and slowly
affect the long-term productivity of the land (Mitra et al., 1998).
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Almost 80% of Turkish soils are affected by erosion requiring radical precau-
tions, especially on cultivated land. Hence it is of primary importance to know
the major factors, which influence erosion at various degrees (Ozdemir and Askin,
2003). One of the said major factors is soil erodibility. Soil erodibility is a function
of detachability and transportability, both of which are dependent on the physical,
chemical and biological properties of the soil. The magnitude of erodibility is depen-
dent on soil particle size and distribution, degree and stability of soil aggregation,
and surface residue (Vanelslande et al., 1987; Choudhary et al., 1997). Treatment
with organic conditioners to improve or maintain soil structure and aggregate sta-
bility may be one of the means of maintaining high water infiltration and low runoff
and erosion (Ozturk et al., 2005). In addition, soil organic conditioning properties
has been defined also by Brandsma et al. (1999) as the “upgrading of a poorly
structured soil to one with suitably sized aggregates through proper tillage and
subsequent stabilization of its tilth by the application of conditioning materials,
naturally based”.

Soil structure properties and the resistance to erosion, could be enhanced by
adding appropriate organic matter to the affected soil (Turgut et al., 2004). Organic
matter is a major stabilizing component that improves soil aggregation resulting in
a higher total porosity (POR) and wider pore-size distribution (Zhang et al., 2005).
Ozdemir (1993) examined the effect of organic residues on the soil structural sta-
bility and soil erodibility. The author indicated that additional organic matter was
effective in decreasing the erosion ratio (ER) values of the soils.

The main objective of the present study was to determine the effects of different
organic matter sources such as bio-solids (BS) and tea residues (TW) on the ER
index of a soil eroded at different levels.

28.2 Materials and Methods

Soil samples used in this study were taken from a 0 to 20 cm depth of slight, moder-
ate and severe eroded areas in Samsun-Turkey. This site is located in the Black Sea
Region, Northern Anatolia (Latitude 41◦C 19′N; longitude 36◦C 02′W) as shown in
Fig. 28.1. The climate is semi humid (Rf = 47.21) with monthly mean temperatures
ranging from 6.6◦C in February to 23◦C in August. The annual mean temperature
is 14.2◦C and the annual mean precipitation is 670 mm (Anonymous, 2002). Soils
were classified as Vertic Calciudolls according to the US Soil Taxonomy (USDA,
2003).

The bio-solids (BS) were obtained from the Bafra Municipality and tea residues
(TW) from the Rize Tea Research Institute of the Ministry of Agriculture and
Rural Affairs. The carbon nitrogen ratios of the BS and TW were 9.25 and 22.6,
respectively. The soil samples were treated with these organic residues at four dif-
ferent levels (0, 2, 4 and 6% according to w/w) including the control treatments
and each treatment was replicated three times in a split block design [(3 erosion
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Fig. 28.1 Location (a) and physiographic (b) maps of the studied area

levels × 2 organic residues × 4 application doses) × 3 replicates]. All mixtures
were transferred to plastic pots (height: 20 cm, diameter: 19 cm) and they were
incubated at field capacity water contents at 20◦C for 4 weeks. After the incubation
period, tomato plants (cv. Tore F1) were grown in a greenhouse. After 112 days, the
tomato plants were removed from the pots and the experimental work was accom-
plished. All soil samples including control were manually grinded to pass through
a 2 mm sieve and the ER indices of soils were then determined. The effect of the
plant roots on the ER indices was ignored and was determined by using Equation 1
developed by Lal (1988).

ER = ((DR × ME)/C) × 100) (1)

In this equation, ER is the erosion ratio index (%), DR represents the dispersion ratio
(%), ME is the moisture equivalent (%) and C is the clay content (%). Some physical
and chemical soil properties were determined by the following methods: soil texture
was determined by the hydrometer (Demiralay, 1993); soil organic matter content
was measured by a modified wet digestion method (Nelson and Sommers, 1982);
pH and EC values were determined in 1:2.5 soil:water suspensions measured by
the pH and EC meters, respectively (Rowell, 1996); cation exchange capacity was
determined by the ammonium acetate extraction method and CaCO3 content was
determined by Scheibler-calcimeter (Kacar, 1994).

The statistical assessment of the experimental data was undertaken using the SAS
software package program (SAS Institute 1988).
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28.3 Results and Discussions

28.3.1 Soil Properties

Some properties of the surface soil samples from the slightly, moderately and
severely eroded area were determined as follows. The texture was fine with clay, silt
and sand contents varying from 531 to 594 g kg–1, 260–317 and 131–146 g kg–1,
respectively (Table 28.1). The soils were slightly alkaline having a pH value of 8.0.
The free CaCO3 content of the soils was determined to be between 16.6 and 21.9%.
Cation exchange capacities were 37.4, 23.9 and 21.4 cmol kg–1 for slight, moderate
and severe eroded soils, respectively. Soil organic matter content varied from 0.83
and 0.99%. EC values were found as 0.78, 0.65 and 0.64 ds m–1 for slight, moderate
and severe eroded soils, respectively. The soils with ER ratio values greater than
10% were described as strongly erodible and soils with ER values less than 10%
were described as weakly erodible (Tumsavas and Katkat, 2000). According to this
assessment, slightly and moderately eroded soils were found to be weakly erodible
and the severely eroded soil was found to be strongly erodible.

28.3.2 ER Index

Following the laboratory work, ER data were evaluated with the variance anal-
ysis test determining that the ER values were significantly influenced from the
type of organic conditioner and application doses depending on the erosion levels.
The mean of square values of the amendment materials (p <0.01) and their levels
(p <0.001) were statistically significant. Meanwhile, interactions of the erosion
level x conditioners, erosion level x doses, conditioners x doses and erosion level
x conditioners x doses were significant (p <0.001).

Table 28.1 General properties of the experimental soils

Properties Slight Moderate Severe

Clay, g kg–1 594 561 531
Silt, g kg–1 260 308 317
Sand, g kg–1 146 131 152
Textural class Clay Clay Clay
pH 8.0 8.1 8.1
EC, ds m–1 0.78 0.65 0.64
OM, % 0.99 0.84 0.83
CEC, meq 100 g–1 37.4 23.9 21.4
CaCO3, % 16.6 19.4 21.9
ER, % 5.36 6.65 12.17

EC: electrical conductivity; OM: organic matter content;
CEC: cation exchance capacity; ER: erosion ratio index
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Fig. 28.2 Medium ER values (%) obtained after the experiment

The ER values of the soils, determined after the greenhouse experiment in the
mixtures of BS and TW with the soil samples are given in Fig. 28.2. Addition of
the organic conditioners to the soil samples decreased the ER value ratio markedly
depending on the type of organic matter conditioner, application dose and the ero-
sion level of the soil. Generally, as the erosion level of the soils increased, the
ER values increased too. The Mean ER value was 3.93% for slightly eroded soils
while it was 5.50 and 8.99% for moderately and severely eroded soils, respectively
(Fig. 28.2).

The LSD0.05 (least standard deviation) results illustrating the effect of the applied
organic residues on the ER index of the soils are given in Table 28.2. This table
indicated that the application of organic wastes, their doses and the erosion level of
the soils showed significant differences in terms of soil ER values (Table 28.2).

The organic residues, namely BS and TW decreased the ER value of the soils
to 6.430 and 5.853, respectively. On the other hand, the effect of the BS and TW
followed a descending order in relation to the effectiveness of the organic residues
on the ER value. According to the application doses, the highest decrease in mean
ER values compared with the control (8.059%) was found for 6% doses of organic
conditioners as 3.816%. This may indicates that the organic residues had different
resistances against decomposition. When taking the mean values into consideration,
it is clear that organic residues decreased the ER values.

The texture of the soil along with the moisture equivalent was considered when
the ER index was determined. A 10% threshold value was accepted for the ER
index for determining soil erodibility. If the ER indices of the studied soils we deter-
mined to be greater than 10%, they would be described as erodible (Ngatunga et al.,
1984).

This criterion is useful to determine the effects of the applied agricultural prac-
tices and the type of crop on soil structure. When the results from the present study
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Table 28.2 LSD0.05 test
results of the ER data ER index

Erosion level
Slight 3.933c
Moderate 5.503b
Severe 8.988a
LSD value for erosion level 0.452

Organic waste
Bio-solid 6.430a
Tea waste 5.853b
LSD value for organic waste 0.099

Application dose, %
0 8.059a
2 6.989b
4 5.702c
6 3.816d
LSD value for application dose 0.271

were discussed from this point of view, it is quite clear to see that the organic
residues applied to the soils increased soil resistance reasonably well (Fig. 28.2) and
the effects of the organic wastes on soil resistance varied depending on the degree
of soil erosion accordingly. While the organic residues applied at the rate of 2 and
4% to the moderately eroded soils, decreased ER values to the level of erodibility
of the non-applied slightly eroded soils. The 6% dose of TW applied to the severely
eroded soils decreased the ER value of the soil to the level of the ER value of the
non-applied soils in moderately eroded soil. These results were also supported by
the work of Sonmez (1979), Ekwue (1990) and Haynes (2000).

28.4 Conclusions

The effect of organic residues, such as BS and TW, on a soil eroded at various
levels, was studied in this work. It was determined that these soil conditioners
have a positive effect on soil resistance against erodibility. The results can be sum-
marized as: BS and TW treatments decreased ER values of eroded soils in the
different levels. Effectiveness of the treatments varied depending on organic sources
applied, its application dose and soil erodibility level. These results are of ample
importance to countries suffering from severe erosion alike Turkey due to the low
organic matter content of the regional soils and the magnitude of accelerated soil
erosion. Organic residue applications have also an important role in their disposal
as beneficial materials. Further studies are needed in the laboratory coupled with
field experiments. They should determine the soil quality that is expected by the
increasing amount of water stable aggregates and their significance in combating
erosion.
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Chapter 29
Modern and Ancient Knowledge of Conserving
Soils in Socotra Island, Yemen

Dana Pietsch and Miranda Morris

Abstract At first view, soil erosion on Socotra Island, Yemen would seem to be a
minor problem. This appraisal is based on the fact that on the one hand the island
is poor in soil resources, and on the other hand research on the island has to date
focussed on biodiversity. However, results of soil investigations on Socotra showed
that in the Homhil Protected Area land degradation in terms of erosion due to soil
structure deterioration and humus loss has increased drastically: within 3 years a loss
of about 40 m3 in a single gully head was estimated. Soil loss inevitably involves
uprooting of trees and a decrease in soil fauna. Biodiversity is, of course, the most
important argument for protecting the unique floral and faunal richness of the island,
but what would terrestrial biodiversity be without soils? The present approach relies
on a “down-to-earth” system of soil monitoring, based on both modern and ancient
knowledge and oriented towards current environmental and political objectives. It
should be understood as a first step towards conserving soils and vegetation in a
Protected Area of this tropical island.

Keywords Ancient indigenous knowledge · Soil conservation · Biodiversity ·
Socotra island · Yemen

29.1 Introduction

The Island of Socotra is situated in the Arabian Sea (Fig. 29.1). It consists of a
granite basement, limestone plateaus and basins, wadis and alluvial plains. Since
large parts of the island are covered with Tertiary limestone (Geological Survey and
Mineral Resources Board, 2003) and therefore partly covered with residual clays
and coverloams, Cambisols are very common. More than 50% of the cambic soils

D. Pietsch (B)
Institute of Geography, University of Tübingen, Tübingen 72070, Germany
e-mail: dana.pietsch@uni-tuebingen.de

375P. Zdruli et al. (eds.), Land Degradation and Desertification: Assessment, Mitigation
and Remediation, DOI 10.1007/978-90-481-8657-0_29,
C© Springer Science+Business Media B.V. 2010



376 D. Pietsch and M. Morris

Fig. 29.1 Location of
Socotra island and Homhil

contain between 30 and 60% clay (n = 30). Furthermore, the coarse fragment con-
tent lies between 0 and 78%. In regions where erosion is most severe, Calcisols
are often present. Calcisols in Socotra are silty (40–80% silt), but also clayic with
clay contents of over 30%. Coarse fragment contents range from 0 to 63% (Pietsch,
2006; Pietsch and Kühn, 2009).

“Homhil” is situated in eastern Socotra and is one of the most extensively
used intra-montane basins. It is characterised by limestone escarpments, a plain
filled with red coverloam, and locally limited surface water. Vegetated with open
woodland of Boswellia (frankincense), Commiphora and Dracaena cinnabari (the
dragon’s blood tree), it has been designated one of the island’s Protected Areas in
recognition of its rich biodiversity (Miller and Morris, 2004).

The people of Homhil are principally pastoralists. They also cultivate date palms
and some are seasonal fisherman. A spring is the only permanent water-source of
the area, though there are seasonal streams, and shallow wells also used for watering
date-palms and, formerly, for the cultivation of finger-millet. Now a small number
of kitchen gardens are cultivated (Miller and Morris, 2001).

From the socio-economic point of view an important fact is that from the late
1960s onwards the people of Homhil began moving down slope from their cave
settlements in the mountain slopes to build more permanent stone dwellings around
the valley floor (Morris, 2002). The reasons for this gradual move are various and
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complex, but one major effect was increased pressure on the valley floor grazing,
which previously had been exploited only after rainfalls.

As people began to settle around the valley rim, the household herds – in gen-
eral the productive animals, spent increasing amounts of time around the ten or
so hamlets that developed over the next few decades. At the same time, aspirations
changed, food security improved and alternative sources of livelihood became avail-
able. A consequence of these developments was the collapse of earlier systems of
livestock management: controlled breeding, close herding and the slaughter of the
majority of male offspring soon after birth in order to maximise milk production.
The decline in the regular, seasonal transhumance of livestock between upland and
lowland grazing meant that ever-greater numbers of animals spent more and more
time around the permanent settlements. No longer managed as in the past, only dis-
ease and drought have prevented the numbers reaching uncontrollable proportions
(Morris and Pietsch, 2008). Another important fact is that whereas cattle and sheep
in general do not greatly disturb the soil surface when resting beneath trees and
walking along the tracks, donkeys and goats are a prime cause of damage to land
surfaces.

Disruption to economic and political systems against a background of land degra-
dation has been investigated in other regions (Blaikie and Brookfield, 1987). There
are also those involved in current research in this field that view land degradation as
a “natural disaster” (Hudson and Ayala, 2006).

In the present case, land degradation in the form of soil erosion has arisen as a
direct consequence of unsustainable land use. Land degradation of this kind leads
to a decline in productivity over time and to a reduction in the actual and potential
use of the land (Blaikie and Brookfield, 1987; Dalelo, 2001).

29.2 Materials and Methods

Soil data on Socotra obtained from 232 Puerckhauer drillings and analysis of 48
profiles, as well as from degradation mapping (see Fig. 29.4, Pietsch, 2006), com-
bined with insights from traditional expertise in this field, were used to implement
soil monitoring in Homhil. Knowledge of early Yemeni and Socotran expertise in
soil management is based on the long-term experience of both authors. The soils
were described by German Mapping Guidelines and FAO Guidelines (Ad-Hoc AG
Boden, 2005; FAO, 2006) and classified after WRB (IUSS Working Group WRB,
2006). Soil analysis followed Blume et al. (2000).

To prevent badland development, a monitoring site was chosen whereon trun-
cated Cambisols are distributed and endemic vegetation such as Boswellia (frankin-
cense) is at risk of uprooting. This work is being carried out against a background
of Yemeni Government policy that, over the last 10 years or so, has provided some
tools for the “Conservation and Sustainable Use of Socotra Island” (EPA, 2000;
EPC, 2000; FAO-UNCCD-UNDP, 2000).
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29.3 Results and Discussion

29.3.1 Ancient Knowledge on Soil Conservation

In former times people developed many excellent strategies for conserving and
exploiting soil resources, as is well known from the Yemen mainland, when as
early as 3,600 BC, Yemenis started building terraces to conserve soils for agricul-
ture (Wilkinson, 2003). People on Socotra also applied similar techniques: stones
and rocks were used in different ways by the islanders to conserve soil (Morris,
2002). In the central Hagher mountains terrace systems were established (Fig. 29.2,
Pietsch, 2003). Furthermore, large areas of the island are crossed by a network of
low walling (Fig. 29.3).

Fig. 29.2 Old terrace
systems in Wadi Di-Farhoh,
Hagher mountains

Fig. 29.3 Walling in Diksam,
western limestone plateau
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Although to date the purposes and function of this extensive walling are not fully
understood, in many areas they clearly have had an excellent side-effect: collecting
soil and flood debris and supporting the succession of vegetation. Much of this early
walling in Socotra is now buried beneath the shrubs and plants, which have become
established on the accumulated sediments. Soil also collects around the stone-walled
pens, byres and other livestock enclosures that proliferate on the island, and along
the lines of rocks used to guide run-off to the rainwater catchments that are the main
source of dry weather water.

29.3.2 Modern Knowledge of Conserving Soils

From the soil scientific point of view the main reasons for topsoil erosion in Socotra
Island are humus and structure loss (Pietsch, 2006) mainly due to the increasing
pressure of goats and feral donkeys. As a consequence, everywhere in the island,
and especially after heavy rainfall and on sites which are more or less inclined in
particular, surface water has been moving loose materials. One negative result is
the truncation of soils due to gully erosion (Avni, 2005). As inclination increases,
erosion by water is even more marked (Cerdá and García-Fayos, 1997). Among
other visual indicators of land degradation are the uprooting of trees, a restricted
rooting depth, crusting, a decrease in organic matter and in soil fauna (Stocking and
Murnaghan, 2003).

Soil investigations show that in the Homhil Protected Area erosion is widespread,
occurring in the form of gullies (LZ) and badlands (FB). Both forms were mapped,
and are depicted in Fig. 29.4.

Measurement of the extent and size of the gullying and badlands (LZ1and FB1)
showed that erosion has increased drastically: in the period from 2003 to 2005 it
was estimated that there had been a loss of about 40 m3 soil within a single gully
(Pietsch, 2007).

As mentioned earlier, Cambisols are common within the basin. The refer-
ence profile “Cambisol” (Hom9) is situated at the gully margin (LZ1, Fig. 29.4).
Because of very slight inclination, the surface water is infiltrating the cambic
soils optimally, because they have a loamy texture and a moderate skeleton con-
tent (Hom9, Table 29.1). At sites where Cambisols are shallow or even strongly
calcified (crusting by calcification), soil erosion might have been happening over
decades. Secondary calcification is the most common soil-forming process on
Socotra (Pietsch and Kühn, 2009), and crusting due to loss of topsoil is one sign
of human-induced soil degradation (Urban, 2002).

Since the lower part of the soils in Homhil basin consists mainly of petrocalcic
or hypercalcic horizons (Cwck horizons), ongoing erosion will lead unavoidably to
“plant-toxic” land surfaces with a low cation exchange capacity (CEC), as is seen
in Table 29.1. In this regard, the reference profile is Calcisol Hom 14 at the badland
margin (FB1, Fig. 29.4). The CEC in the Calcisol is at 5 cmolc kg–1, i.e. very low.
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Fig. 29.4 Soil degradation pattern: gullies and badlands

Where one finds Hypercalcic Calcisols at the land surface, soil degradation has
already reached the final stage (Pietsch, 2006) when only a very low nutrition bud-
get is available for plant growing (Stocking and Murnaghan, 2003). The extent of
land degradation in Homhil could be also appreciated by comparing the content of
organic matter in the soil (SOM). Looking at these two reference profiles it is obvi-
ous that the already eroded Cambisol Hom9 (without Ah horizon) still carries 0.95%
SOM in the upper horizon, but Calcisol Hom14 has lost more than 0.3% SOM due

Table 29.1 Soil physical and chemical data of a Cambisol (Hom9) and a Cambisol above a
Calcisol (Hom14)

Horizon Depth (cm) Detritus (%) Sand Silt Clay SOM CaCO3 pH H2O

CEC (cmolc
kg–1)

Hom 9
BCwk1 0–5 19.2 19.0 46.7 33.4 0.95 3.2 8.5 21.6
BCwk2 5–25 19.5 24.4 28.8 46.8 0.83 17.9 8.6 20.5
BCwk3 25–75+ 23.1 24.0 29.3 46.6 0.50 27.5 8.6 13.4

Hom14
BCwk1 0–5 10.7 15.4 46.9 37.8 0.59 17.6 8.2 38.3
BCwk2 5–30 25.5 15.3 35.8 48.9 0.31 21.1 8.2 13.9
Cwck 30–50 49.4 25.2 41.3 33.4 0.37 67.7 8.3 6.1

50–85 48.8 27.7 38.4 33.8 0.36 63.0 8.6 4.7
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to erosion. Its “topsoil” (BCwk1 and BCwk2 horizons) equates to the “topsoil” of
Hom9 (BCwk3 horizon).

The main problem as a result of this at location LZ1 is the disturbance and
uprooting of the endemic Boswellia, a thinning of the whole vegetation cover
and consequent increasing topsoil erosion. Both are irreversible land degradation
processes, or so called “natural disasters” (Hudson and Ayala, 2006).

29.4 Conserving Soils

Within the last few years, and in Less Developed Countries (LDC) especially, the
call for soil conservation has suddenly become urgent (Anderson and Thampapillai,
1990). The Yemeni Government, like other LDCs, has an environmental policy,
which takes soil conservation into consideration only indirectly (Republic of Yemen,
1995). However, “in the field” monitoring has shown that appropriate environ-
mental policies can start from the bottom: during the “National Environmental
Day Action in Homhil” on 20–22 February 2007, which was supported by the
inhabitants of Homhil, the Socotra Conservation Development Program (SDCP),
the Environmental Protection Authority (EPA) and the Royal Botanic Garden
Edinburgh (RBGE), soil monitoring in Homhil basin started. The first step was to
build stonewalls in a 100 m long gully with depths of 20–100 cm. The gully (LZ1,
cf Fig. 29.4) is located in an area covered by Cambisols (cf Hom9). Sixteen walls
were constructed, using wadi gravel, (Figs. 29.5,29.6 and 29.7) to catch sediments
transported along the gully by runoff during the rainy season (Pietsch, 2008).

In 2008 the walls proved to have remained stable and to have acted successfully
as sediment traps: they remain perfectly intact (Figs. 29.6 and 29.7), except for
two walls, which lie across a cattle path. The walls seem to function excellently as
sediment traps, since within 1 year 10–20 cm depth of sediments had accumulated
behind most of the sixteen stonewalls.

Fig. 29.5 Actual wall distribution
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Fig. 29.6 Intact wall (W2)

Fig. 29.7 Sediment
accumulation and succession
of vegetation (W13 and W14)

Recently, Asphodelus fistulosus (Fig. 29.7) has become established on these
loamy sediments along with other common plants such as Tephrosia apollinea and
Senna holosericea. Furthermore, in some of these “dry walls”, lizards, centipedes
and ants have made their home (Fig. 29.8). It is interesting to compare the situation
here with the Mediterranean region, where such walls are widely distributed and are
well known to provide “eco-niches” for flora and fauna.

Further steps, such as planting young frankincense trees, will be carried out in
autumn 2010, using ceramic plant rings produced by island women. The endemics
Boswellia elongata and Boswellia ameero are available from nurseries in Hadiboh
and Homhil (Fig. 29.9). They will need 2 years to become established and adapt to
the arid climate and hot winds outside the nursery (Fig. 29.10). In preparation for
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Fig. 29.8 Settling of soil
fauna on walls (ants and
lizards)

Fig. 29.9 Frankincense
seedlings in the nursery
(21.02.2008)

this planting, two different types of fence construction have been tested for feasibil-
ity as well as for their ability to withstand the summer monsoon winds in Homhil
(Fig. 29.11).

This interdisciplinary and applied approach to combat land degradation, integrat-
ing social and natural science (Hudson and Alcántara-Ayala, 2006), is in line with
the current environmental and political aims of Yemen, for example terracing or
tree planting (FAO-UNCCD-UNDP, 2000). This system of soil monitoring should
be understood as a first step towards conserving soils and vegetation in a Protected
Area in Socotra.
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Fig. 29.10 Frankincense
seedlings outside the nursery
(22.11.2008)

Fig. 29.11 Safety fences for
plantings (04.03.2009)

29.5 Conclusions

Although in the past people did not have the soil data we possess today, they under-
stood the vital importance of soil and practised soil conservation. Over time they
even improved their soil-conservation techniques, and handed down this knowledge
across the generations to modern times. It is thus possible to make use of Socotran
skills in drystone wall construction as well as their insights into soil collection,
and then combine this with topographical and soil data to devise “down-to-earth”,
basic soil monitoring programmes which are neither complicated nor expensive,
but effective and very different from the often unsustainable soil monitoring prac-
tices seen elsewhere. In addition, the planting of trees on sediments accumulated
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behind walls imitates the quasi-natural eco-niche function of walls already recog-
nised in many parts of Socotra and elsewhere in Yemen, as well as widely seen in
the Mediterranean region.

The method of soil conservation discussed here is an important step towards
achieving one of the environmental policies of Yemen: namely protecting the coun-
try’s natural resources. This method is in tune with local customs and in sympathy
with the local environment; it could be carried out by the islanders themselves with-
out expensive machinery or other costly inputs; it causes no damage to the natural
environment, is not unsightly, and its effects on the soil and the vegetation are clearly
visible and readily understood.

The restoration of soils and the build-up of soil organic matter in this way is a
sustainable system of combating soil erosion. Recently, the Yemeni government has
made it a priority to try to manage its water crisis and land degradation due to pol-
lution. Practical steps towards conserving soils, vegetation, and consequently water,
such as those described above encourage local action undertaken by the beneficiaries
themselves on a local rather than a national scale, and, most importantly, in accor-
dance with the aims of the Conservation Zoning Plan as set out by the Government
of Yemen.
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Chapter 30
Content of Heavy Metals in Albanian Soils
and Determination of Spatial Structures Using
GIS

Skender Belalla, Ilir Salillari, Adrian Doko, Fran Gjoka,
and Majlinda Cenameri

Abstract This paper reports 8 years (2000–2007) of research results conducted in
the soils of Albania aiming the establishment and the degree of pollution by heavy
metals and their spatial distribution. One hundred and two soil samples (0–30 cm)
from five representative soil types formed on different parent materials and wide
physiographic regions of the country were sampled. Soil samples were analysed for
total concentration of Pb, Ni, Cr and Co (Aqua Regia method) and for the main soil
physical/chemical properties. Results showed that the total content of heavy met-
als varied widely between soil types as well as within the soil types. The highest
total heavy metals concentrations were: 500, 761, 1,040 and 360 mg kg–1 for Pb,
Ni, Cr and Co respectively. In many sites, concentration of heavy metals was higher
than the limits permitted by the EU. Significant correlation between heavy metals
and clay, pH and CEC were found. The thematic maps and the geostatistical analy-
sis were performed using ArcGIS (v. 8.3.) and the extensions of Geostatistical and
Spatial Analyst. Spatial distribution of heavy metals content in the studied areas
was displayed via digitised maps. The thematic maps of heavy metals are expected
to constitute an important tool, since they provide important information for the
contamination levels and are vital for environmental risk assessments.

Keywords Total heavy metals · Spatial distribution · Permissible limits · Soil
pollution · Albania

30.1 Introduction

The soils of Albania have been described as early as the 1930s (Zavalani, 1938) fol-
lowed by other more profound studies (Veshi and Spaho, 1988; Zdruli, 1997; Zdruli
et al., 2003). In terms of USDA Soil Taxonomy (Soil Survey Staff, 2006) dominant
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soils are Inceptisols (35%) followed by Alfisols (17%), Mollisols (7%), Entisols
(6%), Vertisols (2%) and pockets of Histosols. Large parts of the territory fells into
a miscellaneous category that includes rocky areas, rock outcrops, bare lands, wet-
lands, saline areas, and urbanised zones. According to the World Reference Base
for Soil Resources (WRB, 2006) classification system the soil distribution pattern
in order of extensive coverage is as follows: Cambisols, Luvisols, Fluvisols, and
Phaeozems, associated with Vertisols, Solonchaks, Gleysols, Arenosols, Histosols
and Calcisols (Zdruli, 2005).

Until the 1990s surveys on heavy metals in Albania were concentrated especially
in elements like Zn, Cu, Mn and Fe (so called “essential microelements”) and prob-
lems related to soil fertility and plant nutrition (Gjoka, 1999). Other metals like Ni,
Cr, Co and Pb have been totally ignored even though these elements are known for
their toxic effects. The studies carried out over the last decades (Saraçi et al., 1995;
Shallari, 1996; Gjoka et al., 2002; Sallaku, 2005) have been focused on the potential
toxicity of heavy metals due to the industrial activities initiated after the 1960s and
their potential waste deposits in the soil.

Soil and environmental pollution from heavy metals in general attracts major
attention due to their negative effects on the environment. These elements have
been studied intensively in many places around world due to the risks associated
with them. There is concern that after they are accumulated in the soil, they could
enter into the food chain and might be toxic for the surrounding organisms and the
environment (Allowey, 1995). Additionally, special attention is given to the fact that
remediation/amelioration of contaminated sites is a long and very costly process.

Monitoring heavy metals in agriculture and industrial areas of Albania has been
and continues to be a main objective for various research institutions and govern-
mental structures. Nevertheless, the real level of heavy metal contamination and
their toxic effects in the Albanian soils are still unknown and detailed data are
missing. Hence, there is an urgent need to overcome these shortcomings so that
reference points could be established to determine the source and the level of heavy
metal soil pollution. Our study is concentrated mainly with the determination of the
content of heavy metals in different zones of the country, their spatial distribution
and the evaluation of their pollution effects considering European Union regulations
CEC (1986). All the data have been processed using a GIS system able to produce
thematic maps and perform statistical analyses.

30.2 Materials and Methods

30.2.1 Study Area

The Republic of Albania is located in the Balkan Peninsula, between 39◦38′ and
42◦39′N, and 19◦16′ and 21◦40′ E longitude. The overall country’s territory of
2,874,800 ha, includes 699,500 ha of agriculture land (24.4%), 1,062,770 ha of
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forests (36.9%), 414,517 ha of pastures and meadows (14.4%) and 698,013 ha
(24.3%) for other land uses, such as urban and barren land, water bodies, etc.

Albania is a mountainous country (2/3 of the territory) and only 16% of its land
is located at elevations of less than 100 m above the sea level. The western side of
the country is characterised by Quaternary alluvial plains, the central part represents

Fig. 30.1 Soil types according to the national soil classification systems and distribution of soil
samples
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mainly hilly Sedimentary landforms covered by fruit trees and olives and macchia
mediterranea and high steep mountains (often sheltered by beech and pine trees)
occupy the rest.

30.2.2 Sampling Sites

One hundred-two soil samples were collected from the topsoil (0–30 cm) represent-
ing the main soils type of Albania (Veshi and Spaho, 1988) i.e. mountain meadow,
dark mountain forest, cinnamon mountain, grey cinnamon and alluvial soils. Each
composite sample was prepared by mixing together of several sub samples taken
from the soil over a surface with radius 2 m. Figure 30.1 shows sampling sites for
each soil types.

30.2.3 Soil Analyses

After air-drying soil samples were passed through a plastic sieve with a 2 mm mesh
and were analysed for basic soil characteristics by standards methods. Soil pH were
measured in a 2.5:1 v/w 0.01 M CaCl2 solution: soil ratio by pH-meter; particle size
distribution by Pipette method; CEC by the Mehlich method; organic C and nitrogen
the auto-analyser and for total Ni, Cr, Co and Pb concentrations after extraction with
Aqua-Regia (AR) by atomic absorption (AA).

For exact determination of each location a Global Position System (GPS) was
used, followed by Geographic Information System (GIS) technology for mapping
and analyses. Kriging interpolation was applied to the evaluation of the undeter-
mined points on the basis of the obtained semi-variable function model, hence to
get a further accurate and direct description of the spatial distribution and variance
of the content of heavy metal elements and their source components (Burrough and
MCDonnell, 2000).

30.3 Analyses and Results

30.3.1 Soil Analyses

Soil analyses results (Table 30.1) showed great variability between soils i.e. strongly
acid to strongly alkaline (pH 5.1–8.5), but most of them were neutral to slightly

Table 30.1 The range and
the mean values of soil
properties

Soil properties Range Mean Median

pH 5.1–8.5 7.4 7.7
Clay 7.0–56.8 27.3 26.5
SOC 0.6–8.9 2.6 1.9
CEC 14.2–53.7 29.5 27.5
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alkaline. Soil organic carbon (SOC) was generally high (0.6–8.9%), with only
few samples of lower level. Cation exchange capacity was medium to very high
(14.2–53.7 cmolc kg–1). Soils were sandy loam to clay in texture (clay content
7.0–56.8%).

30.3.2 Statistical Summary of Total Content of Heavy Metals

Table 30.2 shows the range and the mean values of analysed metals. The total Ni
varied from 20 to 761 mg kg–1 with a mean value of 254.3 mg kg–1, Cr varied from
10 to 1,040 mg kg–1 with a mean value of 372.8 mg kg–1, Co varied from 12 to
360 mg kg–1 with a mean value of 103.0 mg kg–1 and Pb varied from 17 to 500 mg
kg–1 with a mean value of 170.5 mg kg–1.

Table 30.2 Statistical summary of total content of heavy metals (mg kg–1)

Heavy
metals Mean Median

Standard
deviation Variance Range Minimum Maximum

EU
limits

Ni 254.3 163.7 196.5 38629.3 741 20 761 75
Cr 372.8 345.5 306.8 94097.2 1,030 10 1,040 200
Co 103.0 82.9 78.9 6232.4 348 12 360 50∗
Pb 170.5 102 133.5 17830.4 483 17 500 300

∗Kabata-Pendias and Pendias (2001)

Descriptive statistical analysis made for total content of heavy metals showed
that except Pb, average of Ni, Cr and Co exceeded the maximum permissible heavy
metal concentration (Kabata-Pedias and Pendias, 2001) as well as those accepted
for some European countries according to the guideline values of the 86/278/EEC
Directive for agricultural soils CEC (1986).

Results showed that the total content of heavy metals for every soil type varies
widely (Table 30.3). This manly reflects the different geologic conditions upon
which the soils have formed.

Table 30.3 Minimal and maximal concentration of heavy metals according to national soil type
classification

Soil type

Heavy metals
Mountain
meadow

Dark mountain
forest

Cinnamon
mountain

Grey
cinnamon Alluvial

Ni Minimum 34 50 20 53 56
Maximum 228 669 635 761 739

Cr Minimum 23.4 55.6 12 18 10
Maximum 300 850 1, 040 1, 000 909

Co Minimum 34 42 38 12 13
Maximum 55 226 360 326 266

Pb Minimum 70 17 66 22 26
Maximum 155 410 405 500 450
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Table 30.4 Correlation between soil property and heavy metals

Clay pH Org. C CEC Ni Cr Co Pb

Clay 1
pH –0.2127 1
Org. C 0.3533 –0.0282 1
CEC 0.2244 –0.2503 0.3309 1
Ni 0.0531 0.4408 0.1450 –0.4439 1
Cr –0.0626 0.4860 –0.0331 –0.4043 0.5501 1
Co 0.0972 –0.0013 0.0938 –0.0087 0.2646 –0.0167 1
Pb 0.0476 0.4151 0.3805 –0.3271 0.6864 0.5010 0.0283 1

Relationships between soil characteristics and heavy metal concentrations were
also analysed (Table 30.4). Pb, Ni and Cr were significantly correlated with pH and
Pb showed positive correlation with SOC. The same phenomenon was also observed
between Pb with Ni and Cr. There were negative correlations though between Pb,
Ni and Cr and CEC (Salillari et al., 1998).

30.3.3 Spatial Distribution

The highest concentration of Ni was located in the western, central and eastern parts
of Albania (Fig. 30.2). The normal soil Ni content reported in literature (Kabata-
Pedias and Pendias, 2001) varies from 1 to 100 mg kg–1. Most of the analysed
samples in this study were over this range except some of them in the south and north
sides. High concentration of Ni in the central part of the country might be linked
with the effect of human influence deriving form the metallurgical industrial com-
plex established in Elbasan (Sallaku, 2005). The presence of ultramafic/ultrabasic
rocks in the eastern part of Albania could play as well an important role in high
concentration of Ni. Factors that influence high concentration of Ni in the western
part remain still unknown at current research level.

Figure 30.3 shows spatial distribution structure of Cr. The high levels are located
in the centre and southern parts of Albania. Based on this spatial distribution pat-
tern it could be assumed that parent materials and anthropogenic factors played
important roles in soil heavy metal concentrations. The main contributors on high
concentration of Cr remain the parental material, although there are some areas
in the centre of the country, with high concentrations of Cr, caused by human
activities.

Spatial structure of Co is irregular compared with those of Ni and Cr (Fig. 30.4).
The highest levels of Co were found in the north-western, western, central and
southern parts of Albania. In the centre and in the north-western regions human
activity is thought to contribute to increased Co levels resulting from industrial
activities of the metallurgical complex of Elbasan and chemical-metallurgical plant
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Fig. 30.2 Spatial variability of total concentration of Co in soil (mg kg–1)

of Laç respectively (Gjoka et al., 2002; Sallaku, 2005). Co content in sand and
limestone rocks is low and subsequently Co concentrations in soils, formed from
these rocks (Allowey, 1995) are usually low, which is the case in the southern part
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Fig. 30.3 Spatial variability of total concentration of Cr in soil (mg kg–1)

of Albania. Thus, a significant increase in soil Co content resulting from human
activities could occur.

The highest levels of Pb were found mainly in the centre, western and some very
small areas in the northwestern part of the country (Fig. 30.5). In the central part
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Fig. 30.4 Spatial variability of total concentration of Co in soil (mg kg–1)

high concentration is referred to the metallurgical complex of Elbasan and petrol
extraction industry of Kucova (Lushaj et al., 2002). The same as for the other ele-
ments mention above, factors that influence high concentration of Pb in the western
part, remain unknown.
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Fig. 30.5 Spatial variability of total concentration of Pb in soil (mg kg–1)
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30.4 Conclusions

The following conclusions could be derived from this study:

1. Total content of Ni, in the western, central and eastern part, the content of Cr in
the centre and southern part and the content of Co in the north-western, western,
central and southern part of Albania, exceeded the maximum permissible heavy
metal concentration levels established by the EU legislation. Total content of Pb
in general is below maximum permissible, except for a small part in centre of the
country.

2. Soil type does not influence heavy metals content or distribution. The results
showed great variability of heavy metals content within each soil type.

3. The spatial distribution structure of Ni, Cr, Co and Pb are mainly controlled by
parent materials and only in restricted areas by anthropogenic factors

4. A monitoring system should be established by the responsible governmental
structures to control the trends and status of this form of soil contamination.
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Chapter 31
Radioisotopic Measurements (137Cs and 210Pb)
to Assess Erosion and Sedimentation Processes:
Case Study in Austria

L. Mabit, A. Klik, and A. Toloza

Abstract Twelve to seventeen percentage of the European soil is threatened by
water erosion and around 13% of Austrian territory is affected. Only scarce informa-
tion based on conventional assessment and measurements are available on erosion
and sedimentation rates in Austria. The magnitude of sedimentation processes was
evaluated in a small agricultural Austrian watershed using both nuclear techniques
(137Cs and 210Pb) and conventional non-isotopic measurements in runoff erosion
plots during the 1994–2006 periods. Using the erosion data provided by the plots
(29.4 t ha–1 year–1 for the conventional tilled plot, 4.2 t ha–1 year–1 for the plot
receiving conservation tillage and 2.7 t ha–1 year–1 for the plot receiving direct
seeding treatment) and the 137Cs soil profiles content and the conversion model
mass balance 2 (MBM 2), a sedimentation rate of 13.2 t–1 ha–1 year–1 (value deter-
mined down slope of the runoff plot under direct seeding treatment) to 50.5 t–1 ha–1

year–1 (value determined in the lowest sedimentation area of the watershed under
conventional tillage) was estimated. Under the experimental condition the conserva-
tion tillage and direct seeding system were effective in reducing the sedimentation
magnitude by 65%. However, due to a high variability of the initial fallout inventory
and a high γ-spectrometry measurement error, information provided by the 210Pb
method was not usable in the study area. The combined use of conventional erosion
measurements and nuclear techniques appears to be a promising and complementary
approach to evaluate sedimentation processes.

Keywords Water erosion · 137Cs · 210Pb · Runoff erosion plots · Sedimentation
rates · Erosion rates
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31.1 Introduction

Degradation phenomena, such as erosion, desertification and salinization affect 65%
of the soil in both developed and developing countries. In Europe, soil erosion by
wind and water is the major threat to the resource soil and represents the main
mechanisms of landscapes degradation. Indeed, around 115 × 106 ha of agricultural
used land – around 12% of the total area of Europe – are highly affected by erosion
processes (CEC, 2006).

On-site soil erosion affect farmers particularly through soil losses, removal, and
reduction of soil quality; such processes are associated with fertility, productivity
and yield decline. Sediment and associated potential pollutant can reach water-
courses and contribute to the eutrophication of water resources, increase or create
siltation problems and other major off-site impacts like mudslide and flow which
can damage human infrastructure and habitation (Boardman and Poesen, 2006).

Influenced by the effects of climate change and global warming, water erosion
risk is expected to increase in the EU by the year 2050 in about 80% of the agricul-
tural areas, and this pressure will mainly take place in the areas where soil erosion is
currently severe and Austria is part of this area (EEA, 1999, 2002). For the conserva-
tion, improvement and sustainable use of natural resources for food and agriculture
there is a clear need of an integrated land and water management that should start
firstly with an accurate spacio-temporal assessment of erosion and sedimentation
magnitudes.

The Global Assessment of Human Induced Soil Degradation (GLASOD) sur-
vey carried out during the 1980s by the United Nations Environment Programme
(UNEP) and the International Soil Reference and Information Centre (ISRIC) estab-
lished that the severity of human induced degradation has been classified as severe
for 37% of the Austrian territory (FAO, 2005). In 1999, about 4.4 × 104 ha agri-
cultural land was classified highly erodible (Strauss and Klaghofer, 2006). Using
long-term, remotely sensed Normalized Difference Vegetation Index (NDVI) and
rainfall data Bai et al. (2008) evaluated that land degradation represents 28,291 km2

equivalents to 34% of the Austrian territory.
However, no data on historical quantitative soil loss rates are available in Austria.

Long-term annual rainfall (1961–1990) varies between 430 and 2,250 mm with an
overall mean of 1,170 mm. This corresponds to theoretical R factors of 38–180 N
h–1 (Strauss et al., 1995). However, intensive agricultural land use to which the
Universal Soil Loss Equation (USLE) calculations are limited, is not accurate with
annual rainfall above 1,500 mm.

Qualitative evidence of historical soil erosion exists in various forms. Especially
in the wine-growing area situated in the eastern part of Austria the formation of
large gullies on loess soils shows the impact of soil erosion processes. Results from
field experiments mainly focussing on effects of different soil management practices
can be used as indicator of the erosion severity. Klik (2003) investigated the effects
of different tillage practices on runoff and soil loss at three sites in Lower Austria.
Over 9 years he measured average soil loss rates of 5–39 t ha–1 year–1 for con-
ventional plots with 2–6 t ha–1 year–1 for conservation tilled plots and 0.5–4 t ha–1

year–1 for no-till plots. Two-year experiments by Pollhammer (1997) at two sites in



31 Radioisotopic Measurements to Assess Erosion and Sedimentation in Austria 403

Styria delivered soil loss rates of 8–72 t ha–1 year–1 for ploughed plots and 1–46 t
ha–1 year–1 for chiselled plots. Soil erosion is mainly affected by extreme events.
Strauss and Klaghofer (2004) mapped linear soil features within a 2.89 km2 large
experimental watershed after a 5-day period of heavy rain (115 mm) and recorded
total amounts of soil transport by rilling of more than 730 t but only 17 t leaving
the watershed. Soil erosion took place only in few fields with the highest soil loss
recorded at almost 300 t ha–1.

Traditional monitoring and modelling techniques (e.g. erosion pins, erosion mod-
elling, e.g RUSLE, WEPP; sediment yields and reservoir silting measurements,
runoff plots monitoring data under natural or artificial rainfall, sediment traps) for
soil erosion/sedimentation require many parameters and of course years of measure-
ments to integrate climatic inter-annual variability (Mabit et al., 2002a, b). Artificial
radionuclide such as 137Cs (T1/2 = 30 years), geogenic radioisotope such as 210Pb
(T1/2 = 22 years) and also more recently cosmogenic radioisotope such as 7Be (T1/2
= 53 days) have been used worldwide to assess medium and short term soil erosion
and deposition processes (Mabit et al., 2008a; Ritchie and Ritchie, 2008).

Soil redistribution is commonly based on a comparison of the fallout radionu-
clides “FRNs” (137Cs, 210Pb and 7Be) areal activity density in the landscape with
a “stable” landscape position known as the “reference site”, where neither erosion
nor deposition has occurred (Mabit et al., 2008a). The erosion or sedimentation
rates can be estimated using conversion models, which mathematically define the
relationship between the increase or decrease in the FRNs inventory relative to the
reference inventory (Walling et al., 2002). One of the main advantages of the use of
the FRNs is that time-consuming, costly maintenance and installations required by
non-isotopic and conventional methods can be avoided (Mabit et al., 2007, 2008b).

Innovative methodological approaches and protocols for the use of FRNs to
obtain spatio-temporal patterns and magnitude of soil erosion/sedimentation were
tested, compared and reported since the 1990s in many European countries such as
Germany (Schimmack et al., 2002), France (Mabit et al., 1998), Spain (Navas and
Walling, 1992), Italy (Porto et al., 2003), UK (Walling and Quine, 1991), Poland
(Froehlich and Walling, 1992), Slovakia (Fulajtar, 2000), Slovenia (Mabit et al.,
2009b). Such data from FRN test as soil tracer were not available in Austria until
the present case study. The aim of the investigation in Mistelbach, a small Austrian
agricultural watershed, was to measure soil redistribution rates using runoff plots
and radioisotopics approaches (137Cs and 210Pb) and to assess the relative efficiency
of soil conservation measures on soil losses.

31.2 Materials and Methods

31.2.1 Study Area, Soil Sampling and Laboratory Analyses

A field experiment was implemented from 1994 to 2006 in Mistelbach, a small agri-
cultural watershed of 18 ha located 60 km north of Vienna, Austria, to investigate
soil conservation impacts of three different tillage practices. Cereals growing on
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silty-loam gentle slopes dominate the landscape. The treatments included a conven-
tional tilled plot (CVT), a conservation tillage plot (CST) with cover crops during
winter and a plot under direct seeding (DS) with cover crops during winter. Each
tillage practices tests were carried out on three 45 m2 runoff plots with 14% slope
to measure surface runoff and erosion processes (Fig. 31.1).

Runoff and associated sediment were collected from 1994 to 2006 using an auto-
mated erosion wheel (Klik et al., 2004). Shifting from conventional tillage to direct
seeding the yearly soil loss was reduced significantly by a factor of 10. Indeed, over
the 13 years of investigation, the annual average soil loss was 29.4 t ha–1 for the
conventional tilled plot, 4.2 t ha–1 for the conservation tillage plot and 2.7 t ha–1 for
the direct seeding treatment (Mabit et al., 2008c).

To establish the 137Cs reference value 76 soil samples were collected along a
multi-grid design (Mabit et al., 2008d) in an undisturbed small forest within the
Mistelbach watershed (Soil newsletter). Eleven samples were randomly selected for
analyses of total 210Pb, 226Ra and 210Pbex. In the sedimentation area of the water-
shed (Fig. 31.1), two 0–100 cm composite samples of three cores were collected
with an automatic soil column cylinder auger (Fig. 31.2). One soil profile was col-
lected down slope of the field containing the runoff plots (Profile 1) and the other
one was collected in the talweg runoff convergence located 15 m from the previous
soil profile (Profile 2)

After pre-treatment (sieving at 2 mm after oven-drying for 48 h at 70◦C) the
gamma measurement of the soil samples, according to the recommendation pro-
vided by Shakhashiro and Mabit (2009) were completed by γ-spectrometry at the

Fig. 31.1 Location of the study area (Adapted from Mabit et al., 2009a)
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Fig. 31.2 Soil samples collection in the sedimentation area in Mistelbach watershed

IAEA Seibersdorf Laboratory (137Cs) and at the CNESTEN in Morocco and at the
CEA/CNRS in Gif-sur-Yvette in France (total 210Pb, 226Ra and 210Pbex).

31.2.2 Conversion of FRNs Areal Activity into Soil Redistribution

For the soil profile 1, FRN areal activity was converted into soil redistribution using
the Mass Balance Model 2 (MBM 2) (Walling et al., 2002) and linked with the
runoff plots average erosion measurements. According to MBM 2, the erosion rate
R can be estimated by solving numerically the following equation. For an erod-
ing point (A(t)<Aref), the change in the total 137Cs inventory A(t) with time can be
represented as:

dA(t)

dt
= (1 − �)I(t) − (λ + p

R

d
)A(t) (1)

A(t) = cumulative 137Cs areal activity (Bq m–2)
t = time since the onset of 137Cs fallout (year)
R = erosion rate (kg m–2 year–1)
d = average plough depth represented as a cumulative mass depth (kg m–2)
λ = decay constant for 137Cs (year–1)
I(t) = annual 137Cs deposition flux at time t (Bq m–2) which depends on the

137Cs reference inventory
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P = particle size correction factor
Γ = proportion of the freshly deposited 137Cs fallout removed by erosion

before being mixed into the plough layer by cultivation.

For a depositional site (A(t)>Aref), the sediment deposition rate R’ can be
estimated using the following equation:

R’ = A(t) − Aref
t∫

t0
Cd(t′)e−λ(t−t′)dt′

(2)

Cd (t’) is the 137Cs concentration of deposited sediment assumed to be the weighted
mean of the 137Cs concentrations of the sediment mobilized originating from the
entire eroded area represented by Ce (t’) from the upslope contributing area S (m2).
Cd (t’) can be calculated as following, where R is the erosion rate in the eroding
zone and P’ is the particle correction size:

Cd = 1∫
s

RdS

∫

s

P′Ce(t′)RdS (3)

Depth redistribution activity of FRNs from both soil profiles (1 and 2) was also used
to evaluate the sedimentation magnitudes. The following formula (Allison et al.,
1998; Walling and He, 1999) was used:

R’ = Db − Dpl

Ts
(4)

Ts : time since the beginning of significant fallout and the collection of the
sediment core (year)

Db : plough depth (kg m–2)
Dpl: plough depth based on the 137Cs depth profile distribution (kg m–2)
R’ : sedimentation rate (kg m–2 year–1)

31.3 Results and Discussion

31.3.1 FRNs (137Cs and 210Pb) Baseline Level in the Reference
Site and Test of the 210Pb Methodology

Following an exponential decrease activity with depth, 90% of the 137Cs is con-
centrated in the first 15 cm soil layer of the forest area. The 137Cs areal activity of
the seventy-six forested samples was 1,954 Bq m–2 with a coefficient of variation
of 20%. This reliable value <2kBqm–2 (n = 76) demonstrates clearly a negligible
impact of Chernobyl. It could therefore be concluded that the Chernobyl fallouts
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in the study area were small enough not to significantly influence the relationship
between soil and 137Cs losses.

Measurement error of total 210Pb and 226Ra is acceptable however and the bias
concerning the value of 210Pbex can be as high as the measured values itself. Based
on the laboratory γ-measurements there is no significant difference between the total
210Pb and 226Ra. Indeed, in most cases, the activity of total 210Pb and 226Ra from
the reference site as well as from the two soil profiles collected in the sedimentation
area are similar (Tables 31.1 and 31.2). The value of 210Pbex can sometimes even
be negative due to the measurement uncertainty and the overlapping activity of total
210Pb and 226Ra. In that case the value of 210Pbex was reported as zero (Tables 31.1
and 31.2).

In summary, it was not possible to validate the 210Pb method in the Mistelbach
watershed, due to a very low level of ‘unsupported’ 210Pb coupled with a high
variability of the initial fallout inventory and a high measurement uncertainty
(Tables 31.1 and 31.2). As mentioned by Mabit et al. (2009a) similar limitation
like 210Pbex poorly enriched precipitations have been reported in several countries.
With regard to gamma spectrometry and detection of total 210Pb, a series of rec-
ommendations were also provided by the IAEA Seibersdorf Laboratory to improve
analytical performance, in particular analytical quality assurance system to assess
the accuracy and precision of the measurements (Shakhashiro and Mabit, 2009).

31.3.2 Assessment of Soil Deposition Rates Using 137Cs Data

Based on the different soil layers areal activity, soil profile 1 (presence of 137Cs till
40 cm) and profile 2 (presence of 137Cs till 50 cm) revealed a radio-caesium activ-
ity typical of sedimentation processes significantly higher than the reference site of

Table 31.1 Results and error measurements of total 210Pb, 226Ra and 210Pbex from the reference
site (n = 11)

210Pb-total (Bq kg–1) 226Ra (Bq kg–1) 210Pbex (Bq kg–1)

40.14 (6.76) † 35.36 (2.96) † 4.78 (7.38†; 154‡)
34.69 (6.08) † 33.38 (2.42) † 1.31 (6.54†; 499‡)
34.45 (5.18) † 35.63 (3.18) † 0 (n.a†; n.a‡)
35.52 (6.22) † 34.30 (3.18) † 1.22 (6.98†; 572‡)
42.60 (6.84) † 35.42 (3.36) † 7.18 (7.62†; 106‡)
42.25 (6.60) † 33.10 (2.90) † 9.15 (7.22†; 79‡)
39.69 (1.89) † 36.68 (0.41) † 3.01 (1.93†; 64‡)
40.06 (1.91) † 39.50 (0.41) † 0.56 (1.95†; 348‡)
43.00 (1.68) † 40.45 (0.37) † 2.55 (1.72†; 67‡)
34.02 (1.85) † 35.84 (0.40) † 0 (n.a†; n.a‡)
30.53 (1.91) † 39.10 (0.44) † 0 (n.a†; n.a‡)

n.a = non applicable; (†) measurement error in Bq kg–1 at 2σ; (‡)
measurement error in % at 2σ.
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Table 31.2 Results and error measurements of total 210Pb, 226Ra and 210Pbex in the sedimentation
area

Soil samples 210Pbtot (Bq kg–1) 226Ra (Bq kg–1) 210Pbex (Bq kg–1)

P1 (0–5 cm) 44.16 (6.62) † 35.92 (3.08) † 8.24 (7.3†; 88‡)
P1 (5–10 cm) 41.45 (5.84) † 38.71 (3.00) † 2.74 (6.58†; 240‡)
P1 (10–15 cm) 36.79 (4.96) † 36.54 (3.14) † 0.25 (5.86†; 2344‡)
P1 (15–20 cm) 39.04 (5.70) † 36.99 (3.10) † 2.05 (6.5†; 317‡)
P1 (20–25 cm) 37.42 (4.88) † 37.03 (2.70) † 0.39 (5.56†; 1425‡)
P1 (25–30 cm) 37.41 (6.08) † 35.74 (2.96) † 1.66 (6.78†; 408‡)
P1 (30–35 cm) 32.19 (5.46) † 32.65 (2.88) † 0 (n.a†; n.a‡)
P1 (35–40 cm) 40.14 (6.62) † 36.83 (2.96) † 3.31 (7.24†; 218‡)
P1 (40–45 cm) 40.02 (5.54) † 37.58 (3.18) † 2.45 (6.4†; 261‡)
P1 (45–50 cm) 37.91 (6.42) † 34.14 (3.12) † 3.77 (7.14†; 189‡)
P1 (50–55 cm) 40.53 (6.30) † 37.17 (3.30) † 3.36 (7.1†; 211‡)
P1 (55–60 cm) 40.24 (6.04) † 35.99 (3.02) † 4.25 (6.74†; 158‡)
P1 (60–65 cm) 35.31 (4.58) † 35.32 (2.46) † 0 (n.a†; n.a‡)
P1 (65–70 cm) 45.27 (6.72) † 37.76 (3.08) † 7.51 (7.38†; 98‡)
P1 (70–75 cm) 37.17 (5.34) † 36.88 (2.78) † 0.29 (6.02†; 2075‡)
P1 (75–80 cm) 37.74 (5.08) † 36.10 (2.96) † 1.64 (5.88†; 358‡)
P1 (80–85 cm) 40.38 (5.84) † 36.02 (2.96) † 4.36 (6.54†; 150‡)
P1 (85–90 cm) 37.98 (4.90) † 36.60 (2.74) † 1.38 (5.6†; 405‡)
P1 (90–95 cm) 35.63 (5.84) † 36.92 (2.94) † 0 (n.a†; n.a‡)
P2 (0–10 cm) 40.25 (1.94) † 43.81 (0.44) † 0 (n.a†; n.a‡)
P2 (10–20 cm) 42.06 (1.66) † 38.37 (0.29) † 3.69 (1.69†; 46‡)
P2 (20–30 cm) 39.36 (2.18) † 38.03 (0.38) † 1.33 (2.21†; 166‡)
P2 (30–40 cm) 41.49 (2.12) † 39.15 (0.37) † 2.34 (2.15†; 92‡)
P2 (40–50 cm) 38.00 (2.19) † 38.86 (0.39) † 0 (n.a†; n.a‡)
P2 (50–60 cm) 40.14 (2.05) † 40.43 (0.37) † 0 (n.a†; n.a‡)
P2 (60–70 cm) 38.59 (2.09) † 38.94 (0.37) † 0 (n.a†; n.a‡)
P2 (70–80 cm) 41.64 (1.33) † 38.02 (0.23) † 3.62 (1.35†; 37‡)
P2 (80–90 cm) 39.38 (1.78) † 34.90 (0.30) † 4.48 (1.81†; 40‡)
P2 (90–100 cm) 37.56 (1.98) † 35.84 (0.33) † 1.72 (2.01†; 117‡)

n.a = non applicable; (†) measurement error in Bq kg–1 at 2σ; (‡) measurement error in % at
2σ.

respectively 2,836 and 4,776 Bq m–2 (Fig. 31.3). Using the information provided by
the 137Cs depth distribution, the sedimentation rate of profiles 1 and 2 was respec-
tively estimated at 26.1 and at 50.5 t ha–1year–1. These results are in agreement with
the landscape position of the selected profiles.

The information collected from profile 1 was compiled with the erosion plots
results. As the sedimentation source of the deposited material is the eroded soils of
the contiguous field containing the runoff plots located upstream, the MBM 2 was
used to assess the sedimentation rates of the different treatments using the 137Cs
activity data derived from the runoff plots (685 Bq m–2 for CVT; 1,680 Bq m–2 for
CST and 1,775 Bq m–2 for DS) and the 137Cs information of the soil profile 1.

Profile 1 revealed a yearly sedimentation rate of 20.3, 13.5 and 13.2 t–1 ha–1

respectively for CVT, CST and DS. Comparing to the CVT, the DS conservation
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Fig. 31.3 137Cs areal activity density distribution in soil profiles 1 and 2

system was effective in reducing the sedimentation magnitude by 65%. In the con-
version model the following parameters were used: bulk density = 1,380 kg m–3;
sampling year = 2007; tillage depth = 414 kg m–2 (0.3 m × 1,380 kg m–3); year
of initial tillage = 1954; particle size factor = 1; proportional factor = 1; relaxation
depth = 4 kg m–2.

Deposition rates provided by profile 1 located down slope the field using the
137Cs depth distribution information (26.1 t ha–1year–1) and MBM 2 (20.3 t–1 ha–1

year–1) are closely related to the erosion rates measured by the runoff plot under
CVT (29.4 t ha–1 year–1) in the upper part of the same experimental field.

Taking into account the average bulk density in the different soil layers (1.3 g
cm–3), and based on the fact that these annual average values obtained with 137Cs
method cover a 54 years period (1954–2007), it was possible to evaluate the soil
layer deposited. The yearly sedimentation rate varies from 1 mm (13.2 t–1 ha–1

year–1) to a maximum of 3.9 mm (50.5 t–1 ha–1 year–1) corresponding to a respective
total material accumulation over the last 54 years of 5.5 and 21 cm, respectively.
This shows the magnitude of deposition that occurred in the selected watershed
according to the topography and the different tillage treatment. The erosion rates
under conventional tillage are in agreement with the sedimentation rates estimated
down slope of the field by the 137Cs depth distribution profile and MBM 2.

31.4 Conclusions

With the conjunctive use of isotopic and conventional erosion methodologies one
can estimate soil loss and sedimentation rates as well as assess the effectiveness of
soil conservation measures to reduce soil redistribution. A combined approach based
on conventional runoff plots measurement and FRNs method (137Cs and 210Pb) was
successfully implemented to assess sedimentation rates in the Mistelbach watershed
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in Austria. While the 137Cs appeared to be a mature isotopic technique the 210Pb
was not applicable in the area under investigation due to very low concentrations of
210Pbex associated to a high uncertainty in the measurements.

There is always scope for further refinement of the FRN methodologies that pre-
viously had mostly focussed on soil degradation and redistribution at the hill slope,
plot and field scale. New up-scale development to the watershed scale in a wide
range of agricultural landscapes using interpolation tools and also considering sed-
iment sources and budget, transfer residence and storage are needed to shift from
use of these isotopic tracers (especially 137Cs) as a research tool to a standardized
decision support tool in the following years to protect natural resources quality in
both developed and developing countries.
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Chapter 32
Development and Opportunities for Evaluation
of Anthropogenic Soil Load by Risky Substances
in the Czech Republic

Radim Vácha, Jan Skála, and Jarmila Čechmánková

Abstract This paper presents the evaluation of risky substance loads in the Czech
agricultural land. The groups of potentially risky elements (REs) and persistent
organic pollutants (POPs) are evaluated separately due to their characteristic dif-
ferences and prevailing source of contamination. Risks deriving from increased RE
and POPs soil loads could be controlled by the system of limit values. The limit
values could be separated into two groups, the limits for REs and POPs contents in
the soil and the limits regulating inputs of REs and POPs into the soil. The limit
values system is based on the hierarchical limits from background values of REs
and POPs in soils to the limits linked with particular risks and eventually to san-
itary limits. The limit values regulating the entry of REs and POPs into the soils
of the Czech Republic in case of fertilisers and additional soil substances are con-
gruent with national Laws (Law No. 156/1998 of the Code of Law of the Czech
Republic – subsequently amended) and sewage sludge (Directive from the Ministry
of Environment No. 382/2001 of the Code of Law of the Czech Republic about con-
ditions of modified sewage sludge application on agricultural land). The legislative
regulation of the application of ponds and river sediments on agricultural land is
under preparation.

Keywords Limit values system · Persistent organic pollutants · Potentially risky
elements · Soil contamination

32.1 Introduction

Agricultural soil contamination is one of the most critical topics of soil degradation
in Europe (EU Thematic Strategy for Soil Protection, COM 2006, 231). Increased
soil loads by risky substances bring numerous problems to the environment, plant
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production and food chains. The maintenance of suitable state of soil load by risky
substances is thus at the best interest of every society. Nevertheless, the knowledge
of risky substance background values, their inputs into soils, their behaviour and fate
in the soil environment, and their transfer into the plants must support the evaluation
of soil load by risky substances. From this viewpoint the approaches of individual
countries not only around the world, but also in the European context are not unified
and different methodologies may be used for the evaluation of soil load.

Long-term attention has been paid to soil contamination in the Czech Republic
and monitoring of real state of soil load by a number of risky substances was pre-
viously reported (Sáňka, 1998). These activities led to the development of a unified
system for the evaluation of soil contamination and helped draft legislative norms
and the necessary amendments for soil protection in the country.

The potentially toxic compounds observed in Czech agricultural soils might be
separated into two main groups of pollutants:

• Inorganic pollutants – potentially risky elements (REs), As, Be, Cd, Co, Cr, Hg,
Cu, Mn, Ni, Pb, V, Zn, respectively Se and Tl

• Organic pollutants – persistent organic pollutants (POPs), a wide group of differ-
ent organic substances, with linear or cyclic character. The current list of POPs
observed in Czech regulations (Soil Protection Act) includes monocyclic and
polycyclic hydrocarbons, PCBs, sum of DDT and petroleum hydrocarbons.

From the soil contamination assessment viewpoint it is necessary to depict load
sources of risky substances that influence the behaviour of such risky substances
into the soil (the mobility and bioavailability). Risky elements and POPs may be
originated from:

• Natural sources – geochemical character of soil substrate (REs), volcanic activity
(REs, POPs), natural fires (POPs) etc.

• Anthropogenic sources – industrial activities (REs, POPs), transport emissions
(REs, POPs), the use of agrochemicals and biosolids in agriculture (REs, POPs),
waste water production (REs, POPs) etc.

Increased inputs of potentially toxic compounds into the soils could result in soil
contamination that may negatively influence:

• Ecosystem – soil functions, contamination of aquatic systems, plants, animals etc.
• Plant production – quantity and quality.
• Human health – via contamination of the food chain, dermal or inhalation

intake etc.

There are a number of mandatory legislative limits established in the Czech
Republic that control soil contamination from risky substances. The methodologies
for their evaluation are described in this paper.
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32.2 Materials and Methods

The establishment of limit threshold values was supported by various research activ-
ities and projects conducted in the country. The Research Institute for Soil and Water
Conservation has been at the frontline of these efforts with its research that has been
focusing on:

• Monitoring of the soil load by potentially risky elements and persistent organic
pollutants in agricultural soils and protection of food chain. The Ministry of
Agriculture supported such activity. Various authors provide interesting data on
risky substance loads on food chains (Němeček et al., 1996; Podlešáková et al.,
1998; Vácha et al., 2001).

• Research on the mobility of potentially risky elements and persistent organic
pollutants in the soil and their inputs into the plants (Němeček et al., 2001;
Podlešáková et al., 2002; Vácha et al., 2005; Vácha et al., 2008).

• Research on the inputs and the fate of risky substances into the soil by the
application of soil additives (Vácha et al., 2005).

Monitoring of agricultural soil is subsequently realised in separate districts of
the country. Soil samples are taken with a non-metallic tool from the topsoil humic
horizons of the agricultural soils (inclusive of arable lands, pastures, and permanent
grassland). Only in special cases, samples are taken from deeper soil horizons to
be able to establish the sources of contamination, i.e. geogenic or anthropogenic.
For each 25 km2 area one soil sample is taken and its geographical coordinates are
recorded through the Global Positioning System (GPS) equipment. Each sampling
site is described in terms of pedologic characterisation (soil type, soil substrate, soil
pH, etc).

The potentially risky element analyses are done at the Central laboratories of
Research Institute for Soil and Water Conservation in Prague. The contents of As,
Be, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, V and Zn are assessed in the extract of agua
regia by AAS. The content of Hg is analysed using the AMA. The mobile forms
of potentially risky elements were analysed in the extract of 1 M NH4NO3. For
better understanding the risky elements fractionation in the soil, sequential extrac-
tion procedure after Zeien and Brümmer (1989) are used in some cases. The soil
additives are analysed and assessed by the same methods used in routine soils
analyses. The contents of persistent organic pollutants (BTEX, polycyclic aromatic
hydrocarbons – 12 substances, PCB7, DDT, DDE, DDD, HCB, HCH and C10–C40
and the content of polychlorinated dibenzodioxins and dibenzofuranes) are anal-
ysed in commercial laboratories. The methods are described by Podlešáková et al.
(1998), (2000) and Vácha et al. (2008).

The contents of 13 risky elements and 26 persistent organic substances in some
particular regions of the Czech Republic are assessed in relation to the possible food
chain risks. The concentration levels are spatially shown in special maps using the
inverse distance weighted interpolation technique (IDW interpolation).
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32.3 Results and Discussion

The limit values system is a generally used tool for controlling the risks deriving
from soil contamination and controlling the inputs of risky substances entering into
the soil. The soil protection strategy provides the basis for establishing equilibri-
ums between regulation requirements for preventing pollution from risky substances
and the measures needed for remediation. We separate in two groups the soil
contamination toxic compounds limits:

• The limit threshold values of risky substances in the soil.
• The limit threshold values regulating the inputs of risky substances entering into

the soil.

32.3.1 Limit Threshold Values of Risky Substances in the Soil

The limit values of risky substances in the soil are derived in terms of the real state
of soil load by risky substances reflecting natural and anthropogenic diffuse load.
Limit values of this kind are usually specified as “background values” of risky
substances (Podlešáková et. al., 1996; Němeček et al., 1996). The experimentally
derived values that are focused on the target risk areas are derived from soil use
and subsequently observed as environmental consequences i.e. quantity and quality
reduction of agricultural production, reduction of soil microbial activity, etc.

One of the most effective and sophisticated limit values systems is the so-called
hierarchical limit values system that should be able to register target risks deriving
from soil contamination. This system is used in many European countries (Germany,
Netherlands, Switzerland) as familiar system of “A, B and C limits” where:

A – represents background values of risky substances in the soil. Generally, this
limit value fulfils the principal of precaution.

B – is focused on target risk. The limit can be targeted on the quality or quantity
of plant production (this approach is used rarely and is determined rather for
small allotment producers rather than for large scale agriculture) or on the
decreasing of soil microbial activity and soil transformation functions etc.

C – is used as remediation (decontamination) limit that is based on the risk
assessment according to human health harm or environmental damage.

Hierarchical limits assessment differs in each country due to various soil sub-
strate conditions, different research backgrounds and social and political conditions.
In some countries (i.e. Great Britain, USA) the use of limit values system is focused
on remediation needs (in the order of C limit level). A given limit value of risky
substances delimits risky substances concentrations that could influence human
health or the environment quality. After exceeding the risk limit the site-specific
risk assessment on the field should be done and the results of risk assessment study
determine the next approach (i.e. remediation or the land use change).
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The structure of the proposed draft of the EU Soil Protection Act is based on
similar philosophy and requires three steps at national level for all the member
countries:

• The elaboration of soil contaminated sites register
• The realisation of risk assessment studies on contaminated sites
• The realisation and adoption of remediation approaches

The soil protection draft concept in the Czech Republic tends to resemble the
prevalent hierarchical limit values system of Europe. The Directive of Ministry of
Environment of the Czech Republic No. 13/1994 Coll. regulates the contents of REs
and POPs in Czech agricultural soils. The limits of REs are determined for light
texture soils and the other soils in the form of total content and the extract in 2 M
HNO3 (could method). The limit values for POPs are determined for the groups of
monocyclic aromatic hydrocarbons, polycyclic aromatic hydrocarbons, chlorinated
hydrocarbons including pesticides and petroleum hydrocarbons. All the limit values
are defined like tolerable contents of risky substances but there is no relationship at
any actual risk. However, it shows difficulties for the evaluation and interpretation
of soil load by risky substances in many cases. This was one of the reasons for the
proposal of Directive No. 13 amendment based on the principal of hierarchical limit
values system (Sáňka et al., 2002).

Three levels of the limits were proposed:

Prevention limit – based on the background values of risky substances in Czech
agricultural soils. Prevention limits were proposed for REs and POPs also.
The exceeding of the limit shows increased anthropogenic soil load by risky
substances. From the viewpoint of limit interpretation, it is prohibited to use
the sludge or sediment for soil fertilization in the case of limit exceeding.

Indication limit – was derived experimentally and the exceeding limit indicates
the risk of increased REs transfer from the soil into the plants. Indication
limit was proposed for REs only. The limit values of REs are based on the
comparison of their total contents and mobile fractions in the soil and soil
pH in the case of Cd and Ni. The example of indication limit for Cd is pre-
sented in Table 32.1. The exceeding of critical REs contents in the plant
will be assessed using statistical probability methods. Detailed assessment is
recommended on special areas in the event of indication limit exceeding.

Decontamination limit – was not proposed yet.

The proposal of Directive No. 13/1994 Coll. amendment will be probably
accepted in the new version of Soil protection act.

The following aspects complicate the assessment of indication limits for POPs:

• Technical and economical needs
• Relatively low mobility of POPs in the soil and low transfer into the plants, POPs

decomposition and different toxicity of decomposition products.
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Table 32.1 Proposed indication limit for Cd

Limits

Element Soil pH
Total content
(mg kg–1)

1 M NH4NO3
(mg kg–1)

Cd <4.0 0.7 –
– 4.0–5.0 1.0 –

5.0–6.5 1.5 –
Light >6.5 2.0 0.04
Others >6.5 2.0 0.1

• Risks comparison, for example the risk of food chain contamination and risk of
endangered human health by dermal intake or inhalation of polluted soil particles
from contaminated fields.

The transfer of POPs into the plants could be realised by different ways.
Holoubek (2005) defined following transfer processes for polycyclic aromatic
hydrocarbon (PAHs):

• Root intake from the soil solution (depending on the plant water regime and the
content of lipid compounds in the root),

• Absorption of PAHs on root surface,
• Absorption of volatilised PAHs (from the soil) on the shoot,
• Absorption of PAHs on plants leaves (from emission fall-outs),
• Immediate synthesis of some PAHs by plants.

The transfer of POPs from the soil into the plant shoots is marginal in comparison
with mobile REs and the emission contamination of plant surface (shoot) is usually
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Fig. 32.1 Comparison of 2–3 nucleus PAHs and 4–6 nucleus PAHs contents in carrot roots
(external part and inner part). L1 – loaded Fluvisol by PAHs, L2 – soil with sludge loaded by
PAHs (1: 1), Co – control sample
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prevailing. Nevertheless, the root plants (root vegetables) may be loaded by POPs
significantly (Fig. 32.1) but the extent and way of contamination depends mainly on
POPs properties, content and quality of soil organic matter (Vácha et al., 2008).

More individual risks must be accepted for POPs indication limit and the realisa-
tion of risk assessment is recommended for seriously contaminated sites (in order of
C limit level usually). Despite these facts, Sáňka and Vácha (2006) proposed simpli-
fied indication limits for some POPs (Table 32.2). The limit values were determined
as the lowest content of risky substances in the soil that could cause any health risk.
The transfer of risky substance from the soil to human bodies by dermal, oral and
dietary intake was accepted.

32.3.2 The Limit Threshold Values Regulating the Inputs of Risky
Substances Entering into the Soil

The following documents are available in Czech legislation:

• The Act No. 156/1998 Coll., regulating the use of fertilizers in the agriculture.
• The Directive of the Ministry of Environment No. 382/2001 Coll., about the use

of sludge on agricultural soils.
• The proposal of the Directive of Ministry of Environment about the use of

extracted sediments.

The sludge, river or pond sediments seem to be the most important source of
risky substances. The Directive for sludge application limits mainly the content of
REs. Only seven congeners of polychlorinated biphenyls (PCB7) and the sum of

Table 32.2 The proposal of
POPs limit values for Czech
soils – indication values
(Sáňka and Vácha, 2006)

POPs
Indication value (mg
kg–1 of d.m.)

Benzo(a) pyrene 2.0
Sum PAHsa 30.0
Sum PCBb 1.0
DDT and metabolites 4.0
HCH (α, β, γ) 0.1
HCB 0.1
PCDDs/Fsc 20.0
Benzene 0.5
Ethylbenzene 5.0
Toluene 10.0
Xylene 10.0
Hydrocarbons C10–C40 500

aThe sum of 16 individual PAHs (EPA).
bThe sum of 7 PCB congeners (28 + 52 + 101 + 118 + 138 +
153 + 180).
cng kg–1 I-TEQ PCDDs/Fs.
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Table 32.3 Proposed POPs limit values in sludge (μg kg–1, I-TEQ ng kg–1∗ of d.m.)

Indicator � PAU � MAU PCB6 HCB DDT DDE DDD PCDD/F∗

Proposed limit sludge 10,000 10,000 600 60 60 60 30 80
Primary proposal EU sludge 6,000 – 800 – – – – 100
Background values in Czech soils 1,000 130 20 20 15 10 10 1

halogenated organically bound compounds (AOX) are limited from POPs group.
Czech Directive is stricter in comparison with European Directive No. 86/278/EEC.
The proposal of amendment of EU Directive (Working Document on Sludge, 2000)
that introduced new criteria for REs and POPs was not accepted by the European
Parliament. The proposal of Czech limits for some POPs in sludge was based
(Vácha et al., 2006) on experimental data and the original proposal of EU Working
Document on Sludge.

Proposed POPs limit values are presented in Table 32.3. The experimental data
were originated from the monitoring of 46 wastewater factories and from the pot and
field trials observing the influence of sludge application on soil and plant quality.

The absence of legislation for river and pond sediment application on agri-
cultural soils brings many problems for sediment producers. The proposal of the
national Directive is being developed at present. The principal structure of the
proposal is similar with the Directive for sludge application; nevertheless more
POPs groups are limited for sediment application (PCB7, sum of PAHs, sum of
BTEX-benzene, toluene, ethylbenzene and xylene, and hydrocarbons C10–C40 for
petroleum hydrocarbons indication).

In spite of relatively stricter limits for risky substances in the sludge, the inputs
of risky substances into soils are much higher by sediment application (Table 32.4)

Table 32.4 The input of risky substances by the application of sediments and sludge

Sediments Sludge
The dose 750 t ha–1/10 years
RE input (g ha–1)

The dose 15 t ha–1/10 years
RE input (g.ha–1)

As 22,500 450
Be 3,750
Cd 750 75
Co 30
Cr 150,000 3,500
Cu 75,000 7,500
Hg 600 60
Ni 60,000 1,500
Pb 75,000 3,000
V 135,000
Zn 225,000 37,500
PAHs (sum of 12 compounds) 750 –
PCB7 150 9
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because of higher doses of sediments in comparison with sludge (750 t ha–1 of sedi-
ments – dry matter, ones in 10 years maximally, compared to 5 t ha–1 of sludge – dry
matter, ones in 3 years maximally). Legislation for controlling sediment application
is seriously needed in the country due to huge amounts of extracted sediments. The
current practice was based on the decisions of local authorities and the absence of
legislative norms led to fundamental differences in decision-making process. This
fact could negatively influenced soil quality.

32.4 Conclusions

It could be concluded that limit values system can protect agricultural soils from
contamination by risky substances, but their assessment is complicated and the
abovementioned concerns and questions must be solved first through experimen-
tal work and “limit adjustment”, supported by juridical, political and economical
acceptability and responsability.
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dibenzo-p-dioxiny a dibenzofurany. Rostlinná Výroba 46(8):349–354.
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Vácha, R., Čechmánková, J., Havelková, M., Horváthová, V. and Skála, J. (2008). The transfer
of polycyclic aromatic hydrocarbons from the soil into selected plants. Chemicke Listy 11:
1003–1010.
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Chapter 33
Land Degradation in Greece

Sid. P. Theocharopoulos

Abstract This chapter represents the status of land degradation in Greece. As
everywhere in the Mediterranean region, processes such as climatic change, extreme
climatic events, and human actions accelerate land degradation and desertifica-
tion and are reflected by the reduction of the capacity of the land to maintain its
economic, ecological and productive functions. The main land degradation pro-
cesses operating in the soil, water and biosphere system, cause soil degradation,
water scarcity and decline of biodiversity. Greek soils are degradated by water
and wind erosion, soil organic matter reduction, salinization, alkalization, fertility
depletion, compaction, crusting, acidification, leaching, soil pollution and contam-
ination, floods, landslides and sealing. Water scarcity and quality deterioration is
exacerbated through continuing overexploitation of surface and ground water, poor
management practices, pollution from point and diffuse sources and salinization
through seawater intrusion. Land use change, wild fires, overgrazing, intensifica-
tion of agriculture, and monoculture affect population dynamics and biodiversity
while accelerating soil and water degradation processes and greenhouse gases emis-
sions. The National Action Plan to Combat Desertification, the National Water
Management plan, the Code of Good Agricultural Practices and the Soil Thematic
Strategy in combination with international scientific cooperation and the creation
of an harmonized monitoring system should provide to all stakeholders, especially
to policy makers, the necessary knowledge, structure and measures to mitigate land
degradation.
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33.1 Introduction

Extensive soil and land degradation processes leading to desertification affect
Greece. Many observed degradational processes are directly or indirectly induced
by humans and accelerate climatic change and extreme climatic events, which
may further exacerbate the impacts of land degradation. The aim of this chap-
ter is to present the status of land degradation in Greece, to describe the natural
processes in the different components of land, and the human activities that have
direct or indirect impacts on resource degradation. Also, to highlight land con-
servation measures applied or needed to be applied to combat desertification
and to propose extra measures and the necessary framework, which policy mak-
ers should develop and apply in order to reduce, stop or even reverse negative
trends.

The total area of Greece, according to the last census (2001) is 13,195,740 ha,
30% of which, is cultivated land, 40% is pasture land, 22% forest land and
the remaining 8% is water, buildings etc. Threats and degradation processes to
soil and land as well as land protection policies and actions have been also
presented previously by Theocharopoulos and Aggelides (1991), Davidson and
Theocharopoulos (1992), Lyrintzis and Papanastasis (1995), Yassoglou (1987,
1999, 2005) Theocharopoulos and Panoras (2000) and Theocharopoulos (2007).

33.2 Land Degradation and Desertification Status

The United Nations Convention to Combat Desertification (UNCCD) defines “land”
as “the terrestrial bio-productive system that comprises soil, vegetation, other biota,
and the ecological and hydrological processes that operate within the system”,
while land degradation is defined as “the temporary or permanent lowering of
the productive capacity of land”. The same convention defines desertification as
“land degradation in arid, semi-arid and dry sub-humid areas resulting from various
factors, including climatic variations and human activities”.

Land is a resource and also a complex living system. The rate of soil and land
degradation processes as well as the land use and management practices, which
operate in any point or ecosystem in Greece could be described by soil and land
quality indicators, and supported by a proper monitoring system. A temporary or
permanent lowering of the productive capacity of land is recognized throughout the
country, but varies from place to place. Potential desertification and land degradation
risks result from various factors, including climatic variations and human activities
as presented in Fig. 33.1 prepared by the Greek National Committee to Combat
Desertification (Yassoglou, 1999). Land degradation intensities are due to natural
processes such as landforms shape and pattern, climate, extreme climatic events,
but the human induced processes are those that in most cases accelerate the process.
The final consequences are reflected by the inefficiency of the land to maintain its
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Fig. 33.1 Potential desertification map of Greece (Courtesy Prof. N.J. Yassoglou et al., 1999)

economic and ecological functions and an irreversible reduction capacity to produce
goods and services. Based on soil, climatic and topographic characteristics land of
potentially high quality covers 19%, land of moderate quality covers 18%, while the
rest of the land (57%) is of low quality (CORINE, 1992).

The main human induced degradation processes in the country could be recorded
as accelerated soil erosion, soil disturbance, removal of vegetative soil cover
and/or hedgerows, abandonment of terraces, overstocking and overgrazing, poor and
inappropriate crop management like burning of crop residues, wild fires etc.
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33.2.1 Soil Degradation

Soil degradation is only one aspect of land degradation that describes the physical,
chemical and biological degradation of the soil through the reduction in its ability
to fulfil its functions related to productivity and the environment. Soil degradation
process in Greece, is described by Theocharopoulos (2007), Kosmas et al. (2006),
Yassoglou (1999), and others. The soils of Greece developed on the characteris-
tic steep Mediterranean landscapes (Theocharopoulos, 2007) are mostly shallow
without well-expressed pedomorphological horizons (Leptosols, Regosols), which
mainly suffer from soil erosion, organic matter decline and nutrient depletion. The
deep soils in the lower lying plains and the soils near the coast, where water is stag-
nant, or sea water intrusion occurs due to over pumping, are degraded by salinization
and/or sodification. To this also contribute streams and groundwater, which contain
significant amounts of wind-borne salt or salts from parent materials.

Water and wind erosion, loss of organic matter, salinisation, alkalisation, com-
paction, fertility depletion, crusting, decline of biodiversity, acidification, leaching,
soil pollution and contamination, and sealing, seems to be the main degradation fac-
tors or processes occurring in Greece. The severity of each factor varies spatially
and temporarily but no detailed information is available at present.

Soil erosion is the natural process of removal of soil by water or wind. Over
millions of years, the deposition of these materials has built up fertile plains. Soil
erosion is accelerated by inappropriate land management, by land use changes such
as clearance of forest and grasslands followed by cropping that provides inadequate
ground cover, inappropriate tillage, overgrazing, mining and earth moving, and
poor maintenance of conservation measures such as terraces. Loss of topsoil means
reduction of fertility, organic matter and losses of nutrients, reduction of water hold-
ing capacity, and decline of biodiversity, all of which create irreversible changes and
reduce on-site soil quality. The eroded soil is usually deposited in downslope areas
or could reach the seas. The off-site costs include damage to infrastructure and sedi-
mentation of reservoirs, streams and estuaries, and losses of hydropower generation,
that might in some cases be much greater than in situ losses of farm production.
Widespread attempts to mitigate soil erosion in Greece during the past century have
produced mixed results.

Measurements conducted in western Greece where flysh formations are domi-
nant, and in a number of sites in eastern part of the country indicate that the sediment
load transported to dams ranges between 1,200 and 2,000 t km2 year–1 (Kosmas
et al., 2006). Danalatos (1993) describes complete removal of the thick dark sur-
face of soil horizon in the hilly Tertiary landscapes of central Greece at rates 1 cm
year–1, while Kosmas et al. (2006) mention erosion rates of 0–52 t km2 year–1 in
Viotia area, and from 15 to 252 t km1 year–1 in vineyards in Attica. Using 137Cs
technique Theocharopoulos et al. (2003) estimated erosion rates in Mouriki catch-
ment and Viotia area in the range of 3.54–95.78 t ha–1year–1, while the deposition
rates ranged from 1.23 to 168.19 t ha1year–1. It is estimated that 8% of the hilly agri-
cultural land in Greece has been abandoned in the last decades due to diminished
productivity caused by soil erosion (Kosmas et al., 2006). According to Danalatos
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(1993) analytical data in Thessaly have shown a reduction of soil organic matter,
from 2.6 to 1.5% only during the last 6 decades.

Erosion by wind also occurs when the wind force is greater enough to detach
bare soil structural units as mainly in the Aegean islands and Crete and carry soil
particles away. This depends on wind speed, surface roughness, vegetative cover,
soil moisture and erodibility, which are often aggravated by changes of land use,
cropping and grazing regimes.

Wild fires in forests and bushes, plant cover removal or overgrazing, climatic
change, rainfall pattern and intensity, soil structure deterioration, top soil treat-
ment, current land use, soil cultivation patterns and stable burning are the main
factors accelerating erosion, decreasing soil organic matter, and accelerating nutri-
ents leaching (Blake et al., 2009; Theocharopoulos et al., 2003, 2004) with all other
consequences to soil structure, erosion, fertility etc.

Agriculture intensification has led to increased and sometimes excessive applica-
tion and leaching of fertilizers (Theocharopoulos et al., 1993). The use of excessive
amounts of manure, sewage sludge and pesticides (Papadopoulou-Mourkidou,
1998; Lolas, 1998), has introduced soil pollution, contamination and decline of bio-
diversity. Haidouti et al. (1985) reports the presence of mercury in some Greek soils.
Industrial development in Greece seems to have brought about, directly or indirectly
large additions of wastes and pollutants, including heavy metals and acid rain.

The use of more powerful heavy machinery has led to compaction and loss of
structure, and has, despite the crop production problems, indirectly accelerated soil
erosion. Acidification, with the consequent plant toxicity, occurs because of soil
carbonates leaching or improper use of acidifying fertilizers or industrial emissions.
The need for housing, industry, infrastructure etc especially around big cities and
near the coast has given rise to the removal or loss of high quality land from its
natural function through its allocation for other uses.

The 2006 report on coastal zone management of Greece mention that 28.6% of
the coastline is affected by erosion, while the total urbanised coastal area is esti-
mated to be 1.31% of the total surface are. If this be combined with the fact that
70% of the coastline is rocky it is highlighted the increased degree of urbanisation
in the coastal area.

33.2.2 Water Degradation, Scarcity and Quality Deterioration

Soil and water resources are in close contact in nature and interact between them.
This is the reason these should treated together. Pollutants through water diffusion,
mass or bypass flow either in solution or suspension reach the soil, surface and
ground water. Also, soil processes like soil erosion, leaching, macropore flow, and
mineralisation of humus affect water quality.

Surface water in Greece consists of rivers, lakes, and wetlands. In the north-
ern part of the country there are the rivers Ebros, Nestos, Strimon and Axios with
most of their catchment inside Greece. While other important rivers are Aliakmon,
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Aheloos, and Pinios. Natural lakes are small apart from Prespes only part of which
belongs to Greece. Groundwater aquifers throughout the nation are either carbonate
rocks (karstic aqifers) or coarse-grained Neogene and Quaternary (porous aquifers)
deposits.

The hydrologic regime corresponds to conditions characterized by the inadequate
availability of water resources and the Mediterranean hydroclimatic conditions. In
Eastern regions of the country, the islands of Aegean and Crete face a critical
endemic shortage of water. This is enhanced by high agriculture water consump-
tion especially by summer crops. Many areas in Greece do not satisfactorily cover
their water demands and experience problems in water supply.

The main users of water resources are agriculture (85%), followed by urban uses
and industry. Irrigated land (Theocharopoulos and Panoras, 2000) is estimated to
be 1,250,000 ha; 600,000 ha of which are irrigated from surface water, while the
rest 650,000 ha from pumped ground water. The spatial and temporal distribution
of water demand is irregular while maximum demand is recorded during July and
August and in the main plains or near the coast. Water management in agricul-
ture is not rational and needs improvement especially to reduce water loss that
start from the reservoirs to the field. Demands for potable use present also a spa-
tial and temporal distribution due to tourism. The use of ground water resources has
become particularly intensive in coastal areas due to intense urbanization, tourist
development and irrigated land expansion (Daskalaki and Voudouris, 2007).

Lolas (1998) reports pollution from agrochemicals while Albanis (1992)
reports herbicide losses through runoff from the agricultural land of Thessaloniki.
Papadopoulou-Mourkidou (1998) reports that nitrates as well as atrazine,
metalachlor and alachlor were detected in 78 out of 142 ground water samples
in Northern Greece. Pesticide residues were also detected in Loudia River
(Papadopoulou-Mourkidou, 1998). Mitsios et al. (2000a,b) detected heavy metals
in soils and irrigation water in Thesaly as well as Borium in soils and irrigation
water but not in high levels. Vizantinopoulos and Lolos (1994) studied the leach-
ing and persistence of pesticides, while Lentza-Rizoy (1996) detected triazine in
two areas. Miliadis and Aplada-Sarli (1995) report pesticides residues in surface
and ground waters with seasonal fluctuation. Additional sources of water pollution
come from the seawater intrusion due to over exploitation of coastal aquifers, the
fertilizers used in agriculture and the disposal of non properly treated urban and
industrial wastewater in torrents or in old pumping wells.

Overpumping from ground water is used to irrigate summer crops and satisfy
tourism needs. This has created lowering of the ground water level while such form
of water is most of the times of poor quality and enhances salinisation. Seawater
intrusion is enhanced because the ground water level has lowered very much below
the sea level in many places. Addition of nutrients through soil erosion, runoff and
leaching could create eutrofication in many water reservoirs.

According to Xanthakis et al. (2009), from a total of 236 ground aquifers in
Greece, 110 of them are threatened from degradation and pollution such as not to
fulfil the qualitative and quantitative requirements of the 2000/60 EC guideline.
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The major risks of surface and ground water uses in Greece could be summarised
as follows:

1. Pollution from industrial and urban areas
2. Point pollution from non properly treated municipal and industrial wastes
3. Pollution from agrochemicals and fertilizers
4. Poor water use efficiency and high losses of water
5. Overexploitation and intensified drainage leading to lowering of ground water

levels
6. Seawater intrusion in many coastal areas

The increased needs for water quantity and the protection of water quality neces-
sitates optimum use of water resources, protection of water quality, and sustainable
irrigation management systems. This could be achieved by using limited irrigation
water supplies based on crop water requirements and optimum irrigation schedul-
ing. The situation is becoming even worse under the systematic climate change.
Improvement of soil infiltration, injection of water to ground and water recycling
could be some adaptation remediation measures to face these problems.

Great efforts to save water are taking place in the country. In this context, water
is being recycled (Panoras et al., 2000), and pressure is growing to allow transfer
of agricultural water supplies to other uses. The EU directive 2087/92 is applied
in order to minimize the detrimental effect of water misuse and pollution to the
environment. The Ramsar agreement is also activated for the protection of wetlands.
Despite the European Water Framework directive 2000/60 which has established a
new legislation for sustainable management of water resources and protection of
their relevant ecosystems, it seems that there is an urgent need for establishing the
best institutional and policy practice for water management, along with the creation
of a lasting network of institutional research policy for enhancing the productivity
of water at national and local level (Mimikou, 2005).

33.2.3 Decline of Biodiversity

The biodiversity in the form of the variety of plants and animals in the protected
areas of the country are well described in Earthtrends country report for Greece.
As all other Mediterranean countries, Greece too is strongly affected by unsus-
tainable development reflected by the loss of valuable forests, agricultural, coastal
and marine ecosystems that were destroyed to accommodate recreational activities
at sites that were important habitats for fauna and flora. It seems that wildfires,
which occur almost every summer in Greece, cause the most severe damage to the
ecosystems.

In addition to wildfires, monoculture, increased use of agrochemical in agri-
culture, unsustainable land, forest, soil and water management, have induced soil,
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water and air pollution and reduced biodiversity provoking changes in the popula-
tion dynamics of flora and fauna and destroy the ecological balance of the natural
ecosystems. According to Article 17 Report of the National Summary for Greece
the frequency of pressures and threats in agriculture and forestry are 60 and 40% for
natural habitat threats.

Frequent wildfires cause changes in the forest and the other ecosystems, and
affect fauna and flora population dynamics as well as soils and downstream waters
(Blake et al., 2009). Forest ecosystems play a crucial role in increasing water infil-
tration, preventing soil erosion and runoff, maintaining soil fertility, hosting most
terrestrial biodiversity, and help sequester carbon in the soil thus should be pro-
tected. To face the problems of biodiversity decline especially after forest fires
there are numerous areas in Greece that need urgent reforestation programmes as
proposed by Trakolis et al. (2000) for the Voras Mountain. Biodiversity research
is foreseen in two out of eleven national thematic priorities of the Strategic
Development Plan for Research, Technology and Innovation under the 2007–2013
NSR Framework and the Greek National Biodiversity Strategy that match the EC
communication on “Halting the loss of biodiversity by 2010 and beyond”.

33.2.4 Land Use Change

The main human induced contributing factor to land degradation in Greece is land
use change as it is shown in Table 33.1.

These changes, that in many areas are historical, have immediate consequences
on food production, soil and freshwater resources, forest resources, biodiversity,
climate and air quality. On the other side fertile soils were lost to host urban and
industrial development. Fires and urbanization of the population of the rural areas
are some other reasons of land use change. The use of genetically modified organ-
isms and crops for food production has not been fully investigated and they are at
the moment, contested scientifically and politically in the country. Land use change
surely will be introduced to face climatic change through new crops that are toler-
ant to drought conditions, sown later in winter or early in summer in addition to
crop redistribution to face the raising temperatures. To avoid further degradation

Table 33.1 Changes in the main land use categories in Greece for the period 1971–2001
(in 000 ha)

Year Cultivated Pasture Forest Horticulture Orchard Vines Fallow Total

1971 2,532.9 – 2,967.5 114.3 698.9 219.8 6, 533.4
1981 2,423.8 5,252.2 2,951.1 122.1 840.0 186.4 506.4 12, 282.0
1991 2,334.4 2,937.8 123.6 924.6 151.7 6, 472.1
2001 2,213.2 5,219.1 118.9 997.7 134.3 454.5 9, 137.7

Source: National Statistical Service of Greece (2002)
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this has to be based on land capability and land suitability principles and require-
ments. In this context Xanthakis et al. (2009) estimated that if 75% of the Greek
land cropped by cotton was shifted to winter wheat, then the irrigation water con-
sumption decrease would be enough to cover the potable water needs for the whole
population of Greece.

33.3 Actions to Mitigate Land Degradation

The national strategy for soil and water resources considering land use planning and
climate change was presented, described and discussed in a Conference organized
by the Ministry of Rural Development and Food (MRDF) in Athens, 25th February
2000 and presented by Missopolinos et al. (2000). The outcomes of this event have
established the main priorities for sustainable land management as follows:

Improvement and broadening of scientific and technical knowledge on soil func-
tions, scientific knowledge dissemination, selection of best soil uses in relation to
soil functions, development of the proper tools to monitor, protect and improve
soil quality, development of soil quality monitoring systems, improvement of the
deteriorated soil functions, mapping and evaluating soil resources, monitoring and
management, research, and enacting proper legislation.

Research projects to combat land degradation are carried out by the Soil Science
and Forestry Institute of NAGREF and by relative units of many Greek Universities.
All stakeholders, especially policy makers, should be informed and aware of the
problems of land degradation and desertification.

Effective mitigation of land degradation and desertification should start from the
prevention and establishment of early warning systems. The National Committee to
Combat Desertification has produced the National Action Plan (Yassoglou, 1999)
where all the factors and processes leading to land degradation and desertification
are described in detail. Also, the general and specific measures and actions for agri-
cultural practices, forest and pasture management and protection of biodiversity are
presented along with the necessary socio-economic measures. A number of actions
such as conservation agriculture with its three pillars of no till, mulching, and proper
rotation as well as conservation tillage seems to be a good approach, to protect the
soil and to maintain soil fertility.

The Greek Ministry of Rural Development and Food has also produced the Code
of Good Agricultural Practice (CGAP). The “Greek Action Plan” for the mitiga-
tion of nitrates in water resources of vulnerable districts such as Thessaly, Kopais
(Kallergis, 1997), is also implemented. It comprises a set of measures and practices
targeting the protection of surface and groundwater aquifers from nitrate pollution
of agricultural origin, through the rational management of inorganic fertilizers. On
the other special attention is due to the use of sewage sludge is in accordance
with EU Council Directive 86/278. Land protection is being implemented in the
Framework of Reg (EU) 1257/99, which incorporates protection of the environment
in the rural development areas. The 2000/60/EC Water Protection Directive has been
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into practice as well and will certainly contribute towards reversing land degradation
trends.

Subsidies are offered to farmers who comply with good agricultural practices that
are friendly to the environment. They include reduced nitrogen inputs, anti-erosion
measures such as ploughing across slope, build or preserve terraces, extensification
of animal husbandry, organic farming or organic husbandry, long time set aside land,
protection of sloping landscapes etc. Through the integrated crop management sys-
tems, productive soils are protected from agrochemical residues and through water
protection measures to conserve various lake ecosystems throughout the country.

The EU, through its new Common Agricultural Policy (CAP) and its Soil
Thematic Strategy incorporates environmental issues in rural development and
will contribute towards stopping and mitigating land degradation. A harmonized
Land Degradation Monitoring System has to be established in Greece, based on
new technologies with minimum sets of parameters/indicators, with quality con-
trol/assurance procedures for soil, water and biodiversity sampling, treatment and
analysis and with traceability rules to be followed. Harmonized Guidelines for
sustainable land use should be formulated too.

33.4 Conclusions

Land degradation is a serious problem in Greece. It needs proper actions and mea-
sures, education and public awareness. The country should consider the current
threats and should update and implement its National Action Plan to combat deser-
tification and land degradation. Harmonized guidelines for the sustainable use of
land and protection of soil, water and the biodiversity should be formulated. A
harmonized monitoring system for land degradation, based on remote sensing and
expert based assessments with a minimum set of land quality indicators, needs
to be developed. Finally, necessary legislation should be developed, approved and
implemented.
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Chapter 34
Factors Influencing Soil Organic Carbon Stock
Variations in Italy During the Last Three
Decades

M. Fantappiè, G. L’Abate, and E.A.C. Costantini

Abstract Soils contain about three times the amount of carbon globally available
in vegetation, and about twice the amount in the atmosphere. However, soil organic
carbon (SOC) has been reduced in many areas, while an increase in atmospheric
CO2 has been detected. Recent research works have shown that it is likely that past
changes in land use history and land management were the main reasons for the
loss of carbon rather than higher temperatures and changes of precipitation resulting
from climate change. The primary scope of this work was to estimate soil organic
carbon stock (CS) variations in Italy during the last three decades and to relate them
to land use changes. The study was also aimed at finding relationships between
SOC and factors of pedogenesis, namely pedoclimate, morphology, lithology, and
land use, but also at verifying the possible bias on SOC estimation caused by the
use of data coming from different sources and laboratories. The soil database of
Italy was the main source of information in this study. In the national soil database
is stored information for 20,702 georeferentiated and dated observations (soil pro-
files and minipits) analysed for routine soil parameters. Although the observations
were collected from different sources, soil description and analysis were similar,
because all the sources made reference to the Soil Taxonomy and WRB classifica-
tion systems, and soil analyses followed the Italian official methods. Besides horizon
description and analysis, soil observations had a set of site information including
topography, lithology, and land use. The SOC and bulk density referred to the first
50 cm, thus CS was calculated on the basis of the weighted percentage of SOC, rock
fragments volume, and bulk density. A set of geographic attributes were considered
to spatialize point information, in particular, DEM (100 m) and derived SOTER
morphological classification, soil regions (reference scale 1:5,000,000) and soil sys-
tems lithological groups (reference scale 1:500,000), soil moisture and temperature
regimes (raster maps of 1 km pixel size), land cover (CORINE project, reference
scale 1:100,000) at three reference dates: years 1990 and 2000, and an original
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update to 2008, obtained with field point observations. The interpolation method-
ology used a multiple linear regression (MLR). CS was the target variable, while
predictive variables were the geographic attributes. Basic statistical analysis was
performed first, to find the predictive variables statistically related to CS and to ver-
ify the bias caused by different laboratories and surveys. After excluding the biased
datasets, the best predictors were selected using a step-wise regression method with
Akaike Information Criterion (AIC) as selection and stop criterion. The obtained
MLR model made use of the following categorical attributes: (i) decade, (ii) land
use, (iii) SOTER morphological class, (iv) soil region, (v) soil temperature regime,
(vi) soil moisture regime, (vii) soil system lithology, (viii) soil temperature, (ix) soil
aridity index (dry days per year), and, (x) elevation. The interaction between decade
and land use variables was also considered in the model. Results indicated that CS
was highly correlated with the kind of main type of land use (forest, meadow, arable
land), soil moisture and temperature regimes, lithology, as well as morphological
classes, and decreased notably in the second decade but slightly increased in the
third one, passing form 3.32 Pg, to 2.74 Pg and 2.93 Pg respectively. The bias caused
by the variables like “laboratory” and “survey source” could be as large as the 190%.

Keywords Carbon sequestration · Land use change · Factor of pedogenesis ·
Multiple regression

34.1 Introduction

Almost all European countries have ratified the Kyoto Protocol to reduce green-
house gas (GHG) emissions for the period 2008–2012 by 6.5% compared to the
1990 level. Article 3.4 of the protocol indicates soil management as a carbon seques-
tering strategy to help achieve the emission reduction target (Morari et al., 2006).
Sequestering carbon in soil is also beneficial to enhance soil quality: soil organic
carbon (SOC) is a major indicator of soil quality and sustainability (Reeves, 1997).
The communication of the European Commission “Towards a Thematic Strategy
for Soil Protection” (COM 179, 2002; COM 231, 2006) as well as other documents
(European Commission, 2008, 2009) points to soil organic matter decrease as one
of the main European soil threats.

Both forestry and agricultural soils may be considered as carbon sinks according
to the Kyoto Protocol. Agriculture and farming activities do approximately con-
tribute 25% of the global GHG emissions. In Europe this figure is approximately
10%, excluding emissions due to land use change. Soils with high initial carbon con-
tents are more prone to losses than soils with already low carbon content (Kätterer
et al., 2004) assuming “high” SOC content values such as 2–3.4% and “low” SOC
at <2%. Post and Kwon (2000) estimated that land use changes from arable crop-
ping to grassland resulted in increases in soil carbon of 33 g C m–2 year–1, although
rainfall and the species sown in the new pastures could affect the rate substantially.
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The flux exchange of CO2 between soil and the atmosphere is also so large that
it has been estimated at 10 times the flux of carbon dioxide from fossil fuels (Schils
et al., 2008). If soil respiration, associated with decomposition and root activity,
accounts for two thirds of carbon lost from terrestrial ecosystems (Luo and Zhou,
2006), recent research results (Kirk and Bellamy, 2008; Bouwman, 2001; Marland
et al., 2003; West and Post, 2002; West and Marland, 2003; West et al., 2008) have
shown that it is likely that past changes in land use history and land management
were the dominant reasons for the soil carbon losses. Actually, land use changes,
more than increased temperatures and changes of precipitation, resulted in an emis-
sion of nearly 2 Pg C year–1 during the 1990s at the terrestrial scale (Schimel et al.,
2001; IPCC, 2001a, b). Costantini et al. (2007) pointed to the poorer organic mat-
ter content of Italian soils cultivated with row crops and/or vineyards and olive
grooves, in comparison with vegetables, orchards and mixed cultivations, as well
as the differences between irrigated crops compared with rainfed cultivations.

There are still many uncertainties and unanswered questions related to the issue
of carbon sequestration, such as the relationships with the factors of pedogenesis, the
size of sink and its accounting. Statistical analyses of spatially distributed soil sam-
ples provide information on changes in soil carbon pools when the measurements
are taken at two points in time (Bellamy et al., 2005) or are from a chronose-
quence (simultaneous measurement at sites with different histories of change behind
them, Covington (1981)), but such monitoring activity is absent in most European
countries.

The only European region with “true” resampling data is England and Wales,
where 40% of the original sites on a 5 × 5 km grid were resampled with an interval
of 15–25 years (Bellamy et al., 2005; Bellamy, 2008). These authors reported on
soil organic carbon changes in UK and Wales over the period 1978–2003. On the
basis of data from the two samplings it was estimated that carbon was lost from
soils across England and Wales over the survey period at a mean rate of 0.6% year–1

(relative to the existing soil carbon content in 1978). This estimate was based on
the soil carbon content of the top 15 cm of soil. Converting this to carbon stocks,
using a pedotransfer function to estimate bulk density, it was estimated that the soils
of England and Wales were losing carbon at the rate of 4.44 Tg C year–1. However,
Smith et al. (2007a, b, c) and Smith (2008), using two soil carbon models, suggested
that only 10–20% of the loss of carbon from soils in England and Wales reported by
Bellamy et al. (2005) could be due to climate change. Moreover, recent studies have
shown that it is likely that past changes in land use history and land management
were the dominant reasons behind carbon losses rather than higher temperatures and
changes of precipitation as result of the climate change (Kirk and Bellamy, 2008).
Changes in bulk density over time, as well as precision and success rate of actual soil
resampling, were acknowledged as more likely factors that dominated the observed
changes of soil carbon.

In France, INRA has reported on measured carbon stocks in the top 0–30 cm
layer. All data between 1970 and 2000 for different land uses have been pooled
and used as an average value for 1990 stock of C (Arrouays et al., 2001, 2002a,
b). The carbon stocks in the upper 30 cm of soils in France should vary from 15 to
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40 Mg hm–2 in mid France, to 40–50 Mg hm–2 in the richer and more intensive crop-
ping areas in the north and south–west, up to 70 Mg hm–2 in permanent grassland
and forest, and >90 Mg hm–2 in more mountainous areas and wetlands (Arrouays
et al., 2001; IFEN, 2007). The highest values are reported in organic soil at 350 Mg
hm–2. Soils that are under forest, grassland or pasture always have higher organic
carbon stocks than identical soils under arable land. IFEN (2007) reported losses of
carbon for soils in some regions and increases of soil carbon in other regions for
agricultural soils in France.

The main difficulties with soil carbon monitoring are the large amount of work
needed, and consequently high costs, plus the challenge to keep the study meth-
ods adequately similar between the monitoring periods. Combining modelling with
monitoring can reduce the amount of work and the costs. Soil carbon stock (CS)
estimation is also affected by many factors of uncertainty. For instance, depth of
ploughing has changed over time. This change is hardly recognized in analysis of
trends of the stock of organic C in soils (Schils et al., 2008). Increased tempera-
tures may cause a not-linear carbon loss in combination with extreme drought, as
reported in information derived from eddy-covariance studies across Europe in 2003
(Ciais et al., 2005; Reichstein et al., 2006). As bulk density and organic carbon are
correlated, and as changes in bulk density may induce changes in the mineral mass
of soil collected down to a given depth, it would be needed to have determined
bulk density on all sites, with comparable methods, that is rarely the case in most
databases.

Moreover, there are the sampling and laboratory biases. Although analysed with
the same method, data coming from different laboratories and surveys could vary
notably, for various reasons (Giandon, 2000; Ogle et al., 2006; Neff et al., 2002;
Lal et al., 2001, 2008; Lal, 2008). In laboratory sources of bias are, for instance,
sample handling and pre-treatments (exclusions of living roots, straws, intensity of
grinding, etc.), which can be performed differently according to local protocols.
In field sampling performed in different parts of the ploughed horizon can notably
affect the SOC content, especially when, like in many parts of Italy, ploughing depth
reaches 50 cm and more.

Also the particular time of sampling that could be soon after ploughing, or during
crop vegetation, or after the harvest, can influence the bulk of the sample. The refer-
ence depth causes another important source of variability. In fact, as most soils are
sampled at different depth, according to genetic horizons, the SOC content comes
from the weighted averaging of the possible multiple analyzed sub-horizons within
the reference depth (Franzluebbers, 2002).

Zdruli et al. (1999) made a first estimation of SOC content for Italy for the depth
of 0–30 cm as part of the European Mediterranean SOC estimation at 1 × 1 km
grid, on the basis of the European Soil Database. Jones et al. (2005) improved the
previous estimates and provided a map of percentage SOC for the same depth. Other
recent studies (Vitullo, 2006; Pilli et al., 2006) have estimated for instance the CS
for forest soils in Italy. Some regional experiences have also been attempted to esti-
mate CS in Emilia Romagna (Guermandi, 2005; Calzolari and Ungaro, 2005; Gardi,
2005), Piedmont (Petrella and Piazzi, 2005; Piazzi, 2006; Stolbovoy et al., 2006),
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Lombardy (Solaro and Brenna, 2005; Cerli et al., 2009), Veneto (Dalla Valle, 2008;
Garlato et al., 2009a), Trentino (Garlato et al., 2009b).

The present research work described in this paper was aimed at estimating CS
variation in Italy during the last three decades and to relate it to land use changes.
The study was also aimed at finding relationships between SOC and the factors
of pedogenesis, namely pedoclimate, morphology, lithology, and land use, and at
verifying the possible biases on SOC estimation caused by the use of data coming
from different survey samplings, times and laboratories.

34.2 Materials and Methods

34.2.1 Methodological Approach

There are different methodological approaches to estimate soil carbon changes.
A first distinction could be made between empirical methods that are based on
sampling, and deterministic methods, based on theoretical models, derived from pre-
vious studies. A deterministic method is used in the procedures for estimating SOC
changes under the Kyoto Protocol, in the International Panel on Climate Change
report “Good Practice Guidance for LULUCF” (IPCC, 2003, 2007). Within empir-
ical methods, a further division can be made on the basis of sources: data can come
from either specific monitoring activities, or from existing databases. Using moni-
tored data is possible to determine the sample design, to select the soil horizons to be
studied, and to ensure the repeatability of sampling and laboratory measurements.
In the case of data coming from existing different databases, the above parameters
have to be checked before using the data itself.

Whichever the source of the data, they can be interpolated using pure statisti-
cal, geostatistical, or mixed approaches. In the statistical approach, data coming
from more densely populated “external” datasets are combined with SOC measure-
ments to obtain a statistical model of correlation, which is used to interpolate SOC
content (Batjes, 2008; Geissen et al., 2009; Grimm et al., 2008; Hirmas et al., in
press; Hoyos and Comerford, 2005; Meersmans et al., 2008; Nyssen et al., 2008).
In the statistical approaches external datasets usually refer to the factors of pedoge-
nesis (Jenny, 1941). Remote sensed data can also be added in the regression models
(Gomez et al., 2008; Huang et al., 2007; Sankey et al., 2008; Vasques et al., 2008).
In the pure geostatistical approach, both the SOC measurement and its localiza-
tion are considered to obtain a spatial autocorrelation model, which is used for the
spatialization. The geostatistical approach can be used to incorporate dense sec-
ondary information by means, for instance, of cokriging, multicollocated cokriging,
or multicollocated cokriging with varying local mean (Castrignanò et al., 2009).

There are various mixed approaches available, but all of them consider a com-
bination of target data autocorrelation and “external” effects (McBratney et al.,
2003; Chai et al., 2008; Grunwald, 2009; Carrè et al., 2007; Simbahan et al., 2006).
Hence, mixed approaches can add the geographical position as another factor of
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pedogenesis (SCORPAN model, McBratney et al., 2003). The external datasets can
be combined with the spatial autocorrelation of residuals in different ways (e.g.
regression kriging and kriging with external drift).

As previously stated, Italy is lacking a monitoring system of SOC, so we made
use of the data collected in the national soil database, coming from different sur-
veys and completed in different times. The inherited sample design was then
random, with a great inhomogeneous spatial and temporal distribution of sam-
ples. Uniformity of soil horizons and repeatability of sampling and laboratory
measurements were checked before performing the interpolation analysis.

Data stratification was made ad posteriori, attributing to the measured SOC con-
tent the “external” information coming from the different geographic attributes. The
resulting table could then be used for basic statistic analysis, as well as to obtain
the interpolation map. Therefore, our spatialization model can be considered a pure
statistical approach, relating SOC to the soil forming factors.

Soil survey datasets were classed in 3 decades: between 01/01/1979 and 31/12/
1988; between 01/01/1989 and 31/12/1998; between 01/01/1999 and 31/12/2008.
The grouping was aimed at overlapping the times of land use/land cover data-
bases, so that it could reflect the relevance of land use changes in SOC content
and CS.

34.2.2 Data Sources and Data Preparation

The national soil database (Costantini et al., 2007) was the main source of informa-
tion for SOC content and bulk density. The national soil database stores information
of about 40,068 observations (soil profiles and minipits), 22,517 analyzed for rou-
tine and non-routine parameters, and 20,702 observations georeferentiated and dated
(date of survey). The 20,702 observations were distributed rather unevenly in the
last three decades (1979–1988: 1,676 observations; 1989–1998: 12,063 observa-
tions; 1999–2008: 6,963 observations). Although the observations were collected
from different sources, soil description and classification were similar, because all
the sources made reference to the Soil Survey Manual (USDA, Soil Survey Staff,
1983 and later versions), the Soil Taxonomy (Soil Survey Staff, 1975 and later
versions) and the FAO-UNESCO soil classification (1974) and WRB (IUSS-ISRIC-
FAO, 1998). Soil analyses always followed the Italian official methods (MIPAAF,
1992; Sequi and De Nobili, 2000). In particular, SOC content was determined using
the Walkley-Black official procedure (1934). In this work, the values were converted
to ISO (ISO14235) using the formula proposed by the ECALP project (Ecopedo-
logical Map of Alps, 2004–2006) of the European Soil Bureau (Garlato et al.,
2009b):

SOC_iso = 0.0763 + 1 .0288 SOC_wb (R2 of 0 .9763)

where SOC_iso is the estimation of SOC analysed with ISO (ISO14235) and
SOC_wb is the SOC analysed with Walkley-Black.
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We referred SOC and bulk density to the first 50 cm, which comprehend the
plough layer, in agricultural soils, and the organic-mineral horizon (A horizon), in
forest soils. In the elaboration, SOC of all A horizons with upper boundary within
50 cm from the mineral soil surface, and of any other type of soil horizon, except
of O, Oh, Of, Oi and C, with lower boundary within 50 cm from the mineral soil
surface, were expressed as percentage by weight (dag kg–1). In the case of presence
of more than one data of SOC content at the same location, for example in the case
of more than one A horizon with upper boundary within 50 cm, one single data was
obtained by weighted horizon thickness.

The database had also information about rock fragments content (daL m–3

of topsoil) and measured soil bulk density (Mg m–3). However, only 37.5%
of soil observations had measured bulk density, so the dataset was completed
using a pedotransfer function, which related bulk density to the amount of clay,
silt, OC, and CEC (Pellegrini et al., 2007). The CS was then calculated with
the formula:

CS = D∗ SOCcontent ∗FEF ∗ BD

where CS is the carbon stock of topsoil (first 0.5 m from mineral soil surface)
expressed as Mg hm–2, D is the topsoil depth expressed as m, SOCcontent is the
soil organic carbon content expressed as dag kg–1 of fine-earth fraction, FEF is
the fine-earth fraction expressed as daL m–3, BD is the bulk density expressed
as Mg m–3.

The national soil database is a geographical database, with geographical infor-
mation such as the soil regions (Righini et al., 2001; Costantini et al., 2007) and
soil systems of Italy (Costantini et al., 2003). The map of soil regions is the first
informative level for the soil map of Italy and the tool for the soil correlation at the
continental level. Soil region is a regionally restricted part of the soil cover char-
acterized by a typical climate and parent material association, with reference scale
1:5,000,000. Soil regions were delineated according to the criteria of the Manual
of Procedures Version 1.0 for the Georeferenced Soil Database of Europe (Finke
et al., 1998). “Soil systems of Italy” is a national soil database with reference scale
at 1:500,000. The geographical database contains information about physiography,
morphogenetic processes, river drainage network, lithology, land cover, and land
components of the soil systems. A “land component” is a specific combination of
morphology, lithology, and land cover of the soil system, with indication of the
dominant soil typological units (STU). All soil observations of the national soil
database are related to the geography of soil systems by means of the STU to which
they belong. Major landforms of the land systems follow the SOTER methodology
(FAO, 1995).

In this study, the factor of pedogenesis relief was taken into account considering
the SOTER morphological classes, which legend is summarized in Table 34.1. A
SOTER morphological raster map of Italy was produced using the Digital Elevation
Model of Italy at 100 m. SOTER morphological classes were further grouped in
classes as follows:
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Table 34.1 SOTER physiographical classification

Physiography
and elevation
(m a.s.l.)

Low
hills
(0–200)

Medium
hills
(200–300)

Medium
hills
(300–400)

High
hills
(400–600)

Low
mountain
(600–1,500)

High
mountain
(1,500–3,000)

Slope (%)
0–2 LP1 LP1 LP2 LP2 LL1 LL2
2–8 LF1 LF2 LF2 LF3 RL1 RL2
8–15 SH1 SH2 SH2 SH3 SU1 SU2
15–30 SH1 SH2 SH2 SH3 SM1 SM2
30–60 TH1 TH2 TH2 TH3 TM1 TM2
>60 VH1 VH2 VH2 VH3 VM1 VM2

(a) LP1 and LF1. Levelled lowlands
(b) LF2, SH1, and SH2. Medium and low rolling hills
(c) LP2, LF3, and SH3. High rolling hills
(d) TH1, TH2, VH1 and VH2. Steep low hills
(e) TH3 and VH3. Steep high hills
(f) LL1, RL1, SU1, SM1, TM1, and VM1. Low mountain
(g) LL2, RL2, SU2, SM2, TM2, and VM2. High mountain

To account for the possible influence of soil parent material in SOC stocks, the
lithological attributes of soil systems of Italy were grouped as follows:

(a) Marine sediments, Aeolian deposits, coastal and deltaic deposits, calcarenites
and residual soil deposits;

(b) Alluvial and lacustrine deposits, clayey formations;
(c) Effusive and volcanoclastic formations, rudite, sandstone, metamorphic schist,

clayey sandstone, marls and marly-pelitic turbidite;
(d) Lagoons and slope deposits;
(e) Calcareous and dolomitic rocks, intrusive and metamorphic non-schist rocks.

The influence of climate was taken into account by classifying the soil moisture
and temperature regimes of the observation. The USDA Soil Taxonomy was the
reference classification (Soil Survey Staff, 1999). The soil attribute was estimated
using an original methodology based on the EPIC software (Costantini et al., 2002,
2005). The dry xeric soil moisture regime, postulated by Van Wambeke (1986), was
also considered for a more detailed qualification of the driest pedoclimate in the
Mediterranean environment. Maps of soil moisture and temperature regimes (pixel
size 1 km) were produced by ordinary kriging of soil moisture and temperature
regimes of the observations (L’Abate and Costantini, 2004). The raster maps were
then transformed in vectors.
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The control of land use on SOC was obtained considering the CORINE Land
cover Maps of 1990 and 2000 (Sinanet, 2009), and an update to the year 2008
obtained with field point observations: 9,276 georeferenced point field informa-
tion on land cover came from the LUCAS project (Land Use Land Cover Annual
Survey, European Communities, 2003), and 65,536 from the SIN database (Sistema
Informativo Agricolo Nazionale, 2009). A new, specific dataset was produced as
revised CORINE land cover layer for the last decade (CORINE, 2009). CORINE
polygons were not modified; only land cover attribution was corrected. Land cover
classes were further grouped in three great classes: (i) arable land, (ii) forest, (iii)
permanent meadow.

Beside the categorical predictive variables listed above, some continuous pre-
dictive variables were also considered: (i) the DEM of Italy at 100 m, and derived
slope; (ii) the raster maps of soil temperature at 50 cm, and the soil aridity index
(dry days per year) (Costantini and L’Abate, 2009; Costantini et al., 2009).

34.2.3 Data Selection

The data stored in the national soil database referred to soil samples collected in dif-
ferent surveys, various pedologists, and analysed in different laboratories. To check
the presence of possible main biases in the SOC datasets, the values of the 5 datasets
storing the largest amount of data (named A, B, C, D, and E) were compared to all
the other datasets of the same soil region, analysed during the same decade and in
the same land use class. Datasets that were significantly different from all the others
were excluded from the successive elaborations. The significance of the differences
between the means was tested with the t of Student statistic test.

34.2.4 Data Elaboration

The spatialization model considered the SOC content as dependent variable and
the geographic attributes, as well as the decade of survey, as predictive variables.
Geographic attributes were elevation, slope, soil region, soil system, lithology, soil
moisture and temperature regimes, and land use at the date of the survey.

Basic statistic analysis was first performed to investigate the relationship between
predictive and dependent variables. An analysis of variance was made to statistically
compare the SOC content of samples, classed according to the different attributes,
referring to the factors of pedogenesis.

A multiple linear regression analysis was then performed (MLRA) and the best
predictors and combination of predictors were selected using a stepwise regression
analysis with Akaike Information Criterion (AIC) as selection and stop criterion
(Sakamoto and Akaike, 1978). As predictors were both categorical and continuous,
values of the continuous were standardized using the formula z = (x – μ)/σ.

On the basis of the MLRA model obtained, the categorical and continuous vari-
ables selected were used to obtain 3 maps of carbon stocks, one for each decade.
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An estimation error analysis was also performed to derive the uncertainty of the
prediction. A selection of biased data was then interpolated separately with the
same method, to highlight the differences in the maps obtained with the spatial
interpolation of biased and unbiased data.

34.3 Results and Discussion

34.3.1 Soil Organic Carbon and Factors of Pedogenesis

Taking into account the bulk of data, SOC content varies significantly according to
soil temperature and moisture regimes (Figs. 34.1 and 34.2). The passage from the
Mesic to the Thermic soil temperature regime comports a highly significant decrease
of SOC of more than 0.35 dag kg–1, meaning a relative lowering of more than 20%.
Similarly, the passage between soil moisture regimes (SMR), from the Udic to the
Ustic, Xeric, and dry Xeric, reveals a strong influence of soil humidity on the SOC
content. As expected, the soils with a higher SOC content are located in the Udic soil
moisture regime, while the passage to Ustic is underlined by a relative decrease of
about 25%. A smaller, but always significant decrease marks the difference between
the soil with Ustic and Xeric SMR, while the SOC content of soils with dry Xeric
regime show the lowest values.

The morphological control on the SOC content is also evident (Fig. 34.3). The
data evidence a clear increase sequence from plains to hills and mountains and with

 Mean 
 Mean±0.95 Conf. Interval thermic mesic

Thermometric Regimes

1.4

1.5

1.6

1.7

1.8

1.9

2.0

SO
C

 C
on

te
nt

 (
da

g 
kg

–1
)

Fig. 34.1 Soil organic carbon content in the main soil temperature regimes of Italy. Differences
between means are statistically different (P < 0.01)
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Fig. 34.2 Soil organic carbon content in the main soil moisture regimes of Italy. Differences
between means are all statistically different (P < 0.01)
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Fig. 34.3 Soil organic carbon content in the groups of SOTER’s physiographies. Differences
between means are all statistically different (P < 0.01, or P < 0.05, between a and b classes),
except for the difference between c and d classes
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Fig. 34.4 Soil organic carbon content in the main lithological groups of Italy. Differences between
means are all statistically different (P < 0.01)

the increase of steepness. The only exception is the passage from the first to the
second class, that is, from levelled lowlands and rolling low hills, where there is
a significant decrease. The interpretation is that the effect of morphology on SOC
is mediated by the intensity of cultivation of arable lands, which decreases with
elevation, where forests and meadows increase, and by climate, as the moister and
colder climate enhances soil carbon sequestration. The inverse trend found at the
passage from the first and second class can be explained considering that rolling low
hills are, as a whole, intensively cultivated in Italy, and the slope of the cultivated
fields may trigger soil water erosion.

Lithology influences significantly SOC content, although not as much as mor-
phology (Fig. 34.4). Apart from lagoon and slope deposits, where the high SOC can
be related with the presence of peat or organic matter rich deposits, the trend would
point to a direct influence of the coherence and hardness of the substratum on SOC.
In this case, the lower weathering rate of the rock would favour the organic matter
accumulation in the first soil horizons. In addition, carbonate rocks evidence SOC
enrichment. It is also reasonable to postulate an interaction with land use, as the
harder the rock, the less intensive the agro-system, as well as with climate, in the
passage from the lithological classes a and b, characterizing plains and hills, and c
and e, typical of mountains.

The prominent and straightforward relationship between SOC and land use is
evidenced in Fig. 34.5. The transition from arable land to permanent meadow is
reflected with increase of SOC content that almost doubles, and triples in forests.
However, if the relationship between SOC and land use is clear and simple, the
influence of the soil forming factor time is not linear. The data reported in Fig. 34.6
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Fig. 34.5 Soil organic carbon content in the main land uses of Italy. Differences between means
are all statistically different (P < 0.01)
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Fig. 34.6 Soil organic carbon content in the three decades considered (I: 1979–1988;
II: 1989–1998; III: 1999–2008). Differences between means are all statistically different (P < 0.01)
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Fig. 34.7 Soil organic carbon content in the three decades considered and land uses. Differences
between means are all statistically different (P < 0.01, or P < 0.05, between arable lands in decades
II and III), except for the difference between forests in decades II and III

indicate a significant lowering of the overall mean in the nineties, with a certain
recover in the last decade. The trend is common for the three land use classes consid-
ered (Fig. 34.7), although the differences between the second and the third decades
become less significant.

34.3.2 Soil Carbon Stock Variations During the Last Three
Decades

The MLRA model driven by stepwise regression is presented in Table 34.2. Among
all the selected factors, the best predictive are land uses, decades, their interactions,
SOTER morphological classes, and the continuous variables DEM, soil temperature
and dry days. Almost all the soil regions are also highly predictive. Among the litho-
logical groups, the best predictive is the e group (calcareous and dolomitic rocks,
intrusive and metamorphic not-schist rocks).
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Table 34.2 Multiple linear regression model adopted for the interpolations of carbon stock
(Mg hm–2)

Estimated Significance
Predicting variables coefficients Std. error t value Pr(>|t|) level of P

(Intercept) 86.134 4.33 19.862 <2e-16 ∗∗∗
Categorical
Decade II –11.660 2.01 –5.777 7.71e-09 ∗∗∗

III –0.005 2.14 –0.002 0.998081
Land use Forests 47.881 3.63 13.169 <2e-16 ∗∗∗

Meadows 14.696 4.10 3.58 0.000344 ∗∗∗
18 20.421 2.88 7.076 1.54e-12 ∗∗∗
34 21.503 4.12 5.214 1.87e-07 ∗∗∗
35 23.141 7.48 3.092 0.001989 ∗∗
37 16.690 4.55 3.663 0.000250 ∗∗∗
56 8.624 3.72 2.313 0.020722 ∗
59 8.635 3.01 2.867 0.004142 ∗∗

Soil region 60 –6.236 3.39 –1.836 0.066422 .
61 –14.850 2.87 –5.164 2.45e-07 ∗∗∗
62 –13.850 3.01 –4.589 4.49e-06 ∗∗∗
64 –3.698 3.33 –1.109 0.267256
66 –5.433 4.11 –1.319 0.187204
67 24.654 7.05 3.494 0.000476 ∗∗∗
72 –2.443 5.35 –0.456 0.648393
76 –11.632 4.00 –2.907 0.003656 ∗∗
78 –0.175 3.04 –0.058 0.953938

Soil systems
lithology
group

B 2.640 1.48 1.772 0.076350
C –0.645 1.55 –0.414 0.678809
D 1.604 2.16 0.739 0.459620
E 11.357 1.99 5.689 1.30e-08 ∗∗∗

Soil moisture
regime

Udic –4.833 3.71 –1.301 0.193141
Ustic –5.116 2.83 –1.803 0.071382 .
Xeric 2.944 2.14 1.376 0.168845

Soil
temperature
regime

Thermic 3.198 1.49 2.133 0.032944 ∗

SOTER
classes
group

B –9.981 1.22 –8.171 3.27e-16 ∗∗∗
C –15.448 2.45 –6.291 3.24e-10 ∗∗∗
D –11.734 1.86 –6.28 3.47e-10 ∗∗∗
E –12.437 2.72 –4.565 5.03e-06 ∗∗∗
F –4.515 3.29 –1.372 0.169998
G 25.360 7.95 3.189 0.001432 ∗∗

Continuous
Mean annual

soil temp. at
50 cm

8.077 0.864018 9.349 <2e-16 ∗∗∗

Soil aridity
index

–8.478 1.177905 –7.198 6.34e-13 ∗∗∗

Elevation 11.938 1.182095 10.099 <2e-16 ∗∗∗
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Table 34.2 (continued)

Estimated Significance
Predicting variables coefficients Std. error t value Pr(>|t|) level of P

Interactions

II decade Land use forest –16.316 4.16693 –3.916 9.05e-05 ∗∗∗
Land use

meadow
–3.728 4.398619 –0.848 0.396684

III decade Land use forest –27.937 4.02584 –6.939 4.07e-12 ∗∗∗
Land use

meadow
–5.415 4.709544 –1.15 0.250171

∗∗∗ < 0.0001; ∗∗ <0.001; ∗ <0.05; . <0.1.

The residual standard error is 56.12, with 17,824 degrees of freedom. Multiple
R-Squared is 0.1643 and adjusted R-squared 0.1624. F-statistic is 87.62, with 40
and 17,824 degrees of freedom, P-value is < 2.2e-16. Therefore, although the F-
statistic is very good, the multiple R-squared is quite low. This means that the high
variability of the data cannot be well explained by the model, and a large amount of
point variation remains unpredicted.

The bulk CS in Italy results 3.32 Pg in the eighties (107 Mg hm–2), 2.74 Pg in
the nineties (88 Mg hm–2), and 2.93 Pg in the years 2000 (95 Mg hm–2), (Figs. 34.8,
34.9 and 34.10). The distribution of estimation error is presented in Fig. 34.11. The
RMSE were of 72.86 Mg hm–2 for the 1st decade, 44.78 for the 2nd decade and
65.37 for the 3rd decade. The variations between decades are reported in Figs. 34.12
and 34.13. The figures of the total budgets are intermediate between the 3.9 Pg pos-
tulated by the Natural Resources Conservation Service of the USDA (Schils et al.,
2008) and the 2 Pg estimated by the European Soil Bureau (Stolbovoy et al., 2007a,
2007b; Schils et al., 2008).

The CS spatial distribution reveals larger amounts on the Alps, Apennines,
and Sardinia, mainly coincident with forests, while the poorer areas are pretty
well distributed all over the cultivated plains and hills of the country. It is inter-
esting to note that many hilly lands of central and southern Italy, as well as in
Sicily, are territories, which seem to be subjected to both negative and positive
changes of CS over time. This could highlight a sensitivity of those soils to SOC
modifications.

The trend during the last three decades shows an important decrease in the second
decade, which can be probably related to the changes in land use and management,
and their consequences on soil bulk density (Horn et al., 1995). Our data actually
indicate a change in the distribution of the main land uses over the decades, which
influences the calculation of the CS (Table 34.3).

The weight of bulk density on CS estimation in the three decades is highlighted
in Fig. 34.14. We noticed that there is an average increase of soil bulk density with
time, which is more evident in the third decade for arable lands, and in the second
decade for meadows and forest. The outcome confirms what already was observed
by many other authors on the enhanced risk of compaction for European soils, due
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Fig. 34.8 Soil organic carbon stock of Italy in the years 1979–1988

to the steady increase in the diffusion of heavier tractors and machines (Słowińska-
Jurkiewicz and Domazał, 1991; Alakukku, 1996; Bakken et al., 2009). On the other
hand, the increase of soil bulk density in woodlands could be due to the reactivation
of timber exploitation activities that occurred in the nineties, after about 20 years of
silviculture decline (Vettraino et al., 2009).

It is also possible to observe a positive influence on CS of the European Union
directives. As it is well known, during the nineties Italy, likewise many other
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Fig. 34.9 Soil organic carbon stock of Italy in the years 1989–1998

European countries, adopted the so-called “agri-environmental measures” (Reg.
CEE 2078/92). The EU applied agri-environmental measures which specifically
supported designed farming practices, going beyond the baseline level of “good
farming practices” which helped protect the environment and maintain the natural
features of the countryside.
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Fig. 34.10 Soil organic carbon stock of Italy in the years 1999–2008

34.3.3 Survey and Laboratory Biases

Some 2,937 values of SOC resulted biased in comparison to the others, representing
14.19% of the total (Table 34.4). They were rather randomly related to different
surveys and soil regions, while resulting more frequent in the “arable land” in the
second decade.
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Fig. 34.11 Distribution of estimation error of soil carbon stock in Italy

A comparison between the exemplifying maps of CS made with biased (group
C of the 3rd decade) and unbiased data shows a clear different estimation of CS
(Fig. 34.15). The biased map gives an average lower CS estimation of 6.29 Mg
hm–2, and a range from –84 Mg hm–2 to +75 Mg hm–2.

34.4 Conclusions

This study indicates that SOC content of Italian soils is rather low, on average,
about 1.8 dag kg–1. The outcome is consistent with what already estimated for the
Mediterranean soils by Zdruli et al. (1999), showing that 74% of soils have less than
2% organic carbon. On the other hand, the comparison with the data reported for
France (Arrouays et al., 2001; IFEN, 2007) indicates a slight larger SOC content of
Italian soils. However, it must be considered that the reference depth was 50 in Italy
and of 30 cm in France. Notwithstanding, our results are comparable and indicate
an average CS content of 73 Mg hm–2 in arable lands, 95 in meadows, and 116 in
forests.

The present research work does not consider the direct influence of climate or
climate changes on SOC, but pedoclimate regimes instead. Additionally, soil mois-
ture more than soil temperature regimes, result significantly related to SOC content.
Therefore, it is probable that any change in rainfall amount and distribution, even
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Fig. 34.12 Soil organic carbon stock variation in Italy between the first and the second studied
decade

more than temperature, would affect SOC. Also, the physiographic position and
lithology of the substratum are significantly related to SOC content, partly because
of the interaction with climate and, most of all, land use. The class of land use in
fact is by far the most important cause of SOC variation, pointing to the conservative
role played by permanent meadows, and even more woodlands, in the Mediterranean
environment.
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Fig. 34.13 Soil organic carbon stock variation in Italy between the second and the third studied
decade

Our data highlight a significant change of the SOC content over the last three
decades, which is not linear and apparently not related to major changes in main
land uses. Other factors, like intensity of management, crop specialization, irriga-
tion, adoption of conservation agriculture as a consequence of the European policies
could have played an important role. In addition, we can not exclude the influence
of the climate change occurred in Italy at the end of the eighties (Degobbis et al.,
1995; Werner et al., 2000; Brunetti et al., 2004; Diodato and Mariani, 2007), which
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Fig. 34.14 Soil bulk density in the three considered decades and land uses. Differences between
means are all statistically different (P < 0.01, or P < 0.05, between arable lands in decades I and
II), except for the difference between meadows and forests in decades II and III

Fig. 34.15 Difference in the estimation of the soil organic carbon stock obtained with biased and
unbiased data (exemplifying map)

Table 34.3 Main kind of land use of Italy, at the three reference times

Land cover 1990 2000 2008
(ha) (%) (ha) (%) (ha) (%)

Arable lands 15,484.015 51.3 15,064.244 48.6 14,828.800 47.9
Forests 12,582.853 41.7 11,557.188 37.3 9,371.318 30.2
Meadows 494.125 1.6 1,883.553 6.1 3,158.724 10.2
Others 1,648.824 5.5 2,478.408 8.0 3,624.550 11.7
Total 30,209.817 100.0 30,983.393 100.0 30,983.393 100.0
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increased average temperatures and augmented torrential regime of rainfall. All of
these could have both directly and indirectly influenced soil erosion intensity and
contributed to the observed SOC reduction.

CS of Italy is estimated to be at present about 2.9 Pg. The trend during the last
three decades shows an important decrease in the second decade, followed by a
slight increase in the third decade, mainly in arable lands. These results only par-
tially correspond to what was found by some authors for European cultivated lands
(Arrouays and Morvan, 2008), where the size of the soil organic carbon pool was
estimated to be generally decreasing, while it seemed to be on increase in grasslands
as well as in forests.

The observed average increase of soil bulk density of Italian soils during the last
decade in arable lands, or in the nineties in permanents grasslands and forests, seems

Table 34.4 T-student test analysis for the independence of data coming from different survey sets,
considered separately by soil region, decade and land use. Dashed rows indicate biased datasets

Survey
set 

Decade Land use 
Soil 

regions 

Mean 
1st 

group 

Mean 
2nd

group 

N  
1st 

group 

N  
2nd

group 

Std. 
dev.  
1st 

group 

Std. 
dev. 

2nd
group 

t-value df 
P (.) if 
<0.05) 

A 2nd

A
ra

bl
e 

la
nd

s 

16.4 1.569 2.378 96 14 1.190 1.077 −2.402 108 0.01799 (.)

18.7−18.8

37.1−37.3

59.1−
59.2−59.7

1.404 1.491 1,782 56 1.030 1.786 −0.600

−0.231

−0.375

−0.062

183
6 

0.54829 

34.2 1.723 1.326 93 36 0.751 0.926 2.518 127 0.01304 (.)
1.663 1.387 56 18 1.091 0.752 0.995 72 0.32295

56.1 1.469 1.616 236 7 1.680 0.663 241 0.81738

1.332 1.269 410 25 0.813 0.802 433 0.70802

60.4 1.187 1.201 37 72 0.423 1.342 107 0.95081
60.7 1.115 1.068 125 42 0.561 0.419 0.499 165 0.61872 
61.1 1.106 1.304 432 86 0.591 0.902 516 0.01046 (.)
61.3 0.836 0.869 734 249 0.462 0.620 0.906 981 0.36510 
62.1 1.103 0.999 409 61 0.515 1.453 1.065 468 0.28758 
62.2 1.037 1.120 484 175 0.523 0.443 657 0.06112
62.3 1.056 1.075 445 80 0.739 0.475 523 0.82040
64.4 1.061 1.074 210 28 0.420 0.583 236 0.88268
66.4 1.510 3.194 98 9 1.088 1.564 105 0.00004 (.)
72.2 1.468 0.887 133 12 0.678 0.397 2.918 143 0.00409 (.)
76.1 0.885 0.918 224 24 0.467 0.488 0.328 246 0.74337 

78.2 1.239 1.142 158 21 0.638 0.767 0.643 177 0.52082 

M
ea

do
w

s 

1.141 3.339 85 28 0.756 3.289 111 0.00000 (.)
1.288 2.876 58 67 0.825 1.658 6.616 123 0.00000 (.)

78.1 0.930 1.106 97 9 0.466 0.461 104 0.28025

59.7 1.668 2.172 75 16 1.072 1.028 89 0.08878
1.300 1.368 9 15 1.031 0.350 22 0.81511
0.935 1.105 181 34 0.806 0.674 1.158 213 0.24800

76.1 0.733 1.054 12 21 0.494 0.336 2.216 31 0.03415 (.)

B 

1st
Arable 

2nd

1.021 1.747 47 23 0.664 2.663 68 0.08094

1.275 3.523 4 10 0.695 2.342 12 0.08959
1.789 1.145 149 20 1.489 0.411 167 0.05678

Meadows 1.895 2.126 78 2 1.082 0.588 78 0.76556

Arable 1.487 1.425 1,392 106 1.216 1.427
149
6 

0.61618 

Meadows 1.818 1.019 512 6 1.304 0.619 1.497 516 0.13488 

3rd
Arable 1.512 1.603 965 35 1.603 1.572 998 0.73980

Meadows 1.672 4.089 165 10 1.329 5.619 4.075 173 0.00007 (.)
1st  2nd

Forests 
2.553 4.934 125 22 2.056 5.438 3.665 145 0.00035 (.)

3rd 2.509 1.642 43 7 0.926 1.784 1.985 48 0.05287 

C 
1st

Arable 1.452 1.229 242 76 1.364 1.161 1.281 316 
0.20100

6 

−2.570

−1.876
−0.227
−0.148
−4.273

−1.085

−5.763

−1.721
−0.237

−1.772

−1.847
−1.918
−0.299

−0.501

−0.332

16.4−16.5

60.4−60.7
61.1−61.3

66.4−66.5

62.1−
62.3

16.4−
56.1−

18.8−
34.3−78.1

59.1−59.2
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Table 34.4 (continued)

Meadows 
61.1–
61.3–
64.4–

78.1–78.2 

5.413 4.337 55 9 3.850 4.158 0.769 62 
0.44453

8 
0.24650

8 

2nd

Forests 4.084 5.103 219 22 3.830 4.761 −1.162

−1.281

239

Arable 1.125 1.045 237 398 0.728 0.776 633
0.20064

8 

Meadows 5.656 2.151 54 64 3.562 2.537 116 
0.00000

0 
(.)

Forests 2.890 2.273 70 130 2.037 1.651 198 
0.02158

0 
(.)

3rd

Arable 1.465 1.161 652 773 2.281 0.790 −3.463 
142
3 

0.00054
9 

(.)

Meadows 3.314 1.917 176 195 2.929 1.532 5.835 369 
0.00000

0 
(.)

Forests 2.812 2.431 429 178 2.431 2.557 1.735 605 
0.08328

1 

D 

1st

1st

1st

1st

 2nd

 2nd

 2nd

 2nd

 2nd

Arable 

35.7–
60.4–
60.7–
61.3–

64.4–78.2 

1.979 0.926 53 75 3.601 0.449 −2.511 126 0.01331 (.)
Forests 2.080 4.373 80 28 1.380 4.310 4.210 106 0.00005 (.)
Arable 1.318 0.975 508 412 1.350 0.794 −4.560 918 0.00001 (.)
Forests 1.948 2.284 368 69 1.442 1.320 1.800 435 0.07260 
Arable 1.149 1.007 104 538 0.809 0.586 −2.104 640 0.03574 (.)
Forests 1.935 2.381 45 75 0.988 2.540 1.125 118 0.26281 

3rd

3rd

Meadows 1.777 1.622 122 92 1.739 1.523 −0.678 212 0.49823

E Arable 
61.3–
62.1–

72.2–72.3 

1.155 0.981 44 73 0.575 1.336 −0.820 115 0.41375

43061.0983−1.407904.0155.069592289.0860.1

−6.223

−2.316

to have played a central role on CS temporal evolution. Land uses changes over
the time modified the proportion of the conservative covers, thus affecting the CS.
These results further stress the importance of soil management on the maintenance
or increase of the national CS.

Finally, our study strongly suggest to carefully examine the bulk of data before
to proceed with the elaboration of CS maps, as the values coming from different
sources could be notably biased, even if samples were analysed with the same
methodology. In the case of Italy, the CS estimations made using datasets that
significantly deviated from the others could be as biased as the 190%.
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Chapter 35
Monitoring Soil Salinisation as a Strategy
for Preventing Land Degradation: A Case Study
in Sicily, Italy

Giuseppina Crescimanno, Kenneth B. Marcum, Francesco Morga,
and Carlo Reina

Abstract Water demand is increasing worldwide. In regions affected by water
scarcity such as those located in the Mediterranean basin, water supplies are already
degraded, or subjected to degradation processes, which worsen the water shortage.
In Sicily, the increasing scarcity of good quality water is expanding irrigation with
saline-sodic waters, thus enhancing the risk of secondary salinization and sodifi-
cation. Adequate management practices are urgently needed for sustainable use
of saline/sodic waters. This chapter illustrates how the Geonics EM-38 probe was
used for monitoring salinization in a Sicilian area where irrigation with saline water
is increasingly practiced, and the risk of salinisation and desertification is envis-
aged. Electrical conductivity of bulk soil (ECa) measurement grids were taken with
the EM-38 in a Sicilian vineyard at several dates, both prior to, and following
irrigations, with two distinct irrigation treatments of different salinities (0.6 and
1.6 dS m–1 respectively). Though both water sources contributed to field salinity,
high salinity source had a more adverse effect. This investigation proved the useful-
ness of EM-38 for efficient, rapid monitoring of the progressive effects of different
irrigation strategies on soil salinization.

Keywords Salinity control · Sodic water irrigation · Crop yield · Sicily

35.1 Introduction

Arid and semi-arid regions of the world are variably affected by soil salinization
and sodification. Saline and sodic soils cover about 10% of the total arable lands
and exist in over 100 countries. Of irrigated lands, about 344 millions of hectare
(23%) are salty and another 560 millions of hectare (37%) are sodic. Saline and
sodic soils, although affecting mostly arid and semi-arid regions, are not limited
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to these regions. According to estimates, 10 millions of hectares of irrigated land
are abandoned yearly as a consequence of the adverse effect of irrigation, mainly
secondary salinization and sodification (Szabolcs, 1994). Furthermore, demand for
fresh water is progressively increasing, due to rapid population growth and urban-
ization worldwide, resulting in problems associated with aquifer depletion, i.e.
salt-water intrusion and use of salt-compromised waters for irrigation (Marcum,
2006). Salinization of water and soil represents a pre-condition for desertification,
defined as “degradation of land in arid, semi-arid and dry sub-humid areas resulting
mainly from adverse human impact” (UNEP, 1991).

Salinity may have negative direct effects on crop yield by (a) reducing the
ability of plant roots to absorb water, due to increased soil osmotic potential, or
(b) the direct effects of saline ions, resulting in either toxicity or nutrient imbal-
ances. Threshold relationships between the soil electrical conductivity (EC) and
crop yield have been empirically determined for several crops and can be used to
evaluate the influence of saline irrigation water on agricultural production. Sodicity
adversely impacts soil structure, particularly finer textured soils, due to defloccula-
tion of clay aggregates. Direct effects include reduced soil hydraulic conductivity
(Crescimanno et al., 1995), and therefore reduced leaching potential, resulting in
accelerated soil salinization. Indirect effects include reduced soil macropores and
oxygen exchange, resulting in anaerobic rhizosphere conditions. Root oxygen star-
vation typically results in reduction, or loss of plant salinity tolerance, due to
reduced activity of ATP-driven ion partitioning/exclusion mechanisms at the root
endodermis (Barrett-Lennard, 2003).

Salinity in irrigation water is defined as the total sum of dissolved inorganic
ions and molecules. Soil salinity is generally measured by determining the elec-
trical conductivity of the soil solution. EC measured in the saturated extract (ECsat),
a technique initially developed by USSL, is the most commonly used method of
estimating soil salinity that uses reference water content (Rhoades et al., 1989).
Though the method is labour-intensive and time consuming, it remains the standard
benchmark for estimating soil salinity. Methods suitable for rapid assessment of soil
salinity are necessary for survey and monitoring of large land areas susceptible to
salinity degradation.

Application of electromagnetic induction sensor technology (EM) makes possi-
ble, after calibration, rapid surveys for determination of areas having the greatest
hazard of salinisation. In these areas, detailed investigation is necessary to develop
countermeasures and strategies suitable to control desertification. EM provides a
measurement of the EC of the “bulk soil”, or ECa (Hendrickx et al., 1992). As ECa
is influenced not only by the chemical and physical properties of the soil solution,
but also by those of the solid phase (soil texture, mineralogical composition of the
soil), calibration is necessary for the individual soil monitored by EM, by taking an
ECe grid sample of the field, thus allowing the conversion of ECa data into ECsat
(Corwin and Lesch, 2003; Lesch et al., 2005).

The use of saline-sodic waters for irrigation is prevalent in Sicily. Consider that
in the last 30 years, no more than 300 million m3 of good quality water have been
available for irrigation, versus a requirement for 1,600 million m3. As a result,
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increasing attention is being paid to the long-term hazards associated with prolonged
application of these waters on Sicilian soils (Crescimanno, 2001b). A number of
international and national projects have been developed since 1998 in Sicily with
the objective of developing integrated approaches for sustainable management of
irrigation (Crescimanno, 2001a; Crescimanno and Garofalo, 2005, 2006, 2007).
This investigation is part of the “Evolution of cropping systems as affected by
climate change” (CLIMESCO) project (2007–2009). CLIMESCO has the objec-
tive of developing management scenarios for optimizing the use of limited water
resources while concurrently minimizing salinisation and the risk of desertification
(Crescimanno and Marcum, 2009). This chapter illustrates results of a methodol-
ogy based on EM-38 measurements for monitoring the soil salinisation risk in two
different irrigation treatments in a vineyard located in western Sicily (Mazara del
Vallo, Trapani) during the 2007 irrigation season.

35.2 Materials and Methods

35.2.1 Field and Irrigation Description

Apparent soil electrical conductivity (ECa) was measured in a vineyard (Fig. 35.1)
in southwest Sicily, in a soil with silty clay textural class (44% clay, 46% silt, 10%
sand). Soils like this are common in Sicily and have high shrink/swell potential,
being particularly susceptible thus to salinization. Irrigation water derived from two
sources (lake and well), having salinities of 1.6 and 0.6 ECw, respectively. The
initial irrigation was made on 12 July 2007 with lake water throughout the field to
establish uniform conditions. Second irrigation was a 2-day event, with lake water
applied on the left (L) side of the field on 17 July, followed by well water on the right
(R) side on 18 July. Third irrigation was again a 2-day event, with lake water applied
on the L side of the field on 25 July, followed by well water on the R side on 26 July.
Table 35.1 reports the irrigation schedule adopted. Irrigation amount was 15 mm
depth per event. Reference evapotranspiration deficit (ETd) was on average 5–7 mm
day–1 throughout the irrigation period, where ETd = ETo – measured precipitation
(there was no measurable rainfall during the experimental period).

35.2.2 EM-38 Measurements

EM-38 measurements were taken using a grid pattern across the L and R treatments
plots before the first irrigation, and subsequently after irrigation events. Figure 35.2
illustrates the plants rows located in the L and R treatments, and the sites along the
rows where EM-38 measurements were taken. The first measurement was taken on
21 June, prior to irrigation. Two subsequent measurements were taken on 18 July,
and again on 23 July, following the first two irrigation events (12 July and 17–18
July). The final measurement was taken on 27 July, following the third irrigation
event. Table 35.1 reports the EM-38 measurement schedule adopted.
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Fig. 35.1 Mazaro basin, Sicily (Italy), and location of the two treatments (Left, L, and Right, R)
at the Foraci Farm

Table 35.1 Irrigation schedule adopted, measurement date, zonal mean ECsat and the relative crop
yield calculated according to Maas and Hoffman (1977)

EM-38
measurement
date

ZM_ECsat
(dS m–1)

Relative crop yield (%)
(Maas and Hoffman,
1977)

Irrigation date R L R L

20 June 2007 – – – – –
– 21 June 2007 1.70 1.77 98.1 97.4
12 July 2007 – – – – –
– 18 July 2007 1.56 1.83 99.5 96.8
17–18 July 2007 – – – – –
– 23 July 2007 1.51 1.59 100 99.1
26 July 2007 – – – – –
– 27 July 2007 1.58 1.76 99.3 97.5

35.2.3 Instrumentation and Technique

ECa was monitored using a grid pattern, by an electromagnetic inductive meter
(Geonics EM-38 probe, Geonics Limited, Mississauga, Ontario). The Geonics
EM-38 sensor has an intercoil spacing of 1 m and operates at a frequency of
13.2 kHz, allowing measurement of ECa to effective depths of approximately 1
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Fig. 35.2 Left (L) and Right (R) treatments at the Foraci farm, plants rows and EM-38
measurement points

and 2 m when placed at the ground level in horizontal and vertical configuration
respectively. An EM transmitter coil located in one end of the instrument induces
circular eddy-current loops in the soil. The magnitude of these loops is directly pro-
portional to the electrical conductivity (EC) of the soil in the vicinity of that loop.
Each current loop generates a secondary electromagnetic field that is proportional to
the value of the current flowing within the loop. The receiver coil intercepts a frac-
tion of the secondary induced electromagnetic field from each loop, and the sum of
these signals is amplified and formed into an output voltage that is linearly related
to a depth-weighted soil EC.

For calibration of ECa data, soil samples were taken for measurements of the soil
electrical conductivity, ECsat (saturated extract) at representative points within the
grid pattern, at 60 cm depth.

35.3 Results and Conclusions

Vertical EM-38 readings (EMv) were converted into ECsat values according to the
following calibration equation, obtained via data distributions taken in April 2007
and subsequently in June 2007:

ECsat = 0.36 · EMv + 1.10 (35.1)

with R (correlation coefficient) = 0.83 (R significant at P = 0.001) and SEE
(standard error of estimate) = 0.16 dS m–1.

ECsat values were elaborated with geostatistical techniques (Wackernagel, 2003)
in order to create maps showing salinity distribution following irrigation events in
both L and R treatments. ECsat values were interpolated in a GIS environment, using
a Gaussian semivariogram to express spatial correlation. Zonal statistics calculated
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Fig. 35.3 Salinity distribution (3-D) and salinity map (2-D) on 21 June 2007

by ArcGIS R© were used to determine zonal mean ECsat (ZM_ECsat) for the L and R
treatments, the value of which is reported in Table 35.1 and illustrated in Fig. 35.7.

First EM-38 survey (21 June) revealed the initial salinity distribution in the field
prior to any irrigation (Fig. 35.3). The 3-D and 2-D maps show an increasing salin-
ity gradient across the entire field, with ECsat values ranging from approximately
1 dS m–1 up to 2.4 dS m–1. Higher salinity values occurred in the left part of the field,
with ZM_ECsat equal to 1.77 dS m–1 in L, and 1.69 dS m–1 in R side, respectively.

Second EM-38 survey (18 July) describes the salinity distribution subsequent to
irrigation of the whole field with lake water on 12 July, followed by irrigation of
the left side only with lake water on 17 July. The 3-D and 2-D maps, illustrated
in Fig. 35.4, reveal an increase in salinity on the L side, with ZM_ECsat = 1.82
dS m–1 (Fig. 35.7 and Table 35.1). However, salinity had a considerable spatial
variability, and in some parts of the field salinity increased from 2 to 2.4 dS m–1. The
maps also show a decrease in salinity in the R side, with ZM_ECsat = 1.56 dS m–1.
Decrease in the value of ZM_ECsat compared to the value of 21 June indicates that
some salt-leaching took place on the R side only, decreasing ZM_ECsat from 1.69 to
1.56 dS m–1.

Third EM-38 reading (23 July) describes the salinity distribution following the
initial irrigation of the R side with well water on 18 July, subsequent to irrigation of
the L side with lake water on 17 July. Though this irrigation was expected to result
in a further decrease in salinity on the R side only (Fig. 35.5), there was actually
a decrease in salinity on both R and L sides, compared to the previous reading of
18 July (Fig. 35.4). This would indicate that this irrigation event resulted efficient
in salt leaching on both R (ZM_ECsat decreased from 1.56 to 1.51) and L sides
(ZM_ECsat decreased from 1.82 to 1.58). The decrease in ZM_ECsat measured on
the L side could also be due to a significant salt redistribution from the L to the R
side of the field resulting from slope effects, as this salinity reading was taken some
days after irrigation events occurred.
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Fig. 35.4 Salinity distribution (3-D) and salinity map (2-D) on 18 July 2007

Fig. 35.5 Salinity distribution (3-D) and salinity map (2-D) on 23 July 2007

The final EM-38 reading (27 July) describes salinity distribution following irri-
gation of the whole field with lake (25 July, L side) and well (26 July, R side) water
(Fig. 35.6). Left side shows an increase in salinity, in both maximum values (ECsat
up to 2.4 dS m–1), and ZM_ECsat (ZM_ECsat =1.75 dS m–1, Table 35.1), and also
in the relative field area affected, compared to the previous date, indicating a clear
impact due to irrigation with the saline water source. Salinity is not uniformly dis-
tributed, with some areas undergoing maximum accumulation of salts. However, the
R side also shows an increase in the ZM_ECsat (ZM_ECsat = 1.58 dS m–1) com-
pared to survey of 23 July (ZM_ECsat 1.51 dS m–1), which could also be explained
by redistribution of salts from the L to the R side, as previously observed in the
23 July survey.

Comparing ZM_ECsat values prior to any irrigation (Fig. 35.3) with values after
all irrigations (Fig. 35.6) in the R and L sides, it can be seen that there was significant
salt leaching in the R side, with a reduction of 6.5% in salinity from 21 June to
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Fig. 35.6 Salinity distribution (3-D) and salinity map (2D) on 27 July 2007

Fig. 35.7 Zonal mean
electrical conductivity
(ZM_ECsat) values for the R
and L treatments.

27 July 2007 (Fig. 35.7). This leaching might have been more significant if no flux
from L to R had taken place during the irrigation season. In addition, an insignificant
reduction in salinity (equal to 1.12%) was caused by irrigation in the L side from 21
June to 27 July 2007, perhaps also due to lateral water flux.

In conclusion, use of a moderate salinity water source (well water treatment) for
irrigation proved to be an efficient practice, decreasing salinity in the R side of the
field compared to salinity conditions observed in the L plot, following an annual
irrigation season. ZM_ECsat values calculated during the irrigated season were con-
verted into crop yield reduction according to the Maas and Hoffman equation (1977)
(Table 35.1). Relative crop yield values calculated after irrigation events confirm
more favourable salinity and crop conditions occurring in the R plot, relative to the
L plot. Results indicate replacing lake water with well water irrigation to be a more
sustainable practice for preventing soil salinisation in western Sicily.

This investigation also proved the usefulness of EM-38 for efficient, rapid mon-
itoring of the progressive effects of different irrigation waters on soil salinisation,
and for analysing spatial distribution of salinity before and after irrigation. Further
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investigation is under way using the same methodology in order to predict long-
term salinity distribution changes, and to develop management scenarios aimed at
reducing salinization and soil degradation.
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Chapter 36
Severe Environmental Constraints
for Mediterranean Agriculture and New Options
for Water and Soil Resources Management

N. Colonna, F. Lupia, and M. Iannetta

Abstract Mediterranean areas are characterized by strong and complex relation-
ships between land use dynamics and land degradation process. The latter will
probably worsen in the coming years because of climatic changes that are likely to
cause a reduction of the quantity and quality of land resources. Understanding the
relationships between land use dynamics and land degradation could allow evaluat-
ing the potential risks affecting a given area, and may provide means to implement
suitable management policies for sustainable development especially in rural areas.
This chapter describes the development of a methodology for the assessment of
four typologies of risk in a given area (e.g. a river basin): land desertification,
soil erosion, water degradation and soil sealing. This methodology could be use-
ful for regional managers during the policy making process. The methodology was
designed to provide an estimate of the risks for the current state and that for the
year 2020 under various land resources management scenarios. The methodology
was applied at the Ofanto river basin (South Italy). The approach we followed is
expert based and makes use of GIS tools in order to produce easy to understand
results and maps. It seems to be useful whenever decision makers have to deal with
scarce data relative to large areas, and when different stakeholders are involved in a
participative process.

Keywords GIS · Land degradation · Land systems · Mediterranean agriculture ·
Risk mapping

36.1 Introduction

Several research activities have been carried out in the drylands of the Mediterranean
region during the last decade. This is an area characterized by a complex and
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long history of land use (Thornes and Brandt, 1996). Beginning in the 1950s,
large changes in the traditional land use occurred. The modernization and inten-
sification of agriculture required increasing inputs in terms of fertilizers, water
and heavy machinery (Margaris et al., 1996). The growing human pressure on the
typically fragile Mediterranean agroecosystems brought about an increase of land
degradation process.

The relationships between land use dynamics and land degradation are com-
plex and many factors, both natural and non-natural, can have an impact on human
activities. The cause-effect relationships between some natural and anthropic factors
and specific degradation processes (e.g. soil erosion) have been studied for a long
time and are well known (Wishmeier and Smith, 1978; Poesen, 1995). However,
for more complex aspects (such as desertification) that involve physical, chemical,
and biological processes in addition to the local socio-economic dimension, these
relationships are still unclear and more research is needed (Iannetta et al., 2005).
One of the more common approaches researchers are using to deal with this com-
plexity is to develop models that can represent the reality. The definition of a model
allows to clarify the conceptual perception of the process or the environmental sys-
tem and to quantify the influence of the various factors that characterise it (Cross
and Moscardini, 1985).

In a model, a real system is identified by its characteristics, its various compo-
nents and interactions. The more these three elements are complex, the higher is the
number of rules, functions and equations that must be implemented in the model
itself. Moreover models can be divided into static and dynamic ones, the latter vary-
ing in time and typically also in space (Goodchild et al., 1993). The evolution of
computer technology helped scientists to develop very complex models and their
applications.

Since the 1970s, models have been largely used to support planning processes, to
define future scenarios by projecting variables in time, to analyse and interpret the
information deriving from monitoring campaigns on the status of the environment,
to evaluate the effects of management policies in environmental issues and to eval-
uate the different forms of risk that affect the environment and landscape (Kersten
and Gordon, 1999). The integration of models and data in a computer based sys-
tem in order to pursue any of the applications above constitutes a Decision Support
System (DSS) that can help a decision makers in the solution of unstructured prob-
lems (Scott Morton, 1971). Nowadays, a large number of DSSs has been developed
and used by researchers in different fields of application and contexts. Since the
1980s several efforts have been made to develop specific models and DSS tools for
the analysis and management of river basins (Gassman et al., 2009).

Many different tools have been developed, commercial or not (e.g. MIKE-SHE,
SWAT) and are currently available to assess at catchment scale several different pro-
cesses: runoff, erosion, sediment transport, water balance, climate change impacts
and so on.

For example the Soil and Water Assessment Tool (SWAT) model is the
results of 30 years of modelling efforts conducted by the USDA (United States
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Department of Agriculture) that, over time, came to include different and specific
models. Progressive enhancements during three decades introduced modifications
that extended the model’s capability to deal with a wide variety of watershed qual-
ity management problems (Gassman et al., 2009). Another example is Mike-She,
a commercial software developed in 1982 under the name Système Hydrologique
Européen (SHE). It is an integrated modelling framework to simulate all processes,
and their interactions, involved at the basin level that could be tailored on the user
needs and has been used extensively in several different contexts (Refshaard and
Storm, 1995). All those models, and several others, are still evolving by integrat-
ing with other submodels or software applications (e.g. GIS tools) to increase their
accuracy and their ability to show and map the simulation results.

DSSs have usually been developed in the context of high technology structures,
such as private companies, universities or research institutes, where the personnel
and technology to collect, catalogue and manage data are available (Rais et al.,
1999). The software and tools that have been developed are sensitive to the quality
of data and information and require highly skilled personnel to implement, manage
and run them.

The risk is that these tools fail to address the user’s needs and are not well
accepted by the intended final users (policy makers) as has been reported (Mysiak,
2005). Some of the reasons underlying a low acceptance rate are: system complex-
ity, high demand user interfaces, low transparency of the system’s mode of operation
and, last but not least, the difficulties of adaptation to the specific organisational
and cultural context (Mysiak, 2005). Therefore, there is a need to reconsider the
approaches to modelling and DSS development moving from what we may call a
“model focused mind” to an “end-users needs” attitude.

With the aim to bridge the gap between the knowledge generated (results, maps)
by DSSs with the processes underlying a specific phenomena and the practice
of formulating policy to detect, prevent and resolve risks, one strategy could be
make the tools more user friendly, communicative and transparent (Van Buuren
et al., 2002) and to help local administrations and stakeholders to better clarify
their needs to avoid a mismatch between requested and supplied functionality of
the DSS.

Our work built on the large analytical experience that has been accumulated with
modelling and attempted to reconsider the crucial role of the expert and to bring
models closer to the decision makers and local stakeholders. Here, we describe our
first field experience in an area characterized by large data scarcity and where local
admistrators and stakeholders were not familiar with these kind of tools (Colonna
et al., 2008).

In the framework of European IMAGE project (INTERREG III B) a methodol-
ogy for land degradation risk assessment was defined, in order to evaluate both the
current risks and, on the base of hypothetical scenarios, the expected risks for the
year 2020. The methodology has been applied in the Ofanto river basin (South Italy),
evaluating four main risk typologies: soil sealing, water degradation, soil erosion
and land desertification.



480 N. Colonna et al.

36.2 Materials and Methods

36.2.1 Study Area

The Ofanto river basin has an extension of about 2,700 km2 and its border cross
the boundary of three different Italian Southern regions: Campania, Basilicata and
Puglia. The main form of land use is forest and agriculture, especially arable land
(Fig. 36.1). Large areas are cultivated with cereals (winter wheat) especially on
the low hills, while grapes and olive trees occupy 7% of the total cultivated land
particularly in the high hills and mountain areas. About 16% of land is occupied by
pasture and grasses for sheep livestock. Intensive agriculture (irrigated horticulture)
is mainly located in the lowlands along the riverbanks.

The pilot area is a representative site for the Mediterranean conditions. In particu-
lar, during the last 30 years the area under investigation has undergone relevant land
use changes with evident phenomena of land abandonment, in the marginal areas,
and agricultural intensifications of plain flat zones. As a preliminary investigation
we compared land use maps of the Ofanto basin from 1960s until 2000.

The urban growth was very high in percentage but not relevant in terms of
hectares. While in the lowlands we registered an intensification of land uses (from
pastures to cereals, from cereals to horticulture) in the upper area we observed a
less intensive land use due to land abandonment and to the consequent growth of
spontaneous vegetation and expansion of semi-natural areas.

Fig. 36.1 Ofanto river basin: land cover map (2005)
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The main driving forces of Mediterranean agriculture are the Common
Agricultural Policy of the European Union and the consumer characteristics associ-
ated to socio-economic trends (Margaris et al., 1996). In our area, we observed that
around 50% of land underwent a change in use, either intensification or an exten-
sification in relation to land morphology, soil characteristics and water availability.
Agriculture intensification can cause or promote soil erosion, soil compaction, and
biochemical degradation of water quality, while agriculture extensification could
be the first step towards abandonment, particularly in high hills or mountain area.
Abandonment is considered to be a driving force to desertification because the next
steps associated with it are very often the hydrogeological and fire risks.

As a consequence of the processes described above and taking into account the
growing pressure of agricultural activities and the conflict for water exploitation
between the different irrigated areas, the assessment of the main risks affecting the
area are particularly valuable. They could represent a starting point for supporting
policy makers throughout the decision making process for both allocation of water
resources and the identification of sound conservative land resources management
strategies.

36.2.2 The Approach for the Current Risk Evaluation

The aim of the work was to define a suitable methodology able to produce risk maps,
for the Ofanto river basin, considering both the existing situation and the possible
expected conditions generated by different scenarios. The methodology is therefore
differentiated in current (M1) and the expected risk evaluation (M2).

The applied approach is expert-based, therefore qualitative, and the results
obtained depend heavily on expert judgment. Notwithstanding it can be considered
a good approach to derive information about land degradation for the territorial scale
of the produced maps when the lack of quantitative data prevent the application, or
make it difficult for analytical risks modelling. M1 methodology is described by the
workflow of Fig. 36.2.

The core of M1 is an integrated analysis of the entities: Land Systems, Land
Transition (1960–2000) and slope, which are interrelated through a three entries
cross-matrix called EMIA (Expert Matrix for Impact Evaluation) used for the
expert-based risks definition.

Land Systems (FAO, 1976), set up in scale 1:100,000, have been delineated
detecting homogeneous geographic units in terms of environmental factors and
agro-forestry resources, capable to influence their potential use and the possible
degradation processes dynamics (Dent and Young, 1981). The result is a Land
Systems map made up of different permanent environmental structures, linked to
the integrated long-term action of climate, lithology, morphology, biotic commu-
nity and permanent human changes (e.g. reclaimed land, terrace). The map of land
systems (Fig. 36.3) was produced starting from the regional Pedological map, by



482 N. Colonna et al.

Fig. 36.2 Workflow of the M1 methodology

aggregating cartographical units at hierarchical levels of provinces and identifying
physiographical areas, which are substantially homogeneous at regional scale.

The map could be considered a preliminary tool to analyse and evaluate natural
resources of the rural space, the sustainability of agro-forestry and the degradation
risk determined by the historical land use (FAO, 1995).

Land Transition map was produced by a land use change analysis using 1960 and
2000 land cover maps. A pre-elaboration was developed in order to harmonize map
legends and produce a new one with a six items nomenclature: wood and shrub,
grassland, agricultural and agro-forestry complex systems, permanent crops, annual
crops and urban areas.
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Fig. 36.3 Ofanto river basin: land systems map

Table 36.1 shows the main land cover dynamic typologies between 1960 and
2000 and in Table 36.2 different transition typologies are quantified for the same
period.

The results showed some typical land use changes such as the progressive disap-
pearance of pastures and grasslands in favour of the growth of woodland and shrubs
as well as of cultivated area.

Table 36.1 Identification of main land cover dynamic typologies between 1960 and 2000

Land use transitions 

 Year  2000 

Wood and 
shrubs 

Grassland Arable 
lands 

Permanent 
crops 

Complex 
agroforestry 

systems 

Urban 
areas 

Y
ea

r 
19

60
 

Wood and shrubs For_Pe Def_Gr Def_Ag Def_Ag Def_Ag Urb_Tr 

Grassland Gra_Fo Gra_Pe Gra_Ag Gra_Ag Gra_Ag Urb_Tr 

Arable lands Agr_Fo Agr_Gr Agr_Pe Agr_In Agr_In Urb_Tr 

Permanent crops Agr_Fo Agr_Gr Agr_Es Agr_Pe Agr_In Urb_Tr 

Complex agroforestry 
systems 

Agr_Fo Agr_Gr Agr_Es Agr_Es Agr_Pe Urb_Tr 

Urban areas – – – – – Urb_Pe 
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Table 36.2 Hectares of land according to the different transitions typologies

Sigla Land transitions Hectares 
Basin 

percentage % 

In
te

ns
if

ic
at

io
n 

Def_Gr 
Deforestation for 

grazing 284.0 0.1 

Def_Ag 
Deforestation for 

agriculture 7,863.3 2.9 

Gra_Ag Grazing tilling 34,026.1 12.6  

Agr_In 
Agricultural 

intensification 
34,365.3 12.7 

Urb_Tr 
Urban 

transformation 
3,627.3 1.3 

Pe
rs

is
te

nc
e

For_Pe Forest persistence 16,265.1 6.0 

Gra_Pe Grazing persistence 3,084.7 1.1 

Agr_Pe 
Agriculture 

persistence 116,541.7 43.0 

Urb_Pe Urban persistence 700.5 0.3 

E
xt

en
si

fi
ca

tio
n

Gra_Fo 
Grazing

afforestation 
10,777.7 4.0 

Agr_Fo 
Agriculture 

afforestation 
18,826.7 6.9 

Agr_Gr Agriculture by 
grazing 3,909.9 1.4

Agr_Es Agriculture 
extensification

19,197.8 7.1

The last entity considered in the methodology is the “Slope” layer, produced
processing a 20 m resolution DEM (Digital Elevation Model). For each land system
4 different slope intensity are considered (<8%, 8–25%, 25–50%, >50%).

The three maps was intersected using GIS to produce a base layer, it represents
the grid of polygons used to render the risk maps for the investigated area.

EMIA matrix (Table 36.3) was processed by experts using a spreadsheet, asso-
ciating the risk levels intensity for each Land Transition and for each Land System
using the slope values as intensity modulator. The association procedure for risk
level intensity is based on experts’ judgment who have a comprehensive knowledge
of the processes active inside each Land System of the study area and that is open
to discuss it with local stakeholders. Four levels order the risk intensity: no, low,
medium and high risk. As an example the erosion risk map of the pilot area (the
Ofanto basin area within the Basilicata boundaries) is showed in Fig. 36.4.

EMIA matrix was realized for each risk type in order to subsequently create
the relative risk maps by GIS processing. M1 final step is the risk map validation,
through field campaigns, aimed at the confirmation of the risk intensity; this have
been done for a consistent number of polygons representative of all the possible
different conditions contained in the EMIA matrix. The validation may conduct, in
case of inconsistency, to the redefinition of the intensity value defined by the experts
in the EMIA matrix.
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Table 36.3 Example of EMIA matrix to be filled in with the risk level intensity (0,1,2,3)

Fig. 36.4 Soil erosion risk map: “current situation”

36.2.3 The Approach for the Expected Risk Evaluation

M2 methodology has been developed in order to produce expected risk maps accord-
ing to different foreseen scenarios; it is always an expert-based approach for risk
evaluation. Two scenarios type have been considered: infrastructural and water
saving. The former deals with the direct public intervention to restore dams and cre-
ating some new networks to increase water availability and enlarge irrigated areas,
the latter focus on different actions to decrease water consumption by reducing
network water losses, changing crops and irrigation methods.
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Essentially M2 is based on a transformation of the current risk maps, by increas-
ing or decreasing differentially the risk intensity at global scale (for example
considering a Climate Change Scenario) or locally (for example for an Irrigation
Network Expansion Scenario).

M2 is fully implemented in a GIS environment using geo-processing functions
and different geographical data. The main inputs is represented by the current risk
map that was obtained applying M1 (Fig. 36.5). M2 methodology is based on a
scenario description consisting of a full statement of the involved phenomena with
the possible effects on the landscape, like is shown in the Table 36.4 for the Erosion
Risk.

Scenarios statements are used to define adequate rules for risk intensity trans-
formation. The rules are implemented in the GIS environment through simple
scripts in Visual Basic programming language and they drives the risk intensity
transformation in a differential way considering the values of Land System, Land
Transformation and slope coupled with additional layer (Table 36.4). The aim of
the additional layer (for example an aridity risk map or a suitability irrigation map)
is, besides the risk intensity modulation, the delineation of masks for applying the
transformation.

The scenario options are all environmental, structural and technical conditions,
which can determine the change in the current balance in the management of the
Ofanto river basin system.

Fig. 36.5 Workflow of the M2 methodology
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Table 36.4 Table summarizing assumptions and rules attributions to create one scenario for
evaluating erosion risk in a business as usual scenario (example)

Scenario no.1 

Code  01   S_CC

Name Business as usual but with climate change

Scenario 
description

Temperature rise, precipitation reduction and 
concentration, with higher intensity and short event 
duration (IPCC scenario) 

Effects 
extension

Entire pilot area

Soil erosion risk 

Foreseen  
impacts

Decrease of soil coverage in rainfed areas 
Increase of soil erosion phenomena on medium and high 

slope zones 

Impacts rules 
definition 

The risk will increase in the zones where we observe an 
high value of aridity risk. 

In some areas the increased aridity will lead to a reduction 
of vegetation cover and the uncovered soil will be 
potentially affected by increased erosion phenomena 
when high intensity precipitation will occur. 

Data required - Ofanto current risks map 
- Ofanto aridity risk map 

Rules 
description by 
VBA  code  

'----------------------- 
' scenario 1 
'----------------------- 
dim out as integer 

if [erosion_1] <> 999 then 
if [AI]="H" or [AI]="VH"  then 
if ([LT] ="DbP" or [LT] ="PeA" or [LT] ="DsA" or [LT] 
="DbA" or [LT] ="EsA" or [LT] ="InA" or [LT] ="EsP") and 
[SLOPE]=2 or ([SLOPE]=3 or [SLOPE]=4)   then 
   out= [erosion_1] +1 
 else  
  out=[erosion_1]  
end if 
else 
out=[erosion_1]  
end if 
else
out=999 
end if

They can be human-controlled (and therefore can be planned and controlled)
or, can depend on the environment (e.g. climate change) in which case cannot be
planned and, to a certain extent, not even foreseen. In any case, the influence of
all (human and non-human) factors on the model can be estimated and used in the
decision making process.
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A model building SW, called Environmental Model Builder (EMB, Iannetta
et al., 2007) previously developed for another project and used as an engine to
implement ad-hoc mathematical models (Compagnone et al., 2006) was imple-
mented and tested to integrate data and maps, manage the matrix and the scenarios
and implement the workflow showed in Figs. 36.2 and 36.5.

EMB is a Web Based tool, which allows performing simulations. It can be used
independently by several users via a web browser interface and allows for multi-user
sharing of the various models and maps.

This tool is addressed to various user types: expert researchers, that can create
models with data and relationships, technical users that can change the input data,
or change various options and analyse the results; and non-technical users that can
displays the results and compare the various alternative scenarios.

36.3 Results and Discussion

By integrating all our workflow procedures (M1 and M2) via EMB we could pro-
duce scenario maps as the one showed in Fig. 36.6 about the evolution of soil erosion
risk at the year 2020 in a climate change hypothesis without any change in rural
policies.

Map interpretation by the use of 4 different colour levels is very easy and show
that the areas with higher erosion risk are going to increase in the future accord-
ing to the rules shared and implemented. The whole procedure, although based on
specific maps that have been produced by complex analysis, is easy understandable.

Fig. 36.6 Soil erosion risk map: scenario “climate change”
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It can aid the social learning process among the stakeholders involved because it
makes use of maps, and speaks about land use history, landscape characteristics and
intuitive rules such as “what happens if” that the expert will translate in numbers
and easy operational procedures (overlay, clip) via a GIS tool. Our analysis has not
estimated quantitatively the risks by calculating the hectares associated to each risk
level nevertheless the results could be used by the local administrator because they
provide an early warning of what could happen in the near future.

The objective of this work was to define a simplified approach for risk iden-
tification and classification using the available data for the area under different
scenarios to support the decision-making process. These approaches are often
used for regional studies and are called “cognitive models” since rules are expert
knowledge of phenomena (Debolini et al., 2008).

The methodology proposed is a useful tool for decision makers coping with
issues related with land degradation in areas with data shortage and with low resolu-
tion information that limits the application of more reliable and accurate analytical
risk evaluation.

In any case both part of the methodology (M1 and M2) produce results heavily
dependent by expert opinion and by expert knowledge. In particular M2 methodol-
ogy has to be considered a mere exercise if considering the hypothetical occurrence
of some events and the high variability of conditions involved in a given scenario.
Nevertheless sharing the results produced between the actors involved in the deci-
sion making process is a focal step for facilitating active participation and discussion
about land degradation phenomena affecting a given area (Iannetta et al., 2008).

36.4 Conclusions

Expert-based methodologies, as the one presented here, could be considered a good
starting point, for decision makers, to evaluate the existing and expected risk con-
ditions in a given area and to define appropriate policies for conservative resources
management or to decide some deeper analysis in circumscribed area.

The methodology is a valid alternative to any analytical model whenever it is
required to realize first evaluation at broader scale in areas with data shortage and
low accuracy/resolution information.

IMAGE project is now completing the full implementation of the described
methodology by a development of a decision support system dedicated to the anal-
ysis of new options and scenarios for water and soil resources management to
mitigate the degradation processes. The system is under test by local administra-
tions and regional technical services in the framework of the River Basin and the
Rural Development Plans.

The same tool (EMB) and methodological approach described in this chapter has
been used for other prototype applications in different Italian regions: Sardinia and
Basilicata. The Nurra Water Management (NWM) DSS has been developed for the
sustainable management of water for civil and agricultural usage in the North of the
Sardinia region (Barbieri et al., 2005).
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The Ecological Network DSS has been implemented in the Basilicata region and
concerns the simulation of the application of a range of possible agro-environmental
measures and their impact on the various indicators of degradation. The results are
displayed in terms of maps showing the result of the application of the various mea-
sures. The Ecological Network DSS (ENDSS) has been developed following the
requirements of the Regional administrations, and provide a tool for assessing the
impact of the application of the Priority Axe II Measures, indicated as Improving
environment and rural space, for the Rural Development Program (RDP) 2007
2010f the Basilicata Region (Regione, 2009).

The implementation of the above described method and the further developments
will provide the useful feedbacks to improve existing methodology and to test its
real impacts of the cognitive approaches in addressing, at large scale, a very complex
process such as desertification.
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Chapter 37
Assessment of Desertification in Semi-Arid
Mediterranean Environments: The Case Study
of Apulia Region (Southern Italy)

G. Ladisa, M. Todorovic, and G. Trisorio Liuzzi

Abstract This work focuses on the assessment of the areas threatened by deser-
tification in the semi-arid Mediterranean environments. The presented approach
represents a modification of the ESAs model (Environmental Sensitive Areas to
Desertification; Kosmas et al., 1999) through a set of new indicators established
to account for the regional-specific environmental characteristics as well as iden-
tifiable parameters relevant for land use planning and control measures. These
supplementary indicators, comprehending socio-economic and environmental fac-
tors, were integrated in the ESAs model and, by using a GIS, were applied to
Apulia region (Southern Italy), a typical representative of many Mediterranean areas
affected by land degradation. The analyses include the elaboration of a whole set
of indices on both regional and the administrative scales that constitute the prin-
cipal territorial units for the management of natural resources. The results have
demonstrated that the introduction of the new indices has improved substantially
the overall evaluation of the desertification risk in the Apulia region. The proposed
approach permits not only the identification and refinement of different degrees of
vulnerability of an area to land degradation, but allows also the analyses of spe-
cific factors affecting desertification as well as their evaluation in terms of spatial
and temporal distribution. Furthermore, the presented method is conceptually very
simple and easy to implement from local to regional and national scale, and could
be proposed as a standard methodology for the definition of priorities in imple-
mentation of strategies to mitigate desertification in the semi-arid Mediterranean
environments.
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37.1 Introduction

The assessment of the state of land degradation and desertification represents the key
phase in the studies aiming the identification of areas threatened by desertification
and a consequent planning of mitigation and remediation measures. In these studies,
the preliminary step is a careful selection of key-variables and indicators that should
describe the actual state of the system and highlight the degradation changes and
related effects in both time and spatial scales.

The explicit definition of the minimum threshold values signalling the conversion
towards an irreversible state of land degradation represents a particularly complex
issue. This is particularly the case in many semi-arid Mediterranean environments
where the numerousness and variability of the factors influencing the process makes
difficult to integrate and synthesize all of them in a unique value representing the
threshold of degradation. Hence, it is necessary to assign to each triggering factor
its own threshold value and to attribute to each one a different weight relevant to the
role played in the desertification process in a space-specific and time-specific case
(Hunsaker and Carpenter, 1990; Kosmas et al., 1999; Trisorio Liuzzi et al., 2004).
Therefore, the solution must consist in a balanced merger of different aspects of
environmental stress ensuring a straightforward link among indicators themselves
and the state and the tendency of the system they are representing.

A minimum set of indicators (Minimum Data Set) is proposed for the Apulia
region (Southern Italy), with the aim to identify the areas sensitive to desertification
and subsequently to develop action plans to combat land degradation. The region
represents a typical case for many Mediterranean areas, being seriously affected
by land degradation due to both unfavourable climatic conditions and adverse

Fig. 37.1 Problem-tree of the main causes of soil degradation and desertification in Apulia region
(Ladisa, 2007)
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human activities triggering the desertification processes. Such factors include arid
and semiarid climatic conditions, seasonal droughts, high rainfall variation and
intensity, erodible soils, diversified landscapes, extensive man-induced deforesta-
tion and forest losses due to frequent wildfires, land abandonment and deterioration,
unsustainable exploitation of water resources leading to environmental impairment,
salinisation and exhaustion of aquifers, uncontrolled urbanization, concentration of
economic activities in coastal areas, tourism pressure, etc (Fig. 37.1).

37.2 Reference Framework and Applied Methodology

The approach used for the identification of areas vulnerable to desertification repre-
sents a modification of the Environmental Sensitive Areas to Desertification (ESAs)
model (Kosmas et al., 1999), formerly developed for the watershed scale, within
the frame of the MEDALUS (Mediterranean Desertification and Land Use) project
(Basso et al., 1999).

The ESAs model was based on four broad systems of indicators, within which
the minimum data set selection has to be assessed, representative of the soil quality
(texture, rock fragments, drainage, parent material, soil depth), the climate (rain-
fall, aridity, aspects), vegetation (plant cover, fire risk, erosion protection, resistance
to aridity) and of the management practices (intensity of land use in rural zones,
pastures and forest areas, managerial policies).

The indicators are grouped and combined into 4 quality layers, independently
on the structure of the input layers (number of classes, etc.), allowing that the cor-
responding indices (the Soil Quality Index SQI, the Climate Quality Index CQI,
the Vegetation Quality Index VQI and the Management Quality Index MQI) can be
consistently compared among each other, no matter what could be the format of the
input data/indicator (qualitative or quantitative; measured or estimated, etc.). In par-
ticular, the values of the Quality Indices for each elementary unit within a layer, are
obtained as geometric average of the scores assigned (following the factorial scaling
technique) to the single indicators according to the following formula:

Quality_xij = (
layer_1ij

) · (
layer_2ij

) · ... · (
layer_nij

)1/n

where i,j represent the “coordinates” (rows and columns) of a single elementary unit
of a layer and n is the number of layers (equal to the number of indicators) used for
determination of each quality layer.

The scores range from 1 (good conditions) to 2 (deteriorate conditions), whereas
the “zero” value is assigned to the areas where the measure is not appropriate and/or
those, which are not classified (e.g. water bodies, urban areas, etc.). It is possible
in some cases, a non-linear variation of the function representing the variation of
the indicators (scores) between the extreme values (Hunsaker and Carpenter, 1990;
Kosmas et al., 1999).
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The integration of four quality layers represents the synthetic Environmental
Sensitive Areas Index (ESAI):

ESAI = (SQI∗CQI∗VQI∗MQI)1/4

Such index identify three main classes of areas threatened by land degradation
(“critic”, “fragile” and “potentially affected”), that could be further differentiated
in three subclasses (from low to medium and high sensitivity).

Applying the original ESAs model to the “regional (Apulia region) scale” (which
is wider if compared to the ones of the pilot areas successfully tested previously
(Kosmas et al., 1999; Basso et al., 1999), produced questionable results (Regione
Puglia, 2000), as witnessed by clear evidences of the real conditions on the ground.
The main reasons for this were in the simplifications caused by the lack of some
input information, as well as the availability and increasing relevance of some other
data non considered in the model.

Accordingly, the original approach was modified and applied on one of the
Apulia provinces – the province of Bari (Ladisa, 2001; Ladisa and Trisorio Liuzzi,
2001; Ladisa et al., 2002; Trisorio Liuzzi et al., 2004; Trisorio Liuzzi et al., 2005) –
introducing a new set of indicators, derived from the specific environmental con-
text of the Apulia region, where the geographic, hydrological, geo-morphological,
climatic and anthropic characteristics co-act in determining the complex of predis-
posing and triggering conditions to desertification. These supplementary indicators,
introduced in the original ESAs approach are presented in Fig. 37.2.

Regarding the climatic factors, two additional new indicators were proposed for
inclusion in the model. They both depend on the data availability and are related
to the rainfall erosivity and have the scope to establish the erosion impact (that
previously was simply derived either by a slope indicator included in the soil quality
index (Kosmas et al., 1999) or by means of a Erosion Quality Index estimated from
the Erosion Risk Map and based on the USLE equation).

Our first new climatic factor is the Rainfall Erosivity Index (R), expressed through
the factor R of the USLE-Universal Soil Loss Equation, and calculated according to
the proposal of D’Asaro and Santoro (D’Asaro and Santoro, 1983) as:

R = 0.21q−0.096P2.3NRD−2

where q represents the altitude of meteorological stations (m), P is the average
annual precipitation (mm) and NRD is the average number of rainy days during
the year.

The second one is the Modified Fournier’s index (MFI), that, highly correlated
to the R factor of USLE within the homogeneous climatic zones (Fournier, 1960;
Ferro et al., 1999; Porto, 1994; Gabriels, 2000), is calculated according to Arnoldus
(1980) as:

MFI =
∑ p2

i

P
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Fig. 37.2 Indicators and quality indices used in the modified ESAs approach (in italic are written
new and/or modified indicators and quality indices)

where pi is the average rainfall of the month i (i = 1–12) and P is average annual
precipitation.

These indices are used alternatively in the determination of Climate Quality
Index as:

CQI = (BGI∗Aspect∗P∗R)1/4

or

CQI = (BGI∗Aspect∗P∗MFI)1/4

where:
BGI is the Bagnouls-Gaussen Aridity Index (Bagnouls and Gaussen, 1952)

calculated as:

BGI =
12∑

i=1

(2ti − pi)ki
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where t is the average monthly air temperature, k is a coefficient indicating the
number of months in which 2t>p and pi is the average rainfall of the month i
(i = 1–12).

The CQI was computed using alternatively both abovementioned indices. Since
there is no significant difference between the two methods, due to the fact that they
are highly correlated, in this study we show only the results of data elaboration
with the Rainfall Erosivity Index. The similarity of results (Trisorio Liuzzi et al.,
2005) demonstrates that Modified Fournier’s Index and Rainfall Intensity Index may
be applied alternatively for the definition of the Climate Quality Index, where the
choice depends on the trustworthiness and availability of necessary input informa-
tion. Slightly greater intensity of CQI, observed when the Rainfall Intensity Index
was used, may be explained by the fact that this method takes into consideration the
altitude of meteorological stations resulting in the higher impact to desertification
of the high elevation areas.

The new Vegetation Quality Index takes into account, besides the vulnerability
to burning (i.e. flammability and capacity of vegetation to recover after burning)
of various species, already presented in the original approach, a new “probability
of fire” index, developed by means of cluster analysis using the data available at
municipality scale. Their multiplication gives a new aggregated index for fire risk,
which, together with vegetation cover, drought resistance and capacity of protection
from erosion, describes the Vegetation Quality Index.

The Land Use Index concept is explicated through the Crop Land Use Index
(CLUI), the Pasture Land Use Index (PLUI) and the Forest Land Use Index (FLUI),
in turn combined with management policies in order to obtain integrated land-use
management quality index.

In particular, the Crop Land Use Quality Index (CLUI) is estimated as a geomet-
ric average of five new statistical indices on both provincial and municipal scale:

CLUI = (CLUI1
∗CLUI2

∗CLUI3
∗CLUI4

∗CLUI5)1/5

whose meaning is the following:

1. The Intensity of land cultivation index (CLUI1) is defined as the ratio between the
Utilized Agricultural Area (including arable land, permanent grassland, pastures,
vegetables and orchards) and the total surface area. The lowest impact to desertifi-
cation (score = 1) is assigned to the areas with the index ranging between 40 and
60% and the greatest impact (score = 2) to the areas where the index was either
below 20% or greater than 80% (because a high percentage of cultivated area may
indicate degradation risk due to intensification of agricultural practices, increased
use of mechanization, fertilizers and pesticides etc., whereas a low percentage
could display land abandonment). From the CLUI1 it is possible to deduce the
impact of farming activities on the environment, independently of the farm sizes
and structures, applied agricultural practices, abandonment of marginal land and
other phenomena correlated to either negative or positive effects on soil quality.
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2. The Intensity of irrigation index (CLUI2), that represents the ratio between the
Irrigated Area and the Agricultural Utilized one, can also highlight the effect of
water withdrawal on land degradation in terms of seawater intrusion and salin-
ization (two-thirds of irrigation water needs in the Apulia region comes from
groundwater sources).

3. The Use of mechanization index (CLUI3) links the compaction of superficial
soil layers and the human induced activities (overgrazing, traffic of agricultural
mechanization, etc.). The “proxy” indicator (unit of pressure: q/ha), based on the
number of vehicles (tractors and hill-side combine harvester) present in the area,
gives indications about their density, power and weight (directly proportional
to the degree of modification of soil structure) and the number of travel-passes
(related to the type of crop) (Fig. 37.3). In the following formula, “0.5 q/kW”
represents the average weight of vehicles per kW, “5 travelling” corresponds
to the principal agricultural activities where mechanization is used, and “AS” is
agricultural surface area (in hectares):

q/ha = N◦vehicles∗kW∗
avg(0.5q/kW)∗5traveling

AS

4. The Use of nitrogen fertilizers index (CLUI4), or the ratio between the applied
nitrogen fertilizers (in q of N) and the agricultural surface (ha), is only referred

Fig. 37.3 Compaction risk related to number and power of tractors and hillside combined
harvester in Apulia region (Blonda et al., 2007)
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to the areas where fertilizers could be effectively applied (grassland and pastures
are excluded). Just mineral fertilizers have been considered for the purpose of the
application, representing the main cause of groundwater pollution.

5. The Use of plant protection products index (CLUI5) defined as a ratio between the
total quantity (in kg) of plant protection products (herbicides, fungicides, insec-
ticides, etc.) sold for agricultural use and the surface area (ha) of agricultural
land at which they could be applied (agricultural land excluding grassland and
pastures).

6. The Pasture Land Use Index (PLUI), globally describing the overall pressure of
stocking rate, which includes both the surface area available for grazing and the
number of animals existing in the total area, is obtained by the integration (by
means of geometric average) of two “proxy” indices:

PLUI = (PLUI1
∗PLUI2)1/2

where:
1. the Permanent Grassland and Pasture Index PLUI1 represents the percentage

of permanent grassland and pasture land in respect to the potentially utilized
agricultural land,

2. the Intensity of grazing index PLUI2 provides information about the number of
Adult Cattle Units (ACU) existing in one hectare of the potentially utilized agri-
cultural land. It is computed by multiplying the number of cattle heads and the
number of sheep and goat heads with the conversion coefficients, which are 0.85
and 0.1 respectively.

The Forest Land Use Index (FLUI) is computed integrating two new statistical
indices:

FLUI = (FLUI1
∗FLUI2)1/2

where:

1. the Forest Index (FLUI1) represents the degree of forestry cover through the ratio
between the surface area covered by forest and total surface area,

2. the Wood Harvesting Index (FLUI2), defined as the ratio between harvested
woody material in one administrative unit (in m3) and the total wood harvest-
ing over the whole territory under consideration, is calculated from the statistical
data (available for each of the five Apulia provinces).

The Management Quality Index (MQI) represents the aggregation of four indices
as:

MQI = (DIR1
∗REG1

∗REG2
∗REG3)1/4

representing the following:
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a. DIR1 regards to the Directive CEE 43/92 (“Habitat”), describing the percent-
age of protected land in respect to the total surface area and applied on the
“municipality scale”;

b. REG1 is related to the Regulation CEE 2078/92, regarding the low impact agro-
environmental measures and applied on the “province – scale” as the ratio
between the area considered by regulation and the utilized agricultural land;

c. REG2 regards to the Regulation CEE 2080/92, concerning the improvement of
forestation and forestry practices and described at the “province – scale” through
the percentage of agricultural land where the regulation is in use;

d. REG4 regards to the Regulation CEE 2092/91, concerning the development of
organic agriculture and measured, at the “province – scale”, by comparing the
agricultural area converted to organic farming and total utilized agricultural land.

The effect of the management practices is globally estimated for each of three
main agricultural land use types (cropland, pasture and forestry) as:

CLU_MQI = (CLUI∗MQI)1/2

PLU_MQI = (PLUI∗MQI)1/2

FLU_MQI = (FLUI∗MQI)1/2

where CLU_MQI is management quality index for cropland use, PLU_MQI is
management quality index for pasture land use and FLU_MQI represents the
management quality index for forest land use.

A new Human Pressure Index (HPI) has been proposed taking into account the
population density, the resident population at the end of year, the employment in
agricultural sector and the tourism pressure.

Very high and very low population density values, as well as excessive increases
and decreases of resident population, are considered to have a negative influence on
desertification processes.

The values of resident population at the end of year (measuring the population
and migratory rates within an administrative unit) have been considered for three
periods: 1980–1990, 1990–2000 and 2000–2005.

The employment in agricultural sector has been analysed because, if considered
for a period of years, it could provide information about the shifting of workers from
agriculture to other sectors as well as about the abandonment of agricultural land.

The tourism pressure represents a very important indicator for the coastal areas
of the Apulia region, characterized with a significant increase of residents during the
summer months (Fig. 37.4). This map shows that the tourist presence increases the
population density by more than two times in the coastal areas, representing about
13% of the regional territory.
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Fig. 37.4 Inhabitant density (a) and total density (b), considering tourist presence, of Apulia
region in 2005

The Tourism Pressure Index (TPI) is estimated from the series of statistical data
and referred to both the tourist presence and the tourism vocation of the area. A
complex algorithm has been elaborated in order to make comparable the informa-
tion related to both parameters. The algorithm attributes numerical values weighted
for discrete classes of the presence of tourists in addition to a value assigned to
the area particularly affected by tourism pressure and used as multiplication coeffi-
cient. In such a way is obtained a predictive indicator, which multiplies a percentage
value determined from the vocation of the territory (and therefore its vulnerability)
and a value of tourism pressure gained from the presence of tourists. The TPI is
calculated as:

TPI = La ∗V

where L is the ratio between the presence of tourists and the number of residents, a
is an exponent fixed to 3 as proposed by the literature (ANPA, 2000; Ladisa, 2001),
and V represents the vocation to tourism estimated through the number of available
beds at receptions over the surface area under consideration.

37.3 Description of the Study Area

The above-described approach was applied in Apulia Region that covers a surface
area of approximately 19,500 km2, subdivided in six Provinces (recently, a sixth
one was established) on which the elaborations were based. Most of the region ter-
ritory is flat to slightly sloping lowland except for the Gargano area, situated in
the North-East, and Sub-Apennine part, located mainly in the North-West of the
region.

A semi-arid Mediterranean type of climate with hot and dry summer and mild
and rainy winter season characterise the region. The spatial interpolation of histor-
ical rainfall data shows that annual precipitation varies between 450 and 550 mm
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Fig. 37.5 Average annual temperature (a) and average annual precipitation (b) in Apulia region

in the greatest part of the region (Fig. 37.5). The lowest values, around 400 mm,
are observed in the area of Tavoliere, in the province of Foggia, whereas the high-
est values of more than 900 mm year–1 referred to the Gargano area, in the North
of the same province. The hydrological regimes are irregular, of torrential type
with high flow rates during the rainy season and practically no water flow during
summer.

The land use distribution in Apulia region is elaborated according to the CORINE
Land Cover data (CORINE, 2000) as illustrated in Fig. 37.6. The greatest part of
territory (81.4%) is allocated for agricultural use while forestry and semi-natural
areas occupy about 13.3% of the region. Water bodies cover about 1.2% of territory
including both natural lakes and artificial storage dams. Water availability is one of
the main factors limiting agricultural productivity in the region.

Five physiographic units may be distinguished in the Apulia region (Fig. 37.7).
Three of them (Sub-Appennino Dauno, Tavoliere delle Puglie and Gargano) are sit-
uated in the North from NW to NE respectively, the Murge covers predominantly the
Central part of the region, and the peninsula of Salento is located in the South. The
dominant soils are Cambisols, Luvisols and Vertisols formed mostly on cretaceous
limestone, marl and clayey to sandy deposits.

Irrigation management is run by 6 reclamation consortia, which cover an admin-
istrative area of 1,743,591 ha, or about 90% of territory. The area equipped with the
consortia water distribution networks, and therefore, potentially irrigated extends
over 236,012 ha. However, in general, only one-third of it is effectively irrigated
due to huge irrigation requirements and chronic shortage of water for irrigation and
other uses.

The protected areas in Apulia region occupy about 238,535 ha, which represents
12.33% of territory (Table 37.1). These areas are mainly located in Foggia province
(Foresta Umbra and Gargano National Park), in Bari province (Alta Murgia National
Park) and in Taranto province (Gravine Joniche Park).
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Fig. 37.6 Apulia region: main land use classes according the CORINE Land Cover data-catalogue
(CORINE, 2000)

Fig. 37.7 Apulia region: main physiographic units and soil regions (Zdruli, 2000)

37.4 Results and Discussion

The data input, derived from statistical databases, already existing at municipal and
provincial scales, as well as from specific regional projects (e.g. ACLA project on
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Table 37.1 Protected areas in Apulia Region – 2003 (Source: ISMEA elaboration on data from
5th updating of Natural Protected Areas Official List 2003 and from Apulia Region, Parks and
Natural Reserves Office)

Protected area typology Surface (ha)

National park 185, 833.00
State natural reserve 9, 906.33
Regional natural park 39, 014.55
Oriented regional natural park 5, 989.00
Municipality park 590.00
Marine natural protected area 20, 347.00
Total regional (inland surface) 238, 534.88
Protected areas surface/Region surface 12.33%

Agro-ecological characterization of Apulia region by means of potential productiv-
ity, Steduto and Todorovic, 2001), have been georeferenced and elaborated through
a GIS (Todorovic and Steduto, 2003), and assembled in several thematic layers,
each one representing one of five quality indices (the Soil Quality Index - SQI, the
Climate Quality Index – CQI, the Vegetation Quality Index – VQI, the Land Use and
Management Quality Index – LU_MQI and the Human Pressure Index – HPI) and
their effects to desertification. These quality indices have been elaborated for the
whole region characterizing the impact of each factor by means of several quality
classes (low, medium, high and very high) as illustrated in Figs. 37.8, 37.9, 37.10,
37.11 and 37.12 for SQI, CQI, VQI, LU_MQI and HPI, respectively.

The data related to the Soil Quality Index (Fig. 37.8) indicate that the most of
Apulia’s territory is of medium soil quality (69.1%), almost one-fourth is of low
quality and only 6.5% of territory is of high soil quality (Fig. 37.8b). The areas of
high soil quality, corresponding to deep soils, are located mainly in the province
of Foggia, close to the principal water courses (Ofanto, Celone, etc.) character-
ized by alluvial deposits. The low quality land, corresponding to shallow soils,
is distributed primarily in the provinces of Bari and Brindisi characterized by the
calcareous terraces well-known as “Le Murge”.

Furthermore, it is important to underline that the SQI has been elaborated accord-
ing to the original classification of parent material (developed for the Island of
Lesvos by Kosmas et al., 1999), which results in a significant degree of homogene-
ity when applied to the Apulia region. Consequently, the future activities should be
focused on the reclassification of parent material classes according to the erodibility
as considered in USLE method.

The CQI characterizes almost half of the Apulia territory (48.8%) of medium
quality, 42.4% of low quality and 8.7% of good quality (Fig. 37.9b). The good
quality land by means of CQI is located almost exclusively in the province of
Foggia due to favourable ratio between the precipitation amount and number of
rainy days (rainfall intensity), low aridity index of Bagnouls-Gaussen and exposure
(aspect). In particular, the CQI produces strong negative impact in the province of
Taranto (77.2% is low quality land), and then, in the provinces of Lecce and Brindisi
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Fig. 37.8 Spatial distribution of SQI – Soil Quality Index (a), distribution of regional (b) and
provincial (c) surface in SQI classes

(Fig. 37.9a, c) where the low quality land occupies more than 50% of territory (57.1
and 51.5%, respectively).

The Vegetation Quality Index shows that almost half of Apulia region is of low
quality (46.1%), one-third (31.2%) is of medium quality and about 17.4% is of high
quality (Fig. 37.10b). The low quality land by means of VQI is distributed predom-
inantly in the province of Foggia (57.7%) and Taranto (50.2%) whereas in other
provinces it occupies less than 50% of territory. Probably, such results originate
from a large extension of annual crops (e.g. cereals) with low resistance to drought
and presence of high fire risk areas especially in the Gargano relief and along the
Gulf of Taranto.

The results of elaborations related to the impact of LU_MQI to desertification
show that the greatest part of region (44.3%) can be classified as high quality land,
about one-fourth (25.9%) as medium quality land, one-fifth (19.9%) as low qual-
ity land and about 4.6% as very high quality land. The impact of land use and
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Fig. 37.9 Spatial distribution of CQI – Climate Quality Index with R – Rainfall Erosivity Index
(a), distribution of regional (b) and provincial (c) surface in CQI classes

management practices to desertification is particularly negative in the province of
Foggia where more than half of territory (53%) is of low quality (Fig. 37.11a, c).

The Human Pressure Index depicts 9.4% of Apulia region as low-pressure terri-
tory, 29.8% as medium pressure land, 24% as high pressure and 36.8% as very high
pressure areas. The results show that HPI has particularly great negative impact to
desertification processes in the province of Foggia (Fig. 37.12a, c) where 64.5% of
territory is classified as high-pressure area. This is mainly due to the important voca-
tion of this province to tourism where many areas may be characterized with strong
presence of non-resident population during the summer months and very limited
resident population.

The proposed system of evaluation assigns the equal weight to each basic layer in
the calculation of the quality indices (e.g. the resistance of vegetation to aridity has
the same relevance as the vulnerability to fire, within the Vegetation Quality Index),
and, simultaneously, each of the five quality indices has the same weight in the deter-
mination of the final Environmental Sensitive Areas Index (ESAI) independently of
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Fig. 37.10 Spatial distribution of VQI – Vegetation Quality Index (a), distribution of regional (b)
and provincial (c) surface in VQI classes

the number of layers contributing to its definition. Consequently, the ESAI is not
influenced by the number of the basic indicators (each of them represents one layer)
which means that none of the main quality indices (soil, climate, vegetation, man-
agement and human pressure) is neither penalized nor advantaged by the fact to be
constituted of different number of layers in respect to the other indices.

For the whole region, the integration of various indices necessary for the zon-
ing of territory into several “sensitivity to desertification” classes (non-affected,
potential, fragile, critical) has been done considering two scenarios:

the first, including only physical aspects of territory by means of soil, climate
and vegetation, and

the second, embracing also the socio-economic factors, i.e. land use and
management practices and human pressure.
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Fig. 37.11 Spatial distribution of LU_MQI – Land Use & Management Quality Index (a),
distribution of regional (b) and provincial (c) surface in LU_MQI classes

Accordingly, the environmental areas sensitive to desertification have been
obtained considering:

• firstly, the three primary indices, related to the soil, climate and vegetation
databases, that is SQI, CQI, VQI, for deriving the Environmental Sensitive Areas
Index (ESAI1) as:

ESAI1 = (SQI∗CQI∗VQI)1/3

• secondly, including also the supplementary indices, related to the human-induced
activities, that are LU_MQI and HPI, for deriving the final Environmental
Sensitive Areas Index (ESAI2) as:

ESAI2 = (SQI∗CQI∗VQI∗LU_MQI∗HPI)1/5
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Fig. 37.12 Spatial distribution of HPI – human Pressure Index (a), distribution of regional (b) and
provincial (c) surface in HPI classes

The mapping of these elaborations is given in Fig. 37.13, for the hypothesis
that includes only physical aspects, and in Fig. 37.14 for the hypothesis with both
physical and socio-economic indicators.

Furthermore, the overall results are elaborated for each province and the repar-
tition into the different sensitivity classes is highlighted in Figs. 37.12c and 37.13c
for both scenarios.

The results of desertification risk by means of physical factors (soil, climate
and vegetation), presented in Fig. 37.13, show that more than half of the terri-
tory (51.7%) could be characterized as critical, 27.7% as fragile, 8% as potentially
affected by desertification processes, 7% as non-affected land while 5.6% repre-
sents urban areas and water bodies. A particularly serious situation is observed in
the province of Taranto, where 80% of territory is characterized as critical, followed
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Fig. 37.13 Spatial distribution of ESAI1 – Environmentally Sensitive Areas Index (without
LU_MQI and HPI) (a), distribution of regional (b) and provincial (c) surface in ESAI1 classes

by the provinces of Lecce, Brindisi and Bari, where the land areas critical to deser-
tification occupy 63, 59 and 55% respectively. A relatively good situation is notified
for the province of Foggia, where the critical to desertification land covers 33% of
territory.

The inclusion of human-induced factors changes significantly the situation about
desertification risk in the Apulia region by describing 80.1% of territory as criti-
cal, 12.9% as fragile, 1.2% as potentially affected and 0.2% as non-affected land
(Fig. 37.14b). In particular, the results of elaboration per each province are totally
different. In fact, the worst situation is indicated for the provinces of Foggia and
Brindisi, both with 90% of land classified as critical to desertification, and then, for
the provinces of Taranto and Lecce where the percentage of areas critical to deserti-
fication is 87 and 77% respectively (Fig. 37.14a, c). A more favourable situation is
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Fig. 37.14 Spatial distribution of ESAI2 – Environmentally Sensitive Areas Index (with LU_MQI
and HPI) (a), distribution of regional (b) and provincial (c) surface in ESAI2 classes

observed for the province of Bari where 60% of territory is classified as critical to
desertification processes.

These results are mainly due to lower human pressure impact in the province of
Bari than in the other Apulian provinces (most of urban areas are regularly populated
during the whole year), and, probably, due to better implementation of the EU reg-
ulations and directives related to the agronomical and forestry practices, protected
areas and introduction of organic farming.

The introduction of the HPI and LU_MQI into the original approach has
improved the overall evaluation of the desertification risk. Especially, it helps to
distinguish between the areas with different management practices (poor and ade-
quately applied) and those where the human pressure plays an important role. As an
example, the difference between the ESAI indices, with and without consideration
of HPI and LU&MQI, is illustrated in Fig. 37.15.
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Fig. 37.15 Spatial distribution of variation between ESAI1 and ESAI2 for the whole region

A clear dissimilarity is observed between the provinces of Foggia and Brindisi
and the other areas of Apulia (Fig. 37.15). While the provinces of Foggia and
Brindisi are exposed to high human pressure and have medium-to-low level of qual-
ity of management and land use (which increases the overall desertification risk),
such a risk is attenuated in the other areas, where the application of better (medium-
to-high) management practices are supposed to be better effective, although the
human pressure still remains high.

37.5 Conclusions

This study confirms high flexibility of the original ESAs approach that could be
modified offering large opportunities for the evaluation of complex environmental
conditions. The method is conceptually very simple, easy to be implemented from
local to regional or national scale since much of the input information is already
available in geo-referenced format (e.g. Soil Map of Europe, CORINE – Land
Use and Land Cover database CORINE, 2000, different climatic database, etc.).
Therefore, the presented methodology could be used as one of the guiding criteria
for the definition of priorities in adoption of strategies to mitigate desertification
not only in the Apulia region but also in other semi-arid areas of the Mediterranean
region and beyond.
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The introduction of the new indices, especially those with a notable degree of
details (e.g. Land Use Intensity and Fire Risk) has improved the analysis of the
range of the causes of the desertification process. In addition, the application of
prevalently quantitative indicators, instead of the qualitative ones, as used in the
original MEDALUS approach, has enhanced the definition of the areas vulnera-
ble to desertification. The proposed modifications permit not only the identification
and refinement of different degrees of sensitivity of an area subject to land degra-
dation, but also allow the analyses of the factors affecting desertification and their
evaluation in terms of spatial and temporal distribution.

It is worthwhile mentioning that the selection of indicators and the scale of appli-
cation are “open” processes: some indicators may be excluded and some other may
be added into the framework, in order either to adapt the model to the specific envi-
ronmental conditions, or to improve the knowledge about some particular aspects of
desertification.

Furthermore, the presented approach allows for the crossed analyses and elabo-
rations focusing on the specific aspects of land degradation process. Such aspects
could be particularly useful for the development of the strategies to combat desertifi-
cation processes. They should be based on the local knowledge and specific features
characterising each part of the territory. This would permit the identification of
hot-spot areas and type of intervention, the allocation of financial resources, the
commitment of local authorities, institutions and communities in the implementa-
tion process. In fact, in 2008, the regional authorities have applied the methodology
presented in this study in a project dealing with the estimation of desertification risk
at the regional scale following the guidelines of the EU Strategy for Soil Protection
(COM, 2006 232 of 22 September 2006).
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Chapter 38
Spatial Variability of Light Morainic Soils

Michał Czajka, Stanisław Podsiadłowski, Alfred Stach,
and Ryszard Walkowiak

Abstract The aim of the study was to estimate spatial variability of soil texture
with particular consideration of soil susceptibility to wind erosion and it shows that
in Central Poland this variability is high even within small fields. The fields’ soil
texture revealed a combined effect of the initial lithological variability of soil and
the Aeolian selection of material. The latter embraces both the relatively permanent
patterns of deflation and accumulation zones connected with the prevailing wind
direction, and the pattern of permanent terrain barriers, such as the result of the
last significant Aeolian episode. Wind erosion further increases the naturally high
soil variability and makes it difficult for agriculture to progress in obtaining max-
imum yield from the practice of optimal organic manuring. The second aim was
to show usefulness of the method, developed by Stach and Podsiadłowski, in the
determination of deflation and accumulation zones on fields of up to 10 ha.

Keywords Wind erosion · Kriging · Deflation and accumulation zones · Poland

38.1 Introduction

The aim of the study was to estimate spatial variability of soil texture with particu-
lar consideration of soil susceptibility to wind erosion and it showed that in Central
Poland this variability is high even within small fields. Wind erosion has become a
major factor in the present soil forming process occurring in the lowland areas of
Central Europe. It is caused by global changes in climate as well as the intensifi-
cation of agriculture. New techniques of soil tillage reported in the 1960s resulted
in the stimulation of the wind erosion process. As mechanization and effectiveness
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of cultivation increased, the field area expanded, and roadside and field trees were
removed, thus the menace of wind erosion developed.

Research on the influence of mechanical cultivation on wind erosion of light soils
proved that in the Wielkopolska Region in Poland wind erosion processes generally
take place on light soils with low mechanical strength of aggregate structure. This
strength is mainly determined by the particle size distribution, particularly clay con-
tent. These soils are subject to wind erosion especially when the energy of wind is
reinforced by the energy of tillage (Fig. 38.1). It happens especially during shallow
tillage treatments at low soil moisture levels.

Results of a passive experiment established in Wielkopolska in 1986 indicate that
the intensity of wind erosion amounts here from 5 to 20 t ha–1 year–1. Soil removed
from fields is deposited along roadside shelterbelts typical of the Wielkopolska land-
scape. The direct effect of wind erosion is that drainage ditches are covered by dust.
A clear change in the size distribution of soil aggregates and humus content in the
cultivated soil layer of an eroded field is the indirect effect of wind erosion. The
intensity of pulverizing and wind erosion in Central Poland displays very high spa-
tial variability, even within small, single fields. This is an effect of polyfractionality

Fig. 38.1 Pulverizing soil
erosion on Brzeg Glogowski
and Wierzenica sites
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and diversity of morainic deposits that form the soil bedrock. Wind erosion further
increases the naturally high soil variability. The high variability in texture and humus
content, as well as derivative physical and chemical characteristics of soil make
it difficult for agriculture achieve obtaining maximum yields from the practice of
optimal organic manuring, Geostatistical methods were used to determine spatial
variability of soil texture within the field under study.

38.2 Materials and Methods

The investigations described in this paper are a continuation of analyses made
by Stach and Podsiadłowski (2001) on two fields. The first one with an area of
64 ha (the Wierzenica site) is located 14 km north–east of the center of Poznań
(52◦29′11′′N, 17◦24′06′′E) near the village of Milno. It is an area of a flat ground
moraine resulting from the Vistulian (Würm) Glaciation. The other, smaller, of 7 ha
(Brzeg Głogowski) is located 10 km west of the Głogów (51◦41′55′′N, 15◦54′48′′E).

In order to verify the usefulness of this method on small fields, additional
research was carried out on the Brzeg Głogowski field, and on a third smaller
field (6.8 ha), located near the village of Bąblin, 32 km north–west from Poznan
(52◦40′50′′N, 16◦44′00′′E). On its loamy sands and sandy loams there have devel-
oped soils lesivées (Typic Hapludalfs – Soil Survey Staff, 1975, Orthic Luvisols –
FAO), which are common in the Polish Plain. Crop rotation practiced on the exper-
imental fields is typical of loamy sand areas in Poland: potatoes or maize – grains
(barley or rye) – lupin or rape – grains. The soil is cultivated using tractors with
power ratings of up to 63 kW. The traditionally used pre-planting tillage causes
breaking and pulverizing of aggregates in the topmost soil layer (0–3 cm), which
has been shown to accelerate wind erosion (Fig. 38.1).

One of the reasons this plot of land was selected for analysis was its almost
flat, little diversified relief, which suggests that the effect of water erosion on its
soils is negligible. The Wierzenica field is surrounded on three sides by road-
side trees with the following parameters: the north–eastern side: mean tree height
H = 17.5 m, shelter porosity P0 = 14%; the south–eastern side: H = 13 m, P0 =
42%; and the south–western side: H = 7.5 m, P0 = 7%. There are also three tree
clusters growing on the field itself. The Brzeg Głogowski field is sheltered on two
sides by trees (Fig. 38.1) and was selected for the experiment because of its specific
shape. It is approximately an isosceles triangle (Fig. 38.2), which north and south–
east sides are sheltered by trees. The third side is open to the W–E wind, prevailing
on the Polish Plains.

The Bąblin field is interesting with respect to wind erosion, because it is sheltered
only to the south by low buildings and in its northern side has a shallow hollow,
which should result in smaller soil erosion.

The Wierzenica and Bąblin fields, which are situated in a W–E oriented “cor-
ridor” between two patches of woodland, are particularly susceptible to wind
erosion. Since 1986, measurements of Aeolian transport have been carried out on
the Wierzenica field with the help of a dust trap. The mean intensity of this process
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Fig. 38.2 Spatial variability of selected soil fractions in Brzeg Glogowski

was 8.9 ± 8.1 kg m–1 year–1 (±1 SD). The minimum and maximum annual totals
were 1 and 29 kg m–1 year–1, respectively (Podsiadłowski, 1995). The process was
usually most intense in early spring (March–April) during the pre-planting treatment
and sowing periods (Hagen et al., 1999).

Wind erosion in the Wierzenica and Brzeg Głogowski fields were studied by
Stach and Podsiadlowski (2001). Spatial variability of soils in the experimental
fields was studied by analysing soil samples taken from a regular grid at 50 m inter-
vals in the Wierzenica field and 25 m intervals in the Brzeg Głogowski and Bąblin
fields. A detailed description of the sampling scheme and field and laboratory pro-
cedures is included in a study by Stach and Podsiadłowski (1998). The mechanical
composition of fine particles was determined using sieves and the standard are-
ometric method. The following fractions were distinguished: >2, 2 – 1, 1 – 0.1,
0.1 – 0.05, 0.05 – 0.02, 0.02 – 0.005, 0.005 – 0.002, and < 0.002 mm.

38.3 Results and Discussions

The analysis of spatial variations in soil texture resulting from wind erosion is very
difficult in areas covered by deposits of direct glacial accumulation in the Polish
Plain. The reason is the high random variability of soil lithology as a result of an
uneven distribution of rock detritus in glacier ice, often at a very small scale. In
this situation it is necessary to make use of geostatistical methods (Goovaerts, 1997;
Oliver et al., 1989; Isaaks and Srivastava, 1989).

The random variability of lithology of soils in Wierzenica is most readily visible
in the coarse fractions (>1 mm). In the spatial scale employed (interval = 50 m and
scale = 900 m) they show no significant spatial autocorrelation. Systematic spatial
variability in a range of 370–490 is displayed by 1–0.1, 0.05–0.02, 0.02–0.005 and
0.005–0.002 mm fractions in the ploughed-layer samples. In the <0.002 mm fraction
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from the ploughed-layer samples only “pure nugget” variance was found, as in the
coarse fractions.

The most significant aspect from the point of view of the investigated effect of
wind erosion on soil is spatial variability of the 0.1–0.05 mm fraction (very fine
sand). In the case of soils with loamy sand and sandy loams in its composition, this
is the fraction most susceptible to deflation (Fullen, 1985; Stach, 1995). Presumably,
the lack of spatial autocorrelation is the result of the latest erosion episode caused
either by high, variable winds or by fieldwork.

On the basis of the estimated semi-variance models, maps were made of the
analysed textural parameters (interpolation by kriging). The analysis focused on
spatial variability of particular fractions in the ploughed layer (Fig. 38.3).

Spatial variability of soil texture in the Wierzenica field may be explained much
easier with the help of data from similar analyses carried out on a field in the vicinity
of the villages of Brzeg Głogowski and Bąblin. A denser, 25 m interval, sampling
grid was used there. In Brzeg Glogowski this made it possible to identify two types
of spatial pattern: a quadratic trend embracing the entire field and autocorrelation up
to 50–70 m. The character of this trend is different for specific fractions. It depends
on the relative importance of two factors: (1) the type of sediment deposition (the
site is located on the river terrace), and (2) the long-term pattern of wind erosion
and accumulation. Structures in the range of 50–70 m are “belt and patch” in shape

Fig. 38.3 Spatial variability in proportions (in %) of selected fractions in samples from the
ploughed layer in Wierzenica
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(Fig. 38.2). It is a trace of soil translocation at the time of the last episode of strong
winds. This conclusion is confirmed by direct observations of the travel distance of
soil material transported by saltation. In the case of the 2.0–0.05 mm fraction there
was autocorrelation in the near East West direction. The semivariogram and map of
this fraction were given in Fig. 38.2.

In the experimental field in Bąblin the application of geostatistical methods
showed a lack of trend in spatial variation of the most important soil fractions. In
turn, a rather weak spatial autocorrelation was detected (scale from 1.98 to 8.086)
with a range from 71 m for dust to 167 m for loam. Semivariograms and maps of
distribution for individual soil fractions are given in Fig. 38.4.

Based on the investigations carried out in 1988 in the field in Wierzenica,
Podsiadłowski (1994) identified deflation and accumulation zones on the basis of
humus content. Eight years later, on the same field Stach and Podsiadłowski (2001)
applied a probe using a different method.

Soil eroded and transported by wind exhibits fast selection. The analysis of sed-
iment samples collected several times just after strong wind episodes (Stach, 1995)
makes it possible to describe the character of the sorting process in relation to
transport type and distance (Fig. 38.5). Fraction class intervals in Fig. 34.4 are iden-
tical to those used for grain size analysis of samples taken from the Wierzenica
field.

Erosion lag and material transported in traction over a distance of 10–1–100 m
are much coarser than the source soil. In the predominant fractions grain diameter
is greater than 1 mm. There are practically no grains smaller than 0.05 mm. At
a distance of 100–102 m homogeneous fine-grained sand is transported by saltation
(especially fractions from 0.5 to 0.1 mm). The material in an air suspension rises and
accumulates along shelterbelts and other barriers, and its grain diameter is smaller
than 0.1 mm (fractions <0.02 mm make up close to 80% of the total).

Based on the above remarks, Stach and Podsiadłowski (2001) in order to iden-
tify deflation and accumulation zones in the Wierzenica field used standardised
shares in the ploughed layer of fractions most susceptible to deflation and those
constituting lag-deposits (Fullen, 1985; Jönsson, 1994; Lyles and Tatarko, 1986;
Stach, 1995). It turned out that deflation and accumulation zones determined by
this method (Fig. 38.6) are almost identical to zones identified by Podsiadłowski
(1994).

An interesting issue is whether this method will also be applicable in case of
small fields, such as those in Brzeg Głogowski and Bąblin. Thus analyses were con-
ducted on standardised shares in the ploughed layer of fractions most susceptible to
deflation (0.1–0.02 mm) and those constituting lag-deposits (>1 mm) (Stach, 1995).
Kriging was used for this purpose. Two types of spatial pattern were detected: a
quadratic trend embracing the entire field and autocorrelation up to 30 m in the
NE–SW direction and 100 m in the NW–SE direction. Based on the semivariogram
(linear semivariogram, the Nugget effect: 0.0249; slope of the straight line 2.09e-5;
anisotropy ratio 2; anisotropy angle 110.7◦) residuals were estimated, from which,
following their addition to the trend, a map was created (Fig. 38.7), on which zones
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Fig. 38.4 Spatial variability of selected soil fractions in Bąblin
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Fig. 38.5 Typical sorting processes of soil primary particles induced by wind erosion in
Wielkopolska Region fields (Stach, 1995)

Fig. 38.6 Erosion (dark) and
accumulation (light) zones
(Stach and Podsiadłowski,
2001)

containing more 0.1–0.02 mm fractions are marked with a darker colour. The dis-
tribution of these zones is consistent with the direction of prevailing winds and tree
planting belts limiting the field from the north and south–east.

In the Bąblin field soil variation is markedly smaller than that in Brzeg
Głogowski, with only loamy sand found there. Despite that fact, the application of a
slightly modified method by Stach and Podsiadłowski (2001) even in this small field
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Fig. 38.7 Zones of more (light) and less (dark) eroded soil in the Brzeg Glogowski field

made it possible to identify erosion zones. Similarly as it is the case for the Brzeg
Głogowski field, kriging was used to investigate the spatial distribution of deflation
and accumulation zones. A quadratic trend was found. Based on a semivariogram,
which range was 60–80 m, residuals were estimated. The sum of trend and residuals
made it possible to create a synthetic picture of deflation zones in the Bąblin field
(Fig. 38.8).

It may be seen that fragments of the field located in its northern and south-
ern parts are less eroded. The southern part of the field, sheltered by buildings,
and the northern part, located lower than the other sections of the field, were least
eroded.

Fig. 38.8 Zones of more
(light) and less (dark) eroded
soil in the Bąblin field
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38.4 Important Concluding Remarks

Analyses conducted on soil samples collected from experimental fields showed that
even in a small field there is a rather considerable variation in grain size composition.
Among other things, it is caused by long-term action of Aeolian erosion, especially
intensive when there is no plant ground cover or when it is scarce. In such a situation
it is necessary to search for tillage methods facilitating precision faming and at the
same time potentially effectively preventing Aeolian erosion.

Investigations conducted on the effect of mechanical tillage of light soils on
Aeolian erosion showed that a significant Aeolian erosion process occurs under the
conditions found in the Wielkopolska region as a rule only on light soils, loamy
sands, in the period corresponding to pre-sowing cultivation (Podsiadłowski, 1995).
This is the case because:

• The aggregate structure of these soils exhibits poor strength,
• During traditional tillage the topsoil is subjected to the action of both tillage

energy (kJ m–2) and compaction energy generated by tractor wheels,
• Pre-sowing cultivation on light soils usually takes place at a relatively low mois-

ture content of topsoil, which contributes to destruction and stimulates wind
erosion.

As it is known, simplified tillage systems provide soil with Aeolian protection
thanks to plant residue left on field surface. However, in case of soils with low
natural porosity such systems cause a marked decrease in yields of traditionally
cultivated crops, such as potatoes, sugar beets or barley.

It is advisable for light soils to consider introduction of integrated tillage. It
consists in ploughing, post-ploughing tillage and sowing or planting during one
tractor passage (Podsiadłowski, 2005). This is performed using a specially prepared
machine aggregate (Fig. 38.9), consisting of a tractor, plough, land roller aggregate
and a seeding or planting machine.

Integrated tillage is connected with the following advantages:

• A tractor travels only on soil having still a cohesive structure, which means that
tractor wheels do not compact the soil having already an aggregate structure,

• Elimination of wheel tracks makes it possible to relatively arbitrarily modify total
porosity of topsoil, according to requirements of crops and weather forecast, as
well as limit the total tillage unit energy input and as a consequence – reduce fuel
consumption;

• Limitation of tillage unit energy input and performance of tillage at stable (usu-
ally average) moisture content makes it possible to obtain relatively high strength
of the formed aggregate structure, which reduces possible incidence of Aeolian
erosion.
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Fig. 38.9 Components of
integrated tillage system:
1 – tractor, 2 – mouldboard
plough, 3 – rollers,
4 – sowing machine

38.5 Conclusions

It is possible to sum up the study results as follows:

1. The small range of autocorrelation, 60–80 m, confirms very high spatial variabil-
ity of light morainic soils.

2. Analysis of standardised shares of fractions most susceptible to deflation and
those constituting lag-deposits in the ploughed layer may be useful in the
detection of eroded zones.

3. It is advisable for light soils to consider introduction of integrated tillage.
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development of a forecasting model for integrated anti-erosion tillage, financed by the Ministry of
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Chapter 39
Studding the Impacts of Technological Measures
on the Biological Activity of Pluvial Eroded Soils

Geanina Bireescu, Costica Ailincai, Lucian Raus, and Lazar Bireescu

Abstract Pedo-biological indicators, together with physical and chemical
indicators, are important elements in the complex task of determining soil qual-
ity and reducing negative effects of soil degradation. In this chapter we present the
results of the soil biology research on degraded lands by pluvial erosion, disposed in
agroterraces, located in North–Eastern part of Romania. The experiment was estab-
lished in a sloping field in Podu-Iloaiei, Iasy county on a Cambic Chernozem at
0–20 cm depth to study the seasonal evolution (spring-summer) of the biotic poten-
tial (soil respiration and cellulolysae) without irrigation. Our data deriving from
this experiment indicate that disposed antierosional measures such as agroterraces,
have produced lower values of the biological activity on top slope, in control sec-
tion and, also, in various fertilized variants. Much better results of tenaces were
recorded on lower slopes. The effects of pluvial erosion have a higher negative influ-
ence on soil biological activity. The excessively dry summer season had a stressing
and restricting effect on biological activity of the soil as well. The Indicator of
Vital Activities Potential (IVAP) was correlated with soil physical and chemical
indicators to establish possible relationships.

Keywords Agroterraces · Pluvial erosion · Romania · Soil biological activity ·
Technological elements

39.1 Introduction

The soil, the crucial element in the functioning of the biosphere (Rubio, 2008), is an
open dynamic system, which realizes reversible changes of matter and energy with
the surrounding environment (Mäder et al., 1997; Bireescu, 2001). It is a living space
where several biological processes take place and contribute to transform the organic
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matter and also to ensure favourable conditions for plant nutrition. At the same time,
the soil is a non-renewable resource and its conditions and well functioning influ-
ence food production and environmental efficiency of the natural ecosystems (Doran
and Parkin, 1994; Dick, 1997; Doran and Zeiss, 2000; Gianfreda et al., 2005). The
impacts of degraded processes have greater consequences on biological activity of
the edaphically microorganisms and implicitly on soil fertility (Kubat et al., 2001;
Bending et al., 2004).

Lal et al. (1999) suggest the existence of a strong correlation between soil quality
and erosion. Thus, soil quality affects the rate of erosion and the erosion affects the
quality of a soil. Lal describes the major soil quality effects of erosion that impact
land productive capacity as follows: (1) decrease in rooting depth; (2) reduction in
available water; (3) loss of soil organic matter; (4) loss of structure; (5) soil fer-
tility problems; and (6) loss of soil biodiversity. The quantitative and qualitative
evaluation of the biological activity of the soil resources ensures an estimation of
the biological condition, evolutive edaphically processes and, also, points out the
connection of the soil with biocenosis and the environment (McLaren, 1975; Rastin
et al., 1988; Gianfreda and Bollag, 1996; Bireescu, 2001; Ştefanic et al., 2006). The
complex study of the soil quality by physical, chemical and biological indicators, in
an ecological context in different ecosystems contributes to the analysis and under-
standing of the causes and effects of the degradation processes (Fauci and Dick,
1994; Dilly and Blume 1998).

According to the National Strategy and Action Programme to Combat
Desertification, Land Degradation and Drought, developed by the Institute for
Soil Science and Agrochemistry in Bucharest (2001) and following the National
Strategic Plan of Romania for the period 2007–2013, developed by Ministry of
Agriculture, Forests and Rural Development in June 2006 it becomes evident that
almost one third of the country is affected by various forms of soil degradation. The
most important factors are the pluvial erosion and landslides, which affect about
7 million hectares. The soil organic matter (SOM) loss caused by the removal of the
topsoil ranges between 45 and 90% of the total organic matter pool in the soil. At
the country level, the total SOM losses amount are estimated at approximately 0.5
million tones year–1. The areas with the highest rates of soil erosion are: Moldavian
Plateau, Pericarpathian Hills between Trotuş and Olt, Transylvanian Plateau and
Getic Piedmont.

The aim of this work was to highlight the spring-summer evolution of the
biological activity (soil respiration, cellulosolysae and Indicator of Vital Activity
Potential-IVAP) on degraded lands by surface pluvial erosion, and to test the effi-
ciency of soil conservation measures such as terraces cultivated with winter wheat
under organic, mineral and organo-mineral fertilization.

39.2 Materials and Methods

Recent studies (Farahbakhshazad et al., 2008) have shown that the com-
plexities between soil management and biogeochemical cycles provide



39 Biological Activity of Pluvial Eroded Soils 531

Photo 39.1 The experimental site located at Podu Iloaiei in Moldavian Plateau in North Eastern
part of Romania

opportunities for identifying and establishing the best management practices
for specific agro-ecosystems. Consequently the National Research Programme
in Romania is involved in long-term (40 years) research experience, which
aimed the establishment of measures and technologies for sustainable use and
improvement of degraded lands. Our research was conducted on a Cambic
Chernozem WRB (2006) described by Munteanu and Florea (2001) and degraded
by pluvial erosion. The experimental site (Photo 39.1) is located at Podu Iloaiei
in the Moldavian Plateau in North Eastern part of the country, has a 16% slope
and is cultivated with winter wheat. Before ploughing organic, mineral and
organo-mineral fertilizers were added to the soil to boost soil micro organism
activity.

Fractional mineral fertilizers (N140P140) were applied before sowing, during land
preparation and in the beginning of spring during wheat vegetation. Organic fertil-
izer in the form of well-fermented manure (40 t ha–1) was incorporated in the soil
before ploughing. Other forms of manure (manure + N70P70) and vegetal residues as
straws, maize stalks (6 t ha–1 + N70P70) and pea’s creeping stalks (3 t ha–1 + N70P70)
mixed with nitrogen and phosphorus mineral fertilizers have been also incorporated
in the soil in different doses before ploughing. The vegetable residues were first
minced with the disk. Terraces have been established in these degraded lands to
control soil erosion as could be seen in Photo 39.1.

39.2.1 Eco-Pedological Research

The eco-pedological research pointed out a “constellation” of 20 main eco-
pedological factors and determinants, included in the ecological specificity file. This
file is characterized from a quantitative point of view by eight ecological size classes
(zero-0, . . . m-lack or minimum, I, II, III, IV, V, E1-excesive with restricting effects
on plants, E2-excesive with toxic effects on plants) and from qualitative point of
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view through six ecological favourability classes (zero-0, . . . m-lack or minimum,
VL-Very Low, L-Low, M-Medium, H-High, VH-Very High). Such vales were based
on specific published ecological criteria (Chirita, 1974; Bireescu et al., 2005, 2007).

39.2.2 Pedo-Biological Research

The research of soil biology analyse the role of the soil microflora in the processes
of transformation of organic remains and, also, in the biological cycles of elements
(Karlen et al., 1997, 2001; Pedro et al., 2002).

We determined experimentally the soil respiration and the cellulosolysae activity
as biological processes of the soil. The determination of soil respiration was made
with the respirometer, which replaces self-acting O2 consumed in the process of soil
respiration and collects disengaged CO2. The determination of cellulosolysae was
made after the methodology used by Unger (1960) and Vostrov and Petrova (1961)
with the contribution to Ştefanic (1994a, b). The Indicator of the Vital Activity
Potential (IVAP%) was developed under the new definition of soil fertility developed
by Ştefanic (1994a, b).

IVAP% =

2∑
k=1

(R, C)

2

where:

IVAP-Indicator of Vital Activity Potential;
R-soil respiration;
C-cellulosolysae.

This indicator was constituted by the method of numerical taxonomy, used in soil
biology and, also, in soil chemistry by many scientists such as Verstraete and Voets
(1974, 1977), Such et al. (1977), Misono (1977) and Teaci (1980).

39.3 Results and Discussions

The distribution of plant species depends on historical events and the ability to
adapt to present environmental conditions (Schulze, 2005). Most agro-ecosystems
are complex systems, within which climatic, soil and management factors intri-
cately interact (Farahbakhshazad et al., 2008). Knowing the pedo-ecological
background of the area can help us thus to understand local ecosystem func-
tioning and enable to consider the best possible ways to implement sustainable
land use and soil resource conservation programmes (Reintam et al., 2001; Kõlli
et al., 2008).
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Table 39.1 Ecological specificity file of ecopedotype (agro-ecosystem) from experimental field
of Podu Iloaiei, Iasi in a Cambic Chernozem

Over the last decade Romania has experienced drought and flood periods that
have become even more frequent, with negative impact on agricultural produc-
tivity, especially for wheat and corn, as well as for the flora and fauna species
(National Strategic Plan of Romania, 2006). The year 2007 was excessively dry
with only 487.9 mm annual average precipitations and 9.1◦C annual average
temperature.

Table 39.1 highlights the main 20 ecopedological factors and determinants,
which act upon the soil quality. The majority of them are included in III and IV
medium ecological size classes. In the lower ecological II class are included two
stressful climatic factors, namely summer precipitation and summer relative air
humidity and one pedo-ecological factor with lower value and un stressful namely
alkality. In the high ecological V size class are included a growth factor i.e. the
mobile phosphorus content, an ecologic factor condition of space and time or the
bioactive length period and a pedologic determinant namely potential trophicity. In
the ecological excessive E1 class is included the hard soil consistency in the summer
season, as a negative, limiting and stressful factor.

Referring to the favorability of biotope conditions for agricultural crops of eco-
logical specificity file we note that most ecopedological factors and determinants
with an essential role for the soil quality are included in medium (M) and high (H)
ecological favorability classes. In very high (VH) ecological favorability class is
included the high level of annual average temperature. Therefore analysis of eco-
logical specificity file shows that the high trophic potential for this agro-ecosystem
is stressed, limited and not fully exploited especially during the dry or rainy seasons.
A possible explanation could be due to specific climatic conditions with prolonged
drought in summer season starting from the Russian steppe all the way in north-
eastern area of Romania. Land degradation decreases infiltration, water holding
capacity and transpiration, but enhances runoff and soil evaporation (Stroosnijder
and Slegers, 2008). For these reasons we emphasize the lower level of summer



534 G. Bireescu et al.

rainfalls, the excessive drought and the lower level of air humidity in the summer
season and hard soil consistency, which are included in the ecological very low (VL)
favorability class for agricultural crops.

The study of soil biological activity analyses, along with physical and chemical
indicators the quality of soil resources in different ecosystems and how the soil func-
tions and interactions with climate and biocenoses are included in the ecosystem
(Elliott, 1997; Seybold et al., 1997; Knoepp et al., 2000).

39.3.1 Biological Activity of the Degraded Soils During the Spring
Season

In the spring season, in the control section there is the lowest value of soil respira-
tion in agroterrace on the top slope. It observes a positive influence of manure and,
also, the low energetically potential of straws, used as organic fertilizer, depend-
ing on variants of fertilization (chemical, organic or organic-mineral fertilization).
Efficiency of applying plant remains depends on many factors but chemical com-
position, C/N ratio, period and depth of incorporation, and the grinding size of the
plant remains have the greatest influence on supply of soil with nitrogen and organic
matter. Besides, the surveys conducted in different conditions of climate and soil
showed that decomposition of plant remains is up to five times slower if they are
left on the soil surface rather than when they are incorporated into the soil (Ailincăi,
2007).

In the agroterrace on top slope the soil respiration is lower, comparatively
with middle slope and especially with the lower slope (Fig. 39.1). These low
values result as an effect of the stressing and negative impact of erosion that
is more intense in top slope. In agroterrace on top slope there are the highest
values of soil respiration in the case of mineral fertilization (N70P70). Actually,
Kumar and Goh (2002), Shah et al. (2003) and Shafi et al. (2007) found that
nitrogen content in the soil significantly increase due to the incorporation of crop
residues.

Comparatively with agroterraces on the middle and lower slope, these values are
still the lowest. In the agroterrace on the middle slope, soil respiration is higher in
the control section, especially in the fertilized variants (Fig. 39.2). The highest val-
ues of soil respiration are in the agroterrace on the lower slope because, in this case,
the impact of erosion is lower (Fig. 39.3). In the control section, soil respiration
increases compared with the top slope. Also, in this agroterrace the highest posi-
tive influence of fertilization, which improves soil respiration, is in organic-mineral
fertilization variant (manure 40 t ha–1 + N70P70).

Referring to cellulosolysae, the evolutive trend is similar with soil respiration.
Thus, in the agroterrace on top slope there are the lower values of cellulosolythic
potential (Fig. 39.4). We observed a positive influence of the manure and pea’s
creeping stalks. In conditions which encourage the use of lower doses of chemi-
cal fertilizers there is the need to provide alternative ways to maintain soil fertility
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Fig. 39.1 Seasonal dynamics (spring–summer) of soil respiration (mg CO2) to the top slope LSD-
Limit Statistical Difference

Fig. 39.2 Seasonal dynamics (spring–summer) of soil respiration (mg CO2) to the middle slope
LSD-Limit Statistical Difference
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Fig. 39.3 Seasonal dynamics (spring–summer) of soil respiration (mg CO2) to the low slope LSD-
Limit Statistical Difference

and productivity at the most economical and practical means for preserving and
recycling nutrients in the soil and maintaining a stable biomass and optimum condi-
tions of its decomposition. Agro-ecosystem productivity with lower consumption is
based on the internal circulation of biomass, part of which will be transformed for
production and the difference to ensure maintaining the balance between production
and decomposition of organic substances in the soil.

In the agroterrace on the middle slope and especially on the one on the lower
slope, the negative impact of pluvial erosion is further diminished (Figs. 39.5 and
39.6). It observed superior values of cellulosolysae in control section and especially
in the fertilized variants.

39.3.2 Biological Activity of the Degraded Soils in the Summer
Season

During the summer, especially in the extremely dry period a strong stressing effect
on the biological activity of the soil was observed (Figs. 39.1–39.6). In fact,
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Fig. 39.4 Seasonal dynamics (spring–summer) of cellulosolysae (% cellulose) to the top slope
LSD-Limit Statistical Difference

the prolonged low water availability produces changes in the biological activ-
ity of soils under stress conditions. The estimation of biological activity of the
soil through pedo-biological indicators of fertility and soil quality, in the condi-
tions of anthropogenic interventions (fertilization and agroterraces) in degraded
agro-ecosystems shows the importance of the technological elements on the
soil biological potential. Even in the stressing conditions produced by extreme
drought, there are positive influences, as result of fertilization, especially by
organic-mineral fertilization, in particular in the agroterrace on lower slope. The
fertilization treatments maintain a C/N ratio that is highly conducive to microbial
metabolism.

In the agroterrace on top slope, in the control section, there is the lowest value
of soil respiration (22.44 cmc CO2) because the extreme drought reduced approx-
imately 50% soil respiration on the 0–20 cm depth. Instead at the agroterraces on
lower slope there is the highest value of soil respiration (46.28 cmc CO2) observed
in the organic-mineral fertilized variant (manure 40 t ha–1 + N70P70).
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Fig. 39.5 Seasonal dynamics (spring–summer) of cellulosolysae (% cellulose) to the middle
slope – LSD-Limit Statistical Difference

Fig. 39.6 Seasonal dynamics (spring–summer) of cellulosolysae (% cellulose) to the low slope
LSD-Limit Statistical Difference
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Referring to cellulosolysae there is a similar evolution. The negative impact of
drought, corroborated with pluvial erosion it observed especially in the agroterraces
on top slope, in control (25.56% cellulose, compared with 51.34% cellulose in the
spring season). In the agroterraces on the lower slope, in the organic-mineral fertil-
ized variant (manure 40 t ha–1 + N70P70) there is the highest value of cellulosolysae
(61.87% cellulose).

39.3.3 The Indicator of Vital Activity Potential (IVAP%)

The complex and comprehensive characterization of biological activity and con-
sequently of the fertility level of this soil as represented by the Indicator of Vital
Activity Potential (IVAP%), shows a high negative impact of erosion in the agroter-
race on top slope (Fig. 39.7). It observed the positive effect in the agroterrace on

Fig. 39.7 Seasonal dynamics (spring–summer) of Indicator of Vital Activity Potential (%) to the
top slope – LSD-Limit Statistical Difference
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Fig. 39.8 Seasonal dynamics (spring–summer) of Indicator of Vital Activity Potential (%) to the
middle slope – LSD-Limit Statistical Difference

middle and especially on the lower slope, where we added organic-mineral fertil-
ization (manure 40 t ha–1 + N70P70 and pea’s creeping stalks + N70P70) during the
spring season (Figs. 39.8 and 39.9). The addition of manure and other organic fer-
tilizers can supply the nutrient crop needs and help offset some loss of inherent
fertility caused by soil erosion. In case of pluvial erosion, because the vitality of the
surface horizon is very low it is important to bury the manure with a large diversity
of microbes able to dissolve the soil nutrients.

Because the degraded soils are generally very poor in soil fertility, it is impor-
tant to restore nutrients to the plants when the crops are deficient and not to the
soil, which cannot store them efficiently (Roose, 2008). On the other hand, the
vegetation cover, as a product of crop type and soil management, is the most impor-
tant factor controlling the soil erosion rates (Ledermann et al., 2008). Furthermore,
McVay et al. (1989), Kuo et al. (1997a) and Sainju et al. (2006), among oth-
ers, showed that cover cropping provides additional residue that not only reduces
soil erosion but also improves soil productivity by increasing soil organic carbon
content.
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Fig. 39.9 Seasonal dynamics (spring–summer) of Indicator of Vital Activity Potential (%) to the
low slope – LSD-Limit Statistical Difference

The values of IVAP show a decrease of the biological activity of the soil dur-
ing summer season, depending on the dose of fertilization and altitude of the
agroterrace. The lowest value (20.22%) was observed in the control section in
the agroterrace on top slope, compared with 40.38% in the spring season. In the
agroterrace on the lower slope, in the organic-mineral fertilized variant there is the
highest value (46.36%). The value is still low, compared with the value obtained
in the spring season (67.65%), in the same variant of fertilization, because of
the response of the soil to a rapid change in environmental conditions (Antisari
et al., 2008).

39.4 Conclusions

In the pluvial erosion degraded soils, the biological activity is dependent on the
level of degradation and, also, on the anti-erosion measures and/or technological
elements applied. Agroterraces are effective means for preventing water and fertil-
ity loss, because not only they conserve soil moisture, but also increase infiltration
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and decrease erosion. They also play a major role of improving soil structure and
conserving soil nutrients.

The highest values of biological potential in our experiment were observed in
organo-mineral fertilized variant (manure 40 t ha–1 + N70P70) on the lower slope,
because the effect of pluvial erosion is less evident. Manuring alone will not restore
the productivity of eroded soils. Combined farmyard manure and mineral fertil-
ization had a significant effect on microbial biomass size and, in consequence, on
biological activity. We observe, also, the important role of pea’s creeping stalk
as an organic and energetic matterial, especially in cellulosolysae processes. In
hot and dry conditions, accelerated also by the global warming, the effect of
the antierosional measures and the effect of the fertilization in agro-ecosystems
take strategic importance to mitigate soil fertility and adaptation to climate
change.

The study of the pedo-biological indicators of soil quality and fertility contributes
to the elaboration of sustainable land management strategies to protect the environ-
ment following international standards. The agro-environment measures stipulated
in the National Strategic Plan of Romania (2006) include combating soil erosion,
contamination and other forms of degradation. The National Rural Development
Plan relates to the development of sustainable agricultural systems to balance the
effects of intensive exploitation of farmlands. The Romanian Rural Development
Strategy is compliant with the objectives indicated in the 7th Framework Programme
of the European Union, especially with those related to the promotion of natural
diversity, water and soil protection, air pollution, the use of pesticides and mitigation
of climate changes impacts.
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Chapter 40
Achievements and Perspectives
on the Improvement by Afforestation
of Degraded Lands in Romania

Cristinel Constandache, Viorel Blujdea, and Sanda Nistor

Abstract One third of the territory of Romania is affected by land degradation
(mainly water erosion and landslides). Climate change trends and impacts may
double the areas affected. Since much of the country has lower forest coverage,
urgent and ample measures of afforestations interventions are needed. The experi-
ence acquired on the improvement of degraded lands by forest plantations is very
useful under the conditions where large areas of degraded lands (in the order of
hundreds of thousands up to 1 millions of hectares) are not suitable to be used
for agriculture. The country’s goal in afforestation programmes is to increase the
proportion of the forests from at 26.3% at present to around 40% by 2020.

Keywords Degraded lands · Erosion · Landslides · Afforestation · Forest
plantations · Soil quality improvement

40.1 Introduction

In many part around Romania, as elsewhere in the world, there are large areas
of degraded lands or lands vulnerable to degradation due to improper use for
agriculture that could be otherwise used much better for afforestation (Giurgiu,
2004).

The processes of land degradation continue to affect rather large surfaces,
with notable negative economic consequences. Loss of the fertile soil, substan-
tial decrease of the agricultural production and agriculturally initiated erosion are
common throughout the country. Other forms of degradation include mudflows
with riverbed plugging and diminution of the draining capacity, associated with the
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increase of flooding risks endangering thus a number of infrastructure objectives of
strategic importance (railways, national roads, etc.).

Under natural geographical conditions of the country, where the slope grounds
account up to 67% of the national territory, and backed by a complex number of nat-
ural factors, as well as due to the intense human interventions since the end of the
nineteenth and beginning of the twentieth centuries, the vegetation cover and soils
have been experiencing serious ecological imbalances. Consequently land degrada-
tion and the increasing frequency of torrential processes are creating some aspects
typical for the semi-desert regions of the world. Under this picture, an overwhelming
part of the forest areas encountered the reduction of the forest cover and deficient
forests management, associated with heavy and uncontrolled grazing and improper
agriculture use.

The main processes of land degradation in the country are the water erosion and
landslides. Inventory of the actual state of the soil degradation processes according
to the Institute of Research for Pedology and Agrochemistry in Bucharest, demon-
strates that water erosion affects about 6.3 millions of hectares of agricultural land,
out of which about 2.5 million are highly degraded lands, while the landslide affects
about 0.7 millions of hectares (Dumitru et al., 2002). Thus, afforestation of the low
productive degraded lands represents an efficient way to combating the degrada-
tion processes toward efficient use of lands unsuited for agricultural purposes. The
forest vegetation is considered in general as having a particular role in preventing
and stopping land degradation, while generate additional benefits (Untaru et al.,
2006).

Research on degraded land amelioration and exploration of ways for its preven-
tion and mitigation in Romania dates back as far as the second half the nineteenth
century (Giurescu, 2004) Interventions by afforestation on degraded lands became
more intense after 1930 when the “Law for ameliorating degraded lands” appeared.
Total afforested area on degraded lands accounts presently to about 300,000 ha,
according to the year 2000 data. Technical solutions for afforestation were based
on long-term research and experimental result, starting in the year 1950, in cultures
aged 10–45 years. These results created the basis for the elaboration of Technical
guidelines on compositions, schemes and technologies for forests regeneration and
afforestation of degraded lands (MAPPM, 2000).

Afforestation of degraded lands in Romania is labor and technology intensive
activity, under strictly regulated ecological approach (i.e. only certain tree species
may be planted under certain climates). The number of seedlings planted per area
unit is rather high (i.e. 5,000 ha–1 in black locust; 6,700 ha–1 in oaks), coupled with
intensive maintaining (3–4 yearly maintenances scheduled in the first 2 years since
plantation, then 1–2 maintenances on year till 3–5 years old of plantation, according
the species). Plantations are closely monitored for survival rate in first 3–5 years and
gap filling is achieved in 2nd and 3rd year, if necessary.

The objectives of this paper were the assessment of previous interventions
on improvement of degraded lands made in the past and to identify solutions
for continuation of such operations in the current socio-economic and ecological
context.
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40.2 Materials and Methods

Surveys were conducted in forest plantations previously established on degraded
lands, in permanent experimental plots, supplemented by temporary research plots
in various locations. The permanent plots are long term monitored, as they have
been established in 1981 (by C. Traci) in forest plantations established starting with
1954 (Traci and Untaru, 1986).

The analysis on the effect of afforestation interventions was conducted in two
phases: comparing the situation before carrying out afforestation works and after
a certain period of time since intervention was completed (the last few years from
present).

For the reference situation, that before intervention, the records in early projects
archived in present by the Forest Research and Management Institute (FRMI) were
studied. A number of plots were selected for the study (upon the following cri-
teria: type and land degradation intensity, type of land preparation techniques,
afforestation assortments and schemes). Their time dynamic was surveyed in for-
est management plans. Observations included studying of environmental conditions,
technologies for the plantations establishment, assessment of stands evolution (trees
height, diameter, stand density, health status) and behaviour of plantations in rela-
tion to work techniques, the compositions of afforestation and planting schemes.
Measurements on precipitation, liquid and solid runoff on forested degraded lands
on various plots of the study areas was also made and the fixed mark method was
used to determine the hydrological and antierosional efficiency. Specific plots phys-
ical and ecological conditions, as well as the geographical plot’s locations are later
on described under results and discussions.

A number of experiments on various sites were conducted with the scope to
understand the effect of some particular type of interventions for land prepara-
tion (i.e. before planting, like land terracing) and afforestation species. This long
run research achieved by the Forest Research and Management Institute (Focşani
Research Station) resulting in significant support to establish the technologies for
afforestation of degraded lands. The following land preparation works experiments
were followed:

• Terraces 60–80 cm wide, supported by hurdles of oak poles and weaved
willow twigs, placed each 3 m, from one beam to another, on lands with
excessive eroded 30–40◦ slope (perimeters Bîrseşti and Ruget-Colacu in OS
Exp/Experimental Forest District Vidra and perimeter Andreiaşu in OS/Forest
District Focsani);

• Terraces 60–80 cm wide, supported by walls, placed each 2.5–3 m from one
beam to another, on excessively eroded 25–40◦ slope (perimeters Bîrseşti and
Valea Sarii – OS Exp. Vidra, Andreiaşu – OS Focsani);

• Terraces 50–60 cm wide, supported by root-suckers and sallow thorn branches,
placed each 1.5–3 m from one beam to another, on lands with excessive erosion,
with a 30–40◦ slope (perimeter Bîrseşti, OS Exp. Vidra);
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• Vegetal corridors from root-suckers, sallow thorn and alder seedlings planted
on narrow terraces (30–40 cm wide), on excessively eroded and gully lands, on
40–55◦ slopes (perimeter Bîrseşti, OS Exp. Vidra);

• On the planting procedures following procedures have been followed:
• Planting of Scots and black pine seedling grown into plastic bags of various

dimensions, sizes and ages of seedlings;
• Various planting period (i.e. seasons) and composition of nutritive beds;
• Various planting techniques (i.e. holes of various dimensions, notches).

40.3 Results and Discussions

History of rehabilitation of land reflects a continuous process of experimenta-
tion and learning. Afforestation interventions in Romania have been carried out
in two phases: before and after 1976 with the first national program for conser-
vation and improvement of the forest fund (Programul national de conservare si
dezvoltare a fondului forestier) and the publication of first technologically detailed
national research on afforestation of degraded lands (Traci, 1976). During the first
phase, before 1976, the most favourable degraded land sites were approached. The
afforestation comprised assortments of pines (Pinus nigra, Pinus silvestris), in pure
plantations and mixed with broadleaves species (Cerasus avium, Acer sp., Fraxinus
sp., etc.) and black locust (Robinia pseudoacacia). Meantime, strongly and very
strongly eroded lands, as well as the ones characterized by deep erosion have been
afforested with sallow thorn (Hippophae rhamnoides). On very strongly eroded
lands that were unstable and not suitable for the plantation of tree species, sal-
low thorn plantations have been extensively installed. After 10–15 years, the sallow
thorn plantations got thicken, contributing thus to land consolidation, erosion reduc-
tion and soil amelioration. Therefore, the sallow thorn plantations and brushwood
natural vegetation were gradually replaced with tree species (Bogdan and Untaru,
1972). Because of its ecological qualities the sallow thorn, it was one of the most
appreciated and used species in the afforestation of excessively degraded lands. For
this reason it was called “the salvation of degraded lands” (Haralamb, 1957) and
used for afforestation in nearly all degraded lands categories, especially those with
very advanced degradation status.

The second phase, included afforestation works on lands characterized by less
favorable conditions for trees. On such land the afforestation assortments con-
sisted in pines mixed with sallow thorn. Simultaneously, the substitution of the
previous temporary plantations of sallow thorn bushes with other trees species
occurred, in order to further reduce any remaining erosion and get benefit of shal-
low soil and dead organic matter accumulated. Besides the fact that it constituted
the plantation core element, the sallow thorn equally contributed to successfully sta-
bilize/consolidate the advanced degraded lands, in order to create the conditions for
planting. Thus, the stems with branches of sallow thorn after cut were directly used
as “vegetable reinforcement” to consolidate the terraces made on land with active
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erosion. Also, building of barrages across eroded ravine with local materials (i.e.
soil or stone) and vegetable support (i.e. branches sea bucktorn) and longitudinally
with fascines on the bed was used for their consolidation and stabilization. In all
cases, stems and branches of sallow thorn entered in the growing phase in propor-
tion of more than 40–50% (Traci and Untaru, 1986) resulting in the establishment
of some really “anti-erosional barriers”.

Among the land preparation and consolidation methods, the most successful were
the terraces supported by sallow thorn branches and twigs, also less costly compared
to terraces supported by hurdles. The cost is about 61% lower and the functioning
period is 2–3 years longer (Traci and Untaru, 1986). Good results were achieved in
Bîrsesti perimeter on the argillaceous marl and sandstone bedrocks, with the plan-
tations made with pine seedlings raised in polyethylene bags. They ere planted on
the terraces supported by root-suckers and sallow thorn branches, associated with
works on ravine and gully consolidation.

To consolidate the torrential network, in most cases it was necessary to estab-
lish rapids and dams of concrete or stonework with cement. In the case of small
gullies the rapids built in stone without concrete but in woody material (i.e. buck-
thorn twigs), earth and stone, which were particularly successful. In fact, protection
of the slope stability by improving the hydrographic network by hydrotechnical
works played a special part in the success of these afforestation programs. The
seedlings grown in polyethylene bags perform as the best after planting, since the
survival rate is higher than 90% and the increment was improved with 25–30%
(Table 40.1).

The most important woody species used in Romania for the afforestation of
degraded lands are: black pine (Pinus nigra), Scots pine (Pinus sylvestris), black
locust (Robinia pseudacacia), Norway maple (Acer platanoides), sycamore maple
(Acer pseudoplatanus), cherry tree (Prunus avium), ash (Fraxinus excelsior), flow-
ering ash (Fraxinus ornus) , mahaleb cherry (Prunus mahaleb), gray and black
alders (Alnus spp.), sallow thorn (Hippophae rhamnoides), oleaster (Eleagnus
angustifolia), e.a. Good result were obtained in the case of lands with advanced
degree of degradation and on land where the sallow thorn that was removed after first
plantation cycle of 20 years, when erosion stopped and the soil conditions improved
for other tree species (usually Scots pine, black pine, forest cherry tree, ash and
maple).

The types of forest plantations with a good evolution and high efficiency in
both halting the erosion and stabilizing landslides on strongly to excessively eroded
slopes were the following (Untaru et al., 2003; Constandache, 2003; Constandache
et al., 2006):

• Mixed plantations of black or Scots pine with broadleaved trees (maple, ash, wild
cherry tree, flowering ash, mahaleb cherry, red dogwood, etc.), on both strongly
eroded and moderately fragmentised sliding land in both steppe and forests zone;

• Pine plantations associated with sallow thorn or sallow thorn in pure cultures, on
strongly to excessively eroded lands in forests zone;
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• Black locust plantations, on both eroded, gullied and sliding lands with sandy to
loamy soils, from forest steppe up to the sessile oak sub-zone;

• Plantations with black and gray alder and willows, on lands with excess of water
in forest zone.

Apart from amelioration of degraded lands with solely Scots pine and European
black pine, good results are achieved also by mixing them with different broadleaved
species planted or naturally regenerated. Pine species have provided important con-
tribution to the recovery of degraded land with the largest vegetation representing
similar conditions with those from the forest steppe (European black pine) and the
mountain regions (Scots pine). This was mainly due to relatively fast growing and a
strong rooting system, the densely canopy and the rich litter. In many situations, the
two pine species intimately mix in plantations.

Stand growth is steady significant till 30 years old (Fig. 40.1), determined by
both significant decadal growth in height and diameter. It is not clear at what age the
growth starts to decline, as usually such stands are replaced after the first cycle with
another cycle of same species or zonal ones (i.e. that correspond to local climate and
soil). Nevertheless, the number of trees per area unit shows low density at age of 10,
what suggest high loss under low survival rate, in the first 10 years of the plantations
(Table 40.1). In general, pine species (P. nigra, P. sylvestris) showed lower survival
rate compared to other species (i.e. sallow thorn).

Pines grown on degraded lands are generally even aged stands (homogenous age)
showing a high degree of ecological fragility. In certain cases Scots pine or/and
European black pine suffered serious damages because of the wind and snow (in
forest zone) or from drying (in forest steppe). As well, they are very sensitive to
disturbances by the biotic and abiotic factors and which worsen, in the case of illegal
removal of trees, which often lead to cessation of their protective efficiency.
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The observations and measurements made in various experimental plots estab-
lished on degraded lands certify the functional and ameliorative efficiency of mixed
stands of pines is comparable to broadleaved stands (Traci and Untaru, 1986). The
litter decomposes more quickly, ensuring a better and faster improvement of the soil
fertility. The fungi damage is frequent in pure pine stands and less virulent in mixed
stands with pines with broadleaved trees, as their structure is more complex, leading
to a high stability and resistance, and in case of mature plantations to the initiation
of the natural regeneration process.

Former research showed that the stability of stands from degraded lands, as
well as other stands, is in relation with the number of species, the tending (sil-
vicultural) operations and the environmental conditions (Constandache, 2003). On
very strong eroded lands the number of species is further reduced, being limited
by the ecological requirements of forest species. Therefore, the diversity and thus
stability (i.e. tolerance to damages) of these stands is reduced. In these conditions,
the sallow thorn cultures have demonstrated a significant anti-erosional efficiency.
Having a large suckering capacity, the brushwood is denser, so it entirely covers
the ground, while the rich root system contributes to effective soil stabilization.
The research results shown that mixtures of Scots and black pine with sallow thorn
(see Photo 40.1) under identical conditions, increase growth of pines with 20–30%
higher compared to pure plantations of pine, as a result of the enrichment in soil
with nitrogen and on symbiosis with actinomicets (Untaru et al., 2008).

This way, the unproductive or very low productive lands (Photo 40.2) were rein-
tegrated into the economic chain, as degradation process almost halted on much
of the soil surface. The soil has been improved and the disagreeable landscape

Photo 40.1 Mixtures of Scots and black pine with sallow thorn (Bîrsesti perimeter, photo C.
Constandache, 2008)
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Photo 40.2 Historical photograph of unproductive lands in Romania (Valea Sării – Scaune
experimental area, photo E. Costin, 1954)

Photo 40.3 Same photo 40.2 area after afforestation interventions (photo E. Untaru, 1997)

(shown in Photo 40.2) lacking its protective vegetation shield has been replaced by
a beautiful landscape with forest plantations (Photo 40.3). It was demonstrated as
well the possibility to achieve a proper natural and socio-economic framework by
improving the land productive potential and landscape restoration, thus achieving
aesthetic-sanitary, recreational and climatic functions.

Besides of soil protection positive impacts, these interventions on degraded lands
generated also a series of important direct economic effects, represented by the
wood, timber, honey, resin, berries and other income generating products.
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Research emphasized the fact that forest vegetation has a determinant impor-
tance in rehabilitating degraded lands by reducing the volume of the surface water
flows and also by creating favorable conditions for water storage, infiltration, accu-
mulation of organic substances, etc. Forest vegetation also guarantees land stability
as consequence of the water regime regularization, amelioration of the temperature
regime and mechanic consolidation of the shallow soils horizons by root systems.
In 25–28 years old anti-erozional plantations the specific erosion1 is quantitatively
very low (Table 40.2).

Previous research that the average muddiness of the discharged waters dropped
down to 84 g/l in the case of very strong to excessively eroded, not forested lands, to
7–13 g/l, in the case of forested degraded lands, while in a mature beech stand, the
medium turbidity was 2.6 g/l (Untaru et al., 2006). Accordingly, the average specific
erosion reduced from 57.5 t ha–1 year–1 (between 55 and 60 t ha–1 year–1) on lands
with active erosion and no vegetation to 0.41 t ha–1 year–1 (between 0.15 and 0.75
t ha–1 year–1) in forest plantations with pines as main tree species aged between 12
and 20 years. In the case of mature beech forests erosion rates were only 0.12 t ha–1

year–1. After 25 years the forest plantations, black and Scots pine performed better
with an average specific erosion rate below 0.1 t ha–1 year–1. The strong reduction of
the runoff and soil erosion due to the presence of forest vegetation (from 50 to less
than 1 t ha–1 year–1) has lead to the restoring of soil formation on lands with ground
stones (especially due to the increase capacity for water retaining and stocking).

The research conducted in Bârseşti area (Constandache, 2003; Untaru et al.,
2006) regarding the runoff and soil erosion have shown that on very strongly and
excessively eroded forested lands, after 10–20 years since the installation of the for-
est cultures, the runoff load were reduced by 4–10 times, as compared to lands with
active erosion and almost lacking vegetation (Table 40.3).

These results confirm the forest as a very efficient vegetation type in protecting
the soils against erosion. In almost all situations, by establishing the protective for-
est cultures, after the degradation processes have stopped, a general improvement of
the site and environmental conditions have been noticed. The positive impact of pro-
tective forest cultures on the improvement of vegetation and implicitly on the soil is
also associated with climate improvement, by alleviating the temperature extremes
and reduction of solar radiation. This leads especially on moderately to strongly
eroded soils to natural establishment of shelter planted species of oak, sessile oak,
beech, wild cherry, ash, etc. (Constandache, 2003).

In the case of lands with advanced degree of degradation stopping erosion would
require in the first place the establishment of conditions for ecological recon-
struction and essentially for the resumption of pedogenesis. This is possible after
establishing forest cover that even in a period of 5–10 years after tree planting soil
formation may be accelerated by the increase of soil organic matter and reduced
effects of torrential rainfalls.

1 Specific erosion – the amount of eroded matter in runoff on the parcel land area after certain rain
intensity
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Table 40.3 The average amount of eroded matter in Caciu catchement, determined by surveys
on fixed benchmarks, for the period of 1st of June until 30th of September 2006

Slope (grades)
Eroded layer
(mm)

Eroded volume
(m3 ha–1)

Weight of eroded
matter (t ha–1)

1. Strongly to excesivelly degraded slopes, with sallow thorn on 30% of area
35–40 3 30 45
40–45 5 50 75

2. Active gullying, with no vegetation
30–35 7 70 105
40–45 8 80 120

3. Ravine billows with outer bedrock (marls with plaster stone)
40–45 12 120 180

40.4 Outlook and Conclusions

One third of the territory of Romania is affected by land degradation, mainly ero-
sion and landslides. Climate change impacts may further aggravate the situation,
thus ample and necessary conservation measures are needed. Among them we men-
tion afforestation as an anti-erosional approach to combat soil erosion and promote
sustainable development in rural areas. At present, forests cover only 7% of the plain
areas, 27%, in hills while in mountain the figure is around about 60%.

Under extreme site conditions (such as very strongly eroded lands, ravened lands,
riverbanks and gradients of the torrential hydrographic network, and landslides with
strong division into fragments), the installation of the forest vegetation represented
the only way of mitigation and improvement of the degraded lands to balance and
rehabilitate the ecological and social-economic functions of these affected areas.

The National Strategy and Action Programme Concerning Desertification, Land
Degradation and Drought – Prevent and Control (2001), provides the specific mea-
sures and actions toward the prevention and combating desertification, drought and
land degradation in the country as far as afforestation actions are concerned. These
measures include:

• Endorsement of agroforestry and a targeted balance share between agricultural
and forestry ecosystems in the support of sustainability;

• Gradual restriction of the arable interventions on lands with slope over 12%
showing soil degradation problems;

• Conversion of agricultural use to afforestation;
• Establishment of protective forests belts in affected areas;
• Integrity assurance and sustainable development of forests.

The intensity of the land degradation problems in the country makes such mea-
sures necessary and urgent. But afforestation of the degraded lands must be based
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on proven scientific results and by introducing compositions and mixture schemes
that are ecologically compatible (Ciortuz and Păcurar, 2004) with local conditions.
Besides the main forestry species, introduction of fruit tree species and other pro-
ductive species for food and accessory products is quite important to increase forest
economic productivity.

Because of the climatic conditions in such degraded areas, especially on sunny
slopes with steppe features, is necessary to foresee suitable technologies for better
hydrological and anti-erosion management of the land. In order to control the run-off
on the slopes, simple terraces (width of 75–80 cm) are, by far, the most appropriate
solution. On land with low slope it is recommended to plough the soil in strips that
are further improved by establishment of large range of woody species well adapted
to water shortage and sunstrokes. Another important condition for successful forest
plantations is to keep the maintenance works at appropriate/optimum times, pre-
venting the weeds to consume soil water and nutritive substances. Additionally, an
important issue is to safeguard and protect the forests against the biotic and abiotic
damaging factors.

Future actions needed to create new forests by afforesting degraded lands and
establishing forest protection shelterbelts foresee an annual rate of 20–30 thousand
hectares of afforestation in the next periods, gradually reaching 40–50 thousand
hectares annually for the period 2010–2020 (Giurgiu, 2004). The goal of the national
strategic objective is to increase the proportion of the forests up to 40% throughout
the country’s territory (compared to 26.3% at present).
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Chapter 41
Investigating Soils for Agri-Environmental
Protection in an Arid Region of Spain

C. Castaneda, S. Mendez, J. Herrero, and J. Betran

Abstract The saline wetlands of the Monegros Desert, in the central Ebro Basin
(NE Spain), host valuable biodiversity and pedodiversity. A part of this area has
been proposed for inclusion in the European Union Natura 2000 network. However,
agricultural intensification is changing the area as more land is consolidated for
new irrigation or is plowed to earn CAP (Common Agricultural Policy) subsi-
dies. Soil mapping is needed to assist in the delimitation of natural habitats and
to make conservation compatible with agriculture. The methodology presented here
to characterize agri-environmental areas takes into account current agricultural and
environmental practices. We examined the opinions of farmers and agricultural and
environmental officers concerning a new agri-environmental measure, which could
be proposed for inclusion in the Rural Development section of the CAP. The mea-
sure would save agriculture inputs in unproductive areas and also comply with
nature conservation objectives. A GIS database was built for selecting the farming
plots suitable for new agricultural practices favoring biodiversity and pedodiversity.
At the local scale, we used remote sensing and pedodiversity criteria for select-
ing low production areas to be prospected. The opinion poll resulted in a positive
response and confirmed the interest of farmers in having detailed maps of those
soil features that limit crop production. The soil survey reveals soil salinity, and
high contents of gypsum and calcium carbonate, as significant features to map low
production areas for making agriculture compatible with habitat conservation.
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41.1 Introduction

The Monegros saline wetlands, known locally as “saladas”, are part of a unique
landscape where scattered gentle depressions are surrounded by dry-farmed or
recently irrigated areas. The arid climate plus the gypsiferous and calcareous rocks
are determinant of the genesis and evolution of saladas. More than a hundred
depressions containing ephemeral brines and halophylous vegetation have been
inventoried. These wetlands are of scientific and environmental value as natural
habitats for endemic microbes (Casamayor et al., 2005), plants (Braun-Blanquet
and Bolòs, 1958; Pedrocchi, 1998; Domínguez et al., 2006) and animals (Melic and
Blasco-Zumeta, 1999; Baltanás, 2001). Half of the agricultural area has been pro-
posed for inclusion in the European Union’s Natura 2000 network. The other half
will be irrigated.

The soils are shallow, calcareous or gypseous, with a low organic matter con-
tent; whitish spots occur in relatively higher topographic positions. The soils are
deeper and saline in the wetlands and have a dark upper horizon; their salinity
largely exceeds thresholds for crop production. Despite the low returns imposed
by natural limits, dry farming often is practiced in areas of shallow soils with low
water-holding capacity, even though evapotranspiration much greater than precipi-
tation results in no yield. Due to scarce and very irregular precipitation from year
to year, the only feasible crops are winter cereals, which, in many years, remain
unprofitable. Earning CAP subsidies compels farmers to expand the plowed surface,
even into saline depressions of remarkable environmental value hosting endemic
and endangered species. Moreover, land consolidation, pipelines, pumping stations,
roads, or other works associated with the new irrigated areas, have increased the
degradation or disappearance of habitats (Castañeda and Herrero, 2008; Herrero
and Castañeda, 2009) leading to a decrease in the extent of natural vegetation.

Maps are needed to identify soil features that limit agricultural production and to
pinpoint pedodiversity spots. The agri-environmental rules can be adapted to better
allocate subsidies, without increasing the CAP budget. The new allocation rules
ought to encourage farmers to manage their land in a way that saves on labor and
farm inputs, as well as address nature conservation issues related to biodiversity
(van der Horst, 2007) and pedodiversity.

This chapter presents an integrated methodology aimed at identifying low pro-
duction areas where plowing-exemption rules should be implemented as a means for
promoting habitat protection on a local scale. The methodology takes into account
rural practices and seeks the agreement of local farmers.

41.2 Materials and Methods

As a starting point, information was available from environmental and agricul-
tural Geographical Information System (GIS) sources. The environmental data were
the wetland inventory (Castañeda and Herrero, 2008), the 1:5,000 scale maps of
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halophilous vegetation (Domínguez et al., 2006), and the Special Protection Area
(SPA) for birds (European Union, 1979). The agricultural data were the Spanish
Farming Land Geographic Information System (SIGPAC), and the 2005–2006
alphanumerical data from the GIS of Herbaceous Crops of the Spanish Ministry
of Agriculture, Fisheries and Food.

In order to select agri-environmental plots for soil prospecting, a new GIS
database was created using the most detailed SIGPAC delimitations as the basic
geographic unit, i.e. the plots declared by farmers for CAP subsidies. The above-
mentioned environmental and agricultural data were superimposed onto the farming
plots’ GIS coverage, together with an image of the Quickbird satellite acquired on
July 11, 2007.

Using GIS, we first identified the agri-environmental plots adjacent to the sal-
adas (Fig. 41.1) because of their sensitivity to biodiversity conservation. For this
purpose we drew a buffer line 200 m from the edge of the saladas. When a farm-
ing plot was only partially included within the 200-m limit, the entire plot was
computed. All these farming plots were extracted from the database furnished by
the Government of Aragon. Four of the accessible saladas (Agustín, Gramenosa,
Guallar and Salineta) were selected as representative of dry-farming, imminent
irrigation, and Natura 2000 areas (Fig. 41.1).

We contacted 26 people from the list of CAP subsidy recipients in the municipal-
ity of Bujaraloz (Mendez, 2006). Only 16 agreed to be interviewed. Most of them
were land managers, representing a total of 34 subsidy recipients. A poll was carried
out in order to learn their opinions and concerns about a new agricultural measure to
be applied under the Natura 2000 conservation policy. The local officers in charge
of environment and agriculture were also interviewed.

Fig. 41.1 Location of the study area and the selected farming plots. Most of the area not included
in Natura 2000 is, or will be, equipped for irrigation with Pyrenean water
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We delimited low production enclaves in the agri-environmental plots selected
by means of a visual analysis of the Quickbird image. The 432 RGB composi-
tion showed a number of white patches close to the wetlands, and some prominent
patches in nearby additional plots. A subsequent field survey was carried out to
decide on the prospecting sites using geomorphologic and soil surface color criteria
(white, dark, and reddish colors), allowing for sampling points of contrasting colour
to be selected.

The soil prospecting was based on auger holes in the four sites selected. The
most contrasting color patches were found around Agustín. The prospecting there
was then intensified by describing the soil surface and opening pits for pedon study.
Crop development at several stages was also recorded, as was the yield from three
randomly selected 0.25 m2 areas around the pit location.

A total of 117 soil samples were taken for laboratory analysis. The results shown
here are for (i) electrical conductivity in saturation extracts (ECe) and 1:5 soil to
water ratio extracts (EC1:5), according to US Salinity Laboratory Staff (1954);
(ii) calcium carbonate equivalent (CCE) by titration of excess HCl, a method vali-
dated by the Laboratory of the Aragón Government as yielding results similar to the
Bernad calcimeter; and (iii) gypsum by thermogravimetry (Artieda et al., 2006).

41.3 Results and Discussion

The farming plot database contains 1,264 plots located in the wetland environment,
with a total surface area of 5,747 ha, five times the wetland surface extent. SPA for
birds covers 81% of the surface area of the selected agri-environmental plots, and
19% is included in the near future irrigation. The poll was carried out over 936 ha,
i.e. 111 farming plots, or 16% of the selected agri-environmental surface area extent.
The size distribution of the polled plots was similar to that of the plots of the entire
area studied.

The opinions gathered from the interviewees were attributed to the number of
hectares they were responsible for. The subsidy recipients were direct cultivators
of only 50% of the polled surface area. Three respondents managed around 80%
of the polled area, indicative of the disappearance of small farming enterprises.
Hence, the decisions made by few people will impact large areas. From a total
of 27 agriculture/environment ideas discussed in the interviews, we concluded that
37% of those polled agreed with a new ploughing exemption measure, 30% agreed
but strictly in exchange for legal economic compensation, and 16% were distrust-
ful about future changes of the CAP. Environment officers would prefer a measure
adapted to the existing agri-environmental program, while agricultural officers were
uncertain about the technical and economical feasibility of its application, although
they approved of new agri-environmental measures, especially non-ploughing. The
poll confirmed the farmers’ interest in the production of detailed maps of soil fea-
tures limiting crop production. Farmers had a personal stake in the soil and crop
surveys due to the potential source of supplementary income that could result from
any habitat protection efforts (Fig. 41.2).
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Fig. 41.2 Farming plots in the Agustín site, and points sampled for soil characterization

Most of the farming plots studied are located on gentle slopes at the edges of the
depressions. Supplemental field inspections showed halophilous vegetation in some
patches with stunted barley or durum wheat. The white patches drawn from the
Quickbird image occupy 13.4% of the 711 ha of agri-environmental farming plots,
this percentage being different at each site: 20.7% in Agustín, 10.6% in Guallar,
8.4% in Pito, and 10.3% in Salineta.

The grain production measured in 2008 ranges from 0 to 639 kg ha–1. These
figures translated into agricultural production equivalent to a zero yield, because
harvesting becomes unprofitable. Bad agricultural years are frequent in this area,
characterized by a mean yield of 900 kg ha–1 (McAneney and Arrúe, 1993), strongly
conditioned by rainfall during cereal growth and by the application of herbicides.

The soil sampling depth ranged from 30 to 150 cm (Table 41.1). Most of the
white patches are in the top positions with shallow lithic or paralithic contacts, as
shown by a more frequent occurrence of the shallow auger holes in these patches.
Table 41.1 shows the ranges of ECe, gypsum, and CCE for the samples at each
site studied. For all samples, ECe ranges from 0.7 to 30.3 dS m–1 with 80% of the
samples having ECe <8 dS m–1. CCE ranges from 2.7 to 58.6% (w/w), with 66% of
samples having >20% CCE, and 18% having >40% CCE.

Gypsum content determinations give results from 0.5 to 94.7%, with 51% of
samples having >40% gypsum and 39% with >60% gypsum. For the six samples
giving results <2%, a qualitative test of gypsum would be needed for confirmation
(Artieda et al., 2006). The six samples come from the dark patches. Five of them
are neither saline nor saturated in calcium sulfate (EC1:5 < 1.5 dS m–1); the other
one is very saline (EC1:5 = 3.66 dS m–1, and ECe = 10.43 dS m–1). The gypsum
content in these six samples is assumed to be insignificant. All soil samples from
the Salineta site have higher CCE than gypsum.
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Table 41.1 Soil sampling sites, sampling techniques used, and ranges of: depth, ECe, calcium
carbonate equivalent (CCE), and gypsum content

Sampling
site

Number of
pits (P) and
auger holes
(A)

Number
of soil
samples

Depth
(cm)

ECe (dS
m–1)

CCE (%
w/w)

Gypsum (%
w/w)

Agustín 6 P 20 80–150 3.0–13.4 2.7–46.7 1.6–94.7
12 A 47 50–125 2.0–20.3 6.9–41.4 ∗in.–89.3

Guallar 7 A 20 30–110 3.3–19.5 7.1–49.8 9.9–94.6
Pito 5 A 14 25–100 0.9–30.3 5.1–41.9 1.9–90.4
Salineta 5 A 16 50–125 0.7–15.4 22.6–58.6 1.9–19.5

∗in. = insignificant.

As expected, the colour of the soil surface detected by means of remote sensing
is related to the gypsum and CCE content in the upper horizon. Figure 41.3 shows
the difference between white and dark patches. The sum of gypsum and CCE at the
upper horizon is about 100% in most white patches, indicative of the general lack
of clay minerals or other non-soluble components in the soil, especially at the depth
of roots. Dark patches, frequently in gentle hollows where the organic matter, clay,
and moisture accumulate, have <50% gypsum plus CCE, allowing for better growth
of the cereal in dry years.

Provided that gypsum is ubiquitous in the landscape, soil samples with ECe
≤2.25 dS m–1 cannot be deemed saline. Aridity is the key constraint for life in
Monegros. Main plant stresses are related to (1) lithic or paralithic contacts at shal-
low depths, (2) occurrence of horizons with low clay content near the surface, due to
high gypsum and/or calcium carbonate contents, and (3) saline horizons, i.e. occur-
rence of salts more soluble than gypsum somewhere in the soil profile. These soil
features were considered the blueprint for easy criteria to identify low crop produc-
tion areas. Their future mapping and the analysis of their distribution in the soil
profile will provide basic knowledge on favouring pedodiversity and biodiversity.

Fig. 41.3 Gypsum and calcium carbonate equivalent in auger soil samples of the upper horizons
(0–25 cm) in the white (a) and the dark and reddish (b) patches
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41.4 Conclusions

The considerable amount of information from different database sources, pro-
cessed by means of GIS tools, enabled the recognition of farming plots with
agri-environmental interest and the selection of the farmers for the opinion poll.

The low production criteria extracted from the analyses of satellite images and
from the soil survey (presented here in a test area) are complementary, and the
results are coincident. The soil prospection reveals soil salinity and the high gyp-
sum and calcium carbonate content as significant pedodiversity criteria. These soil
features condition production in the dry-farmed area, and their mapping can help to
reconcile agriculture with habitat conservation. We consider it worthwhile to extend
these criteria to the remaining farming plots.

The GIS database created and the consultative approach will be advantageous
for the systematic selection of plots for agri-environmental purposes. A measure
for ploughing exemption – without a decrease in CAP subsidies to farmers – in
low-production areas with environmental value would combat the degradation of
biodiversity and soils. Farmers would be rewarded by saving on agricultural inputs,
with no increase in the CAP budget.
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Chapter 42
Risk Assessment in Soils Developed
on Metamorphic and Igneous Rocks Using
Heavy Metal Sequential Extraction Procedure

S. Martínez-Martínez, Angel Faz Cano, Gerhard Gerold, J.A. Acosta,
and R. Ortiz

Abstract Six areas developed on metamorphic and igneous parent materials were
selected in Murcia Province (SE Spain), two from diabases, two from mica schist
and two from andesites. Three of them potentially polluted by anthropogenic
sources and the other three no polluted. One profile and 6 surface samples were
collected from each one in order to identify the Pb and Zn concentrations bounded
to different soil phases using sequential extraction and to verify if the existent differ-
ences in Pb and Zn concentrations from soils developed on the same parent material
are the consequence of the anthropogenic activities, or natural geochemical con-
tributions. The results showed that the soils that present higher total Pb and Zn
concentrations that come from anthropogenic sources registered higher percentages
of these heavy metals in the most labile phases (exchangeable and organic mat-
ter bounded heavy metals). In addition, the carbonate phase is also an important
sink of metals, however in soils developed on metamorphic and igneous rocks this
constituent is very low due to organic and exchangeable phases that retain these
metals. This behaviour increases the risk of mobility to trophic chain to plants and
microorganisms that may absorb these metals.

Keywords Sequential extraction procedure · Metamorphic and igneous
rock · Heavy metals · Spain

42.1 Introduction

The degree of heavy metals pollution in soils and their mobility depends on the
soil retention capacity, especially on physicochemical properties and characteristics
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(mineralogy, grain size, organic matter) affecting soil particle surfaces and also on
the chemical properties of the metal (Moral Robles et al., 2005). When a metal
reaches soil surface, depending on soil properties and characteristics, can be bound
to different soil constituents which include water-soluble, exchangeable organic
associated, carbonate associated phases, and could be bound and occluded in oxides
and secondary clay minerals phase, and residual (RES) within the primary min-
eral lattice phase (Li and Shuman, 1996). Water soluble and exchangeable fractions
are considered readily mobile and bioavailable, whereas other metal fractions, espe-
cially a residual fraction, are considered immobile and tightly bound and may not be
ready to be released under natural conditions. Sequential extraction procedures are
usually used in order to determine in what phase heavy metals are bounded; more-
over, this analytical procedure could provide valuable information for predicting
metal availability to plants, metal movement in the soil profile and transformation
between different forms in soils in the long term (McGrath and Cegarra, 1992;
Anderson et al., 2000). Although, in the literature, there are several sequential
extraction methods (Meguellati et al., 1983; Forstner, 1985; Shuman, 1985; Beckett,
1989; Ahnstrom and Parker, 1999), the most frequently used sequential extraction
method was proposed by Tessier et al. (1979), which provides information about
forms of trace metals associated with soil and sediment components, such as clay
minerals, hydrous ferric and organic matter. This was the method selected for this
study. The degree of metal association with different geochemical forms strongly
depends upon physico-chemical properties and characteristics of the soils, such as
pH, calcium carbonate and organic matter content (Kabata-Pendias and Pendias,
2001; Alvarez et al., 2006).

The interest of carrying out the sequential extraction was due to some soils
evolved from previous rock types that presented higher total heavy metals con-
tent than other soils derived from the same type of parent material. This analytical
procedure scheme may be useful to distinguish between anthropogenic and geo-
chemical sources of the metal species (Gouws and Coetzee, 1997) and moreover,
this method will provide information on the potential metal bioavailability and
mobility of soil-bound metals (Stone and Marsalek, 1996). At the present time, it is
widely recognized that distribution, mobility and bioavailability of heavy metals in
the environment depends not only on their total concentration but also on the asso-
ciation form the solid phase to which they are bound. There is a concern to know the
soil metal bioavailability and toxicity to plants, animals and man and the efficiency
of the soil as a sink for metals and the potential capacity of a metal to be mobilized
from the soil.

Natural and anthropogenic environmental changes greatly influence the
behaviour of metallic pollutants as the association form in which they occur can
be changed. Such external influences can include pH, temperature, redox potential,
organic matter decomposition, leaching and ion exchange processes and microbial
activity. The metal content bound to carbonates is sensitive to pH changes and could
become mobilised when pH is lowered; the metal fraction bound to Fe–Mn oxides
and organic matter can be mobilised with increasing reducing or oxidising condi-
tions in the environment, and finally, the metal fraction associated with the residual
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fraction (e.g. silicate) can only be mobilised as a result of weathering, which can
only cause long-term effects.

This survey presents the results from six natural sites, – two metamorphic areas
and four ones developed on igneous parent material, in pursue of the following
goals: (1) to know the heavy metals concentrations retained in different soil phases
(e.g. carbonates, Fe and Mn oxides, organic matter), (2) to verify if the existent
differences in heavy metals concentrations from soils developed on the same par-
ent material occur as a consequence of the anthropogenic activities, or due to
geochemical contribution.

42.2 Materials and Methods

42.2.1 Soil Sampling

Six areas were selected in the Murcia Province (SE Spain), two sites were predomi-
nated soils derived from diabases: (1a-SAN) from “Cerro Volcánico de Santomera”
and (1b-OFI) form “Cabezo Mingote”; two areas developed on andesites: (2a.-CVE)
from “Cabezo Ventura” and (2b.-ISL) from “Isla del Ciervo”; and another two areas
evolved on mica schists: (3a.-MIC) from “Cerro Metamórfico de Cala Reona” and
(3b.-GRE) from “Cerro Metamórfico de Calnegre” (Fig. 42.1).

All soils are influenced by the Mediterranean climate characterised by low rain-
fall and high average summer temperatures, where the nature of the parent material
and the topography have a strong influence on soil genesis and evolution. According

SPAIN 

Fig. 42.1 Location maps of selected areas: 1a (SAN) – “Cerro Volcánico de Santomera” (dia-
bases), 1b (OFI) – “Cabezo Mingote” (diabases), 2a (CVE) – “Cabezo Ventura” (andesites), 2b
(ISL) – “Isla del Ciervo” (andesites), 3a (MIC) – “Cerro Metamórfico de Cala Reona” (mica
schists) y 3b (GRE) – “Cerro Metamórfico de Calnegre” (mica schists)
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with U.S.D.A. Soil Taxonomy (2006) the soils present an Aridic soil moisture
regime and a Thermic soil temperature regime.

One representative soil profile and 6 representative surface samples (0–15 cm)
were taken in each area. The soils were macro-morphologically described following
the FAO-ISRIC (2006) guidebook.

42.2.2 Analytical Methods

All soil samples were air-dried and sieved to pass a 2-mm mesh prior to the deter-
mination of: pH measured in H2O and 1 m KCl using a 1:1 soil/solution ratio
(Peech, 1965), electrical conductivity (Bower and Wilcox, 1965), total organic car-
bon (Duchaufour, 1970), equivalent calcium carbonate (Bernard calcimeter), cation
exchange capacity (Chapman, 1965), and particle-size analysis (Robinson’s pipette
method). Total heavy metals content of bulk soil samples was determined by acid
digestion using HNO3/HF.

The sequential extraction scheme was developed from that of Tessier et al. (1979)
modified by Li et al. (1995). The extraction was carried out progressively on an
initial weight of 2,000 g of soil samples and reference materials.

The reagents and operationally defined chemical fractions were as follows:

Fraction 1: exchangeable. Sample extracted with 16 ml of 0.5 m magnesium
chloride (MgCl2) at pH 7.0 for 20 min, with continuous agitation, at room
temperature.

Fraction 2: bound to carbonate and specifically adsorbed. Residue from
Fraction 1 leached for 5 h with 16 ml of 1 m sodium acetate (NaOAc;
adjusted to pH 5.0 with acetic acid, HOAc) at room temperature. Continuous
agitation was maintained during the extraction.

Fraction 3: bound to Fe–Mn-oxides. Residue from Fraction 2 was extracted
with 40 ml of 0.04 M hydroxylammonium hydrochloride (NH2 OH HCI)
in 25% (v/v) HOAc for 6 h. The extraction was performed at 96◦C with
occasional agitation. After extraction, the extract solutions were diluted to
50 ml with DIW.

Fraction 4: bound to organic matter and sulphide. To the residue from Fraction
3, 6 ml of 0.02 m HNO3 and 10 ml of 30% hydrogen peroxide (H2O2;
adjusted to pH 2.0 with HNO3) were added. The sample was heated progres-
sively to 85◦C, and maintained at this temperature for 2 h with occasional
agitation. A second 6 ml aliquot of 30% H2O2 (adjusted to pH 2.0 with
HNO3) was then added, and the mixture was heated again at 85◦C for 3 h
with intermittent agitation. After cooling, 10 ml of 3.2 m ammonium acetate
(NH4OAc) in 20% (v/v) HNO3 were added, the tubes were then continu-
ously agitated for 30 min. the finally, extract solutions were diluted to 25 ml
with DIW.
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Fraction 5: residual phase. Residue from Fraction 4 was digested with 4 ml
concentrated HNO3 (65% w/w) and 2 ml hydrofluoric acid (HF, 40% w/w)
using the following heating regime:

(a) Starting to 20◦C → 30 min to 90◦C → 11 h to 175◦C → 8 h to 20◦C.
(b) Starting to 20◦C → 61/2 h to 150◦C.
(c) Starting to 20◦C → 2 h to 185◦C.

Before starting with the (c) step, 2 ml HNO3 (65% w/w) and 15 ml of DIW are
added into each vessel. Finally, extract solutions were diluted to 50 ml with DIW.

When continuous agitation was required, samples were shaken on a mechanical
shaker at 160 rpm. Heating of the samples was operated using an aluminium-heating
block. Following each extraction, the mixtures were centrifuged at 2,000 rpm for
20 min at room temperature. Prior to the start of next extraction step, samples were
shaken with 16 ml of DIW for 5 min, and the wash solution was discarded after
20 min centrifuging.

In order to ensure one uniform matrix for ICP-OES analysis, the different extrac-
tion matrices were digested with concentrated HNO3. To the aliquots of extractant
solutions from fractions 1–4 (Fraction 1: 10 ml, Fraction 2: 10 ml, Fraction 3: 20 ml,
Fraction 4: 20 ml), 1 ml HNO3 (concentrated, 70% w/w) was added, and then the
solutions were heated to dryness on an aluminium heating block at 140◦C. Care
should be taken when heating the solution from extraction fractions 3 and 4 because
a violent reaction of HNO3 with NH2 OH HCI or NH4OAc may occur. After adding
HNO3, these extract solutions were left overnight on a heating block at 90◦C, and
the temperature rose slowly to 140◦C and heated to dryness. The residue in the
tubes was then leached with 2 ml of 5 m HCl, and made-up to final volume of 20 ml
with DIW.

To determine the accuracy of the results, two certified reference materials
were used: SO-3 y SO-4 (Canadian Certified Reference Material Project, Canada;
CCRMP). Additionally, to estimate the standard deviation of the method for each
fraction, three replicates were carried out. Finally, in order to find the percentage
of recovery, total concentration of the bulk samples was obtained using the same
procedure used in the Fraction 5.

42.3 Results and Discussion

42.3.1 Soil Properties and Characteristics

Soil profiles taken in each site were classified as follows: Lithic Haploxeroll (areas
2a, 2b, 3b), Lithic Torriorthent (areas 1a, 1b), and Aridic Haploxeroll (3a).

The mean of physical and chemical properties and characteristics of each studied
area are showed in Table 42.1. pH values are alkaline for every selected area, with a
mean values ranging from 8.4 and 6.6, showing a high buffer capacity of these soils.
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Table 42.1 Mean values of physical and physico-chemical characteristics of the studied soils

Areas
pH
H2O

pH
KCl

E.C.
(μS
cm–1)

C.E.C.
(cmol
kg–1)

Percentage
of O.C.

Percentage
of CaCO3

Percentage
of clay

Percentage
of silt

Percentage
of sand

ISL 7.0 6.2 163.5 20.6 1.7 0.8 3.3 37.0 59.7
CVE 6.6 5.8 412.7 26.3 2.52 5.5 23.02 31.49 45.49
SAN 7.7 7.0 161.2 10.3 1.17 13.2 11.47 21.41 67.11
OFI 8.2 7.2 159.3 15.5 1.05 3.6 16.40 27.80 55.79
MIC 8.2 7.3 250.9 5.3 0.59 0.6 7.32 22.67 70.02
GRE 8.4 6.9 93.4 8.6 0.82 2.3 7.12 23.57 69.31

It is clearly appreciated how the content of organic carbon influences the pHwater
values, since the samples that presented lower contents of O.C. are those that reg-
istered at lower acidity. It indicated that when the OM decomposition takes place,
organic acids are generated and as consequence pH decreases lightly (Brady Nyle,
2000). In addition, the organic carbon percentage is associated with CEC, where
higher percentages of OC correspond to high cation exchange capacity (Porta et al.,
1999). The soils studied from different parent material are not saline since they pre-
sented lower values than 1 mS cm–1. The majority of the studied soils have coarse
textures. The clay and silt contents are less than 30% and sand percent is more than
50%.

42.3.2 Risk Assessment Using Sequential Extraction Procedure

Table 42.2 shows the results of both single total extraction and the summation of
the five fractions from sequential extraction procedure. In addition the percentage
of recovery is also shown. For lead, the recovery percentage range from 70.7 to
119.7%, while for zinc range from 76.5 to 118.2. These results indicated that the
sequential extraction procedure used has a high recovery percentage for these two
metals and represents the total concentration present to the soil.

Table 42.2 Pb and Zn concentrations obtained from the total extraction, sum of the 5 fractions
and percentage recoveries obtained from the sequential extraction

Pb Zn

Sample
� 5 fractions
(mg kg–1)

Total extraction
(mg kg–1) R (%)

� 5 fractions
(mg kg–1)

Total extraction
(mg kg–1) R (%)

ISL-1 245.2 224.4 109.3 201.0 203.8 98.6
ISL-4 113.1 102.9 109.9 138.1 121.6 113.6
ISL-7 263.4 251.0 104.9 142.3 148.8 95.6
ISL-8 303.6 288.1 105.4 239.3 256.2 93.4
ISL-11 143.8 127.3 112.9 134.5 134.2 100.2
ISL-12 164.8 149.7 110.1 123.7 142.4 86.9
HOR A 178.9 158.0 113.2 160.5 135.8 118.2
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Table 42.2 (continued)

Pb Zn

Sample
� 5 fractions
(mg kg–1)

Total extraction
(mg kg–1) R (%)

� 5 fractions
(mg kg–1)

Total extraction
(mg kg–1) R (%)

CVE-2 807.1 821.4 98.3 358.2 385.8 92.8
CVE-3 549.4 573.4 95.8 322.3 363.0 88.8
CVE-5 600.3 628.3 95.5 296.1 338.4 87.5
CVE-6 429.6 434.1 99.0 255.3 256.1 99.7
CVE-8 882.4 869.9 101.4 351.5 363.3 96.8
CVE-11 880.2 885.5 99.4 463.1 499.6 92.7
HOR A 416.8 401.2 103.9 199.9 191.5 104.4

SAN-1 27.9 35.2 79.4 58.1 57.0 102.0
SAN-3 19.5 20.1 97.0 42.7 38.7 110.2
SAN-4 16.6 18.7 88.4 39.3 37.5 104.9
SAN-5 34.5 36.9 93.5 48.4 51.4 94.2
SAN-6 45.3 50.1 90.3 58.5 54.4 107.5
SAN-8 34.8 40.3 86.5 49.5 56.3 87.9
HOR A/R 32.8 46.4 70.7 47.7 42.8 111.4

OFI-5 451.7 392.2 115.2 438.0 396.1 110.6
OFI-6 319.6 288.6 110.7 259.0 267.8 96.7
OFI-8 243.1 212.9 114.2 291.6 269.7 108.1
OFI-9 362.8 311.0 116.7 287.2 275.5 104.3
OFI-11 325.6 290.3 112.2 405.6 348.3 116.5
OFI-12 195.7 167.4 116.9 225.1 219.1 102.7
HOR A 76.4 75.1 101.7 214.8 219.6 97.8

MIC-1 414.5 437.4 94.8 796.3 801.3 99.4
MIC-4 633.0 604.4 104.7 629.3 784.1 80.3
MIC-7 331.5 277.0 119.7 503.0 470.8 106.9
MIC-8 334.3 320.2 104.4 562.1 499.6 112.5
MIC-9 680.9 672.1 101.3 661.0 637.7 103.7
MIC-11 341.7 340.7 100.3 341.8 293.0 116.7
HOR A1 291.5 301.1 96.8 344.8 367.1 93.9
HOR A2 299.2 279.8 106.9 266.9 325.6 82.0
HOR A/C 244.8 268.1 91.3 319.1 371.0 86.0
HOR C 78.6 90.3 87.0 203.7 266.4 76.5

GRE-1 49.0 42.2 116.2 127.3 96.2 115.2
GRE-2 77.1 65.4 117.7 106.6 100.8 105.8
GRE-8 81.9 78.7 104.2 170.3 157.2 108.4
GRE-9 65.8 59.7 110.3 114.9 109.1 105.3
GRE-10 84.2 79.3 106.1 127.1 113.8 111.7
GRE-11 76.0 72.7 104.6 111.8 114.5 97.7
HOR A 50.9 48.8 104.4 103.3 105.1 98.3

Note – � concentrations from 5 fractions: exchangeable, carbonate, iron/manganese oxide, and
organic bounds, and residual fraction; R: percentage of recuperation of the method used.
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Regarding total Pb and Zn single extraction, three areas presented a signifi-
cant accumulation of these metals (Table 42.2) as documented in the soils derived
from mica schists in Cala Reona (3a), of andesites at the “Cabezo Ventura” (2a)
and on diabases at the “Cabezo Mingote” (1b). Mean lead concentrations are 359,
659 and 248 mg kg–1, respectively and the mean zinc concentrations are 481, 342
and 285 mg kg–1, respectively. These high concentrations are probably due to the
influence of the mining activity from La Unión for 2,500 years and the industrial
development in the surroundings of Cartagena city, located less than 2 km from
these sites. Studies carried out in this area have shown as well high levels of heavy
metal concentrations (Clemente et al., 2002; Moreno et al., 2002).

Metal mines are one of the major industries producing metal containing dusts
and slags (Porter and Bleiwas, 2002); although they can vary considerably in com-
position, these wastes usually contain high concentrations of hazardous metals.
Oppositely, the other three areas showed lower concentration for both metals, and
mean values range between 35 and 185 mg kg–1 for lead and between 163 and
48 mg kg–1 for zinc. Thus, they are not considered as polluted areas from anthro-
pogenic sources. Instead their concentrations are due to natural parent material
contribution.

The lead and zinc retained in the five phases from sequential extraction procedure
can be observed in the Figs. 42.2 and 42.3, respectively. Important differences are
obtained in the soils that showed the highest total Pb and Zn concentrations, soils
developed from andesites (2a-CVE), diabases (1b-OFI) and mica schists (3a-MIC),
presenting higher percentages of exchangeable (1st step) and adsorbed in organic
matter (4th step) heavy metals.

It is especially remarkable the percentage of lead and zinc bound to organic mat-
ter in “Cabezo Ventura”, with a value up to 16% of the total concentration, that it is
due to high percentage of OC that content this soil (2.52%). In addition, in spite of
low carbonate content of these soils, the percentage of lead and zinc bound to car-
bonates is also high, with a value close to 10 and 6% of the total concentration
respectively, showing the high accumulation of lead and zinc in the absorbed-
carbonate phase. Cabral reported similar results as well as Lefebvre (1998) in soils
contaminated with high Pb concentration. For carbonate bound fraction, the zinc
can be retained as Zn carbonate (Kiekens, 1995; Adriano, 2001), or adsorbed Zn in
existed carbonates (McLean and Bledsoe, 1992).

It is expected that if the soil would have more amount of carbonates, lead and
zinc will bound to this phase before that others. These results indicate that when the
lead and zinc comes from anthropogenic sources and reach soils developed from
siliceous parent material they are bound to organic fraction or more labile fractions
due to the fact that there are not enough carbonates to bind them. These distribution
patterns represent a risk for the ecosystems since plants or microorganisms could
uptake these metals and introduce them to the trophic chain.

However, in the six areas the metals are mostly bound to the most stable phase,
residual fraction, where the metals are retained in the crystalline net of the min-
erals indicating that high concentrations of these metals in soils develop from
metamorphic and igneous rocks come from parent material.
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Fig. 42.2 Percentages of Pb easily exchangeable (1st step), bound to carbonates (2nd step), bound
to Fe or Mn oxides (3rd step), bound to organic matter or as sulphides (4th step) and that presents
in the residual fraction (5th step) from different soils

42.4 Conclusions

Results showed that the soils that present higher total Pb and Zn concentrations
registered higher percentages of these heavy metals in the most labile phases,
exchangeable and organic bound. Since the origin of Pb and Zn in these three areas
could be anthropogenic, environmental risks may be generated due to Pb and Zn
that might be absorbed by the plants and microorganisms affecting hence the trophic
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Fig. 42.3 Percentages of Zn easily exchangeable (1st step), bound to carbonates (2nd step), bound
to Fe or Mn oxides (3rd step), bound to organic matter or as sulphides (4th step) and that presents
in the residual fraction (5th step) from different soils

chain. The soil in the immediate vicinity of plant roots (rhizosphere) has chemical,
physical and biological properties that are substantially different from those of the
bulk soil. The exudation of organic substances is a mechanism by which plant roots
can mobilize metal ions. For this reason, another complementary study in these areas
should be carried out to establish possible potential environmental risks.
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Chapter 43
Assessing the Impact of Fodder Maize
Cultivation on Soil Erosion in the UK

Mokhtar Jaafar and Des E. Walling

Abstract The short-term gross and net soil erosion in a bare maize stubble field
during a period of heavy rainfall in the winter of 2004–2005 was estimated using
7Be measurements, with the longer-term erosion rate, estimated using Cs-137
measurements and compared with the longer-term soil erosion rate for the field,
estimated using 137Cs measurements. The results show that the gross and net soil
erosion occurring in the field under maize stubble were considerably greater than the
longer-term gross and net soil erosion rates for the field. Both sets of measurements
demonstrate that the field is characterized by a high sediment delivery ratio, empha-
sizing that a large proportion of the sediment mobilised by erosion was transported
beyond the field and towards the stream network. Depending on the weather con-
ditions, late harvesting, the associated compaction of the soil by heavy machinery
and leaving the stubble field bare over the ensuing winter can result in a substantial
increase in erosion relative to the longer-term erosion rate under more traditional
land use. The need to implement measures to reduce soil erosion associated with
maize cultivation in England, such as the Code of Good Agricultural Practice and
the Agri-Environment Schemes is clearly demonstrated.

Keywords Soil erosion · Maize · Radionuclide technique · 7Be measure-
ments · 137Cs measurements

43.1 Introduction

Maize has become an important fodder crop in England in recent years. Its culti-
vation expanded rapidly between 1990 and 2004. According to available land use
statistics (Defra) the area under fodder maize in England was 33,300 ha, and this
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more than trebled to reach 107,400 ha in 2004. This major increase in the area
under fodder maize cultivation reflects changes in both agricultural policy and live-
stock husbandry. The EU Common Agricultural Policy (CAP) provided a major
stimulus to the growing of fodder maize through subsidies and the use of fodder
maize for silage production.

This rapid expansion of the area devoted to maize cultivation has been impli-
cated as a cause of increased soil erosion and of sediment problems in adjacent
streams and rivers. Poor land management and environmentally unfriendly attitudes
among maize growers and harvest contractors have been identified as an important
cause of the increased soil erosion and off-site sediment delivery. In this context,
the key problems associated with fodder maize cultivation relate to its relatively
long growing season. This can delay harvesting into the early autumn, when soils
are wet and unsuitable for ploughing, with the result that the harvested field is fre-
quently left bare during the ensuing winter, which is commonly a period of heavy
rainfall.

Furthermore, the use of heavy machinery for harvesting under wet conditions will
compact the soil and destroy the soil structure, resulting in reduced infiltration and
increased surface runoff (Clements and Lavender, 2004). The harvesting machinery
also frequently travels up and down the slope, creating wheelings, thereby further
increasing the potential for erosion by concentrated flow.

Considering these important environmental problems that can occur as a result
of maize cultivation, and the major expansion of the area cultivated for maize in
England in recent years, there is a need to obtain reliable information on rates of soil
loss from stubble fields that are left bare after harvest and through the ensuing winter
and to assess the magnitude of the increase in soil erosion over more traditional land
use practices. In this contribution, we describe an attempt to document the short-
term soil erosion occurring in a bare maize stubble field, by using measurements of
the fallout radionuclide beryllium-7 (7Be), and to compare this with an estimate of
the longer-time erosion rate in the same field obtained using caesium-137 (137Cs)
measurements. By virtue of its short-life (53 days) and near continuous fallout, 7Be
measurements can be used to document the erosion and soil redistribution associated
with individual storm events and short-periods of heavy rainfall (see Walling et al.,
1999; Sepúlveda et al., 2008).

In contrast, longer-lived 137Cs (half-life 30.2 years), which originated as fall-
out in the late 1950s and the 1960s, as a result of the testing of nuclear weapons,
provides a means of estimating longer-term erosion rates over the period extending
from the commencement of fallout in the mid 1950s to the present (Walling et al.,
1999; Zapata, 2002).

The study site was a 5.6 ha maize field located at Little Landsite Farm, in Devon,
UK. A typical brown earth of the Crediton Series developed on Permian strata
underlies the field, and the slope gradient ranges between 2.2◦ and 6.4◦. Maize
grown in the field during the preceding summer was harvested in late October 2004
and the field was left bare without any surface protection over the subsequent winter
period.
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43.2 Materials and Methods

The period extending from December to early January was very wet and a total of
85.4 mm of rainfall was recorded at a nearby rainfall measuring station between
the 15th and 31st of December, 2004. A further 30.3 mm of rainfall was recorded
between January 1st and 10th, 2005 (Fig. 43.1). A total of more than 115 mm of
rainfall therefore fell within a period of about 3 weeks and there was evidence of
significant soil erosion in both the study field and other fields with bare maize stub-
ble in the local area. Soil sampling for both radionuclides was conducted on 11th
January 2005, when there was clear evidence of both sheet erosion and the devel-
opment of small rills within the study field, as a result of the preceding rainfall. The
period prior to December 2004 had been relatively dry, with little opportunity for
significant erosion. The soil sampling was undertaken along two downslope tran-
sects separated by a distance of ca. 20 m. The cores were collected at an interval of
ca. 10 m along the transects.

Soil cores for 137Cs analysis were collected using a percussion corer fitted with
a 70 mm internal diameter metal core tube. The core tube was driven into soil to a
depth of more than 30 cm to ensure that the core included all the 137Cs contained in
the soil profile. At locations where deposition could be expected to have occurred,
cores were collected to a depth ca. 50 cm. A separate purpose-built manual corer
was used to collect the shallow soil cores required for analysis of their 7Be content.
These cores were 15 cm in diameter and penetrated to a depth 30 mm. In addition,
soil cores for 137Cs and 7Be analysis were also collected from an adjacent uncul-
tivated field with minimum gradient that was selected to provide a reference site,
which had experienced no erosion either during the preceding winter period or the
preceding 50 years.

0

5

10

15

20

25

30

35

40

45

30
6

31
1

31
6

32
1

32
6

33
1

33
6

34
1

34
6

35
1

35
6

36
1

36
6 5 10 15 20 25 30

Julian day (November 2004 to January 2005)

R
ai

nf
al

l (
m

m
)

Fig. 43.1 The daily rainfall recorded at Hemyock during the period November 2004–January 2005
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The cores collected from this field were used to provide values for the 137Cs and
7Be reference inventory, which could be compared with the inventories associated
with the sampling points in the study field. In addition, a further core was collected
from the reference site for sectioning into 5 mm depth increments. These depth
incremental samples were required to characterize the depth distribution of 7Be in
the soil. The information was needed as an input to the conversion model used to
estimate soil redistribution from the 7Be measurements for the individual bulk cores
collected from the study field.

All soil samples were dried, gently disaggregated and sieved to <2 mm prior
to determination of their 137Cs and 7Be activity by gamma spectrometry, using
an HPGe coaxial gamma detector. Count times of at least 7 h (25,200 s) were
employed, in order to provide an effective compromise between the precision of
the associated measurements and the need to complete the measurements within a
relatively short period, in view of the short half-life of 7Be. The precision of the
7Be and 137Cs measurements was generally ± ca. 10% at the 95% level of con-
fidence. The values of mass activity density provided by the gamma spectrometry
measurements were converted to estimates of the areal activity density (Bq m–2)
for the individual sampling points, based on the known surface area of the core
samples.

Comparing the measured inventory values with the reference inventories and
using a conversion model to derive the estimates of soil redistribution estimated soil
redistribution rates at the sampling points. The profile distribution model described
by Walling et al. (1999) and Schuller et al. (2006) was used to convert the 7Be
measurements into estimates of soil redistribution rates, and mass balance model III
described by Walling et al. (2002) was used to derive the estimates of soil redis-
tribution rate from the 137Cs measurements. In both cases, the conversion models
were applied using the conversion model software developed by the Department of
Geography at the University of Exeter, UK.

43.3 Results and Discussion

The measurements of areal activity density obtained from the cores analysed for 7Be
showed a clear difference between the mean inventory for the study field (150 Bq
m–2) and the local reference inventory (259 Bq m–2). This difference provides clear
evidence of significant erosion and net soil loss from the study field during the
period of heavy rainfall that preceded sample collection. In the case of 137Cs, the
difference between the mean inventory for the sampling points and the reference
inventory was less, with equivalent values of 1,966.6 and 2,427.8 Bq m–2, respec-
tively. Again, however, the results provide clear evidence of significant net soil loss
from the field over the past ca. 50 years.

Figures 43.2 and 43.3 present more detailed results for both the 7Be and 137Cs
measurements, obtained for the individual transects. The estimates of soil redistribu-
tion presented for the individual sampling points show that there is evidence of both,
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derived from the 7Be measurements
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erosion and deposition along each transect. In the case of the 7Be measurements
(Fig. 43.2), the soil redistribution rates derived using the conversion model provide
an estimate of the gross erosion rate from the field of 46.7 t ha–1 and a net erosion
rate of 42.3 t ha–1. These values relate only to the period of heavy rainfall occur-
ring in December and early January 2005 and must be considered high for the local
area. As such they emphasize the potential impact of maize cultivation in increasing
erosion rates.

There is some evidence to suggest that erosion rates associated with transect
A are higher than those associated with transect B and this is likely to reflect contrast
in slope steepness between the two transects. The slope gradient in the middle part of
transect A ranges from 4◦ to 6◦ whereas the equivalent value for transect B is only
3◦ to 4◦. The estimates of gross and net erosion based on the 7Be measurements
indicate that only a relatively small proportion of sediment mobilized by erosion
is redeposited further down the slope and within the field. Most of the mobilized
sediment (i.e. ca. 90%) is removed from the field, resulting in the high estimate of
net soil loss and a high potential for sediment delivery to the stream network.

In the case of the estimates of longer-term mean annual soil redistribution rates
provided by the 137Cs measurements and presented in Fig. 43.3, the mean annual
gross erosion rate estimated for the study field is ca. 7.2 t ha–1 year–1, and the
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mean annual net erosion rate for the field is 6.4 t ha–1 year–1. This result again
indicates that ca. 90% of the soil mobilized by erosion over the past ca. 50 years
was transported out of the field. The high erosion rates documented at the top of
the field are likely to reflect the effects of tillage translocation at the head of the
slope.

A comparison of the estimates of gross and net erosion generated from the 7Be
and 137Cs measurements provides a basis for assessing the impact of maize cul-
tivation in increasing winter erosion rates from the study field. In comparing the
two sets of estimates, it must be recognized that the values based on the 7Be mea-
surements relate only to the period of heavy rainfall occurring in December 2004
and early January 2005. They are likely to underestimates the annual rate of soil
redistribution under maize cultivation. Equally, it is important to recognize that the
estimates of mean annual soil redistribution provided by the 137Cs measurements
will include the periods when the study field was cultivated for maize. As such, the
erosion estimates based on the 7Be measurements are likely to underestimates the
annual erosion rate for the field when cultivated for maize and the estimates based
on the 137Cs measurements are likely to overestimate the longer-term mean annual
erosion rate associated with land use other than maize cultivation.

Any assessment of the increase in erosion rates caused by maize cultivation based
on the present results must therefore be seen as a minimum estimate of the increase.
It can be suggested that the cultivation of maize in the study field increases both
gross and net erosion rates by at least 6 times, as compared to the longer-term ero-
sion rate under other land use. This value is similar to that provided by Walling et al.
(1999), who used an equivalent approach, involving 7Be and 137Cs measurements,
to show that erosion rates under maize in another field in Devon associated with a
period of heavy winter rainfall were about 5 times greater than the longer-term mean
annual erosion rate. It is also important to note that the results from the study field
indicate that the sediment delivery ratio is high and approximately 90% for both
timescales.

This value is again similar to that of ca. 80% reported by Walling et al. (1999)
for another maize field in Devon. This high value emphasizes the potential for high
connectivity between the slopes and the stream network, although it is possible that
a significant proportion of the sediment leaving the study field may be trapped and
stored before reaching the stream network.

The result presented above have important implications for any broader assess-
ment of the impact of the expansion of maize cultivation in England on soil
erosion, diffuse source pollution and sediment-related problems in rivers and
streams. A growing awareness of the magnitude of the problem has prompted the
UK government to develop guidelines related to environmentally friendly prac-
tices to be implemented by maize growers. These include the Code of Good
Agricultural Practice (CoGAP) and the Agri-Environment Schemes (AES), which
require farmers to follow the environmental standards of sustainable and environ-
mentally friendly practices, as incorporated into the Common Agricultural Policy
(CAP). Generally, maize growers need to be sensitive to both the potential on-site
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and off-site impacts of maize cultivation on soil erosion and sediment transfer to
watercourses and to protect the land from environmental damage by promoting
sustainable farming practices.

43.4 Conclusions

The study reported has used 7Be and 137Cs measurements to compare soil redis-
tribution rates in the study field during a period of winter rainfall, when the field
was left bare and compacted after the maize harvest, with the longer-term average
erosion rate in the field which is representative of more traditional land use. The
results highlight the potential magnitude of the increase in soil erosion and sedi-
ment delivery caused by maize cultivation and, more particularly, the practice of
leaving bare compacted stubble fields exposed to winter rainfall. For the study field,
the period of heavy winter rain following the maize harvest in December 2004 and
early January 2005 was associated with erosion rates at least 6 times, and possibly
as much as an order of magnitude, greater than the longer-term mean annual erosion
rate.

The lack of deposition within the field, as reflected by its high sediment deliv-
ery ratio, emphasizes the potential sensitivity the local area to increased sediment
inputs to rivers and streams, which can seriously degrade aquatic habitats and the
ecological status of the receiving river. It is important that improved land manage-
ment practices should be promoted to reduce the potential impact of fodder maize
cultivation on both on-site soil loss and off-site sediment transfer to watercourses.
The recent development of maize strains requiring a shorter growing season and
thus permitting an earlier harvest should also prove helpful in this regard.
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Chapter 44
Evolution and Human Land Management
During the Holocene in Southern Altiplano
Desert, Argentina (26◦S)

Pablo Tchilinguirian and Daniel Olivera

Abstract The aim of this chapter is to present a stratiographic and geomorphic
analysis of the Holocene historical paleowetland records and to study the factors
that involve high Andean wetland degradations related to human settlements in
the Southern Altiplano of Argentina. In order to obtain the records and to test the
hypothesis we proposed a cross-disciplinary study with methods and techniques
from archaeological, geological and biological sciences, but in an adequate and inte-
grated approach. This paleohydrological study may influence on decisions that have
an impact on the current regional economy, for instance in the case of ill used tech-
nology and therefore degrading the wetlands or the possibility of reinforcing land
reactivation of former productive areas.

Keywords Holocene · Paleowetland · Ancient human settlement · Climate
change · Argentina

44.1 Introduction

In the Southern Altiplano (26◦S) of Argentina, Holocene and actual wetlands
deposits (peat and organic soils) are preserved in numerous non-glacial valleys.
Paleowetland and peat environments are very important for the actual economy due
to the fodder and permanent water supply in this arid region (Annual precipitation
(P) < 127 mm year–1 and Ev: 550 mm year–1).

Numerous contributions in the Puna de Atacama of northwestern Argentina dis-
cuss the role of the wet environment in cultural societies. Yacobaccio and Morales
(2005) inferred periods of higher humidity through diatoms analyses from fluvial
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terrace paleowetlands of lower Holocene and indicated that hunter-gatherer popula-
tions used these wet environments. Rodríguez et al. (2006) showed the relationship
between the environment and archaeological locations from late Holocene based
on archaeo-botanical information (Nuñez et al., 2002) indicated that the collapse
of human occupation is associated with the drying of the lakes under very arid
conditions. In more recent times, Inca and Belen occupations (ca. 1,100–500 year
BP) used water resources from Altiplano wetlands to make intensive and extensive
agricultural production.

Paleoenviromental studies have determined significant climatic changes in the
Altiplano deserts during the Holocene (Fernández et al., 1991; Baied and Wheeler,
1993; Kulemeyer et al., 1999; Thompson et al., 2000; Grosjean et al., 2003; La Torre
et al., 2003; Servant and Servant-Vildary, 2003; Maldonado et al., 2005; Liu et al.,
2005; Olivera et al., 2006). Several studies have proved impacts on water availability
associated with climatic changes during the last few centuries (Liu et al., 2005;
Valero-Garces Blas et al., 2003). Therefore the question arose if climatic conditions
and/or human use of water resources might have played a major role in the wetland’s
degradations and in the human behaviour of Holocene societies.

We present in this chapter a stratiographic and geomorphic analysis of Holocene
and historical paleowetland records and we study the factors that involve high
Andean wetland degradations related to human settlements.

44.2 Geomorphic and Climatic Setting

The South Altiplano of Argentina is a high crustal region (3,300–4,000 m) situ-
ated between the fold and thrust belt of the eastern Cordillera (5,000 m) and the
active volcanic arc of the western Cordillera (6,000 m). It covers 2,000,000 km2, and
extends from 24 to 26◦S latitude and 66 to 71◦W longitude. There are many saline
aquifers in the Altiplano, which contain lacustrine, paleowetlands and alluvial fan
quaternary deposits. During the Mesozoic Era, crustal and lithosphere scale exten-
sion produced a graven system partially coincident with the modern topographic
closed saline aquifers. Graven north–south mountain system developed across the
Altiplano (Calalaste and Laguna Blanca ranges) and divided the Altiplano plains
fluvial valleys.

The Austral Altiplano is dominated by tropical summer moisture in the east and,
in lower proportions, by winter precipitations (cold fronts from the Pacific) in the
west. Average annual rainfall is <127 mm year–1 at 3,300 m (Antofagasta station,
3,400 m a.s.l.) and increases at higher levels (150–300 mm year–1). This shows that
the geographical sector is an extremely dry region.

Although the climate is desertic, wetlands formed by organic and hydromorphic
soil could be found only in the drainage system. High wetlands of Austral Puna of
Argentina are ecosystems where the greatest primary production, biomass and water
of the Puna desert can be found, and they play a fundamental role in the behaviour of
the fauna (Caziani and Derlindati, 1999). Around 99% of the wetlands water comes
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from a permanent regime of springs with a scarce seasonal (10%) and annual (15%)
flow variation. The Punilla River and its tributaries (Las Pitas, Ilanco, Miriguaca,
Mojones, and Curuto streams) are perennial rivers and only spread over 1% of the
drainage system. The remaining streams are ephemeral.

44.3 Methods

Detailed field studies of the Holocene deposits were performed on outcrops exposed
over four valleys (Curuto, Mojones, Las Pitas, Miriguaca) and two salars (Colorada
and Carachipampa). Lithofacies and depositional environments were determined
on all recovered units, using visual core descriptions and standard sedimentologic
facies analysis techniques (Miall, 1978). Emphasis was placed on the identification
of vertical and horizontal facies changes as indicated by variations in grain size, sed-
imentary structures, biogenic, pedogenic components and the abundance of organic
material. Organic and inorganic carbon content was used with the sedimentary facies
analysis to qualitatively determine palaeowater depths and paleohydrological con-
ditions. Radiocarbon (AMS) dates (26) were obtained from bulk organic matter or
plant debris. The AMS analyses were undertaken at the Center for Applied
Isotope Studies of the University of Georgia (12 samples), The National Science
Foundation – University of Arizona (10 samples) and Laboratorio de Radiocarbono
y Tritio (University of La Plata, Argentina) (4 samples).

2H, 18O and 3H were analysed in Los Colorados River (26.031◦S, –67.448◦W,
3,421 m) and Las Pitas (26.028◦S, 67.343◦W, 3,581 m) in order to determine the
origin of the recharge, altitude and age. The stable isotope analyses were carried out
at the INGEIS laboratories following Coleman’s techniques (Coleman et al., 1982),
and Panarello and Parica’s techniques (Panarello and Parica, 1984) for 2H and 18O
respectively.

The soil profiles in ancient archaeological farms were described following the
terminology of Soil Taxonomy. Soil sampling was undertaken at fixed depth inter-
vals (20 cm) in each of the 10 profiles and the total depth of each profile was
recorded.

Finally, we also analysed a group of archaeological sites and data that ranged
between 4,500 year BP to pre Hispanic times, to establish several relationships
between paleoecological proxies and archaeological record (Table 44.1).

Table 44.1 Radiocarbon paleopeat data from the study area

Lab. No.
Depth
(m)

No.
Profile-core Material

14C
corrected
dates ±1 δ13C (‰) Laboratory

Laguna Colorada section: –26.028824◦S, –67.448208◦W, 3,420 m
1 1.2 13/99 Peat paleosoil 1,620 ± 70 s/d LATYR
2 1.3 13/99 Peat paleosoil 1,600 ±60 s/d LATYR
3 1.5 13/99 Peat paleosoil 2,270± 60 s/d LATYR



594 P. Tchilinguirian and D. Olivera

Table 44.1 (continued)

Lab. No.
Depth
(m)

No.
Profile-core Material

14C
corrected
dates ±1 δ13C (‰) Laboratory

8785 1.65 12/99 Peat paleosoil 2,890 ± 40 –5.14 CASI-UG
8786 2.47 12/99 Peat paleosoil 3,430 ± 40 –17.26 CASI-UG
8787 3.25 12/99 Peat paleosoil 3,910 ± 40 –12.87 CASI-UG

Miriguaca section: 25.998471◦S, 67.388867◦W, 3,482 m
8793 0.4 3/99 Peat paleosoil 1,560 ± 40 –24.2 CASI-UG
8792 1.8 3/99 Peat paleosoil 3,060 ± 40 –15.77 CASI-UG

Curuto section: 25.911644◦S, 67.347936◦W, 3,682 m
8794 0.46 100/07 Peat paleosoil 1,610 ± 60 –24.84 CASI-UG
8795 1.55 100/07 Peat paleosoil 2,280 ± 60 –24.23 CASI-UG
8796 2.8 100/07 Peat paleosoil 2,880 ± 70 –26.45 CASI-UG

Las Pitas section: 26.015196◦S, 67.325651◦W, 3,645 m
AA78534 0 55/04 Peat paleosoil 152 ± 43 –27.1 NSF-UA
15108 0.8 53/04 Peat paleosoil 200± 35 –26.4 CASI-UG
AA78537 0.8 55/04 Peat paleosoil 202 ± 38 –26.5 NSF-UA
AA78546 0 53/04 Peat paleosoil 115 ± 37 –27.4 NSF-UA
AA78533 0.2 51/04 Peat paleosoil 3,620 ± 48 –23.4 NSF-UA
AA78536 0.6 51/04 Peat paleosoil 3,917 ± 44 –23.3 NSF-UA

Mojones section: 25.856719◦S, 67.425160◦W, 3,727 m
AA78538 0.2 96/05 Peat paleosoil 241 ± 38 –28.0 NSF-UA
AA78535 0.6 96/05 Peat paleosoil 305 ± 43 –26.7 NSF-UA
AA78539 0.5 200/07 Peat paleosoil 1,936 ± 41 –26.9 NSF-UA

Carachipampa section: 26.416337◦S, 67.481082◦W, 3,013 m
AA78540 0.40 101/05 Peat paleosoil 644 ± 43 –24.9 NSF-UA
AA78541 1.04 101/05 Peat paleosoil 1,905 ± 41 –26.7 NSF-UA

Ilanco section: 26.077644◦S, 67.279309◦W, 3,878 m
15107 0.20 85/04 Peat paleosoil 695 ± 30 –25.8 CASI-UG
AA78547 0.75 67/04 Peat paleosoil 2,558 ± 45 –25.5 NSF-UA

Confluencia section: 26.070◦S, 76.41◦W, 3,351 m
4 1.08 2/98 Peat paleosoil 4,110 ±180 s/d LATYR
5 1.24 2/98 Peat paleosoil 4,560 ± 60 s/d LATYR

CASI-UG: Center for Applied Isotope Studies of the University of Georgia, USA.
NAF-UA: The National Science Foundation – University of Arizona, USA.
LATYR: Tritio laboratory, University of La Plata, Argentina.
s/d: without data.

44.4 Results

The wetland’s geological record of the Holocene age is composed by a variation
of sedimentary facies, which were deposited under different wet conditions. On the
one hand, there are sediments formed by organic paleosoils (peat) and hydromorphic
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paleosoils, diatomite and stratified gravels with organic material. These sediments
would have been deposited in environments with lower groundwater levels, high
productivity, and in permanent bodies of water. On the other hand, there are sedi-
ments, which belong to ephemeral fluvial systems and eolic environments that had
buried valleys and salars. In this case, the sediments would indicate higher levels of
aridity conditions.

The geomorphology of the Puna wetlands also indicates changes in the envi-
ronmental conditions. Organic terraces in ephemeral regime streams and old
inactive floodplains can be found. These geological forms would indicate changes
in the base level and depth of the phreatic layer. These evidences would allow
proposing the following hypothesis: 1 – the fluvial systems had inconstant pale-
ohydrologic conditions along the Holocene in the Puna desert, and 2 – fluvial
wetlands had changes in geographic extension (wetlands transgression vs. wetland
degradation-regression).

The data shows that paleohydrologic reconstructions based on sedimentological
and palaeopedological records indicate abrupt hydrological fluctuations during the
last 4,500 years (Fig. 44.1). Despite the differences due to local geological and geo-
morphologic patterns, the records show similar general trends that subdivide the late
Holocene into six main paleohydrological phases: (1) wet phase ca. 4,500–1,600
14C year BP, (2) dry phase ca. 1,600–600 14C year BP, (3) wet phase ca. 600 14C
year BP, (4) dry ca. 600–300 14C year BP, (5) wet ca. 300–150 14C year BP, (6) dry
ca. 150 year – actual.

The wet phases are related to: (a) High water level, (b) peat downstream trans-
gression, (c) hydromorphic and organic soils development, and (d) perennial fluvial
systems. The wet phase that took place between 4,500 and 1,600 14C year BP is
the most important of the late Holocene and there are registers of it in every stud-
ied location. There are traces of the wet phase of the 600 in Carachipampa and
Ilanco stream, and of the one between 300 and 150 14C year BP in Los Mojones,
Mirihuaca, Las Pitas streams and upper Ilanco catchment.

Between 1,600–600 14C year BP, 600–300 14C year BP, and after 150 14C year
BP wetland sedimentation was interrupted by erosion phases when water level
decreased and the wetlands began to reduce the surface area (wetland regression
and segmentation, Figs. 44.1 and 44.2).

The O (δ18O: –6.6 ± 0.2) and H (δ2H: –50 ± 1) isotope studies in the mod-
ern wetlands seem to be the only supported by small groundwater reservoirs, which
respond to high mountain (>4,500 m) precipitation. 3H data (UT: 0.0 ± 0.6) indi-
cates long periods of time (>60 year) in which the water remains in this arid
environment.

44.5 Cultural Process and Land Management

The cultural settlement in the southern Puna of Argentina was complex (Olivera and
Vigliani, 2000/2002; Olivera et al., 2006). By 3,000 year BP there is evidence of
the introduction of domesticated plants. High fluvial valleys were used for hunting
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Fig. 44.1 Peat degradation evolution in lagoon systems (a) and rivers (b). (a) (1) Pleistocene
Alluvial terrace, (2) paleocliff, (3) Holocene lacustrine terrace, (4) marginal lacustrine wetlands,
(5) lagoon, P: organic sediments and paleosoils, D: diatomite sediments, S: Sands playa deposits.
(b): (1) Late Pleistocene alluvial terrace, (2) Lower Holocene alluvial terrace, (3) Holocene
peatland
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Fig. 44.2 Map of the Punilla river system showing location site and geographic features.
References: 1 – Ephemeridal streams, 2 – Complete peat degradation, 3 – Peat in degradation,
4 – Peat development in permanent stream, A: Mojones section, B: Curuto section, C: Miriguaca
section, D: Las Pitas section, E: Ilanco section, F: Los Colorados saline section, G: Bajo del Coypar
and Coyparcito site and H: Casa Montículos Chávez site

(vicuña) and, probably, also to shepherd (llama). At 2,500 year BP, a small village
appeared at the bottom of the basin (Casa Chavez Montículos, near Antofagasta de
la Sierra village), with evidence of agriculture and cattle – although the latter seems
to be more important (Fig. 44.3). New evidences under study suggest that another
similar village (Las Escondidas) could have settled near Mirihuaca River (Escola
et al., 2007). About 2,000 year BP the middle basins of lateral valleys (Curuto,
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Fig. 44.3 Relationship between proxy data and paleohydrologic and cultural changes (Dates in
14C year BP)

Miriguaca, Las Pitas streams) were populated, bringing an increase in agriculture,
which was associated with archaeological materials from other regions (pre-Puna
and lower valleys). The amount of water used for irrigation was considerably lower
than the water available in the wetland systems at the time. We therefore speculate
that there was not an impact on the wetland ecosystem.

From 1,100 year BP the village moved downstream (Bajo del Coypar and La
Alumbrera). New technology for watering was introduced and cultural components
changed (e. g., Belén pottery). The lower sector of Bajo del Coypar (Fig. 44.4a, b)
was expanded and used for intensive and extensive agricultural production (surface
area: 540 ha). Between 1,100 and 450 year BP new agricultural settlements appeared
in the Antofagasta catchment at Miriguaca (35 ha), Curuto (8 ha), Mojones (Corral
Grande site: 9 ha), Punta Calalaste (2.3 ha) and Campo Cortaderas (5.3 ha).
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Fig. 44.4 Agricultural fields at Bajo del Coypar, Antofagasta de la Sierra (Austral Argentine
Puna). (a) channel irrigations and terrace land development during Inca times; (b) piedmont
agricultural sector whose development began during previous Belén times. 1 – Archaeological
channels; 2 – agricultural terraces; 3 – gully erosion induced by irrigation; 4 – fan sedimentation
by irrigation; 5 – land without agricultural activity; 6 – actual wetland

At ca. 450 years BP, the Incas coming introduced new improvements in the
watering system (more sophisticated irrigation channels and terrace land devel-
opments, Fig. 44.4a) and reorganised the space with new settlements in Bajo del
Coypar. But, later on during the Hispanic times, the agricultural system of Bajo
del Coypar was abandoned (Fig. 44.3). At present, only a little part of the land
(10 ha) is used to cultivate alfalfa for pasture. This land does not show severe salt



600 P. Tchilinguirian and D. Olivera

accumulation, although an increase of 1,000 mho cm–1 in water conductivity was
recorded.

Chemical analysis of cultivated land at present shows a greater content of organic
material (0.6–0.5%) and phosphorous (6.4–14 ppm) than the land with no cul-
tivation. The same occurs with potassium, sodium and soluble Ca + Mg, where
a considerable increase in organic material and phosphorous takes place (op. cit.
2000).

There is an increase in the superficial horizon conductivity (0–20 cm) in regard
to sub superficial horizon (20–40 cm) or uncultivated areas (300 mho cm–1).
This phenomenon affected some specific sections of the 540 ha of the crop-
land and did not have an impact on the crops performance, which were able
to tolerate salinity (corn and fodder). All the above further proves that the land
is far from becoming exhausted and its potential is improved by reasonable
cultivation.

Crop fields started to be built and expanded during a mainly arid climatic phase.
(1,600–600 year BP; 600–300 year BP) and the wet conditions lasted a short period
of time (ca. 600 BP; 300–150 year BP). These data could suggest that the society
decided to incorporate technology and working efforts (building of terraces, irriga-
tion channels and dams) to avoid the decrease of resources, instead of moving to
more suitable locations or reducing the number of members. This would be evident
in the construction of long irrigation channels in Corral Grande 1 (4 km), Miriguaca
(5 km), Bajo del Coypar, sector II (3 km), and the expansion of La Alumbrera urban
site at the bottom of the basin.

Therefore, the sustenance conditions could not be worse not even at present time,
which leads to think that the water storage basin, properly handled and associated
to optimal crop criteria (species rotation, alternate soil rest, manure) would have
assured the exploitation of most of the sections, total or partially.

These data are also supported by the cultivation of 1 ha within the archaeologi-
cal fields, which is being carried out by one of the area’s inhabitants (Mrs. Santos
Claudia), who uses traditional techniques (Fig. 44.5). This parcel of land served as
an experimental control in order to gather valuable data on the cultivation technique
and the productivity of the farms. As a result, the following was established: 1 –
Characteristics in the preparation and maintenance of the land, sowing and harvest-
ing; 2 – Amount of man/hours used. 3 – Irrigation schedules and amount of water
used; 4 – Productivity (and efficiency). This experience has been carried out dur-
ing 6 years (2002/2007); two interruptions took place during summer (January and
March) and the sheep were confined during winter (July) for pasturing; the average
summer harvest is estimated in 5,000/5,500 kg ha–1.

In contrast with other agrarian societies in arid and semi arid locations, human
settlement did not produce salinisation and abandonment due to high land perfor-
mance. The good quality of the soil, water and low levels of evapotraspiration (lower
than in mesothermal valleys) allowed the soil not to be degraded as elsewhere.
Likewise, the shortage of precipitations and associated erosive processes also helped
to preserve the soil properties.
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Fig. 44.5 View of experimental cultivated area at Bajo del Coypar archaeological site
(Antofagasta de la Sierra, Austral Argentine Puna)

44.6 Conclusions

The analysis of the records leads us to the conclusion that, facing similar environ-
mental challenges and changes (i.e., aridisation processes) the answers of human
societies do not necessarily show equifinality. The complexity of the relationships
between human society and the environment offers a variability that has to be
analysed in each case with extreme care.

An important element is that in the Puna of Antofagasta de la Sierra there were
six palehydrological phases of environments that indicated changes in humidity in
late Holocene (Fig. 44.3).

The hydrologic cycle of these endorheic lakes (Antofagasta Lake and Laguna
Colorada Salar) and pluvial wetlands is a direct response to effective moisture
(precipitation–evaporation) fluctuations (Stoertz and Ericksen, 1974; Grosjean,
1994), and therefore, climate variability played a major role in sedimentological
facies deposition and lakes level fluctuations (Fig. 44.1). Consequently, climate
forcing has controlled the depositional history of both lakes during the Holocene.
Therefore, the values in precipitation and temperatures, speculated from reconstruc-
tion of past atmospheric circulation, are considered as the main climatic forcing
responsible for pluvial or dry phase creation (Markgraf et al., 1992) and wetlands
and lakes transgression-degradation.

The chronological differences indicate that all the environments and landscapes
did not have exactly the same palaeoenvironmental behaviour. On the other hand,
some of them have more evolution than others in the sense of availability of water
and biomass. This is due to the different water volume that they received according
to their particular basin geomorphology (catchment surface over 4,000 m). This
situation must have influenced in some way the settlement and subsistence of human
groups.
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We stress that the cultural responses to the paleoenvironmental changes involve
economical and social decisions. The challenges of the environment (wetland
degradation, reduction of water availability) may imply the introduction of more
sophisticated technology (channel irrigation systems and land terrace levelling)
that could allow its development in the long term. An example of this process is
the development of Bajo del Coypar extensive agricultural system and the socio-
political development of La Alumbrera (demographic increase and more energetic
investment) during a dry phase (1,600–600 14C year BP).

We must be cautious in the sense that a complex and specialized cultivation
system through irrigation in a desert area could be considered to be highly vul-
nerable and particularly sensitive to small, short cycle climate variations, typical of
the micro-scale climate cycles in Puna de Atacama. Therefore, those periods with
greater continued drought frequency, with an approximant duration of 4 or 5 years,
could have had greater impact on the Puna than on other regions, specially taking
into account that they would have affected the agricultural production as well as the
natural forage productivity of the wetland. As a consequence, the large population,
which was settled in the basin bed area at the time could have partially migrated to
other less affected areas.

The soil quality deterioration due to salt is very unlikely since no significant vari-
ations were recorded either in salt levels or in cultivation potential. Furthermore,
we must recall the high productivity of the experimental parcel and the present
10 ha of fields, which have been cultivated for decades. Therefore, according to
the above-mentioned points, the important decrease in land productivity does not
seem to have been the sole direct cause for the abandonment of the agricultural
system.

Our opinion is that the possibilities for reaction of these societies to general cli-
matic and environmental changes are not restricted only to one chance but cover a
wide range of variability. In front of significant changes in the environment, human
populations react with changes in their ways of relating to the environment in order
to survive.

The economic changes may be intimately related to their technology, mobility
strategies, socio-political organization and ideological system. The degree and form
in which these different aspects are affected in each case, however, is variable and
is mediated by decision making in each society. This implies that the new cultural
and environmental phases may be more or less successful, involving its stability in
time. In high risk, non-predictable environments such as high deserts, it is usually
proposed that sociocultural changes have the main goal of diminishing the number
of members. We think that society and environment are a mutually related equation
but the results are not unique.

These paleohydrological study may influence decisions that have an impact on
the current regional economy, for instance not using technology in the right way and
therefore degrading the wetlands (depth of irrigation channels, unnecessary irriga-
tion and saltiness due to water evaporation) or the possibility of reinforcing land
reactivation of former productive areas (as in the case of the new alfalfa farmers in
the town of Antofagasta de la Sierra).



44 Evolution and Human Land Management 603

Acknowledgments We would like to thank: 1 – The group of Antofagasta de la Sierra
Archaeological Project for their important and unconditional support in the field and laboratory
work, 2 – The people of Antofagasta de la Sierra for the hospitality and friendliness, 3 – Carlos
Aschero group research (University of Tucumán, Argentina) for using existing 14C data to recon-
struct Holocene fluvial activity at Miriguaca section. 4 – The editors, especially Dr. Pandi Zdruli,
for the invitation to participate in this book, 5 – the National Council of Scientifics and Techniques
Researches (CONICET, Argentina), the National Agency of Scientifics and Techniques Promotion
(ANPCYT, Argentina) and University of Buenos Aires (UBACYT Program, Argentina) which
provides the researches with financial support.

References

Baied, C.A. and Wheeler, J.C. (1993). Evolution of High Andean Puna ecosystem environment,
climate and culture change over the last 12,000 years in the Central Andes. Mountain Research
and Development 13:145–156.

Caziani, S.M. and Derlindati, D.J. (1999). Humedales Altoandinos del Noroeste de Argentina.
Su contribución a la biodiversidad regional. In: A.I. Malbares (ed.), Tópicos sobre Humedales
Subtropicales y Templados de Sudamérica. MAB, Montevideo, Uruguay, pp. 1–15.

Coleman, M.L., Sheperd, T.J., Durham, J.J., Rouse, J.E. and Moore, F.R. (1982). A rapid and
precise technique for reduction of water with Zinc for Hydrogen isotope analysis. Analytical
Chemistry 54:993–995.

Escola, P., López Campeny, S., Martel, A., Romano, A. and Hocsman, S.. (2007). (MS).
Prospecciones en un sector de quebrada de Antofagasta de la Sierra (Catamarca). Paper to
the XVI Congreso Nacional de Arqueología Argentina. Facultad de Humanidades y Ciencias
Sociales. Universidad Nacional de Jujuy, San Salvador de Jujuy.

Fernández, J., Markgraf, V., Panarello, H., Albero, M., Angiolini, F., Valencia, S. and Arriaga,
M. (1991). Late Pleistocene-early Holocene Environment and climates, fauna, and human
occupation in the Argentine Altiplano. Geoarcheology 6 and 3:251–272.

Grosjean, M. (1994). Paleohydrology of the Laguna Lejía (north Chilean Altiplano) and cli-
matic implications for late-glacial times. Paleogeography, Paleoclimatology, Paleoecology
109:89–100.

Grosjean, M., Cartajena, I., Geyh, M.A. and Núñez, L. (2003). From proxy data to paleo-
climate interpretation: The mid-Holocene paradox of the Atacama Desert, northern Chile.
Paleogeography, Paleoclimatology, Paleoecology 194:247–258.

Kulemeyer, J.A., Lupo, L.C., Kulemeyer, J.J. and Laguna, L.R. (1999). Desarrollo paleoecológico
durante as ocupaciones humanas del precerámico del norte de la Puna Argentina. In: Beiträge
zur quartären Landschftsentwicklung Sudamerikas. volume 65, Festschrift zum, Bamberg, pp.
233–255.

La Torre, C., Betancourt, J.L., Rylander, K.A., Quade, J. and Matthei, O. (2003). A vegeta-
tion history from the arid prepuna of northern Chile (22–23◦S) over the last 13,500 years.
Paleogeography, Paleoclimatology, Palaeoecology 194:223–246.

Liu, K.B., Reese, C.A. and Thompson, L.G. (2005). Ice-core pollen record of climatic changes in
the central Andes during the last 400 year. Quaternary Research 64(II):272–278.

Maldonado, A., Betancourt, J.L., Latorre, C. and Villagrán, C. (2005). Pollen analyses from
a 50,000 year rodent midden series in the southern Atacama Desert (25◦ 30)́. Journal of
Quaternary Science 20(5):493–507.

Markgraf, V., Dodson, J.R., Kershaw, A.P., McGlone, M.S. and Nicholls, N. (1992). Evolution
of Late Pleistocene and Holocene climates in the circum-South Pacific land areas. Climate
Dynamics 6:193–211.

Miall, A.D. (1978). Lithofacies types and vertical profile models in braided river deposition:
A summary. In A.D. Miall (ed.), Fluvial Sedimentology. Memoir 5, Canadian Society of
Petroleum Geologists, Calgary, pp. 597–604.



604 P. Tchilinguirian and D. Olivera

Núñez, L., Grosjean, M. and Cartajena, I. (1999). Un ecorefugio oportunístico en la Puna de
Atacama durante eventos áridos del Holoceno Medio. Estudios Atacameños 17:125–174.

Olivera, D., Tchilinguirian, P. and de Aguirre, M.J. (2006). Cultural and environmental evolution
in the meridional sector of the Puna of Atacama during the Holocene. Change in the Andes:
Origins of Social Complexity Pastoralism and Agriculture. Acts of the 14th UISPP Congress.
BAR, UK, pp. 1–7.

Olivera, D. and Vigliani, S. (2000/2002). Proceso cultural, uso del espacio y producción agrí-
cola en la Puna meridional argentina. CUADERNOS del Instituto Nacional de Antropología y
Pensamiento Latinoamericano 19:459–481.

Panarello, H.O. and Parica, C.A. (1984). Isótopos del oxígeno en hidrogeología e hidrología.
Primeros valores en aguas de lluvia de Buenos Aires. Asociación Geológica Argentina, Revista
XXXIX(1–2):3–11.

Rodríguez, M.F., Rúgolo de Agasar, Z. and Aschero, C. (2006). El uso de las plantas en unidades
domésticas del sitio arqueológico Punta de la Peña 4. Puna Meridional Argentina Revista
Chungará 38(2):257–271.

Servant, M. and Servant-Vildary, S. (2003). Holocene precipitation and atmospheric changes
inferred from river paleowetlands in the Bolivian Andes. Palaeogeography, Paleaeoclimatolgy,
Palaeoecology 194:187–206.

Stoertz, G.E. and Ericksen, G.E. (1974). Geology of salars in Northern Chile. Geological Survey
Professional Paper 811, Washington, DC.

Thompson, L.G., Mosley-Thompson, E. and Henderson, K.A. (2000). Ice-core palaeoclimate
records in tropical South America since the Last Glacial Maximum. Journal of Quaternary
Science 15:377–394.

Valero-Garces Blas, L., Delgado-Huertas, A., Navas, A., Edwards, L., Schwalb, A. and Ratto, N.
(2003). Patterns of regional hydrological variability in central southern Altiplano (18–26◦S)
lakes during the last 500 years. Palaeogeography, Palaeoclimatology, Palaeoecology 194:
319–338.

Yacobaccio, H.D. and Morales, M. (2005). Mid-Holocene environment and human occupation of
the Puna (Susques, Argentina). Quaternary International 132(1):5–14.



Chapter 45
Metal Pollution by Gold Mining Activities
in the Sunchulli Mining District
of Apolobamba (Bolivia)

T. Teran, Angel Faz Cano, M.A. Munoz, J.A. Acosta, S. Martinez-Martinez,
and R. Millan

Abstract The Sunchullí district is located inside of the National Integrated
Management Area of Apolobamba in Bolivia where intense gold mining activities
have been carried out since ancient times to the present but with very poor gold
extraction and mineral processing technology where mercury is still being used in
the amalgamation processes. The aim of this work thus was to evaluate the heavy
metal pollution by gold mining activities in the area. Soil samples were taken and
Hg, Pb, Cu, Zn and Cd were analysed. Total DTPA and water extractable metals
were also determined along with soil organic carbon, total nitrogen, calcium car-
bonates, exchangeable bases (Na, Mg, K), pH, electric conductivity and texture. The
results show that the mining activities do not increase heavy metals levels, except for
Hg that presents high concentrations surpassing the Holland reference levels. Also,
the decreased TOC and TN in the zone located near the mining operation site could
give rise to the extinction of the plant cover affecting biodiversity, soil stability and
accelerating soil erosion processes.

Keywords Gold mining · Heavy metal pollution · Chemical analyses · Sunchulli
district · Bolivia

45.1 Introduction

Since historical times metal mining activities in Bolivia have been some of the most
important causes of environmental pollution. This is also the case of the National
Integrated Management Area of Apolobamba (ANMIN of Apolobamba) in La Paz,
Bolivia, where intense gold mining activities have been carried out for a long time
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until the present, but with very little gold extraction and very primitive mineral
processing technology.

Mercury is still being used in the amalgam processes of the mineral con-
centration. In the final phase, after being obtained the gold amalgam, this is
burned outdoors to recover the gold. Data obtained in field show that the amount
of Hg still being used varies from 0.25 to 6 kg month–1 of Hg per mine
(Ramírez and Terán, 2002). Depending upon the mining company, Hg is not
always recovered and 5–45% of the total Hg used can be released into the envi-
ronment: soil, water and atmosphere (Malm et al., 1990; Maurice-Bourgoin et al.,
1999).

Mercury passes directly to the atmosphere by the open air burning of the amal-
gam. It can also be released from the gold mines, and may provoke the pollution
of aquatic ecosystems (Malm et al., 1990, 1995; Nriagu et al., 1992; Pfeiffer et al.,
1993). Due to its high toxicity, mercury contamination is one of the most criti-
cal environmental problems in the area. Mercury interaction with the ecosystem
depends on the ionic species, pH, redox potential of water, organic matter and cli-
matic factors (Gochfeld, 2003). Hg is considered little dangerous in metallic form
and in salts, but in organic compounds its action is very toxic for human health.
Inhabitants of this area consume fish from lakes and rivers and use the waters for
the livestock, domestic use, and irrigation. Fish and other animals may accumulate
heavy metals in its tissues (Roldán, 1992).

The aim of this work was to evaluate the heavy metal pollution by gold mining
activities in Sunchullí area. This area is a representative of the mining district in
Apolobamba where mining activity is mainly related to gold extraction despite that
the extracted mineral volume and the technology used are very obsolete compared
to present technologies.

45.2 Description of the Study Area

The ANMIN of Apolobamba is located in the western part of La Paz (Fig. 45.1),
in the Andean region. This area is bordering with Peru and ANMI Madidi. It
is located between the coordinates 14◦40′ and 15◦10′ south latitude, 68◦30′ and
69◦20′ west longitude and covers an area of 483,743 ha. The area belongs to the
Altoandina, Puna and Mountainous Humid Forest subregions of “Yungas”. It has
an altitude between 800 and 6,200 m.a.s.l (Parks Watch, 2007). The gold mining
district selected for our study was Sunchullí that is located in the central part of
ANMIN Apolobamba (Fig. 45.1).

Sunchullí water effluents end up to the Amazonian basin and hence these high
Hg values could contribute to the environmental degradation of a much larger area.
For example, total mercury concentrations measured in surface waters of the upper
Beni basin varied, during the dry season, from 2.24 to 2.57 ng l− 1 in the Madeira
River at Porto Velho, and in the range 9.49–10.86 ng l− 1 at its confluence with the
Amazon (Laurence et al., 2000).
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Fig. 45.1 Sunchullí location Map in ANMI Apolobamba

45.3 Materials and Methods

45.3.1 Sampling Procedures

Two representative zones were distinguished and sampled. The zone near the mining
operation site was considered as affected by mineral extraction processes, while the
far away zones represented the non-affected ones. In each zone, 3 plots (I, II and III)
of 5 × 5 m were established. In each plot, 3 soil sampling points were selected in a
random manner and analysed separately. In each sampling point, two samples were
taken, one at the surface, from 0 to 5 cm depth (topsoil), and the other between 5
and 15 cm (subsurface). In addition a representative soil profile was taken for each
zone. All samples were stored in polyethylene bags and stored at 4◦C (Parker and
Bloom, 2005).

45.3.2 Analysis

Samples were oven dried at 30◦C, then sieved to a size less than 2 mm and then were
grinded. Total organic carbon (TOC) (Anne, 1945) and total nitrogen (TN) were
determined applying the method described by Duchaufour (Duchaufour, 1970).
Cation exchange capacity (CEC) was obtained according to Chapman method
(Chapman, 1965) while exchangeable bases (Na, Mg, K) were determined using
Pratt (Pratt, 1965). pH in water and KCl were measured according to Peech method
(Peech, 1965) and the electrical conductivity (EC) was determined through Bower
and Wilcox method; the calcium carbonate was determined by the volumetric
method of Bernard. The values of texture were obtained according to F.A.O.-
I.S.R.I.C. (1990) system, based on the particle size percentages, determined with
Robinson pipette method combined with sieving.

Total, DTPA and water extractable mercury concentration were determined using
an advanced Mercury analyser (AMA-254, LECO Company) with a detection limit
of 0.5 μg kg–1 (Sierra et al., 2008), taking into account three replicates of each
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sample. AMA-254 is based on the thermal decomposition of the sample and the
collection of the Hg vapour on a gold amalgamator. The analysis is performed on
solid samples without any further preparation. Samples are initially dried at 125◦C
and then thermally decomposed at 550◦C. Mercury vapour is then trapped on the
gold amalgamator. Certified reference materials (CRM) were used to determine the
accuracy and precision of the measurements and validate the applied methods. They
were obtained from the Community Bureau of Reference (BCR). These certified
reference materials consist of SRM 2709 (San Joaquin agricultural soil, 1.40 ±
0.08 mg kg–1 of Hg), BCR–CRM 62 (olive leaves, 0.28 ± 0.02 mg kg–1 of Hg).

Total Pb, Cu, Zn, and Cd were analyzed after nitric-perchloric acid diges-
tion method. DTPA extractable metals were determined according to Lindsay and
Norwell (1978) and Norwell (1984) methods, in order to evaluate heavy metals
bioavailability. Water extractable metals were obtained by Ernst (1996) technique,
with distilled water addition and agitation at room temperature and pressure, and
filtered (pore diameter 0.45 μ). Measurements were carried out using an atomic
absorption spectrometer AAnalyst 800 (PerkinElmer), with flame mix of air-
acetylene atomization. Calibration of standard solutions was made by stock solution
1,000 mg l–1 Panreac Química.

45.4 Results

45.4.1 Physical and Chemical Parameters

Table 45.1 shows the summary of the physical and chemical parameters of Sunchullí
soils.

Calcium carbonate is not present in Table 45.1, due to the fact that values were
below the detection level.

45.4.1.1 Soils from the Plots

pH values in both, affected and non affected zones, were strongly acid (5.1–5.5)
and very strongly acid (4.5–5.0) (Soil Survey Division Staff, 1993). This means
that these soils are depleted from their bases, and it is also corroborated by the
absence of calcium carbonate (Cobertera, 1993). pH values of the topsoil samples
are slightly higher than subsurface soils. The difference between pH (H2O) and pH
(KCl) indicated that an acidity reserve in the soils exists. These soils were not saline
(Soil Survey Division Staff, 1993).

TOC and TN concentrations of the soils from the far away plots were twice
higher in comparison to the concentrations in soils from plots near these min-
ing activities. TOC and TN values were higher in topsoil samples, what could
be explained due to the vegetation contribution (the vegetable cover is 60%
approximately). In both zone, C/N values showed a possible equilibrium between
mineralization and humification favouring soil fertility (Cobertera, 1993).
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However this ratio between the TOC and the TN is lower for the affected zone
samples due to the most important nitrogen source in the soil and mineralization
of organic matter contributed by the scarce plant cover (Calvo et al., 1992). In the
future, the decreased TOC and TN in the zone located near the mining operation
site could give rise to the extinction of the plant cover affecting the soil stability and
promoting soil erosion processes.

CEC showed high values, especially in the far away plots, what can be related
to the TOC higher concentrations, the clay content and its composition by mainly
vermiculites (Honorato, 2000). There are not important CEC differences between
topsoils and subsurface ones. Furthermore the availability of nutrients (exchange-
able bases Na, Mg, K) is normal for these soil types, although there is a slight Mg
deficiency (Cobertera, 1993).

Soils had either sandy or silt sandy soil texture (F.A.O.-I.S.R.I.C., 1990), which
makes the soil moderately permeable, promoting the metals mobility.

45.4.1.2 Profiles

pH values of the soil profiles were strongly acid (5.1–5.5) and very strongly acid
(4.5–5.0) (Soil Survey Division Staff, 1993) and showed a light increment with
depth. These soils were non-saline (Soil Survey Division Staff, 1993) and did not
present calcium carbonate in both topsoil and subsurface horizons.

TOC and TN concentrations decreased with depth; which is related to the higher
inputs of organic matter due to the contribution of vegetation at the soil surface.

C/N ratio decreased with depth, what showed a tendency of the humus mineral-
ization in deeper horizons (Cobertera, 1993). CEC shows high values (Cobertera,
1993), especially in the zone located far away from the mining activities; this
could be related to the high TOC concentration and also to the composition
of the clays. There are not important differences of CEC between topsoil and
subsurface.

45.4.2 Heavy Metals

In order to compare the results, Belgium reference levels for Cd (0.8 mg kg–1),
Cu (17.0 mg kg–1), Pb (40.0 mg kg–1) and Zn (62.0 mg kg–1) are considered
(BWRHABTGG, 1995), while in the case of Hg the Holland reference levels are
considered (0.3 mg kg–1) (NMHPPE, 1994).

45.4.2.1 Soils from the Plots

In the zone located near the mining operations site, Cu, Pb and Hg concentrations
were higher than in the far away zone; on the contrary, Zn and Cd values were lower
(Table 45.2 and Fig. 45.2), what is related to the background levels of the parent
material.
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Fig. 45.2 Total metals in zones near and far from mining operation sites in Sunchullí

Cd and Pb values in both zones did not surpass the reference levels mentioned.
The following values were recorded: for total Zn (154.7, 107.1 mg kg–1 and 77.2,
81.2 mg kg–1, values for topsoil and subsurface in the areas located away and near
the mining operation, respectively), total Cu (21.4 and 24.3 mg kg–1, values for top-
soil and subsurface respectively in the area located near the mining operation) and
total Hg (0.8, 0.4 mg kg–1 and 0.9, 0.3 mg kg–1, values for topsoil and subsurface in
the areas located away and near the mining operation, respectively) values surpass
those levels. pH values (strongly acid and very strongly acid) and texture (sandy
or silt sandy) could permit the mobility of some metals, especially Zn (Adams and
Sander, 1984).

The normal Hg concentrations in soils are in the average of 0.01–0.03 mg kg–1

(Senesi et al., 1999), however in places where Hg is extracted, the concentrations
are higher. This is the case the Azogue Valley in Almeria (Spain) where an average
Hg concentration of 357.30 mg kg–1 was found (Mendoza et al., 2005); also in the
Callao (Venezuela) the Hg levels were in the range from 0.05 to 20.06 mg kg–1

(Carrasquero and Adams, 2002). In our case, although the Hg values were not so
high it is possible that its presence in both zones could be caused by the deposition
of the Hg0 from the evaporation carried out after the amalgamation (Carmouze et al.,
2001). This explains the difference between topsoil and subsurface concentrations
(0.8 and 0.9 mg kg–1, total Hg values for topsoil in both areas, away and near the
mining operation, respectively).
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These results clearly show that the mining activities do not increase heavy metals
(Cu, Cd, Pb and Zn) levels; however Hg presents high concentrations surpassing the
Holland reference levels.

45.4.2.2 Profiles

All the metals concentrations from the horizons of the profile taken in the zone far
away from mining operations site did not surpass the reference levels mentioned.

The profile taken near the mining operation site presented total concentrations
of Cu (A1: 19.2 mg kg–1, A2: 19.2 mg kg–1 and C/R: 19.9 mg kg–1) and Zn (A1:
67.2 mg kg–1, A2: 61.6 mg kg–1 and C/R: 69.8 mg kg–1) that surpassed the ref-
erence levels; on the other hand Cd and Pb were below those reference values.
Total Hg value in the surface horizon (0.48 mg kg–1) was higher than in the sub-
surface horizons; Hg concentration in C/R horizon was almost null (0.01 mg kg–1),
what suggests that this element is not a constituent of the rock materials. As it has
already been mentioned for the soils of the plots, these values can be increased by
the deposition of the Hg0.

DTPA and water extractable metals were lower than total metals in all cases as we
could expect and the Cd values were lower than the detection limit. In all samples,
DTPA metals were below 15% (Cu), 16% (Zn), 10% (Cd), 10% (Pb) and 2.5% (Hg)
related to total metals; while water extractable metals were below 0.4% of the total
concentrations. Hg bio-available values were also low; this is very important due to
the relationship between this aspect and the Hg entrance into the trophic chain.

45.5 Conclusions

Soils were strongly acid and very strongly acid but and non-saline, in both zones.
TOC and TN concentrations of the far away zone were twice higher in comparison
to these concentrations in the zone near the mining activities. In this last zone, the
extinction of the plant cover could affect the soil stability and initiate soil erosion
processes. TOC and TN concentrations in the studied profiles decreased with depth:
This could be related to the increase of organic matter in surface horizon due to the
contribution by plants.

C/N values in plots showed a possible equilibrium between mineralization and
humification, while in the a few profiles there is a tendency of the increased humus
mineralization with depth as this ratio decreases from surface to deeper horizons.

CEC shows high values especially in the zone located far away from the mining
activities; this could be related to the high TOC concentrations and the composition
of the clay. Heavy metal results show that the mining activities do not increase heavy
metals (Cu, Cd, Pb and Zn) levels, except for Hg that presents high concentrations
surpassing the Holland reference levels. It occurs due to the deposition of the Hg0

from the evaporation carried out after the amalgamation.
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Chapter 46
Areas Degradated by Extraction of Clay
and Revegetated with Acacia mangium
and Eucalyptus camaldulensis: Using Soil Fauna
as Indicator of Rehabilitation in an Area
of Brazil

Cristiane Figueira da Silva, Eliane Maria Ribeiro da Silva, William
Robertson Duarte da Oliveira, Maria Elizabeth Fernandes Correia,
and Marco Antonio Martins

Abstract Biological indicators of soil quality can be utilised to evaluate the degree
of recovery of a degraded area. The aim of this work was to evaluate the edaphic
fauna, in areas degraded by the extraction of clay and revegetated with Acacia
mangium and Eucalyptus camaldulensis both in monoculture and intercropped sys-
tems. Samples of soil and litter were collected in August 2006, utilising a square
wooden probe. The samples were placed in a battery of Berlese-Tullgren-type
extractors, and after 15 days, the extracted organisms were collected in glass tubes
containing a 50% alcohol solution. The specimens were transferred to a 70% alco-
hol solution in the laboratory, and the organisms were screened with the help of a
binocular loupe and separated into large taxonomic groups. Results showed that the
type of plant cover influenced the soil fauna density as well as diversity. The acacia-
eucalyptus intercropping was the system that gave better distribution of organisms
within each group (equability) and consequently greater diversity, compared to
monocultures and to the area with spontaneous vegetation.

Keywords Biological indicators · Arboreal legumes · Acacia · Eucalyptus ·
Revegetation · Mineralisation

46.1 Introduction

The ceramic industry of the state of Rio de Janeiro, Brazil is composed of more than
300 businesses spread throughout the state. The main producing site is located at
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Campos dos Goytacazes which, according to estimates of the syndicate of ceramists,
consists of 120 ceramics producing 5 million pieces per day, generating 4,500 direct
jobs and 15,000 indirect jobs (Valicheski et al., 2006).

Despite being of high socio-economic importance, this activity generates a num-
ber of environmental threats, due to the removal of soil. It is estimated that 7,000 m3

of soil are removed daily (Schiavo, 2005), which impacts water, soil and landscape
overall.

Brazil’s legislation legally requires that areas degraded by the extraction of clay
have to be recovered. One process that has been economically viable for their recov-
ery is revegetation with species of the family Leguminosae (Franco et al., 1995).
Studies have shown that these species develop well in soils of low natural fertility
and in degraded areas where the surface layers have been removed, either by the
erosive processes or mineral exploration (Franco and Faria, 1997) since they favour
natural succession.

One of the characteristics that make these legumes suitable for such a process
is their ability to engage in symbiotic relationships with bacteria known as rhizo-
bium. Symbiosis allows atmospheric nitrogen to be converted and transferred to the
plant in forms that can be assimilated, through the process referred to as biologi-
cal nitrogen fixation (BNF) (Franco et al., 1995). Besides, many legumes that form
nodules are also symbiotic with mycorrhizal fungi. The association with these fungi
could generate additional nutritional benefits, such as greater absorption of nutrients.
It could bring non-nutritional benefits as well, such as improved soil aggregation
(Rillig and Steinberg, 2002).

The planting of eucalyptus, intercropped with legumes, favours the recovery of
sites used for clay extraction, as it could also supply the energy demand for the
production of ceramics. According to Borlinil et al. (2005), the fuel most utilized by
the red ceramic industries is firewood, with a mean consumption of 0.4 m3 h–1 in a
density of 0.4 t m–3.

Therefore, considering the great importance of eucalyptus for the ceramic indus-
try in the Norte Fluminense region and the added value of legume species for the
recovery of degraded areas, their intercropping results offer remarkable economic
and environmental benefits.

The environmental benefits provided by the recovery of a degraded area
could be evaluated using indicators of soil quality (Kennedy and Parpendick,
1995). These indicators are based on physical, chemical and biological charac-
teristics, which can be measured to monitor changes in soil quality (Santana
and Bahia Filho, 1999). As the soil fauna and litter composition show great
diversity and rapid capacity for reproduction, they are excellent bio-indicators.
Moreover, their properties or functions indicate and determine the status of
soil degradation level (Knoepp et al., 2000). Thus, the study of the commu-
nity of edaphic fauna can help in determining the influence of the quantity and
mainly the quality of vegetal material added to the soil (Correia and Andrade,
1999).
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46.2 Materials and Methods

The experiment was set up in August 2002, in a clay extraction pit, belonging to the
ceramic company Stilbe Ltda., in Poço Gordo, in the municipality of Campos dos
Goytacazes (Rio de Janeiro-Brazil) (Schiavo, 2005). The area was revegetated with
Acacia mangium and Eucalyptus camaldulensis in monoculture and intercropped,
utilizing a spacing of 2 × 3 m.

Prior to the implementation of the experiment, the area was ploughed twice
and tilled once, and Araxa rock phosphate was applied in the pits at a dose of
100 mg kg–1 soil. The legume (Acacia mangium) was inoculated with arbuscular
mycorrhizal fungi (Glomus macrocarpum, Glomus etunicatum and Entrophospora
colombiana) and a specific strain of rhizobio, Br 5401. Two lines of plants of
E. camaldulensis were placed between the treatments, which constituted the
borders. The experimental plot consisted of 16 plants.

The experimental design utilized was a randomised block designed with four
treatments and three repetitions. The following treatments were used: monocultures
of A. mangium and E. camaldulensis; intercropping of A. mangium × E. camald-
ulensis; and control treatment, represented by the area of the pit with spontaneous
vegetation (grasses).

To evaluate the community of soil fauna, two soil samples were collected per
plot, utilizing a 25-cm2 wooden probe, which delimited the area sampled. Each
sample was separated into sub-samples of litter and topsoil (0–5 cm), except for the
control treatment where there was no litter. The sampling was carried out in August
2006 (dry period). To separate the fauna from the soil, the samples were processed
in a battery of Berlese-Tullgren type extractors (Garay, 1989), which were modified.

After 15 days, the extracted organisms were collected in glass tubes containing
50% alcohol solution. Samples were screened in the laboratory with the help of
a binocular loupe, and the organisms were separated into large taxonomic groups.
After the screening and the determination of the total number of individuals, the
means + SE were calculated and the number of individuals m–2 for each treatment
was estimated.

Statistical analysis of the means for the taxonomic groups was carried out using
Tukey’s test at 5% probability. Diversity was calculated based on the Shannon index
using the formula:

H= −
∑

pi.Log2pi

where:

pi = ni/N;
ni = importance value for each species or group;
N = total of importance values.
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Equability was determined by the Pielou index using the formula:

e=H/log2R,

where:

H = Shannon index;
R = number of taxonomic species or groups.

The vertical distribution of the organisms was determined using the chi-squared
test (X2). Cluster analysis was performed using Ward’s linkage method, and mea-
sure of distance by Pearson’s r correlation. These tests and analyses were carried out
with the aid of the statistical programmes SAEG-5.0 (System of Statistical Analyses
and Genetics – University Federal de Viçosa) and ESTAT – 1.0 (System for
Statistical Analysis – University Estadual Paulista, FCAV, Campos de Jaboticabal).

46.3 Results and Discussion

The mean richness (or number of groups) and total organisms found in the plantings
and in the area with spontaneous vegetation are given in Table 46.1.

According to Stork and Eggleton (1992), both total richness and mean richness
of species can be considered as a general measure of biodiversity. In the plantings,
there was greater mean richness of taxonomic groups in relation to the area with
spontaneous vegetation (Fig. 46.1).

Rovedder et al. (2004) pointed out that the presence of arboreal species creates
propitious conditions for colonisation by these organisms, through the deposition of
litter on the soil, which acts as a source of food and shelter, easing the variations of
soil temperature and moisture and creating hence a more favourable microclimate.
Consequently, the available food resources, as well as the structure of the microhab-
itat produced by the plantings, are positive factors that allow colonisation by various

Table 46.1 Density, total richness, mean richness, and Shannon and Pielou indices of the soil
fauna with different plant covers. Intercropping = A. mangium × E. camaldulensis; Control =
area with spontaneous vegetation

Treatment
Density (ind.
m–2 ± SE) Mean richnessa Total richness Shannon index Pielou index

Acacia 2,029 ± 301 15 a 20 2.24 0.51
Eucalyptus 1,120 ± 454 9 ab 14 2.39 0.63
Intercropping 1,333 ± 534 11 a 18 2.75 0.66
Control 203 ± 89 3 b 5 1.41 0.60

a Means followed by the same letter in the column did not differ according to Tukey’s test at 5%.
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Fig. 46.1 Vertical distribution (soil-litter) of edaphic fauna in different plantings and in the area
with spontaneous vegetation (control). A. mangium (Ac); E. camaldulensis (Euc)

species of soil fauna with different survival strategies (Nunes et al., 2008). In addi-
tion, the presence of an arboreal legume creates favourable conditions for the fauna
as well, since it is expected that the litter deposited has a greater level of N and a
lower C:N ratio, which favours soil fauna (Dias et al., 2007).

In laboratory experiment with diplopods Correia (2003) observed a consumption
of litter from legumes greater than that from eucalyptus, mainly due to the lower
C:N ratio of legumes. On the other hand, in the area with spontaneous vegetation,
the little plant cover and intensity of erosive processes, impede the establishment of
a bio diverse ecosystem (Table 46.1).

Although there were no significant differences between plantings with respect to
mean richness, the Shannon index showed that acacia-eucalyptus intercropping had
a greater diversity of organisms. In addition, statistics showed that there is a transi-
tion between plantings and the area with spontaneous vegetation, where eucalyptus
although showing a greater number of organisms, did not differ statistically from
the area with spontaneous vegetation (Table 46.1).

In relation to abundance of organisms, the monoculture of acacia showed greater
density in relation to other treatments. However, this planting showed the least
diversity and equability, with exception of the area with spontaneous vegetation
(Table 46.1). This could be explained by the fact that the high density of fauna
found in this planting could have a reduced diversity, because the greater the den-
sity of organisms in a particular cover, the greater the chance is that some group
predominating and thereby reducing equability, since species diversity is associated
with the relation between number of species (species richness) and distribution of
the number of individuals among the species (equability).

The fact that intercropping showed greater diversity (Table 46.1), could be
related to the decomposing organic material being more diversified and meeting
the nutritional and microclimatic requirements of a wider spectrum of organisms.
That could indicate more favourable conditions for the development of edaphic
fauna. According to Correia and Andrade (1999), the more diverse is the plant
cover, the more the heterogeneity of the litter will be and, consequently, the greater
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the diversity of the soil fauna as well. On the other hand, the lower diversity
found in the monoculture of eucalyptus followed by that of acacia (Table 46.1),
could be attributed to the low heterogeneity of the food resources for these
communities.

Although studies of natural regeneration under mono-specific plantings of euca-
lyptus have indicated that this crop does not reduce the diversity of species
underground (Silva Junior et al., 1995), other studies show that the quantity and
diversity of animal species that are found in a given forest ecosystem, depend on
the number of available niches in the habitat. Therefore, a monoculture system,
whether eucalyptus or any other species, is appreciably less capable of supporting a
high diversity of fauna (Lima, 1993).

An analysis of the vertical distribution of the organisms showed the importance
of the litter for the fauna, since it was observed that for all the plantings, the organ-
isms had a preference for this compartment in relation to the soil (Fig. 46.1 and
Table 46.2). According to Takeda (1995), the litter can serve as a habitat and food,
contributing to an increase in abundance and diversity of all groups of soil organ-
isms. The greater population of fauna in the litter is possibly related to the fact that
this compartment is richer than soil in labile C and N.

Cluster analysis separated at a distance of 100% the area with spontaneous veg-
etation from those with plantings (Fig. 46.2). Among the plantings, there were two
groups formed, one of which grouped the intercropping and monoculture of aca-
cia, at a distance of about 15%. The other consisted of only the monoculture of
eucalyptus, separated from the above group by a distance of 30%.

The relative proximity between the plantings (Fig. 46.2) suggests that the
populations share some regulatory factors (Dias et al., 2007), in contrast to the
control treatment. One of the main factors that could have contributed to the
separation between the plantings and the control is the greater layer of organic
residues present in the plantings, which provide a greater supply of food and bet-
ter conditions of temperature and moisture in the soil, thereby resulting, in greater
abundance and richness of the soil fauna. The modifications in the environmen-
tal conditions and in the soil-litter interface of areas under tree canopies exert
positive effects on the biological activity of the soil (Frank and Furtado, 2001;
Dias et al., 2007).

Table 46.2 Chi-squared
analysis (X2) of vertical
distribution (soil-litter) of
edaphic fauna in different
treatments

Treatment Chi-squared (X2)

Eucalyptus 9.81∗
Acacia 84,11∗∗
Intercropping 38.21∗∗
Control –

Significant difference at 5% (∗) and at 0.1% (∗∗).
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Fig. 46.2 Dendrogram of treatments studied for density of different taxonomic groups.
Measure of distance: complement of Pearson’s correlation coefficient r; linkage method: Ward’s.
Intercropping = A. mangium × E. camaldulensis

46.4 Conclusion

Based on the data obtained, it could be stated that the revegetation of areas degraded
by the extraction of clay contributed to the reestablishment of the soil fauna. Both
density and diversity were influenced by the type of plant cover, where intercropping
was the system that showed the best distribution of organisms within each group
(equability) and consequently the best diversity.
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Chapter 47
Conservation Tillage in Potato Rotations
in Eastern Canada

M.R. Carter, R.D. Peters, and J.B. Sanderson

Abstract Potato (Solanum tuberosum L.) farming systems are often associated with
soil degradation due to their excessive use of tillage and production of low levels of
crop residue in the potato year. Results from a 12-year study, initiated on a fine sandy
loam (Orthic Podzol) in Prince Edward Island (eastern Canada), were evaluated to
assess the use of conservation tillage (CT), compared to conventional tillage, in 2-
year (barley-potato) and 3-year (barley – red clover – potato) rotations. The CT
strategy was to shift the primary tillage event for the potato phase from the autumn
to spring, and to reduce the degree and depth of tillage. Mulches were used on all
plots after potato harvest to provide soil cover over the cool season. Potato yield,
soil cover, soil organic matter and structure, and soil-borne diseases were used as
indicators to assess the feasibility of the cropping systems. Marketable potato yield
was similar between the two tillage systems. The CT system provided relatively
high surface residue levels after potato planting, compared to the bare soil surface
in the conventional tillage system. Soil organic carbon and soil structural stability
were significantly increased at the 0–10 cm soil depth in the CT, compared to the
conventional system. Soil-borne diseases of potato were significantly reduced in 3-
year rotations compared to 2-year rotations, but were mainly unaffected by tillage
practice. Overall, use of CT in 3-year potato systems has the potential to maintain
crop productivity and protect the soil resource.
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47.1 Introduction

In Prince Edward Island, in eastern Canada, a significant proportion (up to 40%)
of the agricultural land is committed to potato production on a rotation basis, and
the dominant form of primary tillage is autumn mouldboard ploughing (Carter and
Sanderson, 2001), which raises concerns for both energy use (Sijtsma et al., 1998)
and soil erosion (Kachanoski and Carter, 1999). Soil degradation concerns have
precipitated experimentation with conservation tillage (CT) systems (Carter and
Sanderson, 2001). Specific objectives for CT in potato rotations can include reduc-
tion in energy use; prevention of poor soil structure; improvement in soil biological
properties; and protection against soil loss due to tillage and water erosion (Carter
and Sanderson, 2001; Riley, 2006).

Successful use of CT in potato rotations is dependent on soil type and climate.
Long-term studies in Norway on imperfectly drained loams indicate that CT did not
adversely influence cereal yields but did significantly reduce potato yield, compared
to conventional ploughed systems (Riley, 2006). In short-term studies on a range of
sites in Prince Edward Island, replacement of the mouldboard with a chisel plough
within the potato phase had no adverse effect on potato yield and quality in both
2-and 3-year potato rotations (Holmstrom et al., 1999; Carter and Sanderson, 2001).

A study was initiated in 1994 to assess the feasibility and long-term effects of
using CT in combination with crop residue mulches (after the potato harvest) on
potato production in 2- and 3-year potato rotations on a fine sandy loam. CT in the
potato phase involved replacing the conventional autumn mouldboard ploughing
with a herbicide treatment followed by reduced tillage in the spring. It was consid-
ered that certain criteria must be met before CT could be considered an acceptable
management system to combat soil loss and degradation. In addition to the soil con-
serving aspect of the system, the need to maintain potato productivity and quality
is required. Further, a low soil-borne disease pressure to prevent a decline in tuber
quality and marketable yield must also characterize the soil conserving measures.
Thus, the following indicators were utilized to assess the soil conserving system:
maintenance of potato productivity and quality; enhanced surface residue levels
after potato planting; increased organic matter and structural stability at the soil
surface; and low levels of soil-borne potato tuber disease. We hypothesized that the
3-year CT rotation system would meet the above criteria, while the 2-year CT rota-
tion system would be marginal. Thus, the overall objective of the study was to assess
the influence of CT on these indicators.

47.2 Materials and Methods

47.2.1 Experimental Site and Treatments

The study was conducted at the Harrington Research Farm in central Prince Edward
Island on a Charlottetown fine sandy loam, an Orthic Podzol (FAO) [clay (<2 mm),
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silt (2–50 mm), sand (50–2,000 mm), and gravel (2–80 mm) content of 165, 280,
534, and 21 g kg–1, respectively]. Annual precipitation at the site ranges from 800
to 1,100 mm, while the soil moisture regime and soil temperature is humid to per-
humid and cool boreal, respectively.

The replicated experiment was initiated in 1994 to assess CT in both 2-and 3-year
potato rotations. The experimental design was a split-plot with five main plots and
six replicates, which allowed each phase of the rotation to be present each year.
Main plot size was 23 × 5 m. The 2-year rotation was barley (Hordeum vulgare L.)
and potato (cv. “Russet Burbank”), while the 3-year rotation was barley (under-
sown with red clover, Trifolium pratense L.), red clover and potato (cv. “Russet
Burbank”). In the potato year only, the main plots were split to provide conventional
and CT sub-plots.

A conceptual overview of the rotations indicating time of crop growth and agro-
nomic practices is given in Fig. 47.1. Carter and Sanderson (2001) provide more
detail on management practices. Peters et al. (2003, 2004, 2005) describe studies
on soil-borne diseases in the experiment; while Carter et al. (2009a, b, c) provide

Fig. 47.1 Conceptual outline
of tillage and management
practices for conventional
(CT) and conservation (MT)
tillage in the (a) 2-year and
(b) 3-year potato rotation
(after Carter et al., 2009c).
Note: CT refers to
conventional tillage and MT
to conservation tillage
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results on potato productivity and quality, soil cover, soil organic matter, and soil
biological properties.

In the CT treatment, the red clover was sprayed with glyphosate [N-
(phosphonomethyl) glycine] at 2 l (356 g l–1 a.i.) ha–1 in the autumn prior to the
potato year and the residue left as a soil cover over the cool season (November–
April). For the potato phase, the conventional tillage consisted of mouldboard
ploughing (20 cm deep), in the autumn (October) prior to the potato year, followed
by two or more passes (10 cm deep) with a disc and harrow in the spring (May). CT
consisted of one pass (15 cm deep) of a chisel plough with wide (36 cm) sweeps
in the spring. During the potato growing season, both conventional and CT treat-
ments were subject to the same in-row cultivation for ridging (hilling), fertilizer and
pesticide applications, and harvesting operations.

Mulch (barley straw for the 2-year rotation and red clover hay for the 3-year
rotation) was applied to the soil surface immediately after the potato harvest, in both
tillage treatments, to provide winter cover. The specific rate (4 Mg ha–1) of mulch
corresponds to the optimal rate for reduction of cool season soil erosion (Edwards
et al., 1995).

47.2.2 Methodology for System Indicators

47.2.2.1 Potato Yields and Quality

Yields were estimated by harvesting one row (23 m) per sub-plot. As a measure of
yield quality for the processing industry, tubers were graded to obtain marketable
yield (i.e. total tuber yield minus yield of tubers ≤ 90 g and misshapen tubers).

47.2.2.2 Surface Crop Residue Cover

Soil cover was measured after potato planting but before hilling each year and was
estimated using a tape-transect method (Hartwig and Laflen, 1978), by counting the
pieces of plant residue under each mark (2.5 cm spacing) on a 30.5 m tape.

47.2.2.3 Soil Organic Matter and Structure

Soil samples were obtained in 1999, 2003 and 2006 from the 3-year rotation. At each
sampling time, three soil cores (8 cm inside diameter × 8 cm long) were obtained
from 0 to 10 cm soil depth of each plot in the potato phase (within the potato ridge)
of each rotation. Soil from each core was removed and air-dried. Soil organic C was
determined by dry combustion using a LECO CNS 1000 analyser, while wet sieving
of whole soil was used to determine the Mean Weight Diameter (MWD) of water
stable aggregates.
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47.2.2.4 Soil-Borne Disease

A number of potato diseases caused by soil-borne pathogens were assessed from
2000 to 2008 in the potato phase of the 2- and 3-year rotation. Specific sampling
and experimental details are given in Peters et al. (2004). Potato disease assess-
ment was conducted on both non-tuber and tuber tissues. Of the four potato rows
in each plot, one internal row was used for destructive sampling and assessment
of potato disease development on non-tuber tissues and a second internal row was
harvested for assessment of tuber disease. Six plants were randomly harvested from
each plot at the end of August and rated for percent necrosis of stem tissue caused
by Rhizoctonia solani Kühn. Following harvest, 50 tubers from each experimen-
tal plot were rated visually for percent of tuber surface covered with sclerotia of
R. solani (black scurf), as well as percent of tuber surface covered with lesions
caused by Helminthosporium solani Durieu & Mont. (silver scurf), Fusarium spp.
(dry rot), and Streptomyces scabiei (Thaxter) Lambert & Loria (common scab). In
addition, tuber tissue samples were excised from the margins of diseased areas,
surface-sterilized, and then plated onto potato dextrose agar in small Petri dishes.
Petri dishes were incubated in the dark at 22◦C for 7–10 days after which they were
scored for the presence of the pathogens of interest.

47.2.3 Statistics

Analysis of variance was used to determine treatment differences (Genstat 5
Committee, 1987).

47.3 Results and Discussion

47.3.1 Potato Yield and Quality

Moving the time of tillage from the fall to the spring and reducing the degree and
intensity of tillage did not adversely influence marketable potato yield (Fig. 47.2).
Potato marketable yield over the 14-year duration of the study, as reported in Carter
and Sanderson (2001) and Carter et al. (2009c), indicated that CT, compared to con-
ventional tillage, was yield neutral. Tillage differences in marketable yield were
evident only for two of the 14 years in favour of the CT system (Carter and
Sanderson, 2001; Carter et al., 2009c). Comparison of other tuber quality param-
eters (e.g. number of misshapen tubers separated at tuber sizing and percentage of
small tubers) did not show any main differences between the tillage treatments (data
not shown).

Marketable potato yield showed clear differences between rotations, for six of
the 14 years, in favour of the clover-based 3-year rotation (Carter and Sanderson,
2001; Carter et al., 2009c). However, these yield differences, between the 2-and
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Fig. 47.2 Comparison of marketable potato yield for 2-year and 3-year potato rotations, under
conventional and conservation tillage, over a 14-year period (1994–2007) (after Carter et al.,
2009a)

3-year rotation, were only evident after 4 years indicating the need for at least one
to two cycles of the rotation before yield and tuber quality (i.e. marketable yield) are
influenced by rotation treatment (Carter and Sanderson, 2001). The 14-year average
for marketable yield was 27 Mg ha–1 for the 2-year rotation and 30 Mg ha–1 for the
3-year rotation. Overall, tillage differences did not greatly influence potato yield or
yield parameters. Most of the potato yield parameters were influenced only by crop
rotation.

47.3.2 Surface Crop Residue Cover

Residue levels at the soil surface in the spring after potato planting reflected the
differences in tillage system (data not shown). Mouldboard plough systems sub-
ject to tillage inversion and subsequent intensive spring tillage had no measurable
residue on the soil surface. The CT treatments, however, for both crop rotations
contained relatively high levels of surface residue. The 14-year mean (and standard
deviation) for residue cover in the CT treatments was 31 ± 11.5% with a range of
22–60%. Thus, shifting the time of tillage from the fall to the spring and the use of
mulches after the potato harvest presented a practical form of CT for potato produc-
tion (Carter et al., 2009c). The soil was continually covered using live (crop canopy),
mulch, or dead (residue) cover. In the case of the latter, the surface cover met the
commonly recognized indicator or target (i.e., 30%) for CT even when measured
after crop emergence just prior to hilling.
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47.3.3 Soil Organic Matter and Structure

The CT system (data given for the 3-year rotation only) showed an increased mass
of SOC at the 0–10 cm soil depth, at each of the three sampling times, compared to
the conventional tillage system (Table 47.1). The MWD, an indicator of soil struc-
tural stability, was also increased under CT in 1999 and 2003. Over time, SOC also
increased under both tillage systems probably due to the input of the crop residue
mulches applied after potato harvest. Increases in SOC and soil structural stability
in the surface soil has been shown to have benefits for soil water-holding capacity
for potato systems on the same soil type as the present study (Carter, 2007). In com-
bination with the increased soil surface cover, the enhanced levels of SOC in the
surface soil would improve the soil conservation potential and help resist the soil
degradation so often associated with intensive potato farming systems.

Companion studies have shown that increased SOC at the soil surface is also
associated with positive effects on soil biota and soil biological properties (Carter
et al., 2009a, 2009b). For example, the soil densities of Collembola (springtails)
and Acari (mites), and the beneficial bacterial-feeding nematodes were significantly
enhanced under the 3-year CT system, compared to the conventional system.

47.3.4 Soil-Borne Diseases

Over the course of the study (2000–2008), stem canker (Table 47.2) and black scurf
(Table 47.3) caused by R. solani were often significantly reduced under the 3-year
rotation, regardless of tillage regime. Increasing the rotation duration from 2 to
3 years was the most important factor, compared to tillage type, in the reduction
of Rhizoctonia stem canker and black scurf. These results corroborate those found
in previous studies, which have documented the benefits of crop rotation for control
of diseases caused by R. solani (Scholte, 1987; Johnston et al., 1994; Ball et al.,
2005).

Table 47.1 Comparison of soil organic carbon (SOC) and mean weight diameter (MWD) for
water-stable aggregates, at the 0–10 cm soil depth in the potato phase, over time for the 3-year
rotation on a fine sandy loam Podzol under conservation and conventional tillage

Tillage system 1999 2003 2006

SOC (g m–2)
Conventional tillage 2,091 2,108 2,351
Conservation tillage 2,299 2,316 2,563
Significance level 0.001 0.050 0.002
MWD (mm)
Conventional tillage 1.00 1.20 1.26
Conservation tillage 1.20 1.60 1.27
Significance level 0.001 0.05 0.929
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Potato dry rot and common scab were generally found at very low frequency
and severity, precluding determination of treatment differences (data not shown).
Fusarium spp. commonly infects tubers via wounds created during harvest and
handling operations. Since care was taken to avoid tuber bruising during harvest,
conditions conducive to the development of dry rot were generally absent. Similarly,
the potato cultivar employed in this study (“Russet Burbank”) has some resistance
to common scab.

However, parallel studies comparing conventional tillage and CT in grower fields
in Prince Edward Island have sometimes found a correlation between increased soil
residues and the severity of common scab in susceptible potato cultivars (Peters
et al., unpublished; data not shown). More research is required to elucidate this
relationship and determine its impact on the adoption of CT as a standard practice
in potato agriculture in Prince Edward Island.

The effects of tillage practice and rotation length on the incidence and severity of
silver scurf varied from year to year, with no clear trend emerging (data not shown).
However, for all diseases assessed, the lowest disease severity was commonly found
in tubers from plants grown in 3-year rotations with CT. Previous research con-
ducted on this field site suggests that this disease suppression is at least partly due
to the activity (antibiosis abilities) of beneficial endophytic and root zone bacte-
ria (endo- and exoroot) stimulated in soils managed with CT (Peters et al., 2003,
2005).

47.4 Conclusions

Major attributes of CT for potato systems in humid regions, subject to high precip-
itation and an extensive cool season, would be the continuum of soil cover over
the relatively long winter period; the use of mulches and residue management;
and the in depth reduction and intensity of tillage. Based on the criteria used to
assess the soil conservation practices in this long-term study, CT produced simi-
lar yields as the conventional system, but had the added benefits of fewer tillage
inputs and improved soil conservation potential. The 2-year, compared to the 3-year
potato rotation, significantly decreased the marketable potato tuber yield. Diseases
of potato caused by Rhizoctonia solani were suppressed in plots managed with a
3-year rotation, including those managed with CT. In addition, CT was not shown
to acerbate other tuber blemish diseases. Increases in SOC and soil structural stabil-
ity to water at the surface depth, under CT, would be potentially beneficial for both
protection of the soil resource from erosive forces and enhancing soil water holding
capacity.

The long-term results indicate that CT in a 3-year rotation had a positive effect
on potato growth and quality, and appears to be a viable form of management for
intensive potato production systems in Atlantic Canada.



47 Conservation Tillage in Potato Rotations in Eastern Canada 637

References

Ball, B.C., Bingham, I., Rees, R.M., Watson, C.A. and Litterick, A. (2005). The role of crop rota-
tions in determining soil structure and crop growth conditions. Canadian Journal of Soil Science
85:557–577.

Carter, M.R. (2007). Long-term influence of compost on available water capacity of a fine sandy
loam in a potato rotation. Canadian Journal of Soil Science 87:535–539.

Carter, M.R. and Sanderson, J.B. (2001). Influence of conservation tillage and rotation length on
potato productivity, tuber disease and soil quality parameters on a fine sandy loam in eastern
Canada. Soil Tillage Research 63:1–13.

Carter, M.R., Noronha, C., Peters, R.D. and Kimpinski, J. (2009a). Influence of conservation
tillage and crop rotation on the resilience of an intensive long-term potato cropping system:
Restoration of soil biological properties after the potato phase. Agriculture, Ecosystems and
Environment (in press).

Carter, M.R., Peters, R.D., Noronha, C. and Kimpinski, J. (2009b). Influence of 10 years conserva-
tion tillage on some biological properties of a fine sandy loam in the potato phase of two crop
rotations in Atlantic Canada. Canadian Journal of Soil Science (in press).

Carter, M.R., Sanderson, J.B. and Peters, R.D. (2009c). Long-term conservation tillage in potato
rotations in Atlantic Canada: Potato productivity, tuber quality and nutrient content. Canadian
Journal of Plant Science 89:273–280.

Edwards, L.M., Burney, J. and DeHaan, R. (1995). Researching the effects of mulching on cool-
period soil erosion control in Prince Edward Island, Canada. Journal of Soil Water Conservation
50:184–187.

Genstat 5 Committee. (1987). Genstat 5 Reference Manual. Oxford University Press, Oxford.
Hartwig, R.O. and Laflen, J.M. (1978). A meterstick method for measuring crop residue cover.

Journal of Soil Water Conservation 32:90–91.
Holmstrom, D.A., DeHaan, R., Sanderson, J.B. and MacLeod, J.A. (1999). Residue management

for potato rotation in Prince Edward Island. Journal of Soil Water Conservation 54:445–448.
Johnston, H.W., Celetti, M.J., Kimpinski, J. and Platt, H.W. (1994). Fungal pathogens and

Pratylenchus penetrans associated with preceding crops of clovers, winter wheat, and annual
ryegrass and their influence on succeeding potato crops on Prince Edward Island. American
Potato Journal 71:797–808.

Kachanoski, R.G. and Carter, M.R. (1999). Landscape position and soil redistribution under three
soil types and land use practices in Prince Edward Island. Soil Tillage Research 51:211–217.

Peters, R.D., Sturz, A.V., Carter, M.R. and Sanderson, J.B. (2003). Developing disease-suppressive
soils through crop rotation and tillage management practices. Soil Tillage Research 72:
181–192.

Peters, R.D., Sturz, A.V., Carter, M.R. and Sanderson, J.B. (2004). Influence of crop rotation and
conservation tillage practices on the severity of soil-borne potato diseases in temperate humid
agriculture. Canadian Journal of Soil Science 84:397–402.

Peters, R.D., Sturz, A.V., Carter, M.R. and Sanderson, J.B. (2005). Crop rotation can confer resis-
tance to potatoes from Phytophthora erythroseptica attack. Canadian Journal of Plant Science
85:523–183.

Riley, H. (2006). Recent yield results and trends over time with conservation tillage on morainic
loam soil in southeast Norway. Acta Agriculturae Scandinavica, B 56:117–128.

Scholte, K. (1987). The effect of crop rotation and granular nematicides on the incidence of
Rhizoctonia solani in potato. Potato Research 30:187–199.

Sijtsma, C.H., Campbell, A.J., McLaughlin, N.B. and Carter, M.R. (1998). Comparative tillage
costs for crop rotations utilizing minimum tillage on a farm scale. Soil Tillage Research 49:
223–231.



Chapter 48
An Assessment of Soil Erosion Costs in Mexico

Helena Cotler and Sergio Martínez-Trinidad

Abstract Soil erosion presents a critical environmental hazard to Mexico as it
threatens the sustainability of agricultural production. Although several conserva-
tion programmes addressing this issue have been developed over the past four
decades, implementation has failed because, regardless its relevance, soil erosion
has not yet been integrated into the political agenda. In order to ascertain the mag-
nitude of the environmental risk, we assessed the cost of soil erosion in terms of
productivity and nutrient loss. However, during the analysis of 140 publications
from various sources, we came upon major stumbling blocks; i.e., a wide variation
of results due to significantly different evaluation methods. Case in point: runoff
plots reflected the lowest rate of soil erosion (0.1–5.9 mm), whereas RUSLE results
were significantly higher (0.4–32.8 mm). In financial terms, following two scenar-
ios suggested by the Mexican Ministry of Agriculture soil erosion costs may vary
from US$ 39.7 to US$ 79.4 ha–1 and total nutrient loss could top at US$ 19 million –
amounting to 85% of the government agricultural subsidies for rural families. These
numbers stress the severity of soil erosion in Mexico as an obstacle to the finan-
cial sustainability of rural families and an expression of inadequate governmental
support.

Keywords Soil erosion · Environmental assessment · Economic costs · Nutrient
loss

48.1 Introduction

The impact of water soil erosion on agricultural lands and the implications of on-site
and off-site damages have been widely documented throughout the world, including
long-term productivity loss of degraded soils (Pimentel et al., 1993; Stocking, 2003;
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Tengberg et al., 1998); soil and nutrient loss (Martinez-Casasnovas and Ramos,
2006; Maass et al., 1988); and a wide range of environmental consequences from the
loss of ecosystem services provided by the soil (Barrios, 2007; Hodson and Dixon,
1988).

The implications of soil erosion are far-reaching and encompass the social, politi-
cal, economic and environmental spheres (Gamini, 2003). Researchers acknowledge
that soil degradation in Mexico has become an environmental, social and financial
dilemma (Maass and García-Oliva, 1990; Cotler et al., 2007) that often triggers
political conflict, as witnessed by the phenomenon of rural migration prompted by
reduced yield (SIACON, 2008) and the ever-diminishing income in rural households
(Scherr and Yadav, 1996). Farming is still the leading landscape-transforming force,
with nearly 11% of the Mexican territory currently exploited in agricultural activi-
ties that provide direct sustenance to 5.8 million individuals and indirectly benefit
about 25% of the population, mostly in rural areas (CONAPO, 2008). Nevertheless,
agricultural output hardly impacts the national GDP and consequently fails to
improve rural conditions, where poverty remains a critical issue (Vélez et al., 2007)
often exacerbated by the increasing cost of crop management, as farmers require
larger amounts of mineral fertilizer to maintain soil fertility.

Despite the environmental and social repercussions, soil conservation has not
yet found its rightful place in the Mexican political agenda. Governmental policies
in this area have not been successful. After nearly 40 years in operation, the fed-
eral agency in charge of soil and water conservation programmes has been able
to restore merely 2% of the total surface affected by erosion (Vázquez, 1986).
Furthermore, conservation policies are quite diluted even among the limited amount
of government programmes spearheaded by two loosely connected federal agencies,
the Ministry for the Environment and the Ministry of Agriculture (SEMARNAT and
SAGARPA) – each with a meagre 3% of their total federal allotments earmarked for
soil conservation projects (Cotler et al., 2007). This clearly reflects the scarce inter-
est vested in the soil, the environmental services it provides and the repercussions
of its deterioration on communal welfare.

To change this conservational paradigm and bring home the hazardous extent
of soil erosion to the Mexican society, it is imperative to consider off-site and on-
site erosion costs – financially and otherwise. The assessment of soil erosion costs
in other countries has shined a glaring light on this issue and sparked significant
management decisions (Cohen et al., 2006; Martinez-Casasnova and Ramos, 2006;
Pimentel et al., 1995). Our aim here is to provide an insight of the effects of soil
erosion on the Mexican economy from the perspective of loss of productivity and
nutrients, and its consequences to public policy.

48.2 Soil Erosion Research in Mexico

Soil should be envisioned as a dynamic, multifunctional system that provides vital
services to ecosystems and human activities. Using different methodologies and
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scales, with high seasonal variability, several authors have published disparate ero-
sion data affecting 40–98% of the Mexican territory (Estrada and Ortiz, 1982;
García, 1983). Some even postulate that soil loss has been underestimated over
the past four decades (Maass and García-Oliva, 1990). However, the most recent
report (SEMARNAT-Colegio de Posgraduados, 2002) acknowledges that 45% of the
national territory (888,968.75 km2) shows some degree of soil loss, mainly through
water erosion and nutrient depletion, especially where agricultural activities account
for 77% of soil degradation.

In their review of soil erosion in Mexico from 1940 and 1988, Maass and García-
Oliva (1990) found a wide variation in methodologies used to identify water erosion
of soil – ranging from satellite imaging to mathematical models and pebbles-, and a
notable scarcity of publications supported by laboratory results (under 2%), which
points at a prevailing insufficiency of proper empirical data.

Furthermore, as most studies span short periods and a very few are intended
as a long-term soil erosion research, they provide limited and incomplete infor-
mation of yield over time and under different production systems. Research has
mostly focused on two subjects: erosion-causing conditions and amount of soil
loss. This means emphasis has been placed on a single soil function related to
productivity. While most studies revolve around the plot and later progress to the
state- and nationwide levels, all of them reflect an obvious lack of homogenous and
comparative methodologies.

Soil erosion has both on- and off-site effects, with major consequences of the
former being reduced soil productivity and nutrient loss. While agricultural output
is directly contingent on productivity and indirectly dependent on interactions with
the rest of the economy (Alfsen et al., 1996), the impact of erosion on productivity
(and the environment) remains largely underrepresented in available research data
(Stroosnijder, 2005).

Most researchers have made half-hearted attempts to determine the financial
costs. In an estimation of productivity loss, Magulis (1992) suggested that the effect
of on-farm erosion (in terms of soybean, maize, sorghum and wheat yield) could top
at a billion dollars, while McIntire (1994) established that the cost of soil erosion in
the Mexican maize production for 1988 amounted to between 2.7 and 12.3 of GDP.
However, government programs addressing soil degradation allow for an economic
loss below these figures.

48.3 Materials and Methods

Soil erosion information was obtained through a meticulous revision of existing
reports, which included theses from leading Mexican universities (1946–2006);
abstracts of the Mexican Soil Congress (1969–2000); articles from Earth and
Soil Science Journals (∼1980–2006); and internal government documentation
(Table 48.1). In all, we compiled a total of 140 studies on soil erosion spanning
from 1960 to 2006.
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Table 48.1 Reviewed documentation on Mexican soil erosion (Martínez, 2007)

Bibliography Reviewed term

Theses
Universidad Autónoma de Chapingo 1946–2006
Colegio de Posgraduados 1970–2006
Universidad Nacional Autónoma de México 1990–2006
Universidad Autónoma de México 1990–2006
Congress Abstracts
Congreso Nacional de la Ciencia del Suelo 1969–2000
Governmental documentation
Comisión Nacional del Agua 1980–2006
Instituto Nacional sobre Recursos Bióticos 1980–2006
Journals
Terra 1980–2006
Agrociencia 1990–2006
Investigaciones Geográficas 1990–2006
Applied Soil Ecology 1996–2004
Advances in Soil Science 1985–1992
European Journal of Soil Science 1994–2004
Catena 1980–2006
Geomorphology 1988–2006
Geoderma 1980–2006
Soil Science Society of America 1988–2005
Soil Science 1996–2006
Soil Technology 1988–2006
Soil and Tillage Research 1986–2006

Despite starting as early as the 1960s, the studies on soil erosion peaked three
decades later (Fig. 48.1). Nevertheless, the subject has increasingly lost impetus
among research centres ever since.
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Fig. 48.1 Erosion studies in Mexico by decades
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Soil erosion occurs at different scales, both spatial and temporal. Research efforts
have prompted the development of several quantitative and qualitative methodolo-
gies involving various spatial references. Studies implemented in past decades have
been based on punctuated analyses, with 45% focused on quantitative soil loss as
determined by runoff plots.

Hill-slope evaluations by perched stones and pebbles have been implemented
nationwide, while soil loss evaluations in the plot and watershed levels have used
the RUSLE model (Fig. 48.2).

On-site effects remain at the core of research, especially in the plot level
(nearly 68% of studies), while hill-slope, watershed and regional evaluations are
mostly RUSLE-based, although some also use the perched stones and pebbles
methodologies (Fig. 48.3).
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48.3.1 Economic Assessment of Productivity Loss

Data was extrapolated to bordering areas with similarities of climate, soil type, land
uses and slope. This generalization was initially done using ArcView 3.1 (Fig. 48.4),
and later by digital coverage crossings on ArcGIS 8.1.

The relationship between yield and soil loss is not merely site- or soil-specific,
but also dependent on the farming system. Therefore, data reflecting this ratio varies
widely. Some researchers suggest that experimental yield reduction is 4% in the first
10 cm of topsoil (Bakker et al., 2004), while the results supported by findings of the
Service of Soil Conservation (SCS, 1977) identify a yield reduction of 10% from
the loss of 10 cm of topsoil.

Meanwhile the Mexican Ministry of Agriculture (SAGARPA, 2007) reports that
1 cm of soil loss decreases the yield by 150–300 kg ha–1. This presents with two
possibilities: a conservative scenario, which sets productivity at minus 150 kg cm–1

of soil loss and a critical scenario, with a production loss of 300 kg cm–1 of eroded
soil.

The economic analysis was mostly based on rain-fed maize cropping, as it
covers the largest surface in Mexico. According to SAGARPA (2008) the aver-
age maize yield is currently 2.95 t ha–1, with an average cost of US$ 304 t–1

(SNIIM, 2009).
The documentation analysis review for the present report was focused on: (a)

identification of soil loss through all the revised documents; (b) assessment of soil
loss through decreasing yield of maize crops; and (c) determination of the economic
cost of soil loss for both scenarios (conservative and critical).

N

Fig. 48.4 Distribution of extrapolated soil erosion data
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Table 48.2 Fertilizer and nutrient costs

Fertilizer
Fertilizer cost
(US $ t–1)a Nutrient

Nutrient cost
(US $ kg–1)

Urea 606.8 Nitrogen 1.31
Simple
superphosphate

292.14 Phosphorus 1.46

Potassium chloride 755.38 Potassium 1.25

aCost of fertilizer as of January 2009; USD exchange rated adjusted for April 14,
2009.

48.3.2 Economic Assessment of Nutrient Loss

The estimation of the economic effects from nutrient loss was based on the amount
and cost of fertilizers needed for replacement. Fertilizers most frequently used in
Mexico include urea, simple superphosphate and potassium chloride (Ávila, 2001),
whose costs are displayed in Table 48.2. The financial cost of nutrient loss was
established by: (a) identification of average nutrient loss in all reviewed documents;
and (b) cost of fertilizers.

48.4 Results

Erosion data were mostly focused on the three main soil types in Mexico
(Phaeozems, Regososl and Vertisols) and spans a total surface area of 27,733.7 km2,
including sub-humid to temperate climates and rain-fed crops on slopes under 5◦.
We found that the wide variations of soil erosion results are dependent upon evalu-
ation methodologies. For instance, runoff plots reflect the lowest rate of soil erosion
(0.1–5.9 mm of soil depth) whereas RUSLE results tend to be higher (0.4–32.8 mm
of soil depth).

Based on the conservative scenario, where 1 cm of soil loss results in 150 kg
of reduced productivity, total cost amounts to US$ 42,448,284.6 US with a value
of $39.7 US ha–1, while in the critical scenario of minus 300 kg cm–1 of soil loss,
cost increases to US$ 84,896,599.6 US or $89.4 US ha–1. Meanwhile, nitrogen,
phosphorus and potassium losses amount to US$ 6.43, US$ 9.85 and US$ 7.19 ha–1,
respectively. Therefore, total nutrient loss for the entire Mexican territory is worth
US$ 23.5 ha–1 or about US$ 19,704,055.

Although these amounts represent the annual economic cost caused by soil ero-
sion based on the existing data for the country, the numbers could easily change,
as soil erosion is a dynamic process. Consequently, the continuance of the current
farming system over the following decade could well increase the cost of the con-
servative scenario to US$ 424,482,846 with the critical scenario topping at US$
848,965,996.
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It should be noted that, while the reviewed area spans 27,733.7 km2 – about
1.4% of the total Mexican territory-, the latest study on soil degradation points out
that 45% of the nation’s surface shows some form of soil degradation, which sug-
gests that the total cost could increase to US$ 1,123,631,062.9 for the conservative
scenario and US$ 2,247,262,930.6 in the critical scenario.

48.5 Conclusions

Soil erosion is one of the most critical environmental hazards in Mexico. Despite
having been studied for several decades, the current knowledge of soil erosion in
our country is still quite rudimentary, resulting in limited and deficient public policy
programmes (Cotler et al., 2007). A detailed analysis of documented studies unveils
significant methodological differences, which prevent comparisons. As Lal (1994)
has stated, it is indeed compulsory to transcend basic research in order to generate
accurate and reliable data using standardized methods.

Scale is critical to soil erosion research because it influences our understanding
of the elements that need to be accounted for in model development. Appreciating
the scale at which soil erosion occurs is also important in a policy context because
it defines the institutions and types of public policies required (Cotler and Ortega,
2006). Government can play significant and multiple roles in controlling erosion.
Stroosnijder (2005) even proposed that policymakers should: (i) resort to moral
persuasion combined with regulations; (ii) define cultural, supporting or structural
measures – regardless of cost; or (iii) offer subsidies and other incentives.

So far, institutional response to this environmental risk has been twofold. On the
one hand, by proposing programmes to support certain soil conservation actions –
mostly structural measures to control sedimentary flows, which are both costly
and difficult to replicate. On the other side, granting various types of economic
incentives, although the amount currently offered as a direct subsidy (known
as PROCAMPO: http://www.procampo.gob.mx/artman/publish/article_183.asp) is
US$ 73 ha–1, the net on-farm loss through soil erosion often expends up to 85%
of that allowance. This underlines not only the severity of the problem in Mexico,
but also the insufficiency of the government financial support which, consequently,
contributes to drive the rural income to ever-diminishing levels.

Most Mexican soil erosion analyses aim at determining on-site effects focusing
on runoff plots. However, design and enforcement of public policies for soil preser-
vation should integrate both the on-site effects and the watershed scale, as the latter
affects a larger population. Indeed, future studies must consider additional soil func-
tionalities, including carbon retention, infiltration or detoxification. In summary, soil
erosion studies should transcend from the productive to the environmental context,
allowing for a fairer appreciation of the environmental services and the cost of soil
loss. Although the inaccuracy inherent to available data prevented us from reaching
an unambiguous conclusion, our review underlines the importance of introducing
the economic factor of soil erosion into the formula of proposed policies to mitigate
soil erosion and improve the conditions and income of the rural poor.



48 An Assessment of Soil Erosion Costs in Mexico 647

References

Alfsen, K.H., De Franco, M., Glomsrod, S. and Johnsen, T. (1996). The cost of soil erosion in
Nicaragua. Ecological Economics 16:129–145.

Avila, J.S. (2001). El mercado de los fertilizantes en México, situación actual y perspectivas.
Problemas del desarrollo 32(17):189–207.

Bakker, M.M., Govers, G. and Rounsevell, M.D.A. (2004). The crop productivity-erosion relation-
ship: An analysis based on experimental work. Catena 57(1):55–76.

Barrios, E. (2007). Soil biota, ecosystem services and land productivity. Ecological Economics
64:269–285.

Cohen, M., Brown, M. and Sheperd, K. (2006). Estimating the environmental costs of soil ero-
sion at multiple scales in Kenya using synthesis. Agriculture, Ecosystems and Environment
114:249–269.

Comisión Nacional de Población-CONAPO. (2008). La situación demográfica de México 2008.
Mexico.

Cotler, H. and Ortega, M.P. (2006). Effects of land use on soil erosion in a tropical dry forest
ecosystem, Chamela watershed, Mexico. Catena 65:107–117.

Cotler, H., Sotelo, E., Dominguez, J., Zorrilla, M., Cortina, S. and Quiñones, L. (2007). La conser-
vación de suelos: Un asunto de interés público. Gaceta Ecológica 83:1–71. Instituto Nacional
de Ecología, México.

Estrada, J. and Ortiz, S.C. (1982). Plano de erosión hídrica del suelo en México. Geografía agrícola
3:23–27.

Gamini, J. (2003). Soil erosion in developing countries: A socio-economic appraisal. Journal of
Environmental Management 68:343–353.

García, L.R. (1983). Diagnóstico sobre el estado actual de la erosión en México. Terra 1(1):11–14.
Hodson, G. and Dixon, J.A. (1988). Measuring economic losses due to sediment pollution:

Logging versus tourism and fisheries. Tropical Coastal Area Management 7:5–8.
Lal, R. (1994). Soil erosion by wind and water: Problems and prospects. In: R. Lal (ed.), Soil

Erosion Research Methods. Soil Water Conservation Society, St. Lucie Press, Ankeny, IA.
Maass, J.M. and García-Oliva, F. (1990). La investigación sobre erosión de suelos en México: Un

análisis de la literatura existente. Ciencia 41(3):209–228.
Maass, J.M., Jordan, C.F. and Sarukhan, J. (1988). Soil erosion and nutrient losses in seasonal

tropical agroecosystem under various management techniques. The Journal of Applied Ecology
25:595–607.

Magulis, S. (1992). Back-of-the-envelope estimates of environmental damage costs in Mexico.
Working Papers, World Bank, Washington, DC.

Martinez, S. (2007). Estimación de la valoración económica de la erosión de suelos. INE working
paper http://www.ine.gob.mx/dgioece/cuencas/proyectos.html Cited 28 May 2009.

Martínez-Casasnova, J.A. and Ramos, M.C. (2006). The cost of soil erosion in vineyard fields in
the Penedes-Anoia Region (NE Spain). Catena 68:194–199.

McIntire, J. (1994). A review of the soil conservation sector in Mexico. In: E. Lutz, S. Pagiola and
C. Reiche (eds.), Economic and Institutional Analyses of Soil Conservation Projects in Central
America and the Caribbean. World Bank Environment Paper 8, Washington, DC.

Pimentel, D., Allen, J., Beers, A. et al. (1993). Soil erosion and agricultural productivity.
In: D. Pimentel (ed.), World Soil Erosion and Conservation. Cambridge University Press,
Cambridge, MA.

Pimentel, D., Harvey, C., Resosudarmo, P. et al. (1995). Environmental and economic costs of soil
erosion and conservation benefits. Science 267:1117–1123.

SAGARPA. (2007). Informe de diagnóstico de la degradación de suelos e impacto
de los programas de conservación de suelos en México. http://www.sagarpa.gob.mx/
agricultura/info/sust/suelo/at-degrada.pdf Cited 14 May 2009.

SAGARPA. (2008). Resumen Nacional por productos agrícolas. Servicio de información y
estadística agroalimentaria y pesquera (SIAP) http://www.siap.sagarpa.gob.mx/



648 H. Cotler and S. Martínez-Trinidad

Scherr, S. and Yadav, S. (1996). Land degradation in the developing World: Implications for food,
agriculture and the environment to 2020. IFPRI Discussion Paper no. 14, Washington DC.

SEMARNAT-Colegio de Posgraduados. (2002). Evaluación de la degradación del suelo causada
por el hombre en la República Mexicana, escala 1:250,000. Memoria Nacional, SEMARNAT-
Colegio de Posgraduados, México.

Service of Soil Conservation – SSC. (1977). Midwest Technical Service Center. TSC Advisory
Soils L1-13, July 14.

SIACON. (2008). Sistema de Información Agropecuaria de Consulta. SAGARPA
Sistema Nacional de Información e Integración de Mercados – SNIIM. (2009). Precios de mer-

cado: Granos básicos e insumos agrícolas. Sistema Nacional de Información e Integración
de Mercados, Secretaría de Economía. http://www.economia-sniim.gob.mx> Available at
http://www.oeidrus-tamaulipas.gob.mx/cd_anuario_06/TS.html Cited 14 May 2009.

Stocking, M. (2003). Tropical soils and food security: The next 50 years. Science 302:1356–1359.
Stroosnijder, L. (2005). Measurement of erosion: Is it possible?. Catena 64(2–3):162–173.
Tengberg, A., Stocking, M. and Dechen, S. (1998). Soil erosion and crop productivity research in

South America. In: H.P. Blume, H. Eger, E. Fleischhauer, A. Hebel, C. Reij and K.G. Steiner
(eds.), Towards Sustainable Land Use, Advances in Geoecology. volume I, Catena Verlag,
Reiskirchen, Germany, pp. 355–362.

Vazquez, A.V. (1986). La erosión y la conservación del suelo en México (realidades y perspecti-
vas). Terra 4(2):158–172.

Vélez, F., Meléndez, A. and García, H. (2007). Algunas consideraciones de política
agropecuaria. In: P. Cotler (ed.), Políticas públicas para un crecimiento incluyente. Universidad
Iberoamericana, México.



Chapter 49
Predicting Winter Wheat Yield Loss from Soil
Compaction in the Central Great Plains
of the United States

Joseph G. Benjamin and Maysoon M. Mikha

Abstract Adoption of methods to minimize the effects of soil compaction on crop
production by farmers has been slow. Often farmers do not equate degradation of
soil physical properties with reduction in crop yield. The objective of this study
was to determine the potential yield loss caused by degradation of soil physical
quality due to compaction. Soil conditions and winter wheat (Triticum aestivum L.)
yields were observed on the Alternative Crops Rotation study at Akron, Colorado in
1996 and 1997. Changes in soil physical properties were determined by observing
changes in the soil Least Limiting Water Range (LLWR), which includes limitations
of water holding capacity, soil strength and soil aeration, on crop production. Grain
yield decreased approximately 1,000 kg ha–1 per 0.1 unit decrease in LLWR, show-
ing that soil compaction can cause serious yield reductions if not managed properly.
Soil compression curves were developed to help predict the amount of soil com-
paction, and subsequent yield loss, to be expected with wheel traffic at various tire
pressures and soil moisture conditions. Methods such as controlled wheel traffic or
the use of low-pressure tires should be used to reduce soil compaction and maintain
soil productivity.

Keywords Winter wheat · Yield loss · Soil compaction · Central Great Plains · USA

49.1 Introduction

The use of no-till cropping systems and better residue management in the Central
Great Plains has led to water savings that allow increased cropping intensity and
more diversity of crop species (Anderson et al., 1999). However, because no tillage
is done to loosen the soil, concerns arise that the long-term effects of no tillage could
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result in increased soil compaction and possible degradation of the soil physical
environment for crop production.

Soil compaction is an unavoidable consequence of using machinery for crop
production in modern mechanized agriculture. Some tractors used in field oper-
ations such as tillage, planting, and harvesting may weigh over 20,000 kg and
provide over 300 kW of power. The use of such equipment has the poten-
tial to compact soils, making them less productive due to poor soil physical
conditions.

Soil compaction changes the arrangement of soil solids and soil pores. It can
affect the soil physical environment in three ways. First, compaction can affect water
holding capacity by changing the soil pore size distribution (Horton et al., 1994).
Secondly, compaction may alter soil aeration by decreasing O2 diffusion into the
soil and CO2 diffusion out of the soil (Stepniewski et al., 1994). A third soil limi-
tation to crop production is high soil strength (Guerif, 1994). Soil compaction can
push the particles of the soil together such that the penetration resistance of the soil
increases high enough to limit root proliferation. Each of these factors interacts with
the others to determine limiting conditions to crop production. A method called the
Least Limiting Water Range (LLWR) has been developed to account for each of
these limiting soil physical conditions and provides a method to evaluate changes
in soil potential productivity caused by compaction (Letey, 1985; Benjamin et al.,
2003).

When compaction occurs, few options exist in no till systems for alleviating that.
Natural processes of freeze-thaw and wetting-drying will reduce the effects of com-
paction, but the processes may take a long time and require a change in vegetation
to be most effective (Benjamin et al., 2007).

Over the last few decades, much work has been focused on predicting the
amount of compactive force transferred to the soil from tractors with various
weight and power. Gupta and Raper (1994) summarize various research results for
predicting soil compaction under vehicles with various size, power, and wheel con-
figurations. They conclude that these models are adequate for many experimental
conditions, but more research is needed to make the models acceptable for every-
day use. Raper (2005) lists several machinery and soil management options for
minimizing soil compaction. These recommendations include minimizing traffic
when the soil is moist, applying controlled wheel traffic systems to contain the
traffic to specific areas, reducing axle loads by minimizing the size of the vehi-
cle for the specific field activity, and using the minimal inflation pressure for the
size of the tire. Adoption of these practices by farmers is dependant on the real-
ization of the yield loss and subsequent loss of income from soil compaction.
Knowledge of the response of soil to compactive forces and the response of crops
to changes in the physical properties of the soil will help convince farmers to
use management techniques to minimize the effects of soil compaction on win-
ter wheat yield under no-till systems in the central Great Plains of the United
States.
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49.2 Materials and Methods

This study was conducted at the Central Great Plains Research Station near Akron,
Colorado on a Weld loam (fine, smectitic, mesic, Aridic Argiustolls). All data pre-
sented in this paper were collected from the ongoing Alternative Crops Research
(ACR) study. The experiment consists of three replications of several rotations of
crops suited for dryland crop production in the central Great Plains. Each phase of
each rotation occurs each year. Crops included in the rotations are wheat, abbrevi-
ated W, corn (Zea mays L.), abbreviated C, and proso millet (Panicum miliaceum
L.), abbreviated M, with or without various intensities of fallow (F). More detail
about the experimental design and crop management techniques can be found in
Anderson et al. (1999) and Bowman et al. (1999). We selected the wheat plots from
the WF, WCF, WCM rotations in the experiment.

To construct the LLWR for a particular soil, knowledge of field capacity, wilting
point, air-filled porosity and soil strength are needed for the range of bulk densi-
ties likely to occur in the field. In this paper we have defined field capacity as the
water content at –33 kPa water potential, the wilting point as the water content at
–1,500 kPa water potential, the aeration limitation as 10% air-filled porosity, and
the strength limitation as 2 MPa cone penetrometer resistance. These criteria have
also been used by da Silva et al. (1994) and Betz et al. (1998).

Soil cores (75 mm diam. by 75 mm tall) were collected with a Giddings1

hydraulic soil probe. Cores were taken immediately after wheat harvest in July.
The cores were placed in individual moisture desorption cells and the 33 kPa (field
capacity) water content was determined. Bulk density was determined on the same
cores. Disturbed soil samples were used to determine 1,500 kPa (wilting point)
water content. Measurements of cone penetrometer resistance and corresponding
water content and bulk density were taken in the field. More detail in sampling
procedures can be found in Benjamin et al. (2003).

Winter wheat yields from 1996 and 1997 were plotted against the corresponding
LLWR. The yield data were separated into wheat yields following a fallow period
under no-till management and wheat yields either directly following millet or wheat
yields under sweep tillage management.

A series of compaction tests were run on disturbed soil samples to determine
the response of the Weld soil to compactive pressure. An automatic soil compactor
(ELE International) was used to compact the soil. The amount of energy was varied
by changing the number of blows each sample received or by changing the weight
of the tamper and drop height of the tamper. The machine turns the sample such that
the entire surface of the soil in the mold is covered by overlapping tamper blows.
Triplicate samples were prepared at each compaction energy level. The standard

1Mention of trade names in for reference only. It does not imply a recommendation of this
equipment over similar makes or models.
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Proctor density test (Spangler and Handy, 1982) was run by compacting soil into a
101 mm diameter by 116 mm thick cylindrical mold with a 2.5 kg tamper dropped
from a height of 305 mm. Soil was added in three layers and each layer received
25 blows by the hammer. A modified Proctor test was also used that compacts soil
into a 152 mm diameter by 116 thick cylindrical mold by dropping a 4.5 kg tamper
from a 457 mm height. Soil was added in five layers and each layer received 25
blows. Modifications of the standard Proctor test were made to compact soil with
less energy. Instead of 25 tamper blows per layer as in the standard Proctor test,
tests were run with 7 blows per layer and 14 blows per layer. Compaction energy
was calculated by

E = Mhbg (49.1)

Where:

E is the compaction energy (J),
M is the mass of the tamper (kg),
h is the drop height (m),
b is the number of tamping blows (–) and
g is the gravitational constant (9.8 m s–2).

The energy applied to the soil sample was expressed as an equivalent pressure by

P = EV−1 (49.2)

Where:

P is the compaction pressure (kPa) and
V is the sample volume (m3).

The summary of compaction levels is shown in Table 49.1. Compaction at each
energy level was applied to soils at 0.05, 0.10, 0.15, 0.20 and 0.25 g g–1 water
content. After compaction the sample was trimmed and the bulk density and ending
soil water content were determined.

Table 49.1 Compaction energy applied to determine compaction characteristics of a Weld loam

Mold volume Number of blows Applied energy Pressure

m–3 – J kPa
9.11 10–4 21 157 172
9.11 10–4 42 313 344
9.11 10–4 75 560 614
2.10 10–3 125 2, 512 1, 193
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49.3 Results

The Least Limiting Water Range (LLWR) has been used as a method to combine
limitations of the soil physical environment for crop production. The LLWR can be
thought of as the range of water contents, at a given bulk density, where none of
these soil physical properties are limiting to crop production. Plots of –33 kPa water
content vs. bulk density, –1,500 kPa water content vs. bulk density, water content
and bulk density which gives 2 MPa cone penetrometer resistance, and water content
and bulk density which gives 10% air-filled pore space were made and the LLWR
was determined (Fig. 49.1). The range of water contents where none of these prop-
erties are limiting is shown in the cross-hatched zone. For instance, the LLWR at a
bulk density of 1.2 Mg m–3 would be between 0.23 and 0.38 volumetric water con-
tent, resulting in a LLWR of 0.15. The LLWR is smaller as bulk density increases.
The LLWR at a bulk density of 1.6 Mg m–3 would be between 0.25 and 0.29 water
content, resulting in a LLWR of 0.04.

Wheel traffic effects on soil bulk density, and the corresponding effect on LLWR,
are dependent on compaction pressure and the water content of the soil when traf-
ficked. The effects of compaction pressure and soil water content for a Weld loam
are shown in Fig. 49.2. For a compaction pressure of 172 kPa, the range of bulk
density would be 1.4–1.54 Mg m–3 depending on the water content of the soil at
compaction. For higher compaction pressures, the bulk density increases. For a com-
paction pressure of 614 kPa, the range of bulk density would be 1.5–1.7 Mg m–3.
The optimum water content for compaction decreases with increasing compaction
pressure. The optimum water content for compaction at 172 kPa is about 0.20 g g–1.
The optimum water content for compaction at 614 kPa is 0.15 g g–1.
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There was a linear response of wheat yield to LLWR at this site (Fig. 49.3). The
squares indicate wheat yields for wheat after fallow in no-till cropping systems at
Akron, Colorado in 1996 and 1997. The circles are wheat yields for no-till wheat
grown either after millet or wheat grown after fallow in a sweep tillage system. Even
though overall wheat yields were lower in cropping systems with no fallow period
or with tillage, wheat response to LLWR was similar in all cropping systems. In
each cropping system wheat yields declined approximately 1,000 kg ha–1 for each
0.1 decline in LLWR.
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Fig. 49.3 Wheat yield response to change in the Least Limiting Water Range (LLWR) for a Weld
loam at Akron, Colorado. WF indicates the Wheat-Fallow rotation, WCF indicates the Wheat-
Corn-Fallow rotation, and WCM indicates the Wheat-Corn-Millet rotation
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49.4 Discussion

Uncontrolled traffic patterns are common in many commercial agricultural fields.
Some fields may be covered many times by implements in the course of a crop year
(Kuipers and van de Zande, 1994). Farmers can use information on the compaction
characteristics of the soil and the response of the crop to soil physical conditions to
make better decisions on management of their fields. Compaction information may
help them determine the effects of machinery operations on soil compaction and
subsequent effects on potential wheat yield.

For instance, farmers must often decide when the water content of the soil in
a field is suitable for field operations. If a farmer were to traffic this soil with a
water content of 0.10 g g–1 water content with an implement that provides 172 kPa
pressure, the farmer could expect the soil to compact to a bulk density of about
1.4 Mg m–3 (Fig. 49.2). If rainfall or irrigation was to occur such that the water
content increased to 0.2 g g–1 and the field was trafficked with the same implement,
the farmer could expect the soil to compact to a bulk density of about 1.54 Mg m–3,
increasing the amount of compaction. If the entire surface of the soil were covered
with wheel tracks the difference in LLWR would be the change of LLWR from 0.13
to 0.08 (from Fig. 49.1), a decrease of 0.05. A decrease in LLWR of 0.05 would
result in a winter wheat yield loss of about 500 kg ha–1 (from Fig. 49.3). Information
such as this can point out to the farmer the risk involved when trafficking the soil
when it is too wet.

Farmers often have decisions to make on the size of machinery used and the com-
pactive pressure the selected implement will have on the soil. An implement that
provides 172 kPa compaction pressure on a soil with a water content of 0.15 g g–1

will compact the soil to a bulk density of about 1.5 Mg m–3, whereas an implement
that provides 344 kPa compaction pressure on the same soil under the same condi-
tions will compact the soil to a bulk density of about 1.6 Mg m–3 (Fig. 49.2). The
change in LLWR would be from 0.09 to 0.04 (Fig. 49.1) and a winter wheat yield
loss of about 500 kg ha–1 (Fig. 49.3). Farmers can use this information to make
decisions on the size and weights of machines for field operations.

Sometimes field operations on soil that is too wet or using relatively large
machines for farming is unavoidable. Devising a controlled wheel traffic pattern
on the field helps limit the damage caused by compaction to the entire field. The
goal of a controlled wheel traffic system is to create poorer conditions, as noted
in the above examples, on part of the field but preserve more optimal conditions
on the area between the wheel tracks. Showing the direct influence of wheel traffic
on the soil physical condition and the subsequent affects on productivity may pro-
vide incentive for farmers to devise such controlled wheel traffic systems for their
operations.

49.5 Conclusions

Soil compaction has the potential to severely limit crop production. The primary
method to avoid compaction is to not traffic the soil when the soil is wet, as that is
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when it is most susceptible to compaction. Many soils are most easily compacted
at water contents slightly less than field capacity. A second method to minimize
compaction is to use implements with low tire pressures. By using lower tire infla-
tion pressure, the weight of the implement is spread over a larger surface area and
decreases the amount of force applied to the soil and compaction energy. An analysis
of the compaction characteristics of soil, the response of a specific crop to soil com-
paction, and the proposed machinery used for crop production may help the farmer
to devise machinery systems that will minimize adverse effects of soil compaction
on crop production.
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