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10 years. Topic hits analysis allows one to rank topics
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modified” and 2005.3 for ‘irrigation’. Accordingly, the
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els, genetically modified, conservation agriculture, ur-
ban agriculture, sociology, organic farming, carbon
sequestration, phytoremediation, mulch and biodiver-
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we reviewed selected articles published in 2009 with
emphasis on emerging topics. We find that sociology
is clearly bringing novel and unexpected findings to
designing sustainable agriculture. Transgenic crops are
highly innovative but show many unknowns that need
to be carefully studied using various disciplines. Cli-
mate change has many scientifically proven effects on
terrestrial ecosystems and agriculture. Here, soil car-
bon loss should be of particular attention because it
rules the long-term fate of many factors such as at-
mospheric CO,, erosion, and water and nutrient sup-
ply. Biodiversity loss due to industrial monocropping is
leading scientists to disclose alternative, more diverse
cropping systems that optimise biodiversity, pest con-
trol and yield.

Keywords Agriculture « Climate change « Biofuel *
Transgenic plants « Biodiversity « Sociology « Organic
farming + Conservation agriculture « Urban agricul-
ture » Industrial agriculture - Carbon sequestration  Soil
carbon « Crop rotation « No tillage + Beneficial
microbes- Citation analysis« Topic emergence analysis®
Most-cited articles* Most-downloaded articles

1 Introduction

Climate change and the recent financial crisis clearly
show that humans have entered an unprecedented era
of fast and possibly dangerous changes. This era is
the anthropocene, a term that was coined in 2000
by the Nobel Prize-winning atmospheric chemist Paul
Crutzen to point out that human activities now have
a global impact on climate and ecosystems. Crutzen
has explained, “I was at a conference where someone
said something about the Holocene. I suddenly thought
this was wrong. The world has changed too much. So
I said: ‘No, we are in the anthropocene’. I just made
up the word on the spur of the moment. Everyone was
shocked. But it seems to have stuck”.

Unprecedented changes call for unprecedented
adaptation. Unprecedented adaptation calls for un-
precedented thinking. For instance, a major issue is
that agricultural research has been for too long driven
solely by the need for higher yields using monocul-
ture, whatever the adverse ecological effects, such
as food and drinking water pollution, biodiversity

loss, and pest resistance. Mainstream goals such as
higher yields should be challenged and rethought to
take into account other factors. Those factors should
not be solely defined by classical agrosciences, e.g.
plant and soil sciences, but should also include all
other sciences that really rule agriculture; for instance,
ecological, economic, social and political sciences
(De Bon et al., 2009; Wezel et al., 2009; Fleming and
Vanclay, 2009; Lamine and Bellon, 2009; Lichtfouse
et al., 2009a, b; Veldkamp et al., 2009). In other words,
agronomy should not be reduced to a science that im-
proves crop yields but should answer all society’s is-
sues because agriculture is both the foundation and
the future of society. Agronomists should rethink the
role of agriculture in our society. For instance, studies
of farming systems should also include food systems
(Gliessman, 2007).

Previous works have attempted to define the core
issues of the industrial agricultural society: technology
without wisdom; and the tragedy of the global com-
mons: soil, water and air (Lal, 2009a, b); artificialisa-
tion and painkiller solutions; climate change and out-
dated society structures; and society dependence and
sustainable agriculture (Lichtfouse, 2009a—c). In the
book Sustainable Agriculture we have gathered 53 re-
view articles that cover major advances in agrosciences
(Lichtfouse et al., 2009a). Four recent books also
report major contributions in emerging agrosciences
(Lichtfouse et al., 2009d—g). Here, we analyse recent
topical trends in the journal Agronomy for Sustainable
Development. Topical trends are assessed using three
indicators: (1) most-cited articles 1999-20009, (2) topic
hits on the journal website over 1999-2009, and
(3) most-downloaded articles in 2009. We then briefly
review selected journal articles published in 2009.

2 Most-Cited Articles 1999-2009

A first means to assess topics in the journal is to look
at most-cited articles in the Journal Citation Reports.
Table 1 shows yearly top-cited articles in the journal
Agronomy for Sustainable Development from 1999 to
2009. The results indicate that major recent topics are
transgenic plants, agroindicators, alternative crop man-
agement, beneficial microbes, and topics related to cli-
mate change such as biofuels and soil carbon. Whereas
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Table 1 Top 3 yearly most cited articles in the journal Agronomy for Sustainable Development. Number of citing articles, named
cites, are from ISI-thompson on October 22, 2009. The top 5 highest cites are printed in bold. Full references are given in the
reference list

Most-Cited Articles

Year Cites  Topics First author - Title
2008 5 Transgenic plants BONNY. Genetically modified glyphosate-tolerant soybean in the USA...
5 Transgenic plants DEVOS. Feasibility of isolation perimeters for genetically modified maize
4 Agroindicators, N, BOCKSTALLER. Agri-environmental indicators to assess cropping and
pesticides farming...
2007 16 Transgenic plants DEVOS. Implementing isolation perimeters around genetically modified...
11 Alternative fertilisation, GARG. Symbiotic nitrogen fixation in legume nodules: process and signaling.
beneficial microbes
10 Biofuels, climate, HILL. Environmental costs and benefits of transportation biofuel production...
carbon
2006 17 Alternative management, BERNOUX. Cropping systems, carbon sequestration and erosion in Brazil.
soil, carbon
17 Alternative fertilisation, HACHICHA. Compost of poultry manure and olive mill wastes as an alternative...
soil, carbon
8 Pollutants, food GROVA. Effect of oral exposure to polycyclic aromatic hydrocarbons...
2005 19 Alternative management, LACAS. Using grassed strips to limit pesticide transfer to surface water.
soil, pesticides
18 Agroindicators, CLERGUE. Biodiversity: function and assessment in agricultural areas.
biodiversity
13 Transgenic plants COLBACH. Spatial aspects of gene flow between rapeseed varieties and
volunteers.
2004 25 Alternative management, MARRIOTT. Long-term impacts of extensification of grassland management...
biodiversity
21 Alternative management, LE BISSONNAIS. Grass strip effects on runoff and soil loss.
soil, erosion
17 Soil, carbon, compost AMIR. Elemental analysis, FTIR and C-13-NMR of humic acids from sewage...
2003 98 Soil, carbon, roots NGUYEN. Rhizodeposition of organic C by plants: mechanisms and controls.
26 Soil, carbon, fungi CASARIN. Quantification of oxalate ions and protons released by
ectomycorrhizal...
23 Pollutants, toxicity ROUT. Effect of metal toxicity on plant growth and metabolism: I. Zinc.
2002 146 Alternative management, SIX. Soil organic matter, biota and aggregation in temperate and tropical soils...
soil, carbon
50 Agroindicators, BRISSON. STICS: a generic model for simulating crops and their water...
climate, soil
33 Climate, greenhouse REICHRATH. Using CFD to model the internal climate of greenhouses...
2001 51 Climate, carbon, DORAL Influence of electric conductivity management on greenhouse tomato...
salt stress
35 Alternative control EHRET. Disinfestation of recirculating nutrient solutions in greenhouse
horticulture.
32 Carbon, growth GUICHARD. Tomato fruit quality in relation to water and carbon fluxes.
2000 72 Climate, canopy WEISS. Investigation of a model inversion technique to estimate canopy...
52 Alternative control, FINCKH. Cereal variety and species mixtures in practice...
intercropping
37 Beneficial microbes BOSSIS. The taxonomy of Pseudomonas fluorescens and Pseudomonas putida...
1999 73 Climate, remote sensing CEROVIC. Ultraviolet-induced fluorescence for plant monitoring...
44 Climate, canopy FOURNIER. ADEL-maize: an L-system based model for the integration of
growth...
40 Plant architecture, GODIN. Exploration of a plant architecture database with the AMAPmod...

model
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transgenic plants and biofuels are clearly emerging
topics from 2007, soil carbon and climate are strikingly
apparent as major topics through the whole 1999-2009
period. Soil carbon and climate are also topics of the
4 most-cited articles from 1999 to 2009. Other most-
cited topics include agroindicators; alternative crop
management, pest control and fertilisation; biodiver-
sity; and pollutants and pesticides. We conclude that
transgenic plants and biofuels are clearly emerging
topics, whereas soil carbon and climate are the major
mainstream topics of the last 10 years.

Table 2 Mean emergence date (MED) of topics in articles from
the journal Agronomy for Sustainable Development. Topics were
searched in all article text, and thus do not necessarily reflect
the article topic. Topics that showed highest hits in 2009 are
printed in bold. Hits in percent refer to the number of articles
containing topics measured using the journal website search en-
gine on October 22-23, 2009, versus total yearly published ar-

3 Journal Website Hits

We also studied topics by counting hits over 1999—
2009 using the search engine of the journal website
(Table 2). As topics refer to queries found in the whole
article text, topics do not necessarily represent arti-
cle topic. We ranked topics by decreasing order of
emergence using the mean emergence date calculated
by averaging dates weighted by hits. Figures 1 and 2
show examples of the evolution of topic hits with time.
Four evolution types were identified: (1) A plateau; for

ticles. Mean emergence date was calculated as the average of
years weighed by hits: D (Hits.year)/)_Hits, thus allowing to
sort topics by order of emergence in the journal. Most recent
topics have thus most recent date (see Fig. 1). For queries having
several words, e.g. genetically modified, we used double quotes
operators (“...”) to retrieve only answers from words appearing

together. AD: Anno Domini

MED 2009 2008 2007 2006 2005 2004 2003 2002 2001 2000 1999
TOPICS AD % % % % % % % % % % %
Biofuels 2008.29 5.48 3.39 2.27 0 0 0 0 0 0 0 0
Genetically modified  2008.25 5.48 5.08 2.27 0 0 0 0 0 0 0 0
Conservation 2007.54  13.70 1.69 0 9.09 0 1.92 0 0 0 0 0
agriculture
Urban agriculture 2007.22 2.74 1.69 0 0 0 1.92 0 0 0 0 0
Sociology 2007.11  10.96 0 2.27 0 1.59 3.85 1.27 0 0 0 0
Organic farming 2007.05 3836 2034 2273 9.09 7.94 0 3.80 5.13 143 250 O
Carbon sequestration ~ 2006.92  16.44  11.86 6.82 9.09 4.76 3.85 0 3.85 0 0 0
Phytoremediation 2006.87 1.37 6.78 2.27 0 3.17 0 1.27 0 0 0 0
Mulch 2006.62 2192 2881 1591 15.15 3.17 9.62 1.27 5.13 143 125 179
Biodiversity 2006.55 54.79 2542 25 12.12 12.7 7.69 5.06 6.41 571 250 536
Climate change 2006.54 31.51 18.64 9.09 9.09 6.35 9.62 2.53 5.13 286 125 1.79
Integrated pest 2006.50 9.59 10.17 11.36 6.06 476 0 3.8 0 143 0 1.79
management
Allelopathy 2006.41 5.48 6.78 4.55 3.03 1.59 0 2.53 0 286 0 0
Soil erosion 2006.19 2192 1695 2045 15.15 6.35 9.62 1.27 7.69 0 250 3.57
Crop rotation 2006.17 49.32 30.51 31.82 18.18 1270 11.54 633 1282 10 250  5.36
Transgenic 2006.15 13.70 13.56 13.64 0 4.76 1.92 6.33 0 0 1.25 536
Grass strips 2005.92 5.48 3.39 2.27 6.06 1.59 1.92 0 0 143 250 0
Biocontrol 2005.87 5.48 8.47 4.55 1212 3.17 3.85 6.33 0 286 0 0
Cover crops 2005.76  17.81 1695 1591 6.06 9.52 7.69 380 14.1 286 125 1.79
Biological control 2005.70 1096 10.17 18.18 12.12 7.94 7.69 7.59 0 7.14 250 O
No tillage 2005.59 4247 3559 3409 18.18 20.63 28.85 1899 20.51 571 375 893
Weed control 2005.35 2740 27.12 18.18 2424 20.63 19.23 13.92 897 1429 250 7.14
Intercropping 2005.34 1644 1356 18.18 9.09 4.76 5.77 3.80 8.97 429 375 7.14
Irrigation 2005.21 39.73 4237 43.18 3939 39.68 5192 3797 3205 2857 O 0
Biological nitrogen 2005.00 6.85 6.78 11.36 0 0 1.92 3.80 128 1429 0 0
fixation
Agroforestry 2004.88  10.96 6.78 6.82 3.03 1.59 1.92 0 3.85 286 375 7.14
Decision support 2004.74 8.22 8.47 6.82 3.03 0 13.46 3.80 6.41 571 125 357
systems
Precision agriculture ~ 2004.06 4.11 3.39 2.27 0 1.59 9.62 1.27 6.41 286 0 3.57
Drought stress 2004.01  12.33 5.08 13.64 0 635 11.54 10.13 7.69 10 25 125
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Fig. 1 Emergence of topics in article text from the journal
Agronomy for Sustainable Development. Note the shift to the
right of most emerging topics in the journal. MED refers to mean
emergence date (see Table 3 caption). Hits in percent refer to the
number of articles containing topics measured using the journal

website search engine (see Table 3 caption)
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Fig. 2 Evolution of the topic Agroforestry in article text from
the journal Agronomy for Sustainable Development. Note the de-
crease until 2003 followed by an increase, suggesting a renewed
interest. Hits in percent refer to the number of articles contain-
ing topics measured u sing the journal website search engine (see
Table 3 caption)

instance, ‘irrigation’ data shows a plateau with a mean
emergence date of 2005.2. (2) A regular increase such
as that for ‘crop rotation’ since 2003. ‘Crop rotation’
has thus a younger mean emergence date of 2006.2.
(3) A sharp increase such as that for ‘organic farm-
ing’ after 2004. ‘Organic farming’ has thus an even
younger mean emergence date of 2007.1. ‘Genetically
modified” exhibits the youngest mean emergence date
of 2008.3. (4) A dive-rise such as that for ‘agro-
forestry’, showing a decrease from 1999 to 2003 fol-
lowed by an increase from 2003 to 2009, suggesting a
renewed interest in this topic.

Table 2 shows that according to the mean emer-
gence date the 10 most emerging topics are biofuels,
genetically modified, conservation agriculture, urban
agriculture, sociology, organic farming, carbon se-
questration, phytoremediation, mulch and biodiversity.
This finding confirms biofuels and transgenic plants as
emerging topics from citation data (Table 1). The pre-
dominance of soil carbon and climate is also apparent
in most emerging topics.

Urban agriculture, ranking 3 in emergence, and
sociology, ranking 4, are of special interest because
those topics represent a clear change of thinking.
Urban agriculture is challenging the common belief
that crops should be cultivated in rural areas. Here, the
idea of producing food close to consumers to decrease
transportation pollution and costs is clearly elegant
and apposite to fight climate change. The emergence
of sociology can be explained both by increased
interest from agronomists and by the shift in journal
topics from 2004 (Lichtfouse et al., 2004). Table 2
also shows printed in bold the 5 top topics according
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to hits in 2009. Here, biodiversity is found in 55% of
articles, crop rotation 49%, no tillage 43%, irrigation
40% and organic farming 38%. These data from one
single year cannot be interpreted in terms of evolution,
but they probably represent the major concerns of
authors in 2009.

To conclude, the 10 most emerging topics according
to mean emergence date are biofuels, genetically mod-
ified organisms, conservation agriculture, urban agri-
culture, sociology, organic farming, carbon sequestra-
tion, phytoremediation, mulch and biodiversity. Those
topics can be roughly classified into two streams of
research aiming at a more sustainable agriculture.
First, an analytical stream that develops technolog-
ical innovations in plant science such as transgenic
plants and biofuels. Second, a systemic stream that de-
velops innovative farming practices such as organic
farming and urban agriculture. Concepts of the sys-
temic stream are given by Hill and MacRae (1996),
Vandermeer et al. (1998), Papy (2001), Dalgaard
et al. (2003), Lichtfouse et al. (2009b), and references
therein.

4 Most-Downloaded Articles in 2009

Topics of interest for readers of the journal can be eval-
uated by topics of the most-downloaded articles on
the journal website (Table 3). We observe three major
categories of topics: (1) topics related to climate
change, e.g. biofuels, drought and salt stress, bio-
diversity, and carbon sequestration in soils; (2) top-
ics related to alternative management, e.g. agroindi-
cators, fertilisation, beneficial microbes, intercropping
and organic farming, and (3) topics related to food
security, e.g. pollutants, alternative fertilisation and
control, and organic farming. The predominance of
topics such as carbon, climate, biodiversity, biofuels,
pollutants, beneficial microbes, transgenic plants and
organic farming agrees with our previous results.

5 Review of Selected 2009 Articles

Here, we review selected articles published in 2009
in the journal Agronomy for Sustainable Development.
The fast emergence of new disciplines such as so-

cial and economic sciences in agronomic research
is underlined by Wezel et al. (2009), Lamine and
Bellon (2009), and Lichtfouse et al. (2009b). Wezel
et al. (2009) reconstruct the historical rise of agroe-
cology following the decline of industrial agriculture.
It is noteworthy that these authors observe that the
meaning of agroecology changes from one country
to another. For instance, in Germany agroecology is
mainly a science, whereas in France and in Brazil
agroecology is also a green movement that is run by
citizens.

5.1 Sociology

Sociology emergence in the journal Agronomy for Sus-
tainable Development is highlighted well by Veldkamp
et al. (2009), who designed an innovative Dutch project
that takes into account the opinion of all stakehold-
ers. The authors develop their ideas on the alterna-
tive principle that sustainable development requires a
better balance of the triple P values — people, planet
and prosperity. Another tantalising example of bridg-
ing sociology and agronomy is given by Fleming and
Vanclay (2009), who analyse the impact of climate
change on farmer discourses. The core issue is nicely
underlined by a farmer interview: “What’s sustainable?
You’ve got to look at our world as we know it. We're
not in a sustainable position at the moment. That’s
why I say ‘what’s sustainable?” — I don’t know”. The
authors found that farmers have four main discourses
that guide their decision: money, earth, human respon-
sibility and questioning. Disclosing which discourses
are at work in a specific farming system is clearly
needed because, to put it simply, farmers will not fol-
low scientists’ advice if they are not convinced that
this advice agrees with their discourses. De Bon et al.
(2009) show the social benefits of urban agriculture
in developing countries. Lamine and Bellon (2009)
review the conversion from intensive to organic farm-
ing using viewpoints from both agronomists and so-
cial scientists. They found that most publications re-
port conversion effects and motivations, whereas few
publications study transitions and trajectories. To con-
clude, the use of sociological tools to study farming
systems is bringing unexpected findings to designing
sustainable agriculture.
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Table 3 Top 30 most downloaded articles from the website of the journal Agronomy for Sustainable Development

Most-Downloaded Articles 2009*

Year PDF Topics First author - Title
2009 1975 Climate, drought stress FAROOQ. Plant drought stress: effects, mechanisms and management.
2007 1421 Alternative fertilisation, KHAN. Role of phosphate-solubilizing microorganisms...
beneficial microbes
2009 1260 Agroecology LICHTFOUSE. Agronomy for sustainable agriculture.
2003 970 Pollutants, toxicity ROUT. Effect of metal toxicity on plant growth...
2006 931 Alternative fertilisation, HAFEEZ. Plant growth-promoting bacteria as biofertilizer
beneficial microbes
2009 786 Alternative management, MALEZIEUX. Mixing plant species in cropping systems...
intercropping
2007 647 Biofuel, climate, carbon HILL. Environmental costs and benefits of transportation biofuel...
2001 641 Alternative fertilisation, IGUAL. Phosphate-solubilizing bacteria as inoculants...
beneficial microbes
2009 639 Soil, food security LAL. Soils and food sufficiency.
2009 629 Alternative management, LAL. Laws of sustainable soil management.
soil
2009 628 Climate, biodiversity FEEHAN. Climate change in Europe. 1. Impact on terrestrial...
2009 609 Climate, carbon, BENBI. A 25-year record of carbon sequestration...
sequestration
2001 522 Climate, carbon, DORAL Influence of electric conductivity management...
salt stress
2009 497 Transgenic plants DEVOS. Coexistence of genetically modified...
E-first 495 Organic farming, LAIRON. Nutritional quality and safety of organic food.
food security
2009 493 Organic farming, LAMINE. Conversion to organic farming...
sociology
2009 492 Agroindicators BOCKSTALLER. Comparison of methods to assess the sustainability...
2009 473 Climate, agriculture LAVALLE. Climate change in Europe. 3. Impact on agriculture...
2005 446 Climate, drought stress SAMARAH. Effects of drought stress on growth and yield of barley.
2003 437 Climate, salt stress BEN KHALED. Effet du stress salin en milieu hydroponique...
2009 436 Climate, soil JONES. Climate change in Europe. 2. Impact on soil.
2008 427 Alternative control DORDAS. Role of nutrients in controlling plant diseases...
2009 423 Agroecology WEZEL. Agroecology as a science, a movement and a practice.
2007 422 Alternative fertilisation, GARG. Symbiotic nitrogen fixation in legume nodules...
beneficial microbes
2009 411 Alternative fertilisation, ZUO. Iron and zinc biofortification strategies in dicot plants...
intercropping
2003 392 Soil, carbon, roots NGUYEN. Rhizodeposition of organic C by plants...
E-first 391 Alternative fertilisation, SPIERTZ. Nitrogen, sustainable agriculture and food security.
food security
E-first 366 Alternative management, DE BON. Sustainable urban agriculture in developing countries.
urban agriculture
2003 364 Pollutants, JONER. Phytoremediation of organic pollutants using mycorrhizal...
beneficial microbes
2003 341 Beneficial microbes, GAMALERO. Methods for studying root colonization...

methods

* Counts from January 1, 2009 to October 27, 2009. Year refers to year of publication. PDF refers to number of articles downloaded.
PDF: portable document format. Full references are given in the reference list. E-first refers to articles online published but not yet

issue published; those articles will be published in 2010
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5.2 Transgenic Crops

Transgenic crops is typically an emerging topic that
has escaped the science sphere to be now a major
social, economical and political issue. As a conse-
quence, transgenic crops is therefore a well-suited re-
search topic for agronomists that use sociology and
economics. Like all major scientific breakthroughs,
e.g. nitro-glycerine and nuclear energy, there are many
arguments in favour of genetically modified organisms
and many arguments against their use. Devos et al.
(2009) analyse policies ruling the coexistence of trans-
genic and non-transgenic maize in European nations.
They found that current isolation distances are ex-
cessive, difficult to implement, and not economically
viable. Very interestingly, they conclude that ‘other
scientific issues must be at play’. Such an unknown
may indeed be disclosed by the discourse approach of
Fleming and Vanclay (2009).

Graef (2009) reviews possible adverse effects of
introducing transgenic oilseed rape into Europe. He
found that possible adverse effects to be monitored
are persistence and spread of herbicide-tolerant oilseed
rape, transfer of tolerance to wild relatives, develop-
ment of herbicide tolerance of weeds, decrease in bio-
diversity, herbicide pollution, and adverse impact on
field organisms and biogeochemical cycles. Hart et al.
(2009) demonstrate for the first time the persistence
of transgenic crop DNA residues within a soil food
web. They found the transgene for glyphosate toler-
ance in soil arthropods, nematodes and earthworms
from a transgenic corn field. The potential of trans-
gene flow from transgenic crops’ wild relatives is ad-
dressed by Loureiro et al. (2009), who found that hy-
brids of wheat and its wild relative Aegilops biuncialis
are formed easily with 9-75% hybridisation rates. To
conclude, transgenic crops are highly innovative but
show both benefits and drawbacks that need to be care-
fully studied using various disciplines.

5.3 Climate Change

Climate change effects in Europe are reviewed in three
reprints from an European report. First, Feehan et al.
(2009) analyse major effects on terrestrial ecosystems
and biodiversity. Key trends include northward and up-
hill shift of plants, birds and mammals; and earlier

seasonal events such as flowering, bird nesting and
frog spawning. Second, Jones et al. (2009) report ma-
jor effects of climate change on soils. Key observations
include a decrease in soil C over the last 25 years,
a higher risk of erosion and projected increases in
CO; release in the atmosphere. It should be noted that
there is much less evidence from soil studies because
soil research is usually more difficult and needs more
time - and funds - because most soil changes occur
very slowly. Here, the major issue is that once adverse
changes have occurred, e.g. soil carbon depletion, they
cannot be healed fast. Therefore, management options
that favour carbon sequestration and soil preservation
should be applied (Doumbia et al., 2009; Benbi and
Brar, 2009; Hazarika et al., 2009; Pleguezuelo et al.,
2009; Tuttobene et al., 2009). Principles for sustain-
able soil management are given by Lal (2009c, d).

Third, Lavalle et al. (2009) review major effects
of climate change on agriculture and forestry. Key
trends include the shortening of the growing season in
the south with higher risk of frost damage; flowering
and maturity of crops occurring now about 2-3 weeks
earlier; a higher yield variability due to extreme cli-
mate events such as the 2003 summer heat and the
2007 spring drought; a high increase of 50-70% in
the water demand in Mediterranean areas; a faster for-
est growth; and a higher risk of forest fires. Tingem
et al. (2009) simulate future crop yield in response to
climate change in Cameroon. They found that devel-
oping later-maturing cultivars could greatly increase
yields of maize, sorghum and bambara groundnut.
Farooq et al. (2009) review effects of drought stress
on plants. They also propose several solutions to coun-
teract drought stress. To conclude, there are many sci-
entific proofs of the effects of climate change on ter-
restrial ecosystems. Adverse, long-term effects such as
soil carbon loss and erosion should be paid particular
attention by agronomists.

5.4 Biodiversity

Biodiversity loss due to adverse effects of industrial
agriculture is a major threat to sustainable agriculture.
A well-known example is the decrease in bees. Indeed,
bees and other insects carry pollen and thus are essen-
tial to the reproduction of some crops such as blueber-
ries. Higher biodiversity is also a means to control crop
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diseases because pathogens and natural antagonists are
better balanced. De Cauwer and Reheul (2009) investi-
gate the impact of grassland management on plant bio-
diversity and invasive species. They found that abun-
dance of non-leguminous dicots decreases with higher
intensity use and N supply. They identify several land
uses that suppress invasive species and optimise plant
biodiversity. Weed diversity and density is also inves-
tigated by Izquierdo et al. (2009) and Koocheki et al.
(2009). Pelosi et al. (2009) studied earthworm biodi-
versity in conventional, organic and living-mulch crop-
ping systems. They found that the Shannon-Wiener
and equitability indexes were higher in the living-
mulch system. To conclude, agronomists are designing
alternative cropping systems that optimise biodiversity,
pest control and yield.

5.5 Alternative Farming Systems

Alternative management systems involving mixing
plants, e.g. intercropping and agroforestry, are re-
viewed by Malézieux et al. (2009). They found that
potential benefits are higher overall productivity, better
pest control and better ecological services. Koocheki
et al. (2009) analysed the effect of different cropping
systems and various crop rotations on weeds. To re-
duce the weed seed bank they propose rotations that
include crops with different life cycles such as win-
ter wheat-maize and winter wheat-sugar beet. To de-
sign and evaluate innovative cropping systems on a
medium- and long-term basis, new methods are re-
quired combining simulation and field experimenta-
tion. Here, Debaeke et al. (2009) describe an iterative
and rule-based approach to setting up cropping sys-
tems in response to a drastic reduction of water, nitro-
gen and pesticide inputs.

6 Conclusion

Citation analysis shows that transgenic plants and bio-
fuels are clearly emerging topics, whereas soil carbon
and climate change are the major mainstream topics
of the last 10 years. The 10 most emerging topics ac-
cording to mean emergence date are biofuels, geneti-
cally modified, conservation agriculture, urban agricul-

ture, sociology, organic farming, carbon sequestration,
phytoremediation, mulch and biodiversity. In 2009, the
highest hits were found for biodiversity (55%), crop
rotation (49%), no tillage (43%) and organic farm-
ing (38%). Analysis of most-downloaded articles in
2009 shows the predominance of topics such as carbon,
climate, biodiversity, biofuels, pollutants, beneficial
microbes, transgenic plants and organic farming. We
find that sociology is clearly bringing novel and un-
expected findings to designing sustainable agriculture.
Transgenic crops are highly innovative but show many
unknowns that need to be carefully studied using var-
ious disciplines. Climate change has many scientifi-
cally proven effects on terrestrial ecosystems and agri-
culture. Here, soil carbon loss should be of particular
attention because it rules the long-term fate of many
factors such as atmospheric CO,, erosion, and water
and nutrient supply. Biodiversity loss due to industrial
agriculture is leading scientists to disclose alternative,
more diverse cropping systems that optimise biodiver-
sity, pest control and yield.
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Abstract 60% of the world’s ecosystems are not used
in a sustainable way. Modern agriculture is blamed for
declining soil carbon and biodiversity. Climate change,
habitat fragmentation and other obstacles impede the
movement of many animal species, and distribution
changes are projected to continue. Therefore, we need
alternative management strategies. The colony organ-
isation of social insects, especially of ants, is seen as
a model to design an improved agricultural manage-
ment, because ants are very experienced agricultur-
ists. Ants represent half of the global insect biomass.
Their individuals work like a super organism. This
article focuses on harvester and leaf cutter ants by
considering Lasius species. It reviews the organisa-
tion structure of social ant communities. Harvester
and leaf cutter ants represent a high percentage of
the worldwide ant societies. They collect plant saps
with carbon nitrogen (C/N) ratios of about 40 for their
own nourishment and leaf fragments with C/N ratios
of about 100 for fungi gardens and brood nourish-
ment. They sustain huge numbers of individuals with
their low N-based organic imports and their colony
commensalisms enable them to convert these poly-
mers into lower molecular, partly volatile compounds,
adenosinetriphosphate (ATP), and heat. Digging im-
proves water infiltration, drainage and soil aeration.
Ants maintain fungi as a food source for the scleropro-
teinous brood, carry out food preservation, infection
control and waste management, and construct with en-
durance new nests and rebuild them after damage. All
these activities move the nest sites far away from the
thermodynamic equilibrium. Physical, chemical and
biological gradients emerge and the growing popula-
tions, together with nest-penetrating mycorrhized plant
roots, absorb the released nutrients and form biomass
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by lowering energy flows into potentially strong con-
sumer-resource interactions or runaway consumptions.
The plant material import of leaf cutter ants, rich in
carbon but low in proteins, amounts to 85-470 kg dry
weight per year. It keeps the electron donor/acceptor
ratio in favour of the electron donor so that denitrifiers
can reduce nitrate predominantly to N,. Ants living in
highly N-polluted areas bind the pollutant in the cuti-
cle. In their low N-input environments harvester, leaf
cutter and honeydew-sucking ants furnish the N de-
mand of adult ants with the help of N,-fixing bacteria.
The low N-input management of harvester, leaf cutter
and honeydew-sucking ants is therefore a resourceful
concept for approaching a highly productive agricul-
ture by avoiding soil carbon decline and N,O emis-
sions increase.

Keywords Ants « Colony organisation « Ecosystem
engineers* Biotechnologists+ Bio-indicators«Intra- and
interspecies communication«Job sharing+Farming and
waste management- Plasticity « Distribution in land-use
mosaics+*C/N managements N, O emissions

1 Introduction

Nature’s functioning depends upon microbial inter-
actions among plants and animals, and their ability
to adapt to environmental changes. Their relation-
ship with each other and the environment relies on
communication (signal exchanges), and the ability to
assume dormancy (cryptobiosis) under unfavourable
conditions (Benckiser and Schnell, 2007). The essen-
tial role ecosystems have is to provide services to hu-
mankind such as nutrient cycling, pest control, polli-
nation, quality of life, and hydrological, atmospheric
and climatic regulation. Among the macronutrients, ni-
trogen, a most unusual element, attracts a lot of inter-
est because it interacts in various ways with ecosystem
functioning.

Along its biogeochemical pathway nitrogen is re-
duced to NHZ’, and oxidised into NO, NO;, N,O and
NOj. It reaches by leaching, wind, erosion, or trans-
port by animals any part of the Earth’s system, no mat-
ter where it is introduced. The N cascade is interrupted
only when nitrogen is incorporated into biomass,

humus and clay minerals. The manifold nitrogen links
to the environment make an effective control on farm
and landscape level difficult. Instead, N, nitrogen in-
creasingly returns as NH3, NOx and N,O into the at-
mosphere, where visibility decreases, the stratospheric
ozone is depleted, and global warming and precipita-
tion of acidity increase. Acidity in soils changes the
biodiversity (Raubuch and Beese, 2005) and an alter-
native soil C/N management is required (Crutzen et al.,
2007; Fargione et al., 2008; Searchinger et al., 2008).
This review portrays the self-organised living to-
gether predominantly of harvester, leaf cutter and
honeydew-sucking ants, with their nest functioning
based on organic imports high in carbon but low in
nitrogen; and it is asked whether a reduction of soil
carbon decline and greenhouse gas emissions could be
approached by adapting their C/N management.

2 Foraging, Nutritional Behaviour,
Intra-/Interspecies Communication
and Symbiont Management in Ant
Colonies

Ants, order Hymenoptera, family Formicidae, play
among insects a demonstrated role in transport-
ing and pooling nutrients (Mueller et al., 2005).
They are highly mobile, skilful tillers of soil, dis-
pensers of seeds and microbial propagules, trans-
mitters of N,-fixing bacteria, predators, ecosystem
engineers, fungi growers, waste managers, biotech-
nologists, pest controllers, soldiers, and reproduc-
ers (Balasubramani and Kannaiyan, 1991; Jouquet
et al., 2006; Philpott et al., 2006; Benckiser, 2007;
Holldobler and Wilson, 2009). Ants such as Atta
colombica, A. laevigata, A. volenweideri and A. sex-
dens colonies comprise 1-2, 3, 5, 4-7, 5-8 x 100
individuals, respectively, and are organised in clear
patterns of colonisation and succession (probalistic
patchiness). The myrmicine tribe Attini has developed
during the last 50 million years a nest management
based on organic imports high in carbon and low
in protein, and gained expertise in fungal farming.
Despite the manifold capabilities ants have, ecosys-
tem models mostly neglect them (Moore et al., 2007;
Brussard et al., 2007; Osler and Sommerkorn, 2007).
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2.1 Nest Organisation and Functioning

For constructing and repairing nests, which are built
in a self-organised way without a central control - the
queen is merely an egg-layer not an authority figure
(Gordon, 2007) - ants must have at minimum the skill
to find a suitable site, to evaluate several potential sites
for choosing the best one, and to bring the entire popu-
lation there safely (Holldobler and Wilson, 1990; Pratt
et al., 2002). In an Australian wheat/pasture rotation
5100 to 14860 ant nests per ha are constructed an-
nually and 100 to 370 kg soil turned around, altering
the soil structure, oxygen diffusion and metabolism
of the nest environment as drastically as in conven-
tionally treated agricultural sites where only a few
Myrmica and Lasius species survive (Wang et al.,
1995; Cannon, 1998; Lobry de Bryuyn, 1999; Dauber,
2001; Bucher and Marchesini, 2004; Wagner et al.,
2004). Ant nests, reconstructed in late autumn so that
they are smaller than at the height of summer, are
damaged four times more by conventional agricul-
ture than by no-tillage systems. Ants assemble for
digging only when a certain signal threshold concen-
tration is surpassed. The higher the group size, the
more body contacts or chemical signals stimulate in-
dividuals to dig, and at an assembling volume plateau
(V) of around 0.2 spontaneous motor activity or low-
dimensional disorder of individual ants translates into
a directed mobility, physiological rthythm, or coordi-
nated digging (Miramontes et al., 2001; Holldobler
and Wilson, 2009). With nest enlargement the signal
concentration decreases and the digging frequency, o,
slows down. Ants not engaged in building activities
cause feedbacks with snowballing effects on relocation
and deposition of building blocks and only the colony
level with its specific behavioural rules, activity con-
trols, and high genetic and phenotypic plasticity (fit-
ness), not the individual ant, has the global knowledge
of the final nest structure, which tentatively ends in a
circular form (Roces, 2002; Detrain and Deneubourg,
2006; Benckiser, 2007).

In conclusion, digging of ants changes soil struc-
tures as drastically as human activities (Holldobler and
Wilson, 2009). The mound distribution in a German
meadow of Lasius flavus, a quince yellow, distributed
throughout Europe, small-scale vegetation mosaics
creating ant species (Fig. 1), shows that ant activities
are not only significantly influencing the soil structure
and vegetation in the nest surroundings, but as Fig. 1

Fig. 1 Distribution of Lasius flavus mounds in a meadow
near the village Miinzenberg, Hesse, Germany (photo Gero
Benckiser)

suggests, in the whole meadow. The vegetation on the
mounds is restricted to a few, mostly therophytic (an-
nual) plant species and only a sub-sample of the sur-
rounding grassland vegetation. More excessive is the
digging of leaf cutter ants in South America, as the nest
pictures in Holldobler and Wilson (2009) reveal. The
nest sizes of Atta spp. reach 26.1 to 67.2 square metres
and soil depths down to 7 to 8 metres by excavating
approximately 40 tons of soil per nest and constructing
6-m-long tunnels that connect an estimated harvesting
area of more than one hectare.

2.2 Foraging and Nutritional Aspects

Foraging, similarly coordinated to digging, starts early
in the morning with a small group of patrollers, which
leaves the nest, meanders around, and after success-
fully returning, stimulates other ants to join them
for foraging (Alonso and Agosti, 2000; Detrain and
Deneubourg, 2006). Polyphagous harvester and leaf
cutter ants collect plant saps and/or solid leaf frag-
ments with wide C/N ratios. Stressed plant parts are
preferred, because they seemingly meet the food re-
quirement of fungi gardens better (Currie et al., 1999;
Meyer et al., 2006; Holldobler and Wilson, 2009). Fun-
gal staphylae, low in N, are the best balanced blends
of nutritional components for the brood. Adult ants
receive more than 90% of their energy requirement
through imbibed plant saps, which are temporarily
stored in the gut of returning ants and freely shared
with intranidal individuals by regurgitation (‘commu-
nal stomach’). During a day ants always return to the
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same foraging area but the colony level alone can
rapidly and at any time tune the right numbers of for-
agers to places of current food availability.

Acromyrmex spp. and Atta spp. subsist entirely on
food low in nitrogen and abstain from supplementa-
tion by arthropod prey (D’Ettorre et al., 2001; Bucher
and Marchesini, 2004; Holldobler and Wilson, 2009).
From the harvested solid food particles and plant saps,
separated from each other by ant mouthparts, infrabuc-
cal pockets and the proventriculus (Cannon, 1998),
Acromyrmex subterraneus and A. crassispinus can
hydrolyse cellulose, starch, maltose and sucrose while
their fungal associates affect laminarin, xylan and the
phenol fraction but not cellulose. Pogonomyrmex mole-
faciens and Messor pergandei collect seeds of grasses.
At a low supply of desirable seeds they also con-
sume less desirable seeds and non-seed plant material
such as leaves. Honeydew-sucking Lasius niger and L.
Sflavus species receive major proportions of nitrogen
through intestinal, N,-fixing bacteria (Fischer et al.,
2001; Zients et al., 2005) and Camponotus compres-
sus stimulates seed germination to receive sugars and
urea (Shetty, 1982). C. herculeanus circumvents N re-
strictions by spraying formic acid into wounds of preys
and digesting proteinous macromolecules extraorally
(Zhou et al., 2002). Foregut protease-lacking ants such
as the fire ant, Solenopsis richteri Forel, avoid protein-
rich diets (Ricks and Vinson, 1972) and queens con-
tribute to nutrition by dispersing fungal symbionts
from parent to offspring nests (Cannon, 1998; Green
et al.,, 2002). Plant saps in the crop of Camponotus
pennsylvanicus may contain 1208 £ 169 g sugars,
5 £ 0.7 pg glycogen and 520 £ 115 pg nitroge-
nous material (Cannon, 1998). Glycogen, presumably
digested as it is consumed, is low-concentrated in
the gut of C. pennsylvanicus similarly to lipids and
lipoidal compounds (hormones, pheromones, antibi-
otic substances), which are crucial in colony recogni-
tion. In respect to lipids and lipoidal compounds it is
assumed that they are directly shunted into postpha-
ryngeal glands, having oily contents (Cannon, 1998;
Zients et al., 2005), but some ants such as S. richteri
Forel produce lipases in the mandibular and salivary
glands, foregut, midgut, and hindgut that correlate with
the “grease-loving” feeding habits of this insect (Ricks
and Vinson, 1972).

In conclusion, ants can quickly recover from threats
and nitrogen limitations by employing fungi and N,-
fixing symbionts, being carnivorous, and/or linking

nutrition and parts of the regulatory network to the
environment. Redundancy occurs only at a “critical
minimum” of essential resources (commodity of space,
habitat, right type of food or nest destruction through
agriculture; Liebig’s law, the principal tenet of popu-
lation ecology; Fillman and Sterling, 1985; Showler
etal., 1990; Zients et al., 2005; Holldobler and Wilson,
2009).

2.3 Bacterial Partners

Ants hatch endosymbiotic a-, B-, y-Proteobacteria,
Flavobacteria and Actinomyces, which provide them
with nitrogen, essential amino acids, vitamins, an-
tibiotics and other supplements (Zients et al., 2005,
2006; Stoll et al., 2007; Holldobler and Wilson, 2009).
Blochmannia, a y3-subgroup Proteobacterium, resides
in densely filled pouch-like ant structures (bacteri-
ocytes) between the epithelial midgut cells and in-
testines, where it fixes N,. The Blochmannia genome,
reduced to 450-800kb, controls N, fixation, the
biosynthesis of essential amino acids, acetyl-CoA and
tyrosine (required for cuticle sclerotisation), the urease
that cooperates with the glutamine synthetase, and sul-
phate reduction. Despite lacking DNA repair genes the
symbiosis between B. floridanus and Camponotus spp.
is relatively stable and decays only when NHZ‘ accu-
mulates in adult ants with finished sclerotisation. An-
other widespread «-Proteobacterium among insects is
Wolbachia, that dwells in the ovaries of worker ants
and queens and has an influence on the rearing ra-
tio of male and female ants. Wolbachia, closely af-
filiated with Rickettsae and Rhizobiales, cooperates
with strains of the genera Escherichia, Salmonella,
Yersinia, Bartonella, Pantoea, Sodalis Mesorhizobium,
Agrobacterium and Blochmannia for the ants’ benefit.
Work and matter fluxes in the environment of ants and
their microbial associates are coordinated by intra- and
inter-exchanged mechanical and chemical signals, e.g.,
the height of honeydew, phloem saps, pheromones,
increasing CO, nest concentrations, various non-
identified substances released from a Dufour or poison
gland, cuticular hydrocarbons, the nest temperature,
which may vary in temperate regions with colonies of
less than fifty workers between 16 and 21°C (Myrmica
punctiventris Roger; M. rubra spp.) and in warmer re-
gions with large colonies of 10° and more individuals
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between 23 and 32°C (Formica polyactena, Campono-
tus mus, Solenopsis invicta), ‘thigmotaxis’ and odome-
try (Way, 1963; Banschbach et al., 1997; Currie et al.,
1999; Ruano et al., 2000; Benckiser, 2007; Bollazzi
and Roces, 2007; Bollazzi et al., 2008; Holldobler and
Wilson, 2009). By modifying attenuation and degrada-
tion of signalling chemicals the nest temperature acts
indirectly (Shaw et al., 2000).

2.4 Fungal Farming

High-input systems should focus more on yield with
less fertiliser N, but even low-input systems require N
to increase yield level and yield stability. Sustainable
production systems on low N inputs have to be devel-
oped and to reach this goal cross-linked research on
different scales, from single cells to crops, to diverse
cropping and farming systems are required. In devel-
oping more environmentally-friendly agricultural sys-
tems ideas could be deduced from fungal farming,
which is described here.

Lasius fulginosus cooperating with the fungus Cla-
dosporium myrmecophilum and the ant farmers of
the Attini genera Leucoagaricus and Leucocoprinus,
which hatch basidiomycetes of the family Lepio-
taceae, exemplify ant-fungi symbioses (Holldobler
and Wilson, 2009).

Concerning the quality of harvested plant mate-
rial the ant and fungus have conflicting requirements
and the decision is generally made in favour of the
fungus, more or less irrespective of the attractive-
ness of the plant sap found during harvesting. From
time to time ascomycetes of the family Escovopis in-
fect basidiomycetal fungi farms (Mueller et al., 2005).
Leaf cutter ants are successful in reacting to infection
events by:

(a) sequestration of the fungus garden from the envi-
ronment,

(b) an intensive monitoring of the fungus garden,

(c) an early abatement of pathogens with filamen-
tous antibiotic-producing bacteria of the genus
Pseudonorcardia carried on the cuticle,

(d) hatching an array of auxiliary microbes for disease
suppression and other pro- and prebiotic services
(Lopes and Orduz, 2003),

(e) dispersing clonal fungi across many farmer gener-
ations,

(f) maintaining reservoirs of genetically variable
cultivars,

(g) switching from time to time to novel cultivars,

(h) sharing domesticated fungal cultivars with dis-
tantly related ant species,

(1) avery specific and genetically predetermined feed-
ing behaviour on mycelial fragments,

(j) production of antibiotic substances in metapleu-

ral glands with different roles in fungus cultur-

ing (phenylacetic acid suppresses bacterial growth;

myrmicacin, a hydroxydecanoic acid, inhibits the

germination of spores of alien fungi; indol acetic

acid, a plant hormone, stimulates mycelial growth,

and 20 recently found compounds spanning in

addition to keto acids, alcohols and lactones the

whole range of carboxylic acids, from acetic acid

to long-chain fatty acids), and finally,

a well-organised waste management accounting

for approximately 10% of the work that accurately

separates waste managers, consisting of a trans-

porter caste, a worker caste and further partitions

within the nest, from in- and outside moving ants

with other duties, as well as

(1) sensitive reactions of sympatric fungi growers
on faecal droplets not derived from their own
domesticated fungus. The ingredients of faecal
droplets, used to manure newly established fungi
gardens, help to identify undesirable basidiomyc-
etal strains. Substrate and microbial imports, not
harmful for the ant but for the fungus and less
quickly identified, may be rejected too late and
thus harm nest functioning (Herz et al., 2008).

&)

3 The Low N-Input Concept of Harvester
and Leaf Cutter Ants

3.1 Antsin Land-Use Mosaics

Ants are competitors with each other. They live on hon-
eydew, are predators, even cannibals, or collect within
radii of less than one metre to a few hundred me-
tres plant saps and leaf fragments with wide C/N ra-
tios (Holldobler and Wilson, 1990). Their densities and
compositions in agricultural sites depend on human ac-
tivities and are predictable in a typical German agricul-
tural land-use mosaic such as the “Lahn-Dill Bergland”
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with arable, fallow, grassland fields and forest sites
(Table 1; Dauber, 2001; Braschler, 2005). Twenty-
seven ant species were found there between 1997
and 1998. They belonged to migrating forest species
(Myrmica ruginodis, M. lobicornis, L. acervorum and
Formica fusca), cursorial active species (F. rufibar-
bis, F. cunicularia, F. pratensis, F. polycatena, F. rufa,
F. fusca, F. rufibarbis, F. cunicularia, F. pratensis,
F. polyctena, F. rufa, F. sanguinea, M. ruginodis, M. lo-
bicornis, Lasius platythorax and L. acervorum), peat
land and humid meadow species (M. vandeli), ther-
mophylic species (M. sabuleti, M. schencki, M. rugu-
losa, Tetramorium caespitum, Tapinoma erraticum and
L. alienus), and relatively resistant species against
agricultural vagaries (M. scabrinoides, M. rubra,
M. ruginodis, L. flavus and L. niger), whereas in
tropical countries harvester and leaf cutter ants,
which can be agricultural pests, dominate the scene
(Fillman and Sterling, 1985; Showler et al., 1990).

Table 1 Total and mean species richness of replicate sites and
standard deviations of ants and four other taxa in different land-
use types sampled with pitfall traps in the landscape mosaic of

3.2 Organic Matter Imports
and Their Conversion

Harvester ants collect plant saps and transport them in
the crop to the nest to feed non-foraging nest mates by
regurgitation. In one g of collected plant saps 542 to
718 mg carbon, 13.8 to 20.5 mg nitrogen and 58.0 to
94.0 mg ash contents have been determined (Cannon,
1998). The C/N ratios of plant saps and leaf particles,
also transported into the nests, are between 40 and 100.
The anabolic-catabolic nest cascade (Fig. 2) narrows
them to 37-25 (refuse material). Thereby cellulose,
fibre, phenol, true protein and the insoluble N fractions
may decrease by about 47.7, 9.1, 26.1, 60.8, 10.9 and
10.9%, respectively, while lignin, crude protein, ash
content, total N, soluble N, and soluble inorganic and
organic N may increase by about 4.9, 31.9, 324.6,
31.9,363.2, 150 and 461.5%, respectively. Digging in
harvester ant nests enhanced the ash content of the

Hohenahr-Erda, Central Hesse, Germany. Different letters indi-
cate that values are significantly different (P < 0.05, unequal N
HSD-Test; for details see (Dauber et al., 2005)

Arable land Grassland Fallow land
(n=12) (n=12) (n = 10)
Carabids total 75 57 65
mean 26.6 &+ 3.7a 19.3 £ 4.9b 20.4 + 4.6b
Staphylinids total 71 70 97
mean 18.8 = 6.1a 21.7 &+ 7.0a 33.3 +6.3b
Ants total 17 17 21
mean 6.3 1+ 2.5a 7.0+ 3.4a 9.1 £3.2b
Isopods total 6 10 12
mean 1.1 &£ 1.0a 2.1 & 0.8b 3.0+ 1.5¢
Diplopods total 9 10 11
mean 20k 1.2a 2.7 +1.4a 4.0 & 0.9b
Catabolisms Anabolism
electron donor Biomass
+ +
electron acceptor Gibbs CH4g00 5Ng»
energy

(O,, NO4, Fe?*, Mn*+, SO,2~
CO,, org. intermediates)
oxidised donor

+
reduced acceptor
(H20, Nzoi, N2, Fez+, Mn2+,
H,S, CH,, ethanol, acids)

Fig. 2 Relationship between ana- and catabolism

C-source, N-source
H,0, HCO3™, H+
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deposited refuse material by 71-74.6%, in which
total nitrogen increased by 5.2—-17% and total carbon
decreased by 10.1-34.3% (Cannon, 1998; Wagner and
Jones, 2006). The soil chemistry in leaf cutter nests
of the 24 known Acromyrmex and 15 known Atta spp.
may alter similarly to in the harvester nests. Volatile
organic intermediates (Vespermann et al., 2007),
CO; and numerous other signal compounds, released
into the nest environment, coordinate there the soil
functioning (digging, foraging, waste management and
infection avoidance). Nest-penetrating, mycorrhized
plant roots and the growing nest commensalisms
consisting of multiplying microbes, the cuticle
sclerotising brood, and adult ants absorb the avail-
able nutrients, lower the energy flows into potentially
strong consumer-resource interactions or runaway con-
sumptions and develop super organisms (Ben-Jacob,
2003; Holldobler and Wilson, 2009). The continuous
organic imports into harvester and leaf cutter nests,
characterised by C/N ratios between 40 and 100, keep
the electron donor/acceptor, carbohydrate/nitrate ratio
in favour of the electron donor (Jones and Wagner,
2006). At such carbohydrate/nitrate ratios denitrifiers
of the nest environment will reduce accumulating
nitrate to Nj, as field studies in plots, which have
received varying amounts of mineral and organic fer-
tiliser, and studies in other environments have shown
(Tiedje, 1988; Simarmata et al., 1993; Ratering et al.,
2007; Falkowski et al., 2008). N,O emissions are
lowest at a carbon/nitrate-N ratio of about 50 and from
earthworms, which prefer to ingest organic matter
with narrow C/N ratios, it is known that comparably
high N,O emissions can be released (Rizhiya et al.,
2007).

3.3 Human and Ant Farming
- A Comparison

Farmers, being competitive on the global market, apply
high rates of mineral N fertilisers to strongly reduced,
fully mechanised and pesticide-treated crop rotations,
increasingly grown on large sized fields with various
soil types, slopes and valleys. Fertilisation brought a
quantum leap in yield improvement, yet concomitantly

narrows the C/N ratio and, e.g., increasing amounts
of N,O are emitted from palm- and soybean-biodiesel
farms with soil carbon debts of 702 to 3452 Mg CO,
ha=! (Crutzen et al., 2007; Fargione et al., 2008;
Searchinger et al., 2008). A better carbon/nitrogen
management is required (Schmidt-Rohr et al., 2004;
Honermeier, 2007). Approximately 50 to 60 million
years ago and long before the Romans, who per-
ceived the importance of the C/N ratio and started
to culture certain crops and trees with critical mi-
crobial rhizosphere associates (nitrogen-fixing bacte-
ria, mycorrhizal fungi), ants began to domesticate
fungi and to control the carbohydrate/nitrate ratio
in their nest environment (Holldobler and Wilson,
1990). Today’s research ties in with this long tra-
dition and investigates more detailed root exudate-
consuming, antibiotic-producing, disease-suppressant,
plant health-amending bacteria and fungi (Benckiser,
1997; Gémez-Goémez and Boller, 2002; Lopes and
Orduz, 2003; Franken and George, 2007), soil car-
bon stabilisation (Von Liitzow et al., 2007), N-demand-
net-N-mineralisation-gross-N-release balancing (Icoz
and Stotzky, 2008; Kooijman et al., 2008), ferra
preta (Marris, 2006), extended crop rotations (e.g.,
red clover-red clover-potato-wheat-field beans-wheat-
rye or corn field beans-wheat-barley-clover/grass-
clover/grass; Honermeier, 2007; Malezieux et al.,
2009), the harvester and leaf cutter-CN-nest manage-
ment (Jones and Wagner, 2006; Wagner and Jones,
2004), soil worm behaviour (Sticht et al., 2006;
Rizhiya et al., 2007), recuperation of shifting culti-
vation systems (Addiscott, 1995), and the domesti-
cation of low N-input varieties (Ruiz et al., 2008).
Recent findings show that in extended crop rotations
with legume fields the nitrogenase, which stimulates
soil phosphatases, affords a substantially lower activa-
tion energy (~103 kJ mol™!) than the nitrogenase en-
zyme itself (~210 kJ mol™!) and that N,-fixing plants
and ants, which dispense Nj-fixing bacteria among
legumes (Balasubramani and Kannaiyan, 1991), have
a similar geographical (temperature-dependent) distri-
bution (Banschbach et al., 1997; Houlton et al., 2008).
Whether the activation energy of the nitrogenase in Nj-
fixing bacteria of honeydew-sucking ants or in organ-
ically fertilised fields also needs substantially lower
activation energy than the nitrogenase enzyme itself
has to be proven.
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3.4 Reduction of Carbon Decline and N,O
Emissions

Nowadays farmers try to reduce soil carbon decline
and N,O emissions by converting conventionally
treated fields into organic farming systems or by
employing fertilisers with nitrification inhibitors
such as dicyandiamide (DCD), nitrapyrin or 3.4-
dimethylpyrazole phosphate (DMPP) (Duxbury et al.,
1982; Nelson and Huber, 2001; Honermeier, 2007).
Nitrification inhibitors should only temporarily block
the ammonium monooxygenase and denitrification and
not impair other essential soil processes. A study in
DMPP- and DCD-N-fertilised, unfertilised, and con-
trol field plots over 3 years could not fully exclude
that nitrification inhibitors impair essential soil pro-
cesses (Weiske et al., 2001); and accordingly fresh
ideas from the low N-input management of harvester
and leaf cutter ant nests, which live in 26-67 m? sized
nests with subterranean tunnels, ducts, fungus cham-
bers and residue dumps, and where millions of indi-
viduals are digging, doing indoor farming, pest control
and waste management, are of interest, though farmers
know from agricultural tradition and experience that
habitat-specific microbial communities beyond carbon
sequestration and growth promotion can rapidly con-
vert into detrimental ones and destabilise yields in
various ways (Young and Crawford, 2005). Besides
the difficult management of biological systems a sub-
stantial proportion of variation in species richness and
functioning is still statistically explained in terms of
a few environmental variables (Brussard et al., 2007,
Moore et al., 2007; Osler and Sommerkorn, 2007) and
a predictive theory for messaging molecules, signal
transduction, integrated genome regulation and syner-
gisms in subsystems is at the very beginning (Jones
et al., 2006; Detrain and Deneubourg, 2006). However,
these areas are a challenge for biologists, agricultur-
ists, physicists, (bio-) chemists and ecologists and may
prove to generate exciting results about the manipula-
tive power that synergistic systems can exert over each
partner (Holldobler and Wilson, 2009).

4 Conclusion

Harvester and leaf cutter ants keep invaders low by
antibiotics and by importing organic material, low in

Excess N avoidance in ant nests

high organic matter imports with wide
C/N ratios

microflora supported degradation
controlled nest, waste management,
N-controlled feeding behaviours,
farming, predation

regulation of water infiltration, nutrient
availability, aeration (nitrification,
denitrification) through digging
controlled dispersal of microbial propa-
gules in land-use systems

low N-input nest /

management
N "
o N-source for *,
brood growth,

NH," Wn
R
| Organic N-pool +

biomass

=d C02

I

DOM |

nitrification

!

denitrification

Fig. 3 Ant activities and possible exertions of influence on dis-
solved organic matter (DOM), inorganic and organic N pools,
CO; production, and gross N fluxes

nitrogen but rich in carbon, by storing nitrogen tem-
porarily in the cuticle and by keeping the nest C/N ratio
in favour of the electron donator (Fig. 3).

There are few existing data, and more detailed stud-
ies are imperative, but let us speculate that the N,O/N,
ratio under leaf cutter nest conditions is wide and
N,O is predominantly reduced to N,. Harvester and
leaf cutter nest sites produce on a low N-input basis
high biomasses, similarly to minerally fertilised agri-
cultural soils, and accordingly such environments are
seen as an ideal study ground for receiving hints how
highly productive, conventional agricultural systems
such as biofuel farms could avoid carbon decline and
minimise greenhouse gas emissions (Benckiser, 2007;
Holldobler and Wilson, 2009). Organic farming sys-
tems, on the other hand, could learn from ant environ-
ments how their soil C and N management could be
improved and food webs better used for pest control as
Fig. 4 reveals.

Figure 4 exemplifies by the cooperation of sting-
ing tree ants, genus Crematogaster, which hatch in
their nests made from leaves and fixed between
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Fig. 4 Synergisms between Rufous Woodpeckers, Micropter-
nus brachyurus (a), ants of the genus Crematogaster (b) and
plant juices sucking mealybugs, family Pseudococcidae (c),

twigs mealybugs, family Pseudococcidae, with the
medium sized, brown Rufous Woodpecker, Micropter-
nus brachyurus, how agro-ecological management
could progress in its development (Vishnudas, 2008).
Mealybugs living in moist, warm climates, protected
by a secreted powdery wax layer, suck plant juices
from a variety of subtropical trees (Gymnocladus
dioicus, Dalbergia latifolia, Aporusa lindleyana,
Erythrina indica, Grevillea parallela, Mallotus alba,
C. verum, Cinnamomam malabatrum, Olea dioica,
Gliricidia indica, Hopea parviflora, Terminalia bellar-
ica, Bischofia javanica, Syzygium cumini and Lage-
stroemia microcarpa). The ants use the honeydew-
producing potential of mealybugs nutritionally and
foster and protect them in their paper-wasp-like nests.
The plant juice sucking mealybug being supported by
Crematogaster ssp. impairs coffee plantations and both
considered as pests and killed with pesticides.

The emerging demand for organic shade-grown
coffee all over the world is forcing planters to reduce
the use of toxic chemicals in coffee plantations. This
helps maintain reasonable numbers of Crematogaster
ant colonies and, as followers, many forest-dwelling

which all reside in the tree-nest (d), made of leaves. (the ant
nest-photo, Top Slip, Western Ghats, Kerala, South India, Gero
Benckiser; bird-, ant- and mealybug-photos, Wikepedia)

species such as the Rufous Woodpecker. The high
conservation value of shaded coffee plantations with
their diversity of canopy tree species providing crit-
ical habitats would be maintained and this is recog-
nised. Proper agro-ecological management practices
are starting to develop and are being popularised
amongst planters.
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Abstract Agroecology involves various approaches
to solve actual challenges of agricultural production.
Though agroecology initially dealt primarily with crop
production and protection aspects, in recent decades
new dimensions such as environmental, social, eco-
nomic, ethical and development issues are becoming
relevant. Today, the term ‘agroecology’ means either
a scientific discipline, agricultural practice, or politi-
cal or social movement. Here we study the different
meanings of agroecology. For that we analyse the his-
torical development of agroecology. We present ex-
amples from USA, Brazil, Germany, and France. We
study and discuss the evolution of different meanings
agroecology. The use of the term agroecology can be
traced back to the 1930s. Until the 1960s agroecology
referred only as a purely scientific discipline. Then,
different branches of agroecology developed. Follow-
ing environmental movements in the 1960s that went
against industrial agriculture, agroecology evolved
and fostered agroecological movements in the 1990s.
Agroecology as an agricultural practice emerged in
the 1980s, and was often intertwined with movements.
Further, the scales and dimensions of agroecological
investigations changed over the past 80 years from
the plot and field scales to the farm and agroecosys-
tem scales. Actually three approaches persist: (1) in-
vestigations at plot and field scales, (2) investigations
at the agroecosystem and farm scales, and (3) in-
vestigations covering the whole food system. These
different approaches of agroecological science can be
explained by the history of nations. In France, agroe-
cology was mainly understood as a farming prac-
tice and to certain extent as a movement, whereas
the corresponding scientific discipline was agronomy.
In Germany, agroecology has a long tradition as a
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scientific discipline. In the USA and in Brazil all three
interpretations of agroecology occur, albeit with a pre-
dominance of agroecology as a science in the USA
and a stronger emphasis on movement and agricultural
practice in Brazil. These varied meanings of the term
agroecology cause confusion among scientists and the
public, and we recommend that those who publish us-
ing this term be explicit in their interpretation.

Keywords Agroecosystem * Agronomy + Ecology *
Food system+Rural development- Scientific discipline
Sustainable agriculture « Systems approach

1 Introduction

The term ‘agroecology’ was first used in two scien-
tific publications by Bensin (1928, 1930), and most
recently in books by Gliessman (2007) and Warner
(2007a). Between these dates, there are 80 years of
history and confusion around definitions. The term
agroecology has been used increasingly in scientific
literature in recent years. For instance, the occur-
rence of the root agroecolog* or agro-ecolog* in the
Web of Science increased from six in 1991 to 141 in
2007. The figures in a CAB abstracts search include
two records in 1971; 102 in 1991; and 208 in 2007.
This clearly indicates a great potential source of
new information and perspective in agriculture and
food systems. The term agroecology is currently used
with quite different meanings in science, and also as
describing a movement or agricultural practices. We
recognise that confusion around the world concern-
ing the term agroecology is partly due to translations,
but also to meanings among and within different cul-
tures. Our objectives are to explore and discuss three
major uses of the term agroecology: science, move-
ment and practice. Based on the historical development
of agroecology in various time periods and geograph-
ical contexts, we discuss the evolution of its differ-
ent meanings with examples from Europe (France and
Germany), North America (USA), and South Amer-
ica (Brazil). To complete this analysis of the history
of agroecology as a scientific discipline, we also con-
sider some important reports that cover similar is-
sues but where the term agroecology is not explic-
itly mentioned. The intent is to clarify use of the

word “agroecology” and to urge colleagues to be
explicit in definition when the term is used in the
future.

2 Two Major Historical Periods
of Agroecology

2.1 The ‘Old Age’ of Agroecology:
1930s-1960s

The word “agroecology” emerged at the beginning of
the 20th century. Thereafter, both its definition and
scope evolved significantly. This path primarily can
be related to the evolution of two disciplines from
which agroecology is derived, agronomy and ecol-
ogy, but also to other disciplines such as zoology and
botany/plant physiology, and their applications in agri-
cultural and environmental issues. The term agroe-
cology or agroecological was firstly used by Bensin
(1928, 1930, 1935) (Table 1), a Russian agronomist,
who suggested the term ‘agroecology’ to describe the
use of ecological methods in research on commer-
cial crop plants (Bensin, 1930 cited in Klages, 1942).
Agroecology would hence be preliminarily defined as
the application of ecology in agriculture — a meaning
which is still used.

In the 1950s, the German -ecologist/zoologist
Tischler (1950, 1953, 1959, 1961) published sev-
eral articles in which he used the term agroecology.
He presented results of agroecological research,
in particular on pest management, and discussed
unsolved problems concerning soil biology, insect bio-
coenosis interactions and plant protection in agricul-
tural landscapes, including also non-cultivated habi-
tats. His book was probably the first to be actually titled
‘agroecology’ (Tischler, 1965). He analysed the differ-
ent components such as plants, animals, soils, and cli-
mate, and their interactions within an agroecosystem
as well as the impact of human agricultural manage-
ment on these components. This approach combines
ecology, especially the interactions among biological
components at the field or agroecosystem level, and
agronomy with a focus on the integration of agricul-
tural management.

Between the 1930s and 1960s related studies were
published, without using the word agroecology in the
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Table 1 Important works in the history of Agroecology (adapted from Gliessman, 2007)

Year Author Title

1928 Bensin Agroecological characteristics description and classification of the local corn varieties
chorotypes!

1928 Klages Crop ecology and ecological crop geography in the agronomic curriculum?

1930 Bensin Possibilities for international cooperation in agroecological investigations®

1930 Friederichs Die Grundfragen und GesetzméBigkeiten der land- und forstwirtschaftlichen Zoologie!

1938 Papadakis Compendium on crop ecology

1939 Hanson Ecology in agriculture?

1942 Klages Ecological crop geography!

1950 Tischler Ergebnisse und Probleme der Agrardkologie?

1956 Azzi Agricultural ecology’

1965 Tischler Agrarkologie!

1967 Hénin Les acquisitions techniques en production végétale et leurs applications?

1973 Janzen Tropical agroecosystems?

1976 INTECOL Report on an International Programme for analysis of agro-ecosystems?

1978 Gliessman Memorias del Seminario regional sobre la agricultura agricola tradicional®

1979 Cox and Atkins Agricultural ecology: an analysis of world food production systems’

1981 Gliessman et al. The ecological basis for the application of traditional agricultural technology in the
management of tropical agroecosystems?

1983 Altieri Agroecology’

1984 Douglass (ed.) Agricultural sustainability in a changing world order!

1987 Arrignon Agro-écologie des zones arides et sub-humides’

1987 Conway The properties of agroecosystems?

1989a Altieri Agroecology: A new research and development paradigm for world agriculture?

1990 Gliessman (ed.) Agroecology: researching the ecological basis for sustainable agriculture!

1991 Caporali Ecologia per I’agricoltura'

1995 Altieri Agroecology: the science of sustainable agriculture (3rd edition)!

1997 Gliessman Agroecology: ecological processes in sustainable agriculture!

2003 Dalgaard et al. Agroecology, scaling and interdisciplinarity?

2003 Francis et al. Agroecology: the ecology of food systems?

2004 Clements and New dimensions in agroecology'

Shrestha (eds.)

2007 Gliessman Agroecology: the ecology of sustainable food systems!

2007a Warner Agroecology in action: extending alternative agriculture through social networks!

! Book.

2 Journal article.
3 Conference proceedings or report.

title, that in effect applied the meanings of agroecol-
ogy that predominated in this period. The German
zoologist Friederichs (1930), who also worked in the
tropics, published a book on agricultural zoology and
related ecological/environmental factors for plant pro-
tection. This book presented different pest manage-
ment strategies, including biological control and the
role of natural habitats for pest management, and eval-
uated the economic impact of pest damage. His ap-
proach was very similar to that of Tischler. A second
important book on agroecology was published by the
U.S. agronomist Klages (1942), whose article in 1928
(Klages, 1928) may be one of the first papers deal-

ing with agroecology without explicitly using the term,
and this included research on the distribution of crop
plants using a physiological basis. He also analysed
the ecological, technological, socioeconomic and his-
torical factors influencing their production; his vision
is quite different from that of the zoologists. Although
Klages (1942) used the term agroecology only once,
his contribution and that of Friederichs (1930) can be
seen as the basis for later publications about agroe-
cology. Thus the first scientists to introduce agroecol-
ogy were rooted in the biological sciences, particularly
zoology (Friederichs, 1930) and agronomy and crop
physiology (Klages, 1928, 1942; Bensin, 1928, 1935).
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At the end of the 1960s, the French agronomist
Hénin (1967) defined agronomy as being ‘an ap-
plied ecology to plant production and agricultural land
management’. This is not far from Bensin’s defini-
tion, without actually using the word ‘agroecology’.
The Italian scientist Azzi (1956) defined ‘agricultural
ecology’ as the study of the physical characteristics of
environment, climate and soil, in relation to the de-
velopment of agricultural plants, e.g. the quantity and
quality of yield and seeds. However, he did not include
entomological aspects in his analysis. The foundation
of his work was already laid 30 years before (Azzi,
1928, 1942).

2.2 Expansion of Agroecology:
1970s-2000s

From the 1970s agroecology continued to be defined as
a scientific discipline, but also gradually emerged both
as a movement and as a set of practices beginning in the
1980s (Fig. 1). Here the general trends toward move-
ments and practical applications are described, with
specifics discussed in the ‘country’ examples since
they are generally case-specific. We also observe the
close association today between focus on agroecology
and work in sustainable agriculture, often by the same
people in science and development.

Concerning agroecology as a scientific discipline,
greater historical detail from the 1970s until present
is given in Hecht (1995), Francis et al. (2003) and
Gliessman (2007). They noted that through the 1960s
and 1970s there was a gradual increase in apply-

ing ecology to agriculture, partially in response to the
Green Revolution that created greater intensification
and specialisation. During this period an important
influence also derived from research on traditional
farming systems in tropical and subtropical develop-
ing countries (e.g. Janzen, 1973). Organic farming as
an alternative model was discussed in relation to agroe-
cology, for example by Rosset and Altieri (1997) and
Guthman (2000). This period was marked by an in-
creasing interest of an ecological point of view on agri-
culture. The key concept of agroecosystems emerged
in the 1970s. It was suggested by the ecologist Odum
(1969, quoted in Altieri 1995), who considered them as
‘domesticated ecosystems’, intermediate between nat-
ural and fabricated ecosystems. Since the beginning of
the 1980s, agroecology has emerged as a distinct con-
ceptual framework with holistic methods for the study
of agroecosystems. Agroecology became defined as a
way to protect natural resources, with guidelines to de-
sign and manage sustainable agroecosystems (Altieri,
1989a; Gliessman, 1997). Conway (1987) further de-
veloped the concept and identified four main properties
of agroecosystems: productivity, stability, sustainabil-
ity and equity. As its influence grew, agroecology con-
tributed to the concept of sustainability in agriculture,
mainly applied at the level of the farming system and
supported in the proceedings of a conference edited
by Douglass (1984), and later expanded by Gliessman
(1990) and Altieri (1995). During the 1990s, agroe-
cological research approaches emerged, several text-
books were published, and academic research and
education programmes were put into motion, in par-
ticular in the USA. Recently, higher education pro-
grammes in agroecology have been developed in the
USA and Europe.

Agroecology

| Scientific Discipline | |Movement | |Practice |
Agroecosystem | | Environ- Rural .
R Technique
ecology mentalism ||| Development
Ecology of _| Sustainable
food system | "| Agriculture

Fig. 1 Diversity of current types of meanings of agroecology
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Finally, agroecology as a scientific discipline went
through a strong change, moving beyond the field or
agroecosystem scales towards a larger focus on the
whole food system, defined as a global network of food
production, distribution and consumption (Gliessman,
2007). In this perspective, producers and consumers
are seen as actively connected parts of the system (see
also Hill, 1985). This entails a new and larger defi-
nition of agroecology as ‘the integrative study of the
ecology of the entire food systems, encompassing eco-
logical, economic and social dimensions, or more sim-
ply the ecology of food systems’ (Francis et al., 2003).
However, we observe that more restricted definitions
of agroecology as a discipline, focussing on the field
or agroecosystem scales, are still favoured in different
countries as described later.

In general, the environmental movements in the
1960s often emerged as a consequence of the unex-
pected impacts of industrialised agriculture after the
Green Revolution. Researchers with narrow focus on
short-term yields and economic returns considered en-
vironmental and social factors to be externalities. Pub-
lic policies rarely considered the environmental im-
pact of agriculture, nor the social consequences of a
uni-dimensional rural development focussed on pro-
duction and economics. This environmentalism was
primarily concerned with the impacts of toxic sub-
stances, in particular pesticides, on the environment.
Other non-agricultural topics of these environmental
movements included industrial pollution, nature con-
servation, and distribution of benefits. Nevertheless, in
the 1960s, 1970s and 1980s the term agroecology gen-
erally was not used to explicitly describe a movement.
This started in the 1990s, especially in the USA and
Latin America, when the word started to be used to
express a new way to consider agriculture and its rela-
tionships with society.

Almost in the same period a third word usage
emerged, that of recognising a set of agricultural prac-
tices which aims at developing a more “environmental-
friendly” or “sustainable” agriculture. An international
example is described in LEISA (2008). One of the
origins of agroecology as a practice was laid during
the 1980s in Latin America. It was seen as the ba-
sis for an agricultural development framework, sup-
ported by ecologists, agronomists and ethnobotanists
working especially in Mexico and Central America.
Agroecology helped local farmers to improve their
indigenous farming practices as an alternative to a

high input, chemical-intensive agriculture promoted by
international corporations (see Altieri, 1989a, 1995;
Gliessman, 2007). Practices such as conservation of
natural resources, adapted soil fertility management
and conservation of agrobiodiversity are the practical
basis for the different agroecological movements in
Latin America (see country example Brazil). Another
example for agroecology as a practice is described
by Arrignon (1987), who illustrates technical, more
adapted methods in agriculture such as water and live-
stock management or anti-erosion measures as a basis
for rural and sustainable development in arid and sub-
humid areas. Today there are many different types of
movements sharing this view which do not explicitly
use the term agroecology, including those of multina-
tional chemical and seed companies that define their
new-generation products and transgenic crops as es-
sential to long-term sustainability.

3 Examples from Different Countries

3.1 Case Study of the USA

In the USA, a long history of agroecology as a sci-
ence began with the work of the agronomist Bensin
(1930, 1935), concurrent with research of crop physi-
ologist Hanson (1939) and agronomist Klages (1942).
Thus the foundation in the USA was mainly laid in
agronomy. According to Hecht (1995), a second ad-
vance in agroecology in the 1960s and 1970s was
shown by a gradual increase in applying ecology to
agriculture. At the same time as the Green Revolution —
with its non-ecological, chemical-intensive practices,
maximum Yyield breeding strategies, and monocul-
ture specialisation — there was a reaction that pro-
moted a renewal of agroecology. Since the early 1970s
there has been an enormous expansion of literature
with an agroecological perspective. For instance, Cox
and Atkins (1979) provided a broad overview and
in-depth analysis concerning the dynamics of agroe-
cosystems, including political, economic and energy-
related questions. An important influence was injected
from research on traditional farming systems in de-
veloping countries, especially in Latin America (e.g.
Gliessman et al., 1981; Altieri 1989a, for more exam-
ples see Hecht, 1995). Researchers recognised that
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traditional management of agroecosystems in these
countries represented ecologically based strategies for
agricultural production, often linking crop and ani-
mal production as well as natural resources. Later,
the scientific focus of agroecology gained influence
in U.S. west coast universities, incorporating ento-
mology, agronomy and ethnobotany (Altieri, 1993).
Agroecology had matured to look more closely at
the potentials of building biological connections in
agriculture.

In the first half of the 20th century, biological in-
teractions were examined as part of the emergence of
ecology as a science, but they were strongly neglected
from the 1950s to the 1970s due to the large use of pes-
ticides in crop protection. After two to three decades of
decline, the evidence of negative pesticide drawbacks
revived the study of ecological agriculture that was
tied to advanced knowledge in biology. In this period,
agroecology contributed to the emergence, definition
and consolidation of the concept of sustainable agricul-
ture (Douglass, 1984; Altieri, 1989a, 1995; Gliessman,
1990, 1997). Finally, the initial definitions for agroe-
cology were expanded to “the ecology of food sys-
tems” (Francis et al., 2003, Gliessman, 2007).

The environmental movement in the USA appeared
in the 1960s (Altieri, 1989a, 1995; Hecht, 1995).
Environmentalism was primarily concerned with the
impacts of toxic substances, in particular pesti-
cides, on the environment. The publication of Rachel
Carson’s book ‘Silent Spring’ was one of the sparks
in the early 1960s, providing a critical appraisal
of the relationships among agricultural technology,
science and nature (Carson, 1964). Today, agroe-
cology plays an important role as a movement
towards extending alternative agriculture, through
agroecological partnerships between farmers and ex-
tension specialists in social networks (Warner, 2007a).

Agroecological partnerships as a movement
(Warner, 2007a) suggest that the term ‘agroecological
practices’ was commonly used to describe techniques
for improving product quality while avoiding envi-
ronmental impacts (Warner, 2005, 2007a, b). Other
authors identify traditional knowledge systems (e.g.
Norgaard, 1984; Raza, 2007) and resource-poor
small farmers (e.g. Altieri, 2002) as target groups for
agroecological transitions. Warner focuses on the heart
of industrial agriculture, where conventional growers
employ seasonal foreign workers. He works toward re-
alizing Rachel Carson’s ‘dream’, setting agroecology

in action through socio-technical networks associating
producers, extension agents and consumers-citizens
who support such alternatives (Warner, 2007a).

In summary agroecology in the USA was first ex-
plored by scientists concerned with environmental pol-
lution from agriculture who built up a scientific cor-
pus based on analyses of traditional and conventional
practices. As this expanded to larger scale agricul-
ture, the research evolved into a scientific discipline
and laid a foundation for agroecological movements
in supporting sustainability, rural development, and
environmental improvement, all of which helped to
promote agroecological practices.

3.2 Case Study of Brazil

In contrast to the USA, the foundation of agroe-
cology was laid in Brazil with different types of
movements, based on traditional agricultural prac-
tices, and not from science. These movements emerged
in the 1970s as different forms of alternative agri-
culture, from a critical appraisal of the effects of
agricultural modernisation on farmers and subse-
quently towards promoting family farms, as well as
food sovereignty and autonomy. In the 1970s, the
agronomist Lutzenberger (1976) strived to influence
environmentalists and farmers’ groups, often sup-
ported by NGOs and the Catholic Church, towards
an alternative agriculture. With his “Brazilian ecolog-
ical manifesto: ‘The end of future?”’, Lutzenberger
launched a crusade against contamination by pesti-
cides. He subsequently became involved in practising
and teaching organic agriculture (Lutzenberger, 1981).
This movement grew from concern about environmen-
tal deterioration, and also traditional and small farm-
ers’ social exclusion from agricultural modernisation
(Norgaard, 1984). Lutzenberger later served as na-
tional secretary of the environment for Brazil.

Early in the 1980s, both the first “National meeting
of alternative agriculture” (convened by the Federation
of Brazilian Agronomists) and the creation of the
“Advisory body and services to projects in alterna-
tive agriculture” (AS-PTA) formalized a network of
organisations in 10 Brazilian states (Canuto, 1998).
AS-PTA’s work led to the first ‘National Meeting
of Agroecology’ in 2001. Among its objectives, this
meeting aimed at making agroecology more visible
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and at lobbying in the national elections. As a result,
a Brazilian law in December 2003 gave formal recog-
nition to agroecology under the umbrella of organic
farming (Bellon and Abreu, 2006). In this law, partic-
ipatory guarantee systems (Oliviera and Santos, 2004)
and political dimension of agroecology (Byé et al.,
2002) were described as important to support small
farmers and foster rural communities.

Byé et al. (2002) highlight the appearance of the
Ecovida network of agroecology in three states of
south Brazil in 1998, as a militant process contribut-
ing to a social alternative. For Ecovida, the objectives
were to break with organic agriculture third-party cer-
tification systems and formal markets, and to approach
local markets through a partnership with consumers.
Likewise, the Association of Organic Producers from
Parana (AOPA), created in 1995, became the Associ-
ation for the Development of Agroecology in 2004.
The National Articulation of Agroecology (ANA) ap-
peared in 2002 as a space for convergence of move-
ments, networks and organisations from civil society,
bringing together groups involved in concrete experi-
ences to promote agroecology and sustainable devel-
opment in various regions in Brazil.

The Agroecological Movement of Latin-America
(MAELA) declared in 1998 its “opposition to degrade
nature and society”. It advocated “the management and
control of natural resources without depending on ex-
ternal inputs (chemicals and genetically modified or-
ganisms)” and indicated “its assistance to promote, ex-
change and extend local experiences of civil resistance
and to foster the generation of alternatives to use and
maintain local varieties” (MAELA, 2000, quoted by
Sevilla Guzman, 2001).

The Brazilian technical assistance and rural exten-
sion public policy also promotes the implementation
of agroecological principles through participatory ap-
proaches (MDA, 2004). This contributes to the new
paradigm ‘sustainable rural development’, wherein
agroecology is considered as one eligible approach
(Sevilla Guzman, 2001, 2002). In public extension
services (EMATER) from the southern state of Rio
Grande do Sul, agroecology generates a wide disci-
plinary matrix integrating various forms of knowledge,
skills and experiences from distinct social actors, thus
giving support to the new paradigm of rural develop-
ment (Caporal et al., 2006). The authors are exten-
sion workers trained in Spain by the sociologist Sevilla
Guzmén (2001, 2002). However, they also differenti-

ate “agroecology” from a specific farming type, such
as a production system or an agricultural technology
(Caporal and Costabeber, 2000), and focus the term on
alternative or sustainable agriculture for smallholders.
To support their arguments and experiences, they refer
to scholars such as Altieri (1989b) to optimise agroe-
cosystems as a whole and not one single production
system or activity. They also refer to Gliessman (2007)
in arguing that when converting to ecologically based
management, the transition levels cannot be attached
to any one specific farming situation.

In general, social movements based on sovereignty
and autonomy of the local populations are considered
as very important and found as a common outlook
in Latin America (e.g. see Caporal and Costabeber,
2000). Today in Brazil, this is stronger than ever in
the southern federal states of Rio Grande do Sul,
Parana (Caporal and Morales Hernandez, 2004), and
Santa Catarina where agroecology was recently insti-
tutionalised. This institutionalisation of agroecology
(Brandenburg, 2002) is also criticized. For Abramovay
(2007), agroecology cannot be the official doctrine at
state level, since such a position would counteract sci-
entific progress or impede the development of other
production regimes, namely those that tend to serve
several objectives in a given institutional context.

On the scientific side, the Brazilian Association
of Agroecology (ABA) was created in 2004 (Zonin,
2007). Agroecology was officially recognised re-
cently as a science by the Brazilian Agricultural
Research Corporation (EMBRAPA, 2006). For them,
agroecology is the ecology of food systems, follow-
ing Francis et al. (2003), and historically emerging
from alternative agriculture and small family farms.
The research dimensions integrate renewed conceptual
bases and methods, grounded in the work of Altieri
(1995) and Gliessman (1997). Emphasis is on agroe-
cosystems and agrobiodiversity in family farms, us-
ing systemic, interdisciplinary and participatory ap-
proaches, and also to better integrate indigenous
knowledge. Agroecology is seen both as an emerging
science and as a field of transdisciplinary knowledge,
influenced by social, agrarian and natural sciences, es-
pecially applied ecology. However EMBRAPA also
clearly stated that agroecology should be a foundation
to promote sustainable agriculture and rural develop-
ment (EMBRAPA, 2006). This was strongly initiated
through education programs promoted by Altieri and
Sevilla Guzman.
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As EMBRAPA now recognises agroecology both as
a scientific perspective and as a social movement, re-
search workers are re-connected with family farmers’
situations, but also with extension workers and high
level agricultural training curricula. A final example
for a combined scientific and movement approach for
agroecology is the Latin American Scientific Society
of Agroecology (SOCLA, 2007). Its goal is to promote
the development of agroecology as the scientific basis
of a sustainable development strategy in Latin America
which emphasises food sovereignty, conservation of
natural resources and agrobiodiversity and empowers
rural social movements.

In summary, agroecology in Brazil was first a move-
ment for rural development and environmental aspects
in agriculture. This stimulated a search for alternative
practices, now more often called agroecological prac-
tices, which were also related to the dynamics of or-
ganic farming. In recent years, agroecology has also
been considered a scientific discipline, based on an
adaptation of the U.S. scientific interpretation of agroe-
cology with an integration of social dimensions.

3.3 Case Study of Germany

Germany has a long history of the scientific discipline
of agroecology. From 1930 to present, most research
on agroecology has been located within the different
faculties of agricultural science and has provided much
of the major foundation for agroecology as a science.
The starting point was applied zoology with ques-
tions concerning crop protection (Friederichs, 1930),
and later the ecology of agricultural landscapes
(Tischler, 1950, 1953, 1959, 1961, 1965; Heydemann,
1953). Brauns (1985) further developed and broadened
agroecology by analysing industrialisation of agricul-
ture and environmental impacts such as herbicides, fer-
tilisers, and water pollution on agroecosystems and
their agro-biocoenosis. Agroecological research was
extended to the Tropics and Subtropics by Koch et al.
(1990). They described the need to thoroughly anal-
yse site parameters, and biocoenosis in agroecosys-
tem, to be able to elaborate strategies and manage-
ment options for more sustainable local cropping
systems.

In addition to the classical ecological factors within
an agroecosystem, Schilke (1992) presented, the eco-

nomic and political influences on agriculture, as well
as social consequences for the rural population. Al-
though Schilke does not provide any definition of
agroecology, and although his book is not a classical
scientific book but rather was written for high school
students, he considers this field as the ecology of the
food systems (as in Francis et al., 2003). The most
recent book by Martin and Sauerborn (2006) finally
combines basic ecology and applied agronomy such as
farming, crop production and crop protection.

In Germany, a still more restrictive use of the term
agroecology in relation to scale is commonly used,
and this can be described as agroecosystems ecology
or ecology of the agricultural landscapes, or even re-
stricted to the field scale (Fig. 1). For example, Mar-
tin and Sauerborn (2006) described agroecology as the
science of the conditions for the existence of organ-
isms in the environment, which is managed by man to-
ward the production of certain crops. This is in agree-
ment with the tradition of Tischler (1965), who defined
agroecology as the science of life events in the agricul-
tural parts of the landscape. The definition of agroe-
cology provided by the Department of Crop Science
(section of agroecology) at the University of Gottin-
gen (2008), probably summarises best both the evolu-
tion and the most common current definition of agroe-
cology in Germany: ‘Agroecological analyses focus on
plant and animal communities, food web interactions,
and conservation biology in temperate as well as trop-
ical agricultural landscapes and agroecosystems’. This
meaning is widely used in Germany, as compared to
the USA where a broader definition including food sys-
tems tends to overshadow the narrow field or landscape
meaning.

Thus far, the term agroecology as related to
movements is more or less nonexistent in Germany.
Normally the terms ‘environmental movement’ or
‘ecological movement’ are used. These started in the
1970s in opposition against different types of envi-
ronmental pollution from industry or from nuclear
power stations (Briiggemeier and Engels, 2005). In
the 1980s the objectives of these movements expanded
to include topics such as nature conservation, death
of forests in Germany due to acid rain, destruction
of tropical forests, or destruction of the ozone layer.
Thus far, in only very rare cases some NGOs (e.g.
AGRECOL, 2008) speak of an agroecological move-
ment; yet these NGOs are working almost exclusively
in Latin America.
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To summarise for Germany, agroecology is almost
exclusively considered within the scientific sphere with
a relatively similar interpretation today as used in the
past. The focus ranges from field to landscape analy-
ses, mainly based on ecological and biological scien-
tific approaches.

3.4 Case Study of France

In France, agroecology is not established as a specific
scientific discipline. The French Institute for Agricul-
tural Research (INRA), the largest research organiza-
tion in agriculture in Europe, has not yet positioned
itself nor provided a definition of agroecology, even if
the word is becoming more broadly used. At present,
the term is used with meaning not far from that of
Altieri (1995), focussing on the analysis of agroecosys-
tems for the design of agricultural systems. Agroecol-
ogy is mentioned only once in the general conclusions
of a recent French book on agronomy (Doré et al.,
20006). This rare use of the word agroecology in sci-
ence seems to be strongly related to two historical
trends. The first is that agronomy until recently was
clearly separated in education and research institutions
from the scientific disciplines dealing with crop pro-
tection and breeding, and to some extent from ecol-
ogy. This did not favour integration with agronomy, in
particular knowledge about the biotic components of
the agrarian system, which have only been integrated
in recent years. The second factor is the long history
of the discipline of agronomy in France (Robin et al.,
2007). Hénin (1967) has given the already mentioned
definition of agronomy, and Sebillotte (1974) gave sci-
entific ground to the discipline, agronomy in France
has emphasized a systemic approach to agriculture.
This led to the development of two scientific directions
in agronomy: (i) an analytical direction towards the
ecophysiology of plant species, and (ii) a more holis-
tic direction considering the entire agroecosystem, in-
cluding attention to farming techniques and economic
and environmental performances as well. Although the
cultivated field, or the plot, was considered as the pri-
mary level of attention, other larger scales such as
the farm level and the association among farm units
and the rural territory also became relevant to agron-
omy. This includes issues such as maintenance of soil

fertility, quality of product at harvest, and the envi-
ronmental consequences of agricultural practices such
as pollution from nitrate or phosphate. Through these
changes, agronomy in France has become enriched
with knowledge and concepts from other disciplines,
especially from the social sciences, but yet has not
changed its name thus far. As a consequence, there
were several similarities in regard to conceptual work
between U.S. agroecology (sense of Altieri, 1995) and
agronomy in France: holistic approach, integration of
non-production dimensions and including the social
dimension such as analysis of farmers’ attitudes and
practices. These are among the trends within agron-
omy in France, which have lasted for more than three
decades. But it is clear that what is considered by oth-
ers as characteristics of agroecology (sense of Francis
et al. (2003) and Gliessman (2007), and particularly
the ecology of the food system remains unrecognized
in France.

Nevertheless the term ‘agroecology’ is more and
more used in France. Interestingly, the English,
German and Spanish web pages of Wikipedia (2008)
present agroecology as a science, whereas the French
web pages define agroecology as a practice, and a cer-
tain type of agriculture, which does not only respect
the various ecosystems, but integrates the economic
and social dimensions of human life. In fact, in many
cases the term agroecology is used for describing, in
a sometimes very vague manner, a way to produce
more ecologically sound agricultural products in the
field, or at the farm level. Sometimes agroecology is
even used as a synonym for organic or ecological farm-
ing. A practice-oriented approach to agroecology has
emerged over the past two decades. Although Arrignon
(1987) did not give a precise definition for agroe-
cology, he described technical, more adapted meth-
ods in agriculture as a basis for rural development in
arid and sub-humid areas. This has been expanded by
various institutions, with a definition of agroecology
as an approach to integrate more ecological aspects
into agriculture, and with special emphasis on the field
scale, e.g. soil fertility conservation, water manage-
ment, closed and improved nutrient cycling. Different
French research institutions such as CIRAD (2007),
which focuses on tropical and sub-tropical agriculture
or the Non-Governmental Organisation Agronomes
& Vétérinaires Sans Frontieres (2007) have imple-
mented this concept within their research and technical
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programmes. The latter does not give a more precise
definition of agroecology than “an integrated approach
of crop production, animal production and the environ-
ment”. For CIRAD on the contrary, agroecology has
been defined far more precisely as a technology which
brings agriculture closer to the wild ecosystems, and
uses the term ecological engineering (Capillon, 2006).
This context is mainly based on conservation agricul-
ture with no-tillage and mulching. Recently, the more
plot-oriented approach has been expanded to include
the level of field to farm linkages. It may be worth not-
ing that this set of technologies was first applied by
CIRAD outside France, for instance in Brazil, before
being applied in Southeast Asia and Africa, and then
re-imported to France. This technology context is now
incorporated in CIRAD publications, with agroecology
as a scientific discipline (sense of Altieri (1995)). In
the same sense, but not within a research framework,
authors like Rabhi (2007) defined agroecological tech-
niques including recycling organic matter and using
natural organisms to control pests and diseases. The
“mother earth” and its organisms have to be respected
in applying ‘agroecological techniques’, inspired by
natural processes, for agricultural production (Rabhi,
2007). Humanism and solidarism are also important.
Also for the editors of Terre and Humanisme (2007),
agroecology is more a philosophy of ethics, for it also
includes societal aspects.

As in Germany, the environmental movement in
France started in the 1970s. Topics varied from en-
vironmental pollution from industry and from nu-
clear power stations. Some concerns did exist about
industrialized agriculture, and different agricultural
trade-unions or NGOs promoted alternative agricul-
ture systems. But their actions were hardly realised in
broader environmental movements until recent years.
If one can presently speak of an agroecological move-
ment in France, it is more in the sense to pro-
mote organic farming or more ecological friendly
agriculture.

To sum up for France, agroecology was first seen as
an alternative way to practice agriculture. In parallel,
the evolution of the French scientific discipline agron-
omy gradually incorporated parts of what is called
agroecology in other countries. In recent times, agroe-
cology as a scientific discipline is on the way to be-
coming established with a similar interpretation as in
Germany.

4 Discussion

4.1 Today'’s Scientific Discipline
of Agroecology: A Variation
in Definitions and Scales

An interesting aspect in the different concepts and the
resulting research in agroecology is the range of dif-
ferent spatial scales as well as the mix of disciplines
that have been employed over the past 80 years. The
many different definitions and descriptions shown in
the publications in Table 1 demonstrate how agroe-
cology has changed from focus on the plot or field
scale (1930s to 1960s), to the farm, to landscape agroe-
cosystems, and to farming and food systems scales
from the 1970s into the 2000s (Fig. 2). Yet the plot
and field scale approach persists up to present, with
a narrow definition of applying ecological principles
to farming practices by some researchers. Currently,
the definitions of agroecology given by Francis et al.
(2003) and Gliessman (2007) go beyond the concrete
spatial scale of field and farm and expand into the
full dimensions of the food system. This dimension
requires multi-scale and transdisciplinary approaches
and methods, to include the study of food production
systems, processing and marketing, economic and po-
litical decisions, and consumer habits in society. None
of these can be confined nor attributed directly to a cer-
tain level of scale, but all are connected intimately with
each other across scales and through time in different
and complex ways.

Although agroecology as a science evolved signif-
icantly and definitions have been articulated, a large
diversity still is found in approaches and definitions
in different countries and regions of the world. One
of the broadest definitions was provided by Fran-
cis et al. (2003) with agroecology as ‘“the integra-
tive study of the ecology of the entire food systems,
encompassing ecological, economic and social dimen-
sions”, or more simply “the ecology of food systems”.
This approach possesses a degree of originality and in-
clusiveness, however clear concepts or new analysis
models are not yet defined which combine the differ-
ent dimensions covered by this broad umbrella for var-
ious types of analyses. A second definition, integrat-
ing the food system, is provided by Gliessman (2007)
with “the science of applying ecological concepts and
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Fig.2 Temporal changes in scale and dimension in the definition of agroecology and in applied research

principles to the design and management of sustainable
food systems”. This definition clearly emphasises the
practical application. The definitions of Francis et al.
and Gliessman are in part based on prior defini-
tions and descriptions from Altieri (1989a, 1995).
Ruiz-Rosado (2006) calls agroecology a trans-
discipline because of its systems thinking and sys-
tems approach, using methods and advances from
various disciplines and taking into account local
knowledge where ecological, social and economic con-
cepts and principles are applied in a reasonable man-
ner. Similarly, Buttel (2007) describes agroecology as
an interdiscipline that includes the social and human
sciences as well as the ecological and agricultural sci-
ences. Dalgaard et al. (2003) defined agroecology as
“the study of the interactions between plants, animals,
humans and the environment within agricultural sys-
tems” in covering “integrative studies within agron-
omy, ecology, sociology and economics”, From their
analysis of the situation and state of the art, they con-
cluded that agroecology could clearly be considered as
a scientific discipline. A common point in all these ap-
proaches is that if someone wants to practice this new
discipline — or interdiscipline, or transdiscipline — its
operational tools and concepts are still under develop-
ment and difficult to identify.

Another new possible theoretical approach could
follow the holon concept of Bland and Bell (2007),
where every system at any level of spatial scale is com-
posed of smaller subsystems, and in turn is a compo-
nent of larger supersystems, even if this is still diffi-

cult to translate into reality. Due to the need to tackle
the problems of boundary and change, which are ev-
ident for all agroecological research questions, Bland
and Bell argue that agroecologists need to take into ac-
count how intentionalities seek to create holons (an in-
tentional entity) that persist amid the ever-changing
ecology of contexts, and how boundaries can be rec-
ognized based on how intentionalities draw and act
upon them. This concept needs to be further developed
and operationalised.

A more restricted approach in agroecology defines
the system boundaries as field, farm, and landscape
agroecosystems, without taking into consideration in-
teractions with society, politics and economy. This is
almost congruent with Conway (1987), although he
also considers sustainability and equity as key proper-
ties of a system. A definition was presented in the case
study of Germany. Among agroecosystems approaches
the concepts and methods will vary depending on the
definition of an agroecosystem. At the smallest level of
scale, agroecological approaches are restricted to the
plot or field scale. Here research almost exclusively
analyses crop-insect and crop-weed interaction with a
particular emphasis on natural processes, as well as
impact of pesticides. For others, the farm is seen as
equivalent to an agroecosystem, and still others view
an agroecosystem at the scale of a local or regional
landscape where agriculture is practised. According to
each different choice of scale, applied research meth-
ods will vary accordingly. Based on our four coun-
try examples, it seems that these two more restricted
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approaches dominate in France and to a certain degree
in Germany, where the mix between science and so-
cial movement in agroecology is less pronounced than
in Brazil and the USA. One could conclude that in the
areas where science and social movements are mixed,
science is more value-laden and needs to incorporate
social sciences if its goal is to be achieved.

One major constraint needs to be mentioned in eval-
uating the use of the term agroecology as a scien-
tific discipline. Germany and USA used the term rel-
atively early, thus it was found in many publications
thereafter. However, many more publications exist
which did not use the term agroecology in either the
title or text, but which can clearly be seen as related to
what we now accept as agroecology, based on current
definitions. In this sense the use of the terms “agricul-
tural ecology”, “agrarian ecology”, “ecological agri-
culture”, “crop ecology” or “ecological crop geogra-
phy” must indeed be mentioned. In countries such as
France, it is even more difficult to consider all relevant
publications, as synonymous key words for agroecol-
ogy took a long time to enter the literature and it is
very difficult to determine when and where they were
used. In general, it can be assumed that there are other
valuable publications that clearly recognize agroecol-
ogy as a science, but which could not be considered
here because of the difficulty in identifying them.

One unique example from nearly a century ago [first
published in 1915] is the novel Herland by Charlotte
Perkins Gilman (1992) in which a 2000-year-old soci-
ety has practiced many of the key concepts in agroe-
cology in producing food, maintaining a clean envi-
ronment, and solving the challenges of population and
food equity. Another is the futuristic agrarian society
described by Marge Piercy (1976) in Woman on the
Edge of Time. Both of these novels would never appear
in a literature search, since they do not use the term
agroecology, nonetheless they represent another way
to visualise and study whole systems and their com-
plex interactions.

Is there any concern about the confusion and
lack of acceptance of agroecology as a science? All
sciences evolve in their contents and definitions, and
this evolution should not be considered as a problem.
Nevertheless, at present there are multiple definitions,
and different objects, concepts, levels of scale, and re-
search methods. Although this can be seen as richness,
our experience reveals that this rich diversity is also a
source of misunderstanding. So the question persists,

“Is agroecology a science?”. Dalgaard et al. (2003)
provide convincing evidence, but only as applied to
their specific and narrow definition of agroecology as
confined to practices and farming systems. It would
be erroneous to apply their conclusion to agroecology
in general, without considering the great differences
among the different meanings and definitions when ap-
plying the conventional scientific criteria of commu-
nalism, universality, disinterestedness, originality and
doubt. As a result, one should not automatically as-
sume that “agroecology” is a science without giving
a precise meaning to the word.

4.2 Agroecology as a Movement
or a Practice

What is an agroecological movement? So far, it is not
possible to clearly answer this due to a broad variety of
these movements as illustrated in the different country
cases. An agroecological movement can be a farmers’
group working for food security, sovereignty, and au-
tonomy. Or it could be a more political movement of
the local population for rural development (Brazil). Or
it can be a farmers’ group movement for extending al-
ternative agriculture through social partnerships to bet-
ter respond to ecological and environmental challenges
within relatively specialised agricultural production
systems as in the USA. These movements are clearly
action-oriented, and in general happen in response to
higher common goals such as sustainable development
and sustainable agriculture.

Much of the early project work that today we could
call “an agroecological movement” did not actually
use the term at all, and often they were within the
framework of larger environmental activities. This
causes certain unbalance in the country studies. In the
USA, for example, Hecht (1995) mentions that the en-
vironmental movements of the 1970s enhanced agroe-
cology as a science. In contrast, such relations be-
tween movement and science were never established
in Germany, thus knowledge about similar movements
is confined to publications using the term agroecology.

In general, agroecological practices are seen as new,
modified, or adapted practices or techniques that con-
tribute to a more environmentally friendly, ecologi-
cal, organic or alternative agriculture. They are used
to improve traditional or indigenous agriculture in
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developing countries. The different practices are ap-
propriate to their related objectives, definitions, and to
certification in the case of organic farming. For tradi-
tional agriculture, practices are mainly for soil fertility
and organic matter management or resource conser-
vation, or techniques for low external input systems.
Biological pest management or soil fertility enhanc-
ing techniques are major objectives for environmen-
tally friendly, organic or alternative agriculture. Con-
versely, agroecology challenges the interpretation of
organic farming as mere input substitution rather than
redesign of the system (Rosset and Altieri, 1997), and
also may soften the division made by ecoagriculture
between productive and natural areas (Altieri, 2004).

As with science, the lack of precise definition of
agroecological movements or practices may be seen as
a weakness. Indeed, everyone supports the goal of a
more sustainable agriculture, and thus everyone could
claim that his or her own movement could be called
agroecology. The same type of difficulty is recognised
in describing agroecological practices. At present, an
agroecological practice is one that is not ecologi-
cally harmful, although this may not be scientifically
grounded. In some cases, the environmental problems
which practices are supposed to solve are not clarified,
adding more to the confusion.

4.3 Combined Use of the Three
Definitions

In many countries there is a combined use of the term
“agroecology” as a movement, as a science and as
a practice, and in most situations they are strongly
intertwined. In Germany, agroecology has a long tra-
dition as a scientific discipline, and the term is not
associated with a movement or with practices. In the
USA and in Brazil, agroecology is used to describe all
three activities, with a predominance toward science in
the USA and a stronger movement and/or practice em-
phasis in Brazil. In France, agroecology was mainly
known until recently as a practice. In the countries
where the agroecological movements are well estab-
lished, the idea of practises is strongly connected, or
even incorporated, into these movements. Here, they
merge for the objective to develop and assist a transi-
tion into sustainable agroecosystems (e.g. Wojtkowski,

2002; Gliessman, 2007) and also with other mod-
els such as traditional, alternative or organic farming.
There is large overlap in use of these several terms.

In this sense agroecology encourages farmers and
extensionists to participate in the design of new sys-
tems, and also contribute to social movements. This
is particularly the case for Brazil, and to certain ex-
tent for the USA and France. In these situations, there
is often a link between a political vision (the move-
ment), a technological application (the practices) to
achieve the goals, and a way to produce the knowl-
edge (the science). A key-point here for the scientists
is to assess how these tight connections may influ-
ence the science of agroecology, where there will be
application to meet a political vision using a set of
technological practices. This association raises serious
questions for some who have seen science more as an
objective activity that is somewhat disconnected from
practice. For example, when the science agroecology
is defined as the scientific basis of a sustainable devel-
opment strategy which emphasises food sovereignty,
conservation of natural resources and agrobiodiversity
and empowers rural social movements, the science it-
self may appear as an advocacy activity that will be
impacted by diverse goals and applications of results.
Instead of considering agroecology as a general ma-
trix including the wider range of disciplines (Caporal
et al., 2006), collaborations between agricultural, natu-
ral and social scientists should help to clarify such em-
bedded interpretations of agroecology. One must ask,
of course, whether this connection between the science
and the practice is any different from our accepted link-
ages between research and recommendation, for ex-
ample studies of fertilizer rates, types of pesticide that
are effective, or scheduling of irrigation. Especially in
the USA, where land grant university faculty are often
involved in both research and extension, there is often
a close connection between these activities.

4.4 Agroecology, a History
of Oppositions?

In analysing the historical evolution of agroecology,
either as a science, movement or practice, it becomes
evident that different topics, discussions or debates in
certain periods seem to have provoked major changes
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or reactions within agroecology. The common ground
in the U.S. evolutions in agroecology was to find a sci-
entific basis for new alternative agricultural systems.
But why did this concern evolve to a new scientific
discipline in the USA, but not in France, at least not
so soon, where the concern was also present? Maybe
because the holistic definition of agronomy, and the in-
cluded concepts in France could welcome part of the
changes needed to target this goal, which was not the
case in the USA. Therefore a rupture was sooner nec-
essary in the USA, leading to the creation of a new
scientific discipline. For the case of Brazil, a clear
rupture can also be mentioned. The expansion of dif-
ferent farmers’ agricultural movements in the 1980s
and 1990s was finally translated into agroecological
movements whose common interests have been canal-
ized under the term agroecology. In addition, to bet-
ter distinguish their practical approach from industri-
alised agricultural practices, it seems that the use of the
term ‘agroecological practices’ fulfilled this best. In
speaking of agroecological practices since the 1990s, a
possibility was found to distinguish them clearly from
other conventional practices. Thus, a sort of new iden-
tity was created for these practices, which considered
for instance more ecological and environmental as-
pects. In contrast to the USA and to Brazil, the differ-
ent types of movements have not been the starting point
for agroecological movements in France and Germany,
or did not provoke a clear reaction into agroecologi-
cal research. This might be explained by the fact that
the agricultural problems in Europe interested or con-
cerned only a limited part of the population. In Brazil
on the contrary, a larger part of people are involved in
agriculture, and the questions of rural poverty and dis-
parities in agricultural land tenure still are important
topics. In the case of Germany the lack of social
movement around agriculture can also be explained
considering that ecology in general, and in particular
ecology related questions to agriculture, have been al-
ready well established in research, and thus evolved
gradually instead of creating new research fields as for
example in the USA. As usual in a scientific commu-
nity, it can also be noticed that ideas attached to agroe-
cology have crossed national borders. Therefore, many
authors attached to a specific institution also gained
and communicated knowledge from other countries,
for instance through exchanges between Europe and
the Americas.

4.5 Future Questions and Challenges
of the Scientific Discipline
of Agroecology

Many open questions remain for the scientific disci-
pline of agroecology, especially for those who em-
brace the definition as the ecology of food systems.
What new concepts, new models, and new methods
need to be developed or adapted in order to grapple
with this expanded definition of agroecology? Do we
need new competencies for researchers and educators
dealing with this more holistic and systemic approach
(Lieblein et al., 2007b)? These authors raise the ques-
tion of how higher education and learning activities
will need to be modified to deal with systems, uncer-
tainty, and complexity? Lieblein et al. (2000, 2007a, b)
have proposed experiential learning strategies, but still
the essential contents of agroecology courses have to
be clarified and their applications defined for differ-
ent cultures and perhaps for different ecoregions. Most
authors also demand that the scientific discipline of
agroecology should provide results for practical appli-
cation in the design and management of sustainable
agroecosystems. It is important to work out the crucial
interfaces between the scientific discipline of agroecol-
ogy and the needs of different stakeholders. It is impor-
tant that particular participatory or on-farm approaches
be employed, which also take into account the social,
cultural and ethical dimensions. Although these ques-
tions cannot be answered quickly nor easily, and al-
though a certain misunderstanding in using the term
agroecology will persist, it will be intriguing to observe
the evolution of the terms and their applications in this
rapidly changing learning and development landscape.
Moreover, it will be interesting to see how the word
will escape the fatal challenge of being marginalized
as too vague, confusing, and ineffective by scientists,
farmers, environmentalists and consumers who want to
express their ecological concerns in relation to agricul-
ture and to move these concerns into effective action.

5 Conclusions

Today there is certain confusion in use of the term
“agroecology”. We have described the three main def-
initions of the term: as a scientific discipline, as a
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movement, and as a practice. Application of the term
depends strongly on the historical evolution and epis-
temology, that provide the foundation, scope and valid-
ity of use of the term, in different countries. The most
important influencing factors are (i) the existence of
strong social or environmental movements, (ii) the ex-
istence of different scientific traditions and their evolu-
tions, and (iii) the search for frameworks and concepts
to describe new types of practices or movements.

From the historical analysis it became clear that the
scientific discipline of agroecology and its scales, di-
mensions and definitions distinctly evolved from be-
ginnings in the 1930s. We could illustrate that scales,
and with them the definitions, expanded spatially over
the next 80 years from the plot or field scale to the
farm or agroecosystem scale, and finally leaving a
concrete spatial scale or place and entering the entire
realm of the food system. Today, all these three dif-
ferent scale approaches still exist within agroecology.
The preference to any one of these approaches seems
to depend in many cases on the historical evolution
in different countries, at least in those we could anal-
yse. In spite of the existence of different approaches
and definitions, the new views and dimensions brought
into agroecology as a scientific discipline will help
facilitate the efforts to respond to the actual chal-
lenges of agricultural production, because of increas-
ingly applied systems thinking and interdisciplinary
research approaches.
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Abstract During the last decade the context in which
farmers must manage their farm has changed rapidly,
and often with little warning. Dramatic price swings
for agricultural commodities, more stringent quality
requirements, new environmental regulations, the de-
bates surrounding genetically modified crops, extreme
climatic events, the demand for energy crops, the revi-
sion of the Common Agricultural Policy and the con-
sequences of the financial crisis all create uncertainty
regarding future threats and potentials. During such
turbulent times, a one-sided focus on efficient produc-
tion is no longer enough. Farmers also need to be able
to cope with unexpected events and to adapt to new
developments. Based on a literature review, we iden-
tify three strategies that strengthen the adaptive ca-
pacity of a farm: learning through experimenting and
monitoring its outcomes, ensuring a flexible farm or-
ganisation to increase the options for new activities by
the farm family, and diversifying to spread risks and
create buffers. Implementing these strategies enlarges
the farmer’s room to manoeuvre and allows identifying
transition options. These options do not depend only
on the farm itself, but also on the farmer’s ability to
mobilise external resources and to engage in collective
action. Change is then no longer seen as a disturbance,
but as a trigger for the reorganisation of resources, and
for the renewal of the farm organisation and activities.
Implementing these strategies comes at a cost, so that
farmers need to tackle the inevitable trade-offs between
efficiency and adaptability. However, unless farmers
master this challenge they may not be able to ensure
the sustainability of their farms.
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1 Introduction

Farmers are faced with increasingly stringent environ-
mental regulations, higher quality standards, detailed
animal welfare demands and volatile markets, as well
as uncertainty regarding the next reforms of the Com-
mon Agricultural Policy. Not only is the number of
the demands made on farmers increasing, they are also
becoming less predictable. The sources of uncertainty
include the increasing frequency of extreme climatic
events, the demand for energy crops and the debates
surrounding genetically modified crops, as well as pub-
lic health threats stemming from intensive animal pro-
duction (e.g., BSE, avian influenza, swine influenza).
Thus, although farmers have always had to cope with
uncertainty, especially regarding weather patterns and
prices, it seems that with globalisation the sources of
uncertainty are becoming more diverse and the pace
of change is increasing (Urry, 2005). This obviously
has an impact on farmers’ ability to plan ahead and
to manage their farm so as to ensure farm continuity.
The rapid pace and the often unforeseeable direction of
change may increasingly require farmers to keep their
farms flexible to be able to respond to new challenges
as they arise.

However, the flexibility and adaptability of a farm-
ing system has seldom been the target of research on
improving farming practices or designing technical in-
novations. Most of the developments have focused on
increasing productivity, improving product quality, op-
timising production processes, reducing the environ-
mental impact, minimising costs, or maximising prof-
its. The recommendations derived from research were
based on the implicit assumption that the general con-
ditions on a farm and its socio-economic context would
remain roughly the same. Offering farmers a stable
context was also the goal of government policies which
stabilised commodity markets and controlled imports.
Although there were changes, these were introduced
gradually and in a predictable way.

With liberalisation and globalisation leading to an
increasing interconnectedness of markets and sectors,

the assumptions of gradual and predictable change are
increasingly challenged. The dynamics of the farming
system and its context will thus need to receive more
attention than they have in the past. To understand
these dynamics better, insights derived from complex
adaptive systems can be applied to farming systems.
The complex adaptive systems view draws attention
to the fact that change can be sudden and dramatic
and that the links between components are impor-
tant, rather than the components themselves (Manson,
2001). Systems are also adaptive, i.e. are in con-
stant co-evolution with their environment (Rammel,
2003).

The aim of this paper is to succinctly review three
approaches to farming and to indicate how the con-
cepts from co-evolution and complex adaptive sys-
tems can be applied to increase our understanding
of the sustainability of farming systems. To clar-
ify how the adaptive approach differs from previous
approaches, we first briefly review the theoretical con-
cepts and assumptions underlying the engineering ap-
proach and the farming systems approach. We then
elaborate on the implication of evolutionary and com-
plexity thinking on the understanding of adaptive farm-
ing systems. We believe that including the dynamic
dimension of evolving farming systems can make an
important contribution to understanding how farming
systems can be more sustainable in a rapidly changing
world.

2 Three Approaches in Agronomy
and Farm Management

We distinguish between three broad approaches that
co-exist in the farm management discourse: the engi-
neering approach, the farming systems approach and
the adaptive management approach. These three are
loosely defined and we are aware that we cannot do
justice to the wide variety of disciplinary refinements.
However, using a broad-brush approach allows high-
lighting the differences in the underlying assumptions
between schools of thought (see Table 1). Although the
three approaches were developed consecutively, they
can all be found in current research, policy formula-
tion and practice.
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Table 1 Key characteristics of the three broad approaches to researching farms and farming systems

Characteristic

Engineering

Farming systems

Complex adaptive systems

Underlying theory

Systems view

Positivism, reductionism

Mechanistic systems,
Newtonian science

General systems theory,
‘simple systems’, system
dynamics

Systemic view: system is
made of parts that interact,
focus on the parts

Co-evolution, complex systems,
adaptive systems

Hierarchically nested systems,
various temporal and spatial
scales, properties of complex

Time Atemporal: time not taken

into consideration

Dynamics considered Static approach,
steady-state, equilibrium

view

Context Irrelevant (‘one size fits
all’), allows for

technological blueprints

Inclusion of social sciences ~ Mostly single discipline-
driven, some inclusion of

neoclassical economics

Atemporal but some linear

Static approach, equilibrium

Context matters: differences

Interdisciplinary: inclusion of

adaptive systems: emergence,
hysteresis, etc., focus on
interaction between parts

Time is a key variable: ‘history
matters’, path dependency,
irreversibility

projection into the future;

no change in the dynamics

of a system

Perpetual disequilibrium,
non-linear dynamics,
adaptability: the dynamics
change over time,
co-evolution

view, relationship between
elements does not change

Context is constantly changing,
change can be unexpected in
strength, timing and
direction, due to interactions
need to include all sectors,
not just agriculture

Interdisciplinary, inclusion of
insights from psychology
such as mental ‘traps’ and
bias typical to information
processing by humans,
learning as an on-going and
interactive process

between locations is
important, farmer
perception needs to be
taken into account, focus
on agricultural sector

sociology to address
farmer perception, farmer
participation, economics
include some behavioural
notions (e.g., agents are
boundedly rational),
learning

2.1 Improving Crop and Animal
Production Based on an Engineering
Approach

The attributes at the core of this approach are:
efficiency, constancy and predictability. A problem
such as low crop productivity or a threat from pests
is identified, and a technological solution developed.
Implementing the solution aims at achieving a pre-
dictable outcome such as a specific yield level. This
approach to farm management is based on an engi-
neering mindset. The goal is to ‘design’ a crop or ani-
mal production system, so as to turn a variable natural
process into one that produces standardised commodi-
ties in a reliable, predictable and economically efficient
way (e.g., Tsai et al., 1987). To achieve this stability
agricultural pests are controlled through pesticides, nu-

trient competition is reduced through herbicides, nat-
ural, multi-species grassland is converted into mono-
culture, water supply for crops is regulated through
irrigation or drainage, and field patterns are reorgan-
ised to reduce border effects and increase labour pro-
ductivity (e.g., Fogel et al., 1974; Gotsch and Rieder,
1990). Recent developments, such as robotics and pre-
cision farming, aim at adjusting crop management
steps to account for field variability by using tech-
nological means such as satellite navigation, sensors,
computer models and information technology (e.g.,
Auernhammer, 2001; Bennis et al., 2008; Slaughter
et al., 2008). The goal is to control processes, to re-
duce the range of natural variation of the farming sys-
tem, and to stabilise the output of the farm so as to
ensure an efficient and stable supply of goods and
services (Grumbine, 1994; Holling and Meffe, 1996;
Okey, 1996).



48

I. Darnhofer et al.

The solution to a problem is seen as being direct,
i.e. there is a clear relation between cause and effect.
It is seen as appropriate, i.e. the system has clearly de-
fined boundaries and changes to the system have no
effects outside these boundaries. And it is seen as fea-
sible, i.e. relatively simple, without complex interrela-
tionships. Generally, the focus is on an isolated issue,
such as the nutrient supply for a crop (Table 1). This is
based on the implicit assumption that there are no side
effects on other parts of the farm or other spatial scales,
and that the relations shown to be relevant over the
short term are also the ones that will be relevant over
the long term. The world is thus understood as stable,
causal relationships are known, and there are no uncer-
tainties. Farmers are seen as a homogeneous group and
as business managers or entrepreneurs, so that farmer
decision-making is assumed to comply with the model
of economically rational agents (van den Bergh et al.,
2000; Gowdy, 2007). Being rational, they will all reach
a similar conclusion, which is expected to be compara-
ble to the recommendation developed by scientists.

The normative and prescriptive technological solu-
tions derived from this approach led to the strong in-
crease in productivity in the 1970s and 1980s, both in
crop and in animal production. This increase in produc-
tivity mainly took place in favourable production envi-
ronments, i.e. good soils, reliable water supply, and a
supportive economic and political framework such as
ready access to cheap inputs, government-guaranteed
output markets and stabilised prices. These favourable
environments led themselves to the implementation of
‘technological package solutions’ (Norman, 2002).

The example of high yielding crop varieties can be
used to illustrate the logic of the engineering approach.
These are selected to comply with the DUS criteria
(distinctiveness, uniformity, stability). These varieties
are bred in centralised breeding facilities, with a few
large companies claiming exclusive commercial rights
to new plant varieties. The quality criteria are mostly
breeder-driven and focus on efficiently producing a
standardised quality, as required in industrial food pro-
cessing. They achieve a high yield by being able to
make best use of synthetic fertilisers, and tolerate her-
bicide application. Their performance is thus depen-
dent on large-scale use of fossil fuel-based inputs and
processes that help in limiting environmental variabil-
ity (Tilman et al., 2002; Boody and DeVore, 2006;
Wolfe et al., 2008).

2.2 Applying Systems Thinking
to Farming

The farming systems approach is generally charac-
terised by an increased sensitivity by technical scien-
tists to the complexity and variability of farmers’ pro-
duction environment, the recognition by economists
of the limitations of the rational decision-making
approach, the heterogeneity of farmers, and the recog-
nition that it is not sufficient to optimise individ-
ual crops or animal production systems, as the farm
needs to be understood as one system (Bawden,
1995; Hubert et al., 2000; Norman and Malton, 2000;
Norman, 2002).

The importance of taking into consideration the
farming context became increasingly evident as farm-
ers, especially in less favoured areas, did not adopt
the technological packages developed within an engi-
neering approach. Technical scientists thus recognised
that both the bio-physical and the socioeconomic com-
ponents of a farm need to be considered, highlight-
ing the usefulness of an interdisciplinary, systemic and
gender-sensitive analysis (Hart and Pinchinat, 1982;
Biggs, 1985; Jiggins and Roéling, 1994; Dent et al.,
1995) (see Table 1).

There was increased awareness of the social na-
ture of heterogeneity between farms and thus the im-
portance of the farmer’s perceptions and goals (e.g.
Biggs, 1985; Lev and Campbell, 1987; Norman, 2002;
Commandeur, 2006; Brodt et al., 2006; Ondersteijn
et al., 20006). Linked to these developments was the ac-
ceptance by economists that farmers’ behaviour could
not be understood only through maximisation of profit
(Norton, 1976; Colin and Crawford, 2000), so that con-
cepts such as satisficing behaviour (Simon, 1986) and
bounded rationality (Kahneman, 2003) were included
in the analysis. When making decisions, farmers and
farm households also take into account issues such
as long-term preferences, security, lifestyle and qual-
ity of life (Brossier et al., 1991; Gafsi and Brossier,
1997). Furthermore, farmers were often involved in
the research process, e.g. to better understand their
norms, values and decision rules (Bellon et al., 1985;
Collinson, 2000).

The farm is no longer seen as a mechanistic sum
of (more or less) independent parts (Table 1). Instead,
a farm is viewed in its entirety, as a system (Osty,
1978; Béranger and Vissac, 1994; Bawden, 1995), as
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a change in one part of the farm often affects other as-
pects of the farm organisation. The farming systems
approach thus focuses on the interaction between the
parts of the system, and on the identification of im-
provements that were compatible with the whole farm-
ing system (Norman, 2002). For example, the livestock
farming system approach proposed by animal scien-
tists considers the farmer, the herd and the resources as
one socio-technical system (Gibon et al., 1999). This
implies that the interactions between its constitutive
elements, as well as the self-regulating properties of
biological systems, need to be taken into account (see
Puillez et al., 2008).

The implications of this different understanding of
agronomy and farming systems can be illustrated in
how it shapes the selection of crop varieties. Instead
of stabilising the production environment to achieve
high yields, varieties are selected for being robust in
a wide range of conditions, i.e. aim for yield stability
across a wide range of temperature, nutrient and water
conditions. Standardisation of quality is not seen as de-
sirable, as farmers and consumers have different pref-
erences, and traditional cuisine requires specific quali-
ties found in landrace varieties (Sanchez et al., 2008).
Desirable traits are not reduced to yield and qualities,
but include system-wide considerations, such as bal-
ancing the nutrient needs in the whole crop rotation
or the need for straw for animal housing (Wolfe et al.,
2008). To take into account these preferences, breeding
often takes place in a decentralised setting, with farmer
participation (Sumberg et al., 2003; Bocci and Chable,
2008; PDstergard et al., 2009).

2.3 An Adaptive Perspective
in Understanding Farming Systems

As the long-term environmental and social impact of
intensive farming systems became increasingly ap-
parent, the various issues related to ecological, eco-
nomic and social sustainability came to the fore. This
led to more attention given to longer-term effects,
and raised the challenge to balance short-term pro-
ductivity increases with the long-term sustainability
of farming systems. It also pointed out that the ex-
ternalities of on-farm practices need more attention,
and that the interaction between the farm and its

context needs to be better understood. At a funda-
mental level, it highlighted the need to account for
uncertainty as complex dynamics and interdependen-
cies between sub-systems cannot be fully anticipated
(EEA, 2001; Mayumi and Giampietro, 2001; Millen-
nium Ecosystem Assessment, 2005; Campbell, 2008;
TAASTD, 2009). With societal and farm dynamics
being uncertain, there are bound to be unexpected
developments that will require flexible adjustment
(Table 1).

There had been early calls for technologies to in-
crease farmers’ flexibility, to enable them to cope
with changing economic environments (Long, 1984;
Chambers, 1991, quoted in Norman, 2002; Lev and
Campbell, 1987; Park and Seaton, 1996). Petit (1978,
1981) suggested a theory of adaptive behaviour in farm
management, based on the observation that farmers in-
teractively adjust both their objectives and their situa-
tions. This was illustrated by studying the patterns of
change of farms over long time frames, offering empir-
ical evidence that farm structure, activities and organi-
sation can change substantially in response to on- and
off-farm dynamics (Bourgeois and Krychowski, 1981;
Levrouw et al., 2007; Cialdella et al., 2009).

Against the multi-dimensional background of
socio-economic, political and environmental dynam-
ics, changes and adaptations increasingly seem to be
essential elements in any approach towards a sus-
tainable farming system. It is thus necessary to un-
derstand the (co-)evolution of a farming system with
its environment and how this on-going change is re-
flected in the internal organisation of the farm and the
farmer’s goals. Given the uncertainties of future de-
velopments, previous concepts that guided research —
such as stability, income maximisation, technical fine-
tuning or biological optimisation — need to be balanced
with concepts such as adaptability, resilience and
flexibility.

The theories that might be used to inform an adap-
tive perspective of farm management are evolutionary
theory and complexity theory. The term ‘evolutionary’
is used for theories that explain the driving forces re-
quiring the adaptations of the system over time, and
the mechanisms through which they operate. Evolu-
tionary theories have mostly been developed in ecol-
ogy. In the context of farms, these theories can help
explain how farms generate and adapt to change, and
how these processes are intertwined with what happens
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both at the level of individual farms and the higher
level of markets and the farm’s environment in general
(see Rathe and Witt, 2001). In an evolutionary frame-
work, continual development and change at the farm
level is needed to maintain its ‘fitness’ relative to the
systems it is co-evolving with (Cournut and Dedieu,
2004). This on-going change implies that there is no
stable state, no single optimal solution, no ‘right’ de-
velopment path that can be defined a priori (Rammel,
2003). The evolutionary perspective requires a system
to be adaptable, i.e. to be able to perform well ac-
cording to unknown future conditions and goals that
might change over time (Holling et al., 2002; Smit and
Wandel, 2006; Rammel et al., 2007; van den Bergh,
2007; Fauvergue and Tentelier, 2008). The objective of
management must include initiating and maintaining
a diversity of alternative options so as to increase
the chance of finding an adaptive response to unpre-
dictable change (Beinhocker, 2006).

The theory of complex adaptive systems is another
theoretical approach that focuses on understanding the
implication of on-going change, and which empha-
sises the unpredictability of change (Ison et al., 1997;
Levin, 1998; Manson, 2001; Holling, 2001). Complex
adaptive systems are systems that involve many com-
ponents and agents that interact simultaneously and
adapt or learn as they interact (Holland, 2006). The
theory of complex adaptive systems has been taken up
by some researchers in economics and management
sciences (e.g., Anderson, 1999; Meyer et al., 2005;
Walsh et al., 2006; Teece, 2007), as well as in other so-
cial sciences (Stewart, 2001; Urry, 2005). This integra-
tion has proven fruitful as it allows one to understand
how firms interact with their environment, how the
past influences present behaviour, how the components
interact (rather than focusing on the properties of the
components), and how function is maintained, even
though the components may be replaced (Cilliers,
2005; Trigeorgis, 2005). Within natural resource man-
agement, it has led to an approach called adaptive man-
agement (Lee, 1999; Westley, 2002; Jacobson et al.,
2009). Given the similarities in the challenges faced
by farmers and other society actors in the face of a
rapidly changing context, it would seem that integrat-
ing insights from studies of complex adaptive systems
and adaptive management can be useful to increase our
understanding of the adaptability, resilience and persis-
tence of farming systems.

3 Strengthening the Adaptive Capacity
of Farming Systems

Emphasising the adaptive capacity of farming systems
is based on the premise that the key to coping with
rapid and unforeseeable change is to strengthen the
ability to adequately respond to change to sustain long-
term survival. However, this needs to be balanced with
the ability to take advantage of existing favourable con-
ditions, i.e. to perform under current conditions. The
challenge for farm management is thus to balance be-
tween long-term adaptability and short-term efficiency
(Lev and Campbell, 1987; Giampietro, 1997). Stud-
ies of natural resource management indicate that the
characteristics allowing a social-ecological system to
strengthen its adaptive capacity include the ability of
the manager to learn, the flexibility of a system and its
diversity.

3.1 Learning Through Experimenting
and Monitoring

The existence of uncertainty and surprise as well
as their unpredictable nature (Funtowicz and Ravetz,
1993; Folke et al., 2003) requires a continuous learn-
ing process that attunes to new information by re-
formulating hypotheses and models, and understand-
ing activity implementation as experiments (Westley,
2002; Hagmann and Chuma, 2002). For example,
there could be different interpretations as to the cause
of an animal disease such as calf scour, leading to
different assumptions on how to best tackle the dis-
ease. Whereas one farmer might rely exclusively on
the veterinarian to treat the disease when it appears,
another will experiment with different preventive mea-
sures and adapt processes on her farm (Magne and
Cerf, 2009). Indeed, farmers’ choices are constrained
by their personality, preferences and competences, but
also by external structures such as the social norms,
technologies and the natural environment. Acknowl-
edging that there are different valid solutions for each
problem allows one to see that a farmer might find
some solutions more useful than others depending,
e.g., on her priorities, farming style and context. Learn-
ing is thus not seen as an objective attempt to un-
derstand the ‘world out there’, but as based on a
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relational understanding of reality: learning allows for
a new perspective of challenges and for perceiving new
possibilities.

To increase the number of learning opportunities
and to structure them, it is useful to experiment and
monitor the outcomes. Experimentation allows a better
understanding of current system dynamics; for exam-
ple, the influence of buffer strips on the insect popu-
lation and reduction of pest incidence. It also allows
widening the repertoire of options in case of changes
in the context. For example, a farmer might experi-
ment with mechanical weed suppression to reduce her-
bicide use or experiment with on-farm processing to
see whether it would be compatible with work flow and
meet consumer demand (Sumberg et al., 2003). In this
framework, quantitative information is often less im-
portant than understanding the ‘rules of the game’ and
how these rules change. Unexpected outcomes, active
experiments to test hypotheses and monitoring through
feedback systems allow farmers to learn about local
agroecosystems, about the dynamics of social insti-
tutions, and about the potential and limits of various
technologies and processes, and thus inform how they
actively adapt their farm management.

This approach stresses the role of creativity and
imagination, and recognises the crucial role of the
farmer for the development of a farm over time. In-
deed, what a farm can produce with given resources
hinges critically on the conceptions, capabilities and
projects of the farmer (Rathe and Witt, 2001; Teece,
2007; Gueringer et al., 2009). The farm is thus no
longer seen as a device to exploit economies of scale
as a response to technological progress. Rather, farms
are interpreted as learning systems whose survival and
growth strongly depends on the successful generation
and integration of new knowledge.

Learning is not limited to experiments a farmer un-
dertakes to understand a specific aspect of his farm-
ing system better. Much learning takes place through
discussions with others, and when expanding on local
and traditional knowledge (Berkes and Folke, 2002;
Sumberg et al., 2003). For example, by building on
the experiential knowledge of older farmers, who know
which pastures remain productive even during drought,
a farmer can broaden his options for action when
faced with a similar crisis. But monitoring need not be
done on an individual basis. It can involve a range of
local stakeholders (Couix and Hubert, 2000). A farm
monitoring and study group can provide a collective

learning environment, in which ideas are shared and
the results of experimentation with delayed lambing,
flexible bull finishing and cross-breeding are analysed
in detail, thereby confirming or disproving ideas for
new practices (Seath and Webby, 2000).

Learning also benefits from combining different
types of knowledge, e.g. experiential and experimen-
tal knowledge (Scoones and Thompson, 1994), from
expanding from knowledge of structure to knowledge
of function, from understanding about the dynamics of
complex systems, and from understanding the comple-
mentarities of different knowledge systems such as sci-
entific and traditional knowledge (Folke et al., 2003).
Indeed, local knowledge systems can be based on a
different conceptualisation of the world compared to
science-based farm management (EEA, 2001; Olsson
and Folke, 2001; Macé et al., 2007). It is thus impor-
tant not to dilute, homogenise or diminish the diversity
of knowledge systems, but to nurture diversity (Folke
et al., 2003). Farmers’ learning can benefit from com-
paring diverse information sources and perceptions, for
example, by discussing new ideas with people belong-
ing to different social groups. Off-farm employment or
engagement in community organisations (e.g., church,
sports club, hunters, fire brigade) allows access to var-
ious information sources, different world views, and
different understandings of societal trends, consumer
preferences or upcoming changes in agricultural pol-
icy. By discussing new ideas with a variety of peo-
ple and reflecting on their views, a farmer may learn
new ways to interprete and explain phenomena and
thus discover new options to act (Ison et al., 2000;
Ondersteijn et al., 2006).

3.2 Flexibility to Increase Response
Options

In management sciences, the concept of flexibility is
seen as a means to face uncertainty and thus also de-
fined in relation to adaptive capacity (Reix, 1979).
Generally, there is a distinction between operational
and strategic flexibility. Operational flexibility refers
to the ability of a system to implement changes in
the short term when facing surprises. Strategic flex-
ibility refers to long-term choices and to the capac-
ity to change the structure, the resources, and the
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competences of the farm in anticipation of, or to react
to, changes in the environment. For example, farm
households not only need to ensure that they can flex-
ibly change their daily or weekly work schedule to re-
spond to changing weather patterns (operational flexi-
bility), they also need to be able to develop new on- or
off-farm enterprises (strategic flexibility).

Tarondeau (1999) further identified three sources
of flexibility in production systems: the products, i.e.,
their diversity and exchangeability; the processes, i.e.
the organisation of work and of the technical systems
that allows for several processes; and the input speci-
ficity, i.e. whether different sources of inputs can be
combined or substituted rather than depending on one
specific input. This concept has been used to analyse
the adaptive capacity of farming systems (Bellon et al.,
2004; Lopez-Ridaura et al., 2005). As the available
work force is often limited on farms, work organisation
is of particular importance: what tasks need to be done,
who can perform the task, is it possible to hire skilled
workers, can work flows be adapted to react flexibly,
e.g. to changing weather (for a review see Madelrieux
and Dedieu, 2008).

For example, livestock farms in pastoral systems
may be specialised and have only dairy cows, or they
may keep a flexible mix of dairy cows, suckling cows,
heifers and oxen. Work organisation and processes
may be based on regular routines and a clear differ-
entiation of tasks to be performed by each worker, or
they may be flexible and make room for contingen-
cies. Regarding inputs, a study by Gueringer et al.
(2009) shows the possibility of coping with chang-
ing fodder availability through spatial management
of grassland fields and flexible fodder purchase. The
farmers differed in their combination of harvesting
technique, i.e. grazing, harvest as hay or harvest as
silage to be stocked as wrapped bales, depending on
various factors such as grass regrowth, labour avail-
ability, quality schemes (hay-only milk), spatial loca-
tion of the fields (size of field and distance between in-
dividual fields), and available storage options. Farmers
may also increase their flexibility by adapting stock-
ing density and herd composition (dairy cows, suckling
cows, calves) to available fodder and labour, as well as
market demand (Lemery et al., 2006).

This illustrates the complexity with which farmers
are confronted on a daily basis, in an attempt to re-
main flexible while maintaining the overall coherence

of their farm. Farmers have to maintain various sources
of flexibility over the short term, e.g. fodder sources
over one season, and over the medium term, e.g. type
and quality of milk and meat produced, as well as in the
long term. As a study of change patterns on 14 farms
during a 50-year period has shown, farms implement
a wide set of adaptability options by flexibly organ-
ising the workload of family members, changing the
structure of animal production and using off-farm em-
ployment, as well as various forms of cooperation with
neighbouring farms (Cialdella et al., 2009).

Indeed, flexibility does not depend only on pro-
cesses internal to the farm but also on its capacity to en-
rol external resources. Chia (2008) has called this abil-
ity ‘relational flexibility’, i.e. the ability of a farm to
mobilise external resources through collective action.
This might take the form of processing or marketing
cooperatives to promote a specific quality label, the
purchase of machinery by several farmers, or estab-
lishing a company to run a common biogas plant. On
a smaller scale it also includes mutual help and ex-
changes. For example, the flexibility of the manage-
ment of grassland fields can be enhanced, if the farmer
not only considers her own fields, but is able to arrange
with a neighbouring farm for, e.g., a seasonal exchange
of plots or labour (Gueringer et al., 2009).

Emphasising flexibility thus highlights that the pro-
cesses on a farm, its work organisation and the prod-
ucts and services marketed by a farm at any given time
merely represent one of several ways in which it could
be using its resources. Indeed, the ‘productive oppor-
tunities’ of the farm, even with an unchanged set of re-
sources, are not objectively given. A farm is essentially
a pool of resources that can be used and combined in
different ways (Penrose, 1997). This means that for a
farm, it matters how the components are linked and
the way in which the resources are used, not just the
resources themselves. What matters is how flexible the
arrangements are, and whether or not the selected tech-
nological paths enable reversibility. To ensure flexi-
ble rearrangement, modularity, i.e. the ability to com-
bine subroutines, actions or resources in different ways
plays an important role. Modularity allows farmers to
respond to change by combining a set of available re-
sources. The novel combination of available building
blocks is often more flexible than trying to anticipate
each possible situation with a distinct strategy or re-
source (Holland, 2006).
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3.3 Diversity to Cope with Variability

Clearly, flexibility is in part linked to diversity, i.e. the
ongoing development and management of a portfolio
of alternative capabilities, opportunities and relation-
ships (Smit and Trigeorgis, 2006). Managing complex
systems and uncertain future developments implies
spreading risks and creating buffers, i.e. not putting
‘all eggs in one basket’. The evolutionary potential of
a farm, its ability to initiate new development trajec-
tories, builds on the diversity of co-existing activities,
its repertoire of alternative options and innovative ac-
tivities (Rammel and van den Bergh, 2003). This di-
versity has been shown to play an important role in
the reorganisation and renewal process following dis-
turbance (Folke et al., 2003) as it enlarges a farmer’s
room to manoeuvre.

One way to approach diversity is at the whole-
farm level. Here, activities of the members of the farm
household can be diversified, which includes both on-
and off-farm activities (Bryden et al., 1992; Lemery
et al., 2005; Cialdella et al., 2009). A diversity of re-
sources available on the farm, such as family labour,
knowledge, networks, arable land, grassland and build-
ings can be invested in a range of projects. These
projects will in part depend on the diversity of op-
portunities offered by the context, such as proximity
of the farm to a city offering employment opportuni-
ties or a demand for fresh local products, or a village
dairy manufacturing quality labelled cheese or the city
council outsourcing services such as composting, snow
ploughing or roadside maintenance to farmers. Thus,
even if the focus is on the farm, the context needs to be
taken into account, as it shapes the diversity of options
available. Of course, this diversity can be enhanced
by the farmers, especially if they engage in collective
action, e.g. such as establishing a cooperative to pro-
cess and package their produce (Chia, 2008; Cialdella
et al., 2009). Also, diversity is not objectively given,
but depends on the creativity of farmers to be innova-
tive and creative. Indeed, different perceptions (Magne
and Cerf, 2009) and interpretations of societal trends
can make the farm and community more robust.

Unfortunately, strategies to build diversity are not
yet well understood (Penrose, 1997), as most research
efforts have focused on efficiency and specialisation.
More research is needed to understand diversifica-
tion and pluriactivity, the coordination and interaction

between the activities leading, e.g., to challenges in
work organisation (Fiorelli et al., 2007; Madelrieux
and Dedieu, 2008). Indeed, farmers increasingly com-
plain of too high work pressure and lack of work-free
time (weekends, vacations). The challenge in building
diversity is thus not only to coordinate labour peaks
and to ensure the flexibility necessary to accommodate
unpredictable events, but also to ensure quality of life
through a satisfactory work-life balance for all mem-
bers of the farm family.

Another way to approach diversity is at the tech-
nical system level. Here, the focus is on the role that
diversified resources, production processes and type of
products play to secure the system and to allow its evo-
lution. For instance, a study has shown that creating
and maintaining a diversity of land resources can play
a key role in the management of a dairy farm, espe-
cially to reduce the sensitivity of milk production to
climatic variations (Andrieu et al., 2008). Similarly, a
system that allows for a diversity in crops (@stergéard
et al., 2009) or herd management (e.g., composition,
age, uses, etc.) seems to be more resistant to periodic
forage shortages, especially when considered at the
herd level and over the long term (Tichit et al., 2004).

Diversity can also be approached at the functional
level (Elmgpvist et al., 2003; Walker et al., 2006). The
focus is then not on diversity to allow various re-
sponses to change, but on ensuring that a function on
the farm, such as ensuring adequate nutrient supply
for crops, can be supplied by different processes, such
as synthetic fertilisers, compost or adequate crop rota-
tions. At the farm level, functional diversity means that
the farm can perform several functions, i.e. is multi-
functional, thus addressing a range of societal demands
(Wilson, 2008; OECD, 2009). This approach allows
one to avoid the sectoral approach to farming, which
tends to focus on food, fibre and fuel production, and
widen the perspective to the provision of public goods
and services such as ecosystem services, cultural land-
scape or climate change mitigation.

Maintaining diversity in the current activities as
well as maintaining diversity of future options implies
that not all resources are used efficiently at any one
point in time. In other words, there will be appar-
ently redundant resources that are maintained ‘in case’
something happens, when they might be useful. Keep-
ing unused buildings, machinery or land involves costs
and thus reduces efficiency in the short term. However,
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diversity and redundancy are an insurance against un-
certainty and surprise, and need to be actively nurtured
to allow for reorganisation and renewal. A farm will
thus have to pursue parallel strategies by exploiting to-
day’s capabilities and at the same time exploring new
projects. In stable periods, the focus is likely to be on
exploiting current strengths while during turbulent pe-
riods it will be more important to assess which of the
projects are likely to meet the demands of the new con-
text. For example, whereas until the mid-1990s live-
stock farmers were able to focus on the production of
standardised quality, since the BSE crisis in the late
1990s the quality specifications, documentation and
traceability requirements have increased dramatically.
A farmer that had a range of marketing channels and
had experience with quality production thus adapted
more easily to the changes than a farmer that had fo-
cused exclusively on mass production of standard qual-
ity (Chia, 2008). Diversity thus implies a dynamic pro-
cess involving multiple parallel strategies, which al-
low one to adjust or switch between various alternative
paths as the strategy unfolds.

Putting diversity to use implies that decision rules
need to change over time, to adapt to changes in
requirements, preferences or context. Farmers are
thus faced with the challenge of deciding which
rules to change when, and how to change them.
Holland (2006) has called them the ‘credit assignment
problem’ and the ‘rule discovery problem’. The
first problem arises because overt information about
performance and efficiency is often irregular and
partial. Indeed, why a strategy was successful is hard
to establish, since the strategy is the result of a long
line of choices extending over space and time. Holland
(2006) uses the metaphor of a game of chess, where
a winning player has little information about which
moves along the way were critical to success. The rule
discovery problem arises when it becomes obvious
that some of the farmer’s decision rules are ineffective.
Rules serve as tentative hypotheses about the farmer’s
environment. As that environment evolves, some rules
will be progressively disconfirmed. The question then
is: how to select a new, more adequate decision rule.
As these challenges show, maintaining an appropriate
level of diversity, and making use of that diversity are
not trivial management issues.

4 Conclusion

Farmers have always had to cope with a certain level of
change and unpredictability and thus needed to be flex-
ible and adapt to new circumstances. However, with
globalisation, sectors and countries are increasingly
interconnected, leading to spill-over effects, so that
change is different both in speed and variety. Adapt-
ability is no longer just one factor enhancing compet-
itiveness on the market, it has become a key aspect of
farm survival.

Enhancing adaptability goes against the recom-
mendations derived from an engineering approach to
farm management, which tend to create simplified,
specialised farms. Their impoverished diversity lim-
its their capacity to adapt to societal change. Coping
with ubiquitous change also demands broadening the
perspective found in farming systems, to integrate the
options built through collaborative actions by several
stakeholders, as well as emphasising dynamics and
adaptability.

Understanding the ability of farms to be adaptive
raises the challenge to identify and develop meth-
ods to capture the dynamics of a system, and analyse
which characteristics strengthen or threaten the ability
of farms to adapt. Participatory methods are a promis-
ing avenue, as most disciplinary scientific models can-
not capture the complexity of relationships or their dy-
namics, whereas farmers juggle them on a daily basis.
Thus, researchers face the dual challenge of developing
adequate theories and methods to understand the dy-
namics of co-evolution, as well as ensuring that their
recommendations are relevant to real-world decision-
making.

Learning to live with change and uncertainty re-
quires a fundamental conceptual shift, from assuming
that the world is in a steady state to recognising that
unexpected change is the rule. Farms and farming
systems undergo constant reorganisation, with phases
of more or less fundamental modifications. Through
our literature review we have shown that learning,
flexibility and diversity, in their various forms, play a
key role in the strategies of farm households to cope
with change. The goal of these strategies is both to
recognise the opportunities offered by change and
to implement them by initiating transition processes.
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As learning, flexibility and diversity require resources,
they are costly. Farmers thus face the inevitable trade-
offs between efficiency and adaptability. Ensuring
the economic, social and ecological sustainability of
farms is a dynamic and complex adaptation process,
in which strategies and contexts co-evolve.
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Abstract Biosecurity is a concept that has important
economic, social, ecological and health-related dimen-
sions. By biosecurity we mean protection of produc-
tion, ecosystems, health and the social infrastructure
from external threats caused by pests, pathogens and
diseases of various forms and origins. The fact that
more goods, transport platforms and people are mov-
ing around the globe at increasing speeds provides un-
foreseen possibilities for rapid spread of different types
of organisms. This is exacerbated by changes in the
production structures and climate. As a result, both the
benefits and the risks of changes in the food system
cross borders more often, leading to an increased de-
mand for biosecurity policies. Economics can be re-
lated to biosecurity in at least three fundamental ways.
First, many of the ultimate or proximate causes of
bioinvasions create economic welfare. Second, bioin-
vasions result in various types of impacts, many of
which are economic by nature — or at least may be
measured in economic terms. Third, the negative im-
pacts of invasions or their probability of occurrence
can often be either avoided or reduced. These biosecu-
rity policies themselves have economic implications,
which often may be quite different from those caused
by the biological hazard itself. A few reviews of sep-
arate components of economics of biosecurity exist,
but there have been no attempts to review the big pic-
ture. Instead, the previous reviews have concentrated
on different components of biosecurity such as invasive
species or animal diseases. Our aim is to look at the
issue in broad terms, draw some commonalities from
the research conducted, and identify areas in which
economic analyses have primarily been conducted and
in which areas there remains work to do. The review in-
cludes about 230 studies from all areas of biosecurity
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up to the year 2008. The review finds that study of eco-
nomics of biosecurity is growing steadily, but is still
relatively concentrated on narrow questions, few coun-
tries, few species/diseases and few journals.

Keywords Biosecurity +Economicse«Invasive Species+
Pests < Diseases+Review

1 Introduction

Biosecurity is a concept that has important economic,
social, ecological and health-related dimensions.
By biosecurity we mean protection of production,
ecosystems, health and the social infrastructure from
external threats caused by pests, pathogens and dis-
eases of various forms and origins. In this paper, we
call these external biological threats collectively ‘bi-
ological hazards’. An entry of a biological hazard is
referred to as an ‘invasion’.

The ultimate global forces that accelerate invasions
by biological hazards include changes in production
structure and land use, climatic change and globalisa-
tion (see, e.g., Daily and Ehrlich, 1996). In this con-
text globalisation refers to the increasing integration
of markets for goods, services and capital through-
out the world. This leads to an increased volume of
transactions and reduced trade barriers and transaction
costs, all driven by the gains of trade. The fact that
more goods, transport platforms and people are mov-
ing around the globe at increasing speeds also provides
unforeseen possibilities for rapid spread of different
types of organisms. This is exacerbated by changes in
the production structures and climate. As a result, both
the benefits and the risks of changes in the food sys-
tem cross borders more often, leading to an increased
demand for biosecurity policies.

Some of the organisms that are moved provide
positive economic impacts on the receiving economic
system, and some provide negative economic impacts.
Some organisms produce both (often intended) posi-
tive impacts as well as (often unintended) negative im-
pacts, with the net impact being sometimes difficult to
determine. Nonetheless, the fact that species transfer
is an issue that cannot be defined as dominantly bene-
ficial or dominantly harmful makes biosecurity policy
challenging to design and implement.

Economics is related to biosecurity in at least three
fundamental ways. First, many of the ultimate or prox-
imate causes of bioinvasions create economic welfare.
Be it related to transport, tourism and trade, or to ur-
banisation, migration and agricultural intensification,
many outcomes of economic decision-making provide
incentives or means for species and diseases to be
moved around the world. Second, bioinvasions result
in various types of impacts, many of which are eco-
nomic by nature — or at least may be measured in
economic terms. These include damage to production
processes, health and the environment (see, e.g., FAO,
2001). Third, the negative impacts of invasions or their
probability of occurrence can often be either avoided
or reduced. These biosecurity policies themselves have
economic implications, which often may be quite dif-
ferent from those caused by the biological hazard
itself.

A few reviews of separate components of eco-
nomics of biosecurity exist, but there have been no at-
tempts to review the big picture. Instead, the previous
reviews have concentrated on different components of
biosecurity such as invasive species (Born et al., 2005;
Gren, 2008; Heikkild, 2006; Olson, 2006) or animal
diseases (Elbakidze, 2003). Our aim is to look at the
issue in broad terms, draw some commonalities from
the research conducted, and identify areas in which
economic analyses have primarily been conducted and
in which areas there remains work to do.

The review includes 231 studies from all areas of
biosecurity up to the year 2008. The review finds that
study of economics of biosecurity is growing steadily,
but is still relatively concentrated on narrow questions,
few countries, few species/diseases and few journals.
The following priority themes (in no particular order)
are suggested for further study: (1) sophisticated eco-
nomic policy instruments to mitigate biological haz-
ards; (2) rigorous economic prioritisation frameworks;
(3) clearer understanding of the distribution of biose-
curity impacts and the associated incentives; (4) closer
links with the costs and methods of prevention to the
economic risk; and (5) the role of human behaviour
in biosecurity and how that behaviour can best be
directed.

The rest of the paper is organised as follows. In
Section 2 we briefly define biosecurity and economics
of biosecurity in order to clarify which questions and
topics are included in the review. In Section 3 we first
discuss existing reviews, and then review the existing
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studies based on the framing of the research question.
In Section 4 we draw some conclusions as well as give
recommendations for further study.

2 Biosecurity

Biosecurity provides an appropriate framework for
managing the risks presented by biological hazards.
It can be defined as the exclusion, eradication and
effective management of risks posed by pests and
diseases to the economy, environment and human
health (Biosecurity Council, 2003). The main targets
for biosecurity policies include environmental, com-
mercial, cultural, human health-related, and social
objectives. The FAO (2003) sees biosecurity as the
“process and objective of managing biological risks
associated with food and agriculture in a holistic
manner”. Policy is here defined as any instrument
or institution that is working to reduce the risks (i.e.
either probability or impact) of biological hazards.
Although parts of biosecurity, this review excludes
studies on genetically modified organisms (GMOs)
and diseases that are confined solely to humans.

The four main elements that biosecurity policies
protect include human health, animal health, plant
health and environmental health, including the health
of the built environment. Each category will be shortly
discussed below. However, it is worth noting that many
biological hazards are not limited to a certain category.
Instead, a particular species or disease may cause detri-
mental impacts in several ways and in several sectors.
For instance, avian influenza is of concern for human,
animal and environmental health.

The human health aspect of biosecurity includes
zoonotic diseases (diseases communicable between
animals and humans) and biological food safety. Haz-
ards may be divided into bacteria (e.g. salmonella),
viruses (e.g. avian influenza and HIV/AIDS), pro-
tozoa (e.g. the malaria parasite Plasmodium spp.),
fungi and worms (e.g. trichinosis), and prions (e.g.
bovine spongiform encephalopathy, BSE) (Delfino and
Simmons, 2000). The importance of biological hazards
that threaten human health is vast (see e.g. Wolfe et al.,
2007). For instance, smallpox was perhaps the largest
single cause of death in the 20th century, and the Span-
ish flu of 1918 (HIN1-type avian influenza) killed ap-
proximately 40-50 million people and attacked the

young disproportionately (IMF, 2006). Today, on a
global scale communicable diseases are estimated to
cause about a quarter of all mortality and morbidity,
and even in industrial countries one-third of the pop-
ulation acquire annually a disease caused by a food-
borne microbe (WHO, 2007).

The human health component includes not only
physical/biological health, but also social health. This
refers to human wellbeing separate from mere infec-
tion by a disease. For instance, many animal diseases
and government policies related to animal diseases are
likely to affect social health. This may be due to, for
example, movement restrictions that result in social
isolation, or disposal of infected animal carcasses (e.g.
Rossides, 2002; Mort et al., 2005; Dixon, 2007). Wel-
fare reduction may also result from loss of cultural
heritage and spiritual or religious values when, for in-
stance, a traditional ecosystem is transformed into an
ecosystem dominated by exotic species.

Animal health is another component of biosecu-
rity, including animal diseases as well as animal
predators, parasites and parasitoids. The importance
of animal health is likewise vast. For instance, in
North America and Europe calories of the human diet
are mainly obtained from animal products (Carvalho,
20006). Examples of diseases threatening animal health
include classical swine fever, rinderpest, Newcastle
disease and Aujeszky’s disease. In addition, zoonotic
diseases are an animal health issue as well as a human
health issue. For instance, Ebola haemorrhagic fever
has caused the death of thousands of gorillas in Gabon
and the Republic of Congo (Bermejo et al., 2006).

The plant health aspect of biosecurity includes plant
diseases and pests. The injurious effect may be direct,
as in the case of pests that directly affect the plant, such
as pathogens, parasites and herbivores, but it may also
be indirect, as in the case of weeds that compete for bi-
otic or abiotic resources, or any other organism impact-
ing on the plant indirectly (Schrader and Unger, 2003).
Plant production provides the basis of the human food
chain, and it is therefore a crucial target of biosecu-
rity. In addition, forest products are a source of sig-
nificant revenue for many countries, both in the devel-
oped world (timber, recreation, biodiversity, berries) as
well as in the developing world (forage, construction,
fuelwood, biodiversity, medicine). About 75% of calo-
ries in a balanced human diet are from plant products
(Carvalho, 2006). For instance, the famine in Ireland
in the 1840s was caused by Phytophtora infestans — a
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fungus that arrived from North America and destroyed
the Irish potato harvest (Schrader and Unger, 2003).

Health of the environment and built environment
is the fourth component of biosecurity. Invasive alien
species may be harmful to environmental health
through various kinds of biotic or abiotic interactions
(including, for instance, predation, competition,
interbreeding and spread of diseases). For example,
the Arundo donax giant reed, which is currently under
consideration for bioenergy production in Europe, has
been found to have detrimental ecosystem impacts in
California riversides (Hundley, 2007). We also include
the built environment within environmental health.
Examples are provided by, for instance, damage to
roads, runways and parks caused by rabbits (Gebhardt,
1996) or damage to power-plant intake pipes by the
zebra mussel (Pimentel et al., 1999, 2005; Connelly
et al., 2007).

The aspects of biosecurity discussed above, as well
as the concepts of biosecurity, food safety and dietary
safety are clarified in Fig.1. The figure illustrates
that there are components of food safety not included
within the definition of biosecurity, as well as several

other factors affecting the health of humans. For in-
stance, human health is partly affected by biosecurity
(e.g. foodborne microbes and zoonotic diseases),
partly by non-biological aspects of food safety (e.g.
acute chemical substances), partly by dietary safety
(e.g. accumulating chemical substances), partly by
the way of life not related to the environment or
biological hazards (e.g. sports, stress), and partly by
the environmental factors surrounding us (e.g. noise,
temperature). While it is true that, for instance, exotic
plant pests can drive changes in risks of natural forces
(e.g. fire regime), such feedbacks are not presented in
the figure.

Biosecurity is primarily about managing risk and
uncertainty. Risk in economic terms is a continuum of
possible events and future states of the world. Put sim-
ply, the economic risk is the probability of an event
(or future path) multiplied by the economic costs and
benefits that ensue if that path materialises. The risk
is thus affected by the likelihood of an event as well
as the net cost (costs less benefits) of that event. The
probability and the impacts are usually not known with
certainty.

SECURITY AND SAFETY

Human health
- foodborne microbes
(e.g. salmonella, E. coli,
Listeria, campylobacter)
- diseases in cooked meat (e.g.
CJD/BSE)
- diseases in uncooked meat (e.g.
Newcastle disease, avian
influenza)

Environmental health

- invasive alien species
(e.g. lupine)

Animal health 1

- non-zoonotic animal diseases (e.g. I

Classical Swine Fever, bluetongue)l

Plant health
- plant pests and diseases I
(e.g. Colorado potato beetle, |

sweetpotato whitefly) | Human health
| - non-foodborne zoonotic
diseases (e.g. bubonic plague,
rabies)

Social health
- various diseases and speciéls

Environmental safety
" - Natural forces (flood, drought, 1
" earthquake, tsunami, fire, avalanche)
- Social hazards (terrorism, sabotage,
" mass hysteria, violence) I
- Multiple hazards (combinations, I
" infrastructure, large constructions, etc.)]

Human health
- Physical risks (radiation, noise, temperature)
- Chemical non-foodbornerisks (environmental pollutants, toxic substances)

0 ENVIRONMENTAL HEALTH

Food safety
Human health
- food-borne acute chemical substances
- physical safety of food (e.g. radiation,

foreign objects)

Dietary, safety

(excessive or exigWpus accumulation)
Human health Human health
Foodborne accumulating Foodborne accumulating
chemical substances substances

- dioxin - fat
- acryl amide - salt
- pesticide residue - sugar
- heavy metals
- food additives

Human health
I Foodborne substances
I acquired in deficient quantities

- vitamins
- minerals
- iron

- etc.

Human health
- sports
- way of life

[] - stress

HUMAN HEALTH |

Fig. 1 Biosecurity, food safety and dietary safety
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Uncertainty may be divided into uncertainty regard-
ing biological and natural processes and uncertainty
regarding human factors (Heal and Kristrom, 2002).
Regarding natural processes, there may be uncertainty
and natural stochastic variation in the invasion process
and subsequent spread processes. Uncertainty regard-
ing the human factors arises from human preferences
and decision-making as well as from the functioning
of the society and its institutions. These include issues
such as how biosecurity hazards and policies affect
human systems, and how some unknown economic
values (such as the value of life or the discount rate) af-
fect the evaluation. Thus, even if we knew the science
behind certain natural science phenomena with cer-
tainty, the impacts of such phenomena on the various
components of human societies may remain uncertain.
For instance, it is unknown how the continued pres-
ence of the biosecurity hazards would affect the pro-
duction patterns or land use in the longer run. In addi-
tion, there may be uncertainty related to which policies
are needed to address the problems, how those poli-
cies impact on the issue in question and what the costs
of undertaking these policies are (Heal and Kristrom,
2002).

An important implication here is that the risk is
an endogenous process that is affected not only by
the biological processes, but also by the human ac-
tivities that create the risk as well as human reac-
tions to the risk. For instance, it has been shown
that socio-economic variables are significant in ex-
plaining the invasion process in the context of plants
(Dehnen-Schmutz et al., 2007; Dalmazzone, 2000),
marine species (Weigle et al., 2005), insects (Work
et al., 2005) and infected meat imports (Wooldridge
et al., 20006). So risk is as much an economic question
as a biological one (Mumford et al., 2000). It is a mat-
ter of allocating resources so that the negative effects
of risk are reduced enough compared with efforts re-
quired to reduce the risk.

Despite risk and uncertainty, we would like to max-
imise social net benefits. There are several actions that
we may take to deal with risk. First, risk may be
avoided. This can be achieved by, for instance, not
using (or trading) a potentially risky good and thus
foregoing the utility from the good. Second, the re-
alisation of the risk may be avoided. This requires
increased surveillance at all levels, extra care in the
use of the good, and quality management in the en-
tire production and consumption chain. Third, we may

accept the presence of the risk. This means getting pre-
pared to face the consequences and manage them in
the case that the risk materialises. Fourth, risk may
be transferred by, for instance, hedging, insuring or
diversifying.

Biosecurity thus involves protection of various envi-
ronmental and anthropogenic elements in an uncertain
world against the threat presented by biological haz-
ards. The primary question in most economic studies
(albeit not explicitly stated in most of them) is: what
should we do about this risk?

3 Economics of Biosecurity

3.1 Reviews

There have been a few reviews of separate sections
within the economics of biosecurity. Olson (2006) re-
views economics of terrestrial invasive species. He
suggests that there has been rapid development in the
field, but uncertainty, spatial modelling, prevention,
trade, and conflict between private and public incen-
tives are areas where more sophisticated analyses are
needed. Gren (2008) reviews invasive species studies
in relation to two questions: (1) how to set targets
for species damage mitigation; and (2) which policy
instruments are best in achieving the targets. Her re-
sults indicate that strategies for prevention, control and
damage reduction are complementary, and ignoring
any one of them may impose social costs. She also ar-
gues that there is a lack of empirical applications and
of studies evaluating current regulations.

There are also two reviews on cost-benefit types
of studies. Born et al. (2005) review the economic
cost-benefit evaluations of invasive species. Their main
conclusions are that: (1) studies mostly have method-
ological shortcomings; (2) assessments are mostly ex-
post rather than ex-ante; (3) prevention is hardly re-
flected in the analyses; and (4) uncertainty is insuf-
ficiently addressed. They conclude that most studies
“focus on ex-post evaluation, on control measures, on
few countries, on agriculture, and on use values” (Born
et al., 2005).

Similar conclusions are reached in a review by
Heikkild (2006), who makes three basic observations
on studies on invasive species in an agricultural con-
text. First, the policy alternatives evaluated are often
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simply undertaking some policy versus not undertak-
ing it. The most common analysis seems to be be-
tween a current protective policy versus abandoning
it. Wider policy options are generally either not avail-
able or not analysed. Second, it is often only the direct,
easily monetised costs that are included in the quan-
titative analysis. Costs that are more difficult to anal-
yse — such as trade or employment effects — are often
ignored altogether, even though in the cases where they
are included they turn out to be very important. Third,
sensitivity analyses and treatment of uncertainty are in
many cases inadequate, if conducted at all. Heikkild
(2006) also notes that in many cases invasive species
cost-benefit studies are not written by economists. The
same can be argued to apply to research on animal
diseases. In fact, Adamson and Cook (2007) go so far
as to argue that standardised approaches to economic
evaluations have not been developed and economic re-
views are generally undertaken by consultants. As a
result, the economic foundation of the studies is not as
strong as it could be.

Elbakidze (2003) reviews the economics of agri-
cultural biosecurity in relation to bioterrorism and
argues that especially in relation to foot and mouth
disease surveillance and detection (early actions) are
overlooked in studies compared to vaccination and
slaughter (reactive actions) — an idea shared by Born
et al. (2005) in relation to invasive species. McInerney
et al. (1992) concluded that economic studies on
livestock disease concentrate on cost-benefit analyses
of control programmes or gross estimates of costs
of particular diseases, neither of which offers an
adequate basis for economic decisions. There are also
reviews on economics of specific biological hazards;
for instance, on bovine viral diarrhoea virus (Houe,
2003) and parasitic diseases of production animals
(Perry and Randolph, 1999).

Economics is about the scarcity of resources, and
how to allocate the available resources in the best
possible way to maximise the objectives set by the
decision-maker. It has been noted that the role of eco-
nomics can be to evaluate a chosen policy, to iden-
tify the most cost-effective measures to attain a spec-
ified goal, or to prioritise between different goals and
measures (Goldbach and Alban, 2006). Embedded in
this notion is the fact that there are various hierar-
chical levels at which economic decisions need to be
made. Ideally, research that attempts to answer such
questions would involve simultaneous considerations

of the management strategy, objectives within the strat-
egy and the tools to achieve those objectives in the
best possible manner. The objective, after all, should
be to maximise (social) net benefits subject to given
constraints.

However, individual papers rarely discuss the whole
management issue. Instead, the research question is
often limited to, for instance, evaluation of specific
management alternatives. Therefore, in this review
the existing studies are organised categorically, based
on the aims of the research setting in which they
study biosecurity economics. The first category is
priority-setting between different kinds of hazards con-
fronting human society including, for instance, bio-
logical, chemical, social and military hazards. The
second category is priority-setting between different
kinds of biological hazards; for instance, between in-
vasive species and animal diseases, which are often ad-
ministered in separate ministries. The third category
is divided into three subcategories. The first subcat-
egory is evaluation of management strategies to deal
with a biological hazard; for instance, prevention ver-
sus adaptation. The second subcategory is the cost-
efficiency of different management methods; for in-
stance, questions such as the optimal tax level or the
optimal pre-emptive slaughter radius around infected
premises. The third subcategory deals with the eval-
uation of the available policy instruments aiming to
achieve the desired outcome of the chosen manage-
ment strategy — for instance, whether we should use
economic instruments or command and control instru-
ments. Finally, the fourth category deals with the as-
sessment of impacts (usually costs) of specific inva-
sions or outbreaks, and is often done given the pre-
vailing strategies, policy instruments and management
methods. Such assessments usually do not include any
comparisons but rather an outright monetary evalua-
tion of the incurred or simulated costs.

These categories are presented in Fig.2 and re-
viewed in more detail below. Additionally, two exam-
ples are discussed. The first example deals with a very
common setting in management strategy assessment of
category 3, namely the choice between prevention ver-
sus adaptation strategy. The second example deals with
import risk, and discusses the types of studies deal-
ing with this risk. Whilst ideally the question would
be tackled as an entity, the examples demonstrate
how individual studies often address more specific
questions.
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Hazard assessment:
- chemical, biological, physical, CATEGORY 1
environmental, military, and social hazards i Section32
Biological hazard assessment:
- zoonotic diseases, animal diseases, plant pests and : CATEGORY 2
diseases, invasive alien species Section 3.3
strategy method Instrument
assessment: assessment: assessment:
- strategy comparison  § _ cost-cfficiency within a - taxes, subsidies, CATEGORY 3
(prevention, eradication, given strategy command and control, Section 3.4
control, containment) - - information -
Costs of individual invasions and outbreaks
1 imulated CATEGORY 4
(real or simulated) Section 3.5

Fig. 2 Categorisation of economic biosecurity studies

3.2 Category 1: Prioritisation Between
Different Types of Hazards

Renn (2006) divides hazardous agents into biolog-
ical agents, physical agents (radiation, temperature,
noise), chemical agents (pollutants, carcinogens), nat-
ural forces (drought, flood, tsunami, hurricane, fire,
avalanche, earthquake), socially communicative haz-
ards (terrorism, sabotage, mass hysteria, violence), and
complex hazards (combinations of the above). How
the society’s resources are divided among these haz-
ards is to a large extent a political question, and has
not to our knowledge been studied academically. Hav-
ing said that, we do not see any intrinsic reasons why
such an exercise could not be undertaken. Naturally,
comparison and estimation of risks and costs asso-
ciated with such a wide variety of hazards is com-
plex, and no easy solutions for comparison are avail-
able. The risks and impacts of such hazards may show
such variety that they are, in addition to being diffi-
cult to value, very difficult to compare with one an-
other. For instance, comparing the impacts of a mate-
rialising military hazard with the loss of welfare from
burning animal carcasses may prove to be a daunting
exercise.

Yet, resource allocations are constantly made at the
level of the government as decisions regarding alloca-
tion of resources between, say, ministries of the envi-
ronment (invasive species) and agriculture (health of
production animals and plants) are made. Studies on
individual hazards can achieve deeper understanding
of the specific circumstances, but it would be worth-
while having analyses of the larger issues and trade-
offs present at higher levels to assist such resource

allocation issues. For instance, how resources should
be allocated regarding chemical versus biological haz-
ards in food products would already be a prioritisation
question in this category. This has, indeed, been stud-
ied to some extent (Valeeva et al., 2007, 2006).

3.3 Category 2: Prioritisation Between
Different Types of Biological Hazards

In this category the focus is purely on biological haz-
ards. These can be divided into hazard categories as
discussed in Section 2 (human, animal, plant and en-
vironmental health). Economic prioritisation can take
place at two levels: (1) between different categories
and (2) within the categories. As far as we are aware,
prioritisation between the categories — for instance,
comparing the economic risk presented by animal dis-
eases to risks posed by plant diseases — has not taken
place. However, for comparison of benefits from pro-
tection against different kinds of biological hazards,
see Waage et al. (2005).

Instead, some comparisons within the hazard cate-
gories have taken place. In fact, such actions are also
already politically sought for within animal diseases:
the European Union is seeking to harmonise animal
health policy and is looking for a single legal frame-
work to bring together trade, imports, animal disease
control, nutrition and welfare. It aims to introduce a
scheme for classifying and prioritising animal diseases
and disease prevention according to their economic or
human health impact (European Commission, 2006).
Somewhat similar plans are underway regarding plant
health and invasive alien species and, for instance,
risk-based surveillance overall is becoming increas-
ingly popular (McKenzie et al., 2007), but these trends
have not yet materialised as clearly as in the case of
animal health.

The problem in lack of such assessments is that
the resource allocation may be inefficient. As some
kind of allocation is in any case made, if it is not
based on (economic) assessment of the risks, it is based
on something else. For instance, Virtue (2007) points
out that in Australia too many species have been de-
clared weeds in order to effectively contain or eradi-
cate them all. Australian regions are argued to focus
on widespread species for various reasons, including a
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long history of control, high visibility, political pres-
sure, perceived impacts, shared burden of control, fa-
miliarity, and agricultural bias. Economic prioritisa-
tion has rarely played a part in such choices (Virtue,
2007). Similarly, risk is not the primary determining
factor in control of many animal diseases (Rosengren
and Heikkild, 2009).

A few rigorous economic studies exist that priori-
tise hazards within certain categories. In addition, there
are several studies that include some sort of risk rank-
ing of biological hazards, including their economic im-
pacts, but where the methodologies are less rigorous.
In the first of the two more rigorous studies that we
are aware of, Moffitt and Osteen (2006) study priori-
tisation of invasive species threats under uncertainty.
They examine different decision rules and develop a
priority list of potential agricultural crop pests in the
United States to demonstrate the criteria. The other
example is Cook (2005), who studies the critical level
of investment in pest exclusion in Western Australia.
He provides a framework that allows prioritisation of
pests based on damage and production cost increases,
and also identifies a critical level of expected dam-
age associated with the pest that can be used as a
ceiling for incursion expenditure. If this level is ex-
ceeded, other control options such as containment or
adaptation should be considered. Using a static par-
tial equilibrium model, the study considers a range of
host plants.

Various hazard ranking studies are usually some-
what less rigorous from an economic perspective. This
type of ranking usually follows the basic structure
of Covello-Merkhofer risk assessment, including re-
lease, exposure and consequence assessments, which
are combined to form a risk estimate (Peeler et al.,
2007). The approach has been applied to, for instance,
weeds in the US (Parker et al., 2007) and in Europe
(Weber and Gut, 2004), to ants (Harris, 2005) and
wildlife pathogens (McKenzie et al., 2007) in New
Zealand, and to plant pests in Western Australia (Cook
and Proctor, 2007). In these assessments the basic
themes relate to what components are included in the
risk ranking, how they are scored and aggregated, and
how the opinions are formed.

Hazard ranking is based on separate components
that together form the ranking order. The components
typically include the probability of entry (or invasion
or introduction or outbreak), the probability of spread

(or invasiveness), and the likely consequences, which
may or may not be measured in monetary terms. In
most cases the ranking is on an arbitrary scale (e.g.
1 to 5), and the overall rank is obtained by summing
up the different component values (e.g. Harris, 2005).
Also, multiplicatory scoring is used, in which case the
rank approaches zero if any of the individual compo-
nents does so. This approach may be augmented by
a measure for the feasibility of control. For instance,
Virtue (2007) augments the risk measure by a contain-
ment feasibility measure, which is the product of con-
trol costs, current distribution and persistence. Rank is
then obtained by dividing the risk measure by the con-
trol feasibility measure. The priority assessment is usu-
ally done using either expert opinion on its own (Weber
and Gut, 2004; Cook and Proctor, 2007) or combined
with a literature review (McKenzie et al., 2007). As
pointed out by Cook and Proctor (2007), different ju-
ries are likely to produce different results.

Such prioritisation assessments are not without both
theoretical and methodological problems, and the re-
sulting rank order does not act as a decision-rule in it-
self. The rank order often illustrates the risk presented
by the organism, not the benefit that would be achieved
when investing a unit of control in it. Even so, a formal
framework that approaches the problem in a standard-
ised manner and helps in thinking through the issues
involved is better than basing the decisions on, for in-
stance, history, personal opinion or political pressure.
A more detailed discussion on risk ranking is presented
in Heikkild (forthcoming).

3.4 Management Strategies, Methods
and Policies

Study of biosecurity economics in category 3 is ide-
ally a continuum and a holistic exercise in which the
management strategy, the management methods to un-
dertake that strategy and the policy instruments to ob-
tain the desired outcome are evaluated simultaneously.
However, this ideal is seldom achieved, at least in in-
dividual research papers. Instead, the choice between
strategies, management methods or policy instruments
is often made given the other factors. Hence in this re-
view the studies are divided according to the objectives
of the studies.
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3.4.1 Category 3a: Assessment of Management
Strategies Within Hazards

Biological hazards may be managed through various
strategies, including prevention, eradication, contain-
ment and control (CBD, 1992; Council of Europe,
2003; Shine et al., 2000). If prevention fails, the most
extensive measure is to eradicate the entire invasive
population or the disease. Within the realm of certain
animal diseases and in the case of some plant pests or
diseases, eradication may be an automatic action if the
hazard is encountered. In the case of invasive species
threatening the environment, such decisions are likely
to be made much more on an ad hoc basis. For exam-
ples of eradication successes and failures, see Genovesi
(2005) and Simberloff (2003). If eradication is found
not to be feasible or economical, it is possible to try and
contain the hazard to a given area and thus prevent any
further spread. In containment, the objective is to pro-
tect the nearby areas, either inside the country in ques-
tion or in neighbouring countries (Council of Europe,
2003). If this is also not possible, the final alternative is
to control the hazard such that its population size, den-
sity or prevalence remains below some threshold level.

Although, for instance, the guiding principles of
the United Nations Convention on Biological Diver-
sity (CBD) advocate eradication as the next best thing
if prevention fails, in the context of invasive species
very few eradication programmes have been carried
out in Europe. The reasons for this include inadequate
national laws, unclear responsibilities among authori-
ties and opposition by animal rights groups (Genovesi,
2005). In contrast, for animal diseases the case is some-
what different. Heath (2006) points out that all high-
income countries have eradicated all new animal dis-
eases provided that there has been political will to do
so. For the poorer countries this is not the case, as
private producers are not necessarily interested in dis-
eases that cause large trade disruptions but where pro-
duction losses may be modest. In other words, there is
a divergence between private and social incentives.

In addition, invasions that are not targeted imme-
diately when a hazard is first encountered and thus
become widespread can be extremely costly to erad-
icate (see e.g. Cowan, 1992; Genovesi, 2005). Hence
eradication is often feasible only when the size of the
invading population is relatively small and it is geo-
graphically restricted (Council of Europe, 2003). Inva-
sion dynamics are not the only issue to account for,

however. Perrings (2000) establishes the conditions
under which allowing establishment and spread of in-
vasive species is optimal and emphasises that the rela-
tive costs and benefits of native and non-native species
are important.

The society should explicitly account for the trade-
off between present expenditures to protect ourselves
from the invasion, and future expenditures to con-
trol or reduce the damage from the few harmful in-
vasions (Jensen, 2002). For instance, most studies on
foot and mouth disease are argued to concentrate on
post-outbreak disease management, and less attention
has been paid to pre-event surveillance and detection.
No studies have been conducted that assess the bene-
fits of surveillance and detection relative to associated
damage (Elbakidze and McCarl, 2005, see also Born
et al., 2005).

Several economic studies exist where one manage-
ment strategy (often the current strategy) is compared
to an alternative strategy. Wider comparisons of var-
ious alternative strategies are much less common. Ex-
amples of comparisons for more than two strategies in-
clude, for instance, McInerney and Kooij (1997), and
Rich and Winter-Nelson (2007). The most common
strategy options that are evaluated include some sort
of preventative action versus reactive control. These
strategies have been studied by, for instance, Burnett
et al. (2007), Fernandez (2008), Persson and Jendteg
(1992), Maijala et al. (2005), Cembali et al. (2003),
Ranjan et al. (2008), Cook et al. (2007), and Heikkila
and Peltola (2007).

Other economic strategy comparisons that have
been undertaken include, for instance, eradication ver-
sus control (Eiswerth and van Kooten, 2002; Olson and
Roy, 2002; Andersson et al., 1997), eradication versus
containment (Cacho et al., 2008; Sharov and Liebhold,
1998; Sharov, 2004), detection versus control (Mehta
et al., 2007), control versus no control (Fasina et al.,
2007), vaccination versus alternatives (Mukhebi et al.,
1999; Kobayashi et al., 2007; Berentsen et al., 1992),
regionalisation versus no regionalisation (Paarlberg
et al., 2007), and eradication with restoration versus
adaptation (Zavaleta, 2000).

In most cases the strategy alternatives are seen as
substitutes that are compared against each other. Much
more rarely has a study incorporated strategy choices
as complements in order to determine the optimal mix
of strategies. Such a study was undertaken for preven-
tion and control by Burnett et al. (2008) to determine
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the optimal intertemporal allocation of resources. Also,
Pifafi and Rousmasset (2007) provide an integrated
framework where optimal prevention is combined with
optimal pest removal. They show how optimal preven-
tion depends on minimised costs resulting from the
failure of prevention, including damage costs. Other
studies on complementary strategies include Burnett
et al. (2006), Leung et al. (2002), and Kim et al.
(2005).

The methods employed in these assessments show
a wide (but thin) variety including, for instance, op-
timal control theory (Burnett et al., 2007), Monte
Carlo simulation (Heikkild and Peltola, 2007; Russell
et al., 2006; Niemi et al., 2008), linear programming
(Hastings et al., 2006) and game theory (Fernandez,
2008). Objects of the studies include a wide variety of
different biological hazards.

The optimal management strategies have been
found to vary in space and time. Location has been
found to matter for the largest cost components
(Persson and Jendteg, 1992) as well as for opti-
mal strategies (Burnett et al., 2007). For instance,
James and Rushton (2002) argue that in many studies
(Netherlands, Italy, Germany, etc.) it has been shown
that eradication of foot and mouth disease is more eco-
nomical than vaccination in Europe, whereas in devel-
oping countries stamping out seems not to be feasi-
ble or desirable. Similarly, it is argued that in Nigeria,
even at the expense of loss of export markets, the best
method for HSN1 control is vaccination (Fasina et al.,
2007). The optimal strategy has also been found to be
time-varying (Hastings et al., 2006) as well as to de-
pend on species characteristics (damage, growth rate)
and varying from do nothing to a high level of effort
(Mehta et al., 2007).

Costs that should be included in a thorough eco-
nomic assessment of biosecurity management strate-
gies, and that have variedly been included in the
strategy assessments, comprise (after Burnett et al.,
2007; Persson and Jendteg, 1992; Niemi et al., 2008;
Cembali et al., 2003; Mehta et al., 2007; Kobayashi
et al.,, 2007; Fasina et al., 2007): (1) infrastruc-
ture and administration cost; (2) search and detection
cost; (3) cost of pest or disease control; (4) illness treat-
ment costs (human, animal); (5) illness costs (human);
(6) loss of productive capacity (human, animal, plant,
environment); (7) cost of business interruption and
demand switches; (8) price movements; and (9) com-
pensation payments and other income transfers.

When the distribution of costs and benefits of man-
agement strategies has been studied, it has generally
been found to be very uneven. For instance, Mukhebi
et al. (1999) find that 91% of the costs of heart-
water disease are borne by the commercial farmers
and Cembali et al. (2003) find that the nurseries who
pay for the analysed virus prevention programme re-
ceive benefits of $0.5 million (0.2% of total bene-
fits), whereas growers and consumers who do not pay
for the programme benefit $80 million and $147 mil-
lion, respectively. Similar findings are made by Gutrich
et al. (2007) in the case of fire ant in Hawaii as well
as Mangen and Burrell (2003) in the case of classi-
cal swine fever in the Netherlands. Also, Niemi and
Pietola (2004) note that in the case of pig diseases,
the privately optimal solution is not necessarily the one
that is socially desirable.

Uncertainty is more and more included in the as-
sessments in this category, but treatments of it as well
as the implications of uncertainty differ widely. Un-
certainty is important to account for, because it is
often related to the outcome of the events, although
not in a straightforward manner. It has, for instance,
been found that uncertainty in initial population size
(Mehta et al., 2007) and in timing and nature of inva-
sion (Ranjan et al., 2008) has a substantial impact on
the optimal strategy. On the other hand, Russell et al.
(2006) find that in 60% of the cases considered in their
study, the best policy did not change when uncertainty
was introduced. Similarly, Jensen (2002) finds that his
conclusions hold regardless of whether the costs are
known for certain or only in distribution.

Example of Category 3a Problem Framing:
Prevention Versus Adaptation

Prevention (or mitigation, avoidance, pre-emptive con-
trol) and adaptation (or reactive control, treatment,
amelioration) are perhaps the most widely studied
strategy alternatives. There is a general agreement that
on most occasions preventative actions are the best
strategy, given the uncertainties involved and the dif-
ficulties in eradicating most species and diseases re-
actively. For instance, Fernandez (2008) finds that co-
operative and preventative abatement is optimal to
all other strategies. This approach is put forward by,
for instance, the intergovernmental scientific advisory
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body established by the CBD (Perrault and Carroll
Muffett, 2001) as well as the European Union in re-
lation to many animal diseases.

For instance, Leung et al. (2002) use stochastic dy-
namic programming to study how to devote resources
between prevention and control efforts given uncer-
tain invasion events. They apply their general model to
the case of zebra mussel (Dreissena polymorpha) — an
aquatic species that spread from Europe in ship ballast
and has subsequently spread rapidly within the United
States. The species damages power plants by blocking
their water intake pipes. The authors show that the so-
ciety could be made better off by spending up to 0.3
million dollars annually to prevent the invasion of a
single hypothetical lake with a power plant. This figure
can be compared with the 0.8 million dollars that the
US Fish and Wildlife Service spent on all aquatic in-
vaders in all US lakes in 2001 (Leung et al., 2002).

The costs of prevention comprise, for instance,
costs of surveillance, labelling, import restrictions,
compensation payments and post-monitoring. Often
the benefits of not having the pest around out-
weigh these costs, but this is by no means inevitable
(Mumford, 2002). In such a case, continued efforts to
prevent the hazard from invading consume the lim-
ited resources and may possibly lead to other, more
dangerous, hazards not being targeted with sufficient
resources. Several European countries have, for in-
stance, voluntarily renounced their protection systems
regarding specific species (Heikkild, 2006). On at least
one occasion cost-benefit analysis has been in favour
of denouncing a preventive policy (MacLeod et al.,
2005).

Elbakidze and McCarl (2005) show that optimal
pre-event detection depends on likelihood of disease
introduction, spread rate, relative costs, ancillary bene-
fits and effectiveness of mitigation. For slowly spread-
ing diseases, investment in pre-outbreak activities is
optimal only for very high outbreak probabilities. A
somewhat similar conclusion is reached by Burnett
et al. (2008), who suggest that it would be worth-
while spending money on finding small populations
rather than to attempt to prevent all future introduc-
tions. Of course, investments in prevention and adap-
tation are not necessarily mutually exhaustive. For in-
stance, Kim et al. (2005) show that prevention and
control are complementary when the population size
is small, but become substitutes as the population size
increases.

In addition to biological factors, relative costs and
benefits, and effectiveness of mitigation there are three
further factors affecting the strategy choice between
prevention and adaptation. The first of these is uncer-
tainty. Mahul and Gohin (1999) note that if there is
little uncertainty it may be worthwhile to wait and see
until uncertainty is resolved. Thus, in practice adapta-
tion may be preferred over prevention because of un-
certainty. The relationship between resources invested
in prevention and benefits thus acquired is very uncer-
tain. Risk in this context has two dimensions: (1) the
probability and level of damage associated with the
biological hazard; and (2) the opportunity cost of re-
sources spent on prevention of the biological hazard,
which may or may not make an entry attempt. Finnoff
et al. (2007) show that a risk-averse (i.e. precautionary)
manager is likely to invest less resources in prevention
and more in adaptation because the return for the in-
vestment in prevention is less certain. Hence adapta-
tion may appear as the less risky management strat-
egy, even though it is often also the more expensive
one (Finnoff et al., 2007, see also Shogren, 2000 and
Perrings, 2005).

The second additional factor is human adaptation,
which is important to take into account when consid-
ering the merits of adaptation. In a relatively early the-
oretical analysis, Butler and Maher (1986) argue that
by not taking the actions by the victims of an exter-
nality into account, the society may end up devoting
too many resources to prevention. Similarly, Margolis
et al. (2005) show that unaccounted for private ac-
tions result in the regulator choosing a level of preven-
tion (tariff level) that is larger than is socially optimal.
Shogren (2000) argues that once we acknowledge that
people do adapt, assuming otherwise may lead to bi-
ased results.

Finally, the chosen objective of strategy optimisa-
tion may affect the desirability between prevention and
adaptation. Barrett and Segerson (1997) note that be-
sides Pareto efficiency there are other objectives that
policies may seek, including minimising damage sub-
ject to a budget constraint or minimising expenditure
subject to a given damage level. They show that un-
der these constrained objectives some factors affecting
the relative desirability of prevention versus adaptation
may affect the decision differently from how they func-
tion under Pareto efficiency. For instance, in contrast
to Pareto efficiency, under a budget constraint a reduc-
tion in uncertainty about the effectiveness of adaptation
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may lead to a decrease in the level of prevention and
an increase in the level of adaptation. Adaptation may
also be preferred if the government pays for prevention
and has a strict budget constraint. Therefore, if public
money can be more productively invested in prevent-
ing entry by Hazard B, it may be that Hazard A is best
controlled through adaptation paid for by producers,
although prevention might also in this case be a so-
cially optimal strategy.

Lichtenberg and Penn (2003) — albeit in relation
to chemical hazards — argue that prevention is not al-
ways the most cost-efficient strategy in the case of
agricultural pollution. This is so when there are mul-
tiple sources of emissions, multiple sites affected and a
widely adopted precautionary approach to uncertainty.
More generally, based on the above discussion it might
be argued that adaptation is relatively more attractive
when: (1) the invasion probability is relatively low
and the probable damage modest; (2) the effective-
ness of adaptation is high; (3) adaptation strategies and
incentives of individuals are taken into account; and
(4) the decision-maker dislikes uncertainty regarding
the outcome of the policies. Furthermore, as Waage
and Mumford (2008) suggest, perhaps a greater fo-
cus should be put on building resilience to invasion
(through, for instance, developing pest and disease re-
sistance and vaccines as well as through diversification
of production) rather than building walls around the
protected systems.

3.4.2 Category 3b: Cost-Efficiency
of Management Methods

Cost-efficiency of different management methods
within strategies is the next category reviewed here.
Here, the management strategy (and perhaps the
method) has already been agreed upon, but the ques-
tion is how to utilise it most efficiently. This includes
questions such as what is the economically optimal
eradication radius in a disease outbreak, when and to
what extent should vaccination be used, how much pes-
ticide should be used to control a plant pest, and so
forth. Separate questions also include how the cost-
effectiveness of the management method is affected by,
for instance, resistance to chemical control substances
and antibiotics or changes in the natural or production
environment.

Studies in this category are numerous. To pro-
vide some examples, there have been studies on
cost-effectiveness of alternative prevention measures
(De Vos et al., 2005), stamping out and vaccination
alternatives (Schoenbaum and Disney, 2003; Mangen
et al., 2002; Mangen et al., 2001; Saatkamp et al.,
2000), surveillance methods (Prattley et al., 2007;
Powell et al., 2008; Saatkamp et al., 1997; Klinkenberg
et al., 2005) and different food safety procedures
(Jensen et al., 1998; Goldbach and Alban, 2006). As
there are many studies in this category, various meth-
ods and study targets exist. The methods utilised in-
clude, for instance, stochastic dynamic programming
(Houben et al., 1994), stochastic state transition mod-
els (van der Gaag et al., 2004; Schoenbaum and
Disney, 2003), portfolio theory (Prattley et al., 2007),
the scenario tree model (De Vos et al., 2005), the grav-
ity model (Otsuki et al., 2001) and generalised linear
mixed models (Chriél et al., 1999).

As an example of category 3b research method-
ology, consider optimal control. Using a traditional
cost-benefit analysis it is possible to analyse a set of
possible policies; for instance, the cost-efficiency of
using a depopulation ring of 1, 3 or 5 kilometres,
but it is not possible to analyse what would be the
optimal radius of the depopulation ring (Kobayashi
et al., 2007). To answer this, some sort of optimi-
sation method is needed. Optimal control is a tradi-
tional method in resource economics and it is there-
fore not surprising that there are several applications
to biosecurity. The application may be directly to op-
timal pest or disease control (Dehnen-Schmutz et al.,
2004; Christiaans et al., 2007) or to, for instance, op-
timal feeding policy under animal movement restric-
tions (Niemi and Pietola, 2004). The control strategies
have also been studied by Hilje and Stansly (2008),
Johansson et al. (2005); Buhle et al. (2005), and Ross
and Pollett (2007). The optimal control policy has been
found to depend on, for instance, the available annual
budget (Taylor and Hastings, 2004), policy- and sector-
specific factors (Breukers, 2007) and on the produc-
tion function (Christiaans et al., 2007). It has also been
found that the cost-effectiveness is reduced if all firms
do not adopt the control procedure (van der Gaag et al.,
2004) and that the adopted framework (for instance,
expected utility) impacts on the optimal policy (Horan
et al., 2002).

The study objects range from individual inva-
sive species such as koalas (Ross and Pollett, 2007),
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Bemisia tabaci (Hilje and Stansly, 2008) and green-
house whitefly (McKee et al., 2008) to marine in-
vasive species (Fernandez, 2008; Jones and Corona,
2008), ornamental garden plants (Dehnen-Schmutz
et al., 2004), and individual species in specific coun-
tries (Blignaut et al., 2007). In the context of animal
diseases the applications vary from individual diseases
such as classical swine fever (De Vos et al., 2005) or
hypothetical foot and mouth disease (Schoenbaum and
Disney, 2003) to assessments of management systems
for multiple diseases such as the pig identification and
recording system in Belgium (Saatkamp et al., 1997) or
hog producer income under contagious animal disease
quarantine (Niemi and Pietola, 2004). In the context
of zoonotic diseases and human health the applications
include, for instance, salmonella (Goldbach and Alban,
2006; Chriél et al., 1999; van der Gaag et al., 2004;
Jensen et al., 1998) and aflatoxin regulation (Otsuki
et al., 2001).

Similarly to studies on the choice of management
strategy, here a convergence between privately and so-
cially optimal methods has also been found in several
studies. Hilje and Stansly (2008) find that the method
that is overall most economic (plastic cover) was also
too expensive for the resource-poor farmers. Thus, al-
though, for instance, Goldbach and Alban (2006) argue
that it is the relative profitabilities of alternatives rather
than the absolute values that are important, they are of
little relevance if the private agents have no incentives
to pay for either method. De Vos et al. (2005) point out
that in determining the optimal method, one should ac-
count for the cost effectiveness but also for: (1) ease
of implementation (small or large investments, are sig-
nificant adaptations required); (2) allocation of costs
and benefits (some measures may be too costly for pri-
vate producers); (3) the cost-benefit ratio; and (4) at-
tributable costs (beneficial side effects, e.g. reduce the
probability of other hazards).

3.4.3 Category 3c: Choice of Policy Instruments

In addition to considering the preferred control strat-
egy (e.g. prevention) and preferred level of interven-
tion, we are also interested in how that control strat-
egy should be achieved. Should we, for instance, use
command and control instruments to ban certain types
of imports altogether, or should we perhaps tax the
imports in a risk-based manner, or maybe we should

resort to delivering information on the risks to all par-
ties involved. Naturally, some policy instruments are
complementary (e.g. information), whereas others can
be seen as substitutes (e.g. trade ban and import tariffs
cannot apply to the same products at the same time).

Economic analysis and development of policy in-
struments is one of the most promising areas in which
economics can contribute to better biosecurity. For in-
stance, Jones and Corona (2008) show that in the con-
text of aquatic invasive species an ambient tax induces
both short-run and long-run efficiency with minimal
information requirements, and Blignaut et al. (2007)
discuss the structure, size and distribution of a charge
to eradicate invasive plants in South Africa over the
next 25 years. Dehnen-Schmutz et al. (2004) show that
a subsidy on control costs is the most effective and re-
liable method, and that increases in direct grants or in
control volunteer numbers are less effective. In con-
trast, Hennessy (2007) finds that losses are smaller
when production is concentrated, but that subsidies to
small producers may exacerbate overall losses.

Overall, literature on this theme has been expand-
ing vastly over the past few years, but is still rela-
tively thinly dispersed. Topics that have recently been
covered include the polluter pays approach (Jenkins,
2001), ambient taxes (Jones and Corona, 2008), user
charges (Blignaut et al., 2007), tradable risk permits
(Horan and Lupi, 2005), control subsidies (Dehnen-
Schmutz et al., 2004; Hennessy, 2007) and Pigovian
taxes (Knowler and Barbier, 2005), as well as discus-
sion on economic incentives in general (Fernandez,
2008). Gren (2008) provides a discussion on policies
available for the control of invasive species.

3.4.4 Example: Biological Hazards and Import
of Goods

The economics of biological hazards in relation to im-
port of goods has been a topic of much research (e.g.
Anderson et al., 2001; Oude Lansink, 2008) so we use
it as an example of the types of studies conducted.
When a particular good is proposed for import, there
can be a screening of whether the good should be
allowed for import or not. There has been some dis-
cussion on whether we would be better off ignoring
the advice of the screening process or not (Smith et al.,
1999; Caley et al., 2006). An empirical application of
a similar question is provided by Keller et al. (2007),



72

J. Heikkila

who assess when risk assessment is worth it compared
to letting all species in. They apply their model to the
Australian ornamental industry, assuming that the de-
cision to import a species is irreversible. Over rela-
tively short periods there is not much difference in the
net present value of the two policies (screen or do not
screen), but for longer time periods screening creates
large positive values and the fixed costs of undertak-
ing the risk assessments have a negligible impact on
the results. The authors point out that since the World
Trade Organization requires that SPS-based risk reduc-
tion strategies must produce net economic gains, their
model can be used to demonstrate that.

Import risk assessments (IRAs) can be used to eval-
uate whether some imports should be prevented alto-
gether in order to protect the society from the risk of
imported diseases and pests. Examples are provided by
studies on the risks posed by import of animals vacci-
nated against foot and mouth disease and their prod-
ucts (Sutmoller and Casas Olascoaga, 2003), import of
marker-vaccinated animals (Breidenbach et al., 2007),
and the risk of BSE through imported animals and their
products in Japan (Sugiura et al., 2003). Adamson and
Cook (2007) point out that even in Australia, where
relatively many import risk assessments have been un-
dertaken, economic assessments are often limited to ei-
ther estimating (1) how much consumers would benefit
if free trade was allowed or (2) the economic impacts if
a given pest or disease reaches the country. They argue
that little work has been done to combine these two,
which would be important in order to obtain a truthful
estimate of the total impacts.

For instance, Cook (2008) studies the case where
Chilean table grape producers were granted access
to Australian markets, but not to Western Australia,
which is free of many pests present elsewhere in the
country. The outcome of the study is that the mean ex-
pected production damage from also allowing access to
Western Australia would be around AU$10.3 million,
whereas consumer benefits would be only AU$1.5 mil-
lion. Hence there is no reason to allow market ac-
cess. However, preventing trade in exotic species that
also have beneficial impacts is not necessarily eco-
nomically desirable. Knowler and Barbier (2005) stud-
ied saltcedar (Tamarisk spp.) in the United States, and
their results indicate that to achieve the social opti-
mum, the mere presence of risk associated with im-
ports does not warrant prevention of commercial sales
of exotic plant species with beneficial effects for con-

sumers. Similarly, Otsuki et al. (2001) suggest that less
stringent regulation may increase trade flows and in-
come. Instead of bans, Knowler and Barbier (2005)
suggest the use of market instruments, including a
Pigovian tax, to regulate the industry and protect the
society from the associated risks. Prevention of en-
try and the associated trade instruments are also stud-
ied by Horan et al. (2002), Costello and McAusland
(2003), McAusland and Costello (2004), Horan and
Lupi (2005), and Margolis et al. (2005).

In addition to being a question of choosing the right
policy instrument, import risk assessments can be seen
as a special case of hazard ranking (Sect. 3.3), because
although not necessarily conducted in order to com-
pare different biological hazards, the procedure is often
so standardised that it allows the comparison of haz-
ards for which an assessment has been conducted. This
is especially so if the IRA follows consistent method-
ologies. In many cases IRAs are based on established
risk assessment procedures; for instance, the OIE im-
port risk analysis framework or the EPPO guidelines,
which are accepted by the World Trade Organization
as a justification for actions that could also be consid-
ered artificial barriers to trade. Naturally, even if the
general framework is standard, the different economic
components vary within the studies (e.g. which valu-
ation methods have been used and what effects have
been taken into account). Hence the different studies
may still not be entirely comparable.

For goods and shipments accepted for import, reg-
ulation may still be necessary through, for instance,
inspections or tariffs, which are meant to reduce the
probability of harmful organisms entering the coun-
try. However, the inspection services are under pres-
sure from the increasing import quantities as well as in
many cases due to resource constraints. Further com-
plications arise from the diverse range of imported
goods and their origins. For instance, Costello et al.
(2007) show that the risk varies by trading partner and
that the cumulative number of introductions from a re-
gion is a concave function of imports. As for many
countries it is vital to maintain an appropriate level of
protection, a typical question in economic studies is
how to establish efficient border protection measures.

The basic premise for many of the studies on op-
timal inspection strategies is that there is a number
of shipments coming to a port, the probability that a
crate within the shipment is infested is unknown, and
the inspector has to decide how to allocate the scarce
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surveillance resources; for instance, how many crates
to inspect and in which shipments, and how long a
time should be used for the inspection. Research along
these lines has been conducted by, for instance, Moffitt
et al. (2008), Surkov et al. (2008), Batabyal and Beladi
(2006), and Batabyal and Nijkamp (2006). An empiri-
cal assessment is provided by Work et al. (2005), who
evaluate the effectiveness of monitoring the arrival of
insect species in the United States through four cargo
pathways.

As for tariffs, Paarlberg and Lee (1998) discuss the
link between import tariffs and the level of health risk
from imports with special reference to the foot and
mouth disease. They show that the optimal level of tar-
iffs is very sensitive to the risk of importing a contami-
nated product, as well as to the expected spread rate of
the disease. More specifically, the infection rate of the
imported goods has been shown to increase the optimal
tariff level (McAusland and Costello, 2004). However,
at very high levels of infection the optimal level of in-
spections decreases, possibly all the way to the point of
no inspections. This occurs when most incoming goods
are infected, and it is better to let them in without any
inspections and instead charge a high tariff equal to the
expected damage (McAusland and Costello, 2004).

However, too high a tariff is also socially sub-
optimal. Margolis et al. (2005) show that private ac-
tions result in the regulator choosing a higher tariff
level than is socially optimal. Further, tariff escalation
(the more processed the imported good, the higher the
charged tariff) has been shown to increase the prob-
ability of hazard introduction (Tu et al., 2008). This
is because it results in trade being biased towards pri-
mary commodities (with higher probability of harmful
organisms) as opposed to processed products. Tu et al.
(2008) show that a reduction in tariff escalation would
increase allocative efficiency and reduce damage from
invasive species.

In a case of unlimited research resources, the studies
would consider the questions regarding whether to im-
port or not, how to inspect and place tariffs optimally,
how to control the species and disease if it arrived and
escaped inspections, and so on, and then compare all
possible combinations with each other to determine the
optimal course of actions in the face of uncertainty.
However, this is not practical in reality, and hence the
questions are divided into smaller manageable ques-
tions. It is, as always, up to the researchers to place the
research in the wider framework.

3.5 Category 4: Cost Estimates of Disease
Outbreaks and Species Invasions

The final category discussed here includes the evalu-
ations of individual invasion events or policies. There
are hundreds of estimates of the damage caused by in-
dividual species or diseases, for both real invasions as
well as for simulated ones. Some of these are related
to specific countries or groups of countries, some to
specific groups of species, and some to specific pests
and diseases. They may be based on materialised dam-
age from real invasions or on simulation of potential
damage, and incorporate various and varying cost el-
ements, making any comparison between the studies
laborious or impossible. Some examples are provided
in Table 1.

Figure 3 presents a collection of published empir-
ical economic biosecurity studies by type and target
country. Only countries for which more than one study
was readily available are presented in the figure. The
results were obtained with an internet search, as well
as through the author’s personal collection of papers.
Only studies in which there is an empirical application
to a real-life situation were included in the sample. Al-
together, there are 231 studies in the sample. Although
the literature search has not been exhaustive, general
trends are easy to observe. The publications are di-
vided such that 39% deal primarily with animal health,
25% with plant health, 11% with human health (only
zoonotic diseases and biological food safety included
in the sample) and 25% with environmental health (in-
vasive alien species detrimental to the environment in
general). Of course, sometimes it is difficult to pre-
cisely differentiate between plant health and environ-
mental health.

The United States is the country in which most ap-
plications take place (35% of all studies in the sample),
followed by Australia (13%), the United Kingdom
(10%) and the Netherlands (9%). Together these four
countries represent two-thirds of all studies. However,
the domination of the US, European Union and
Australia in these figures is not surprising considering
that they are all industrialised countries who produce
and export large quantities of agricultural products.

It also appears that many assessments in the
United States (44% of all US studies) and South
Africa (100%) relate to invasive species that pose a
threat particularly to the environment. In contrast, in
Australia (46% of Australian studies) the emphasis is
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Table 1 Examples of individual invasion cost estimates

Level

Target

Annual cost estimate

Reference

Multi-country
multi-hazard

Single country
multi-hazard

Multi-country
single hazard

Single country
single hazard

Invasive alien species in 6
countries (USA, UK,
Australia, South Africa,
India and Brazil)

Invasive alien species in US

Invasive alien species in
China

Invasive alien species in
Canada

Invasive alien species in
Germany

Weeds in Australia

35 animal diseases in UK

34 animal diseases in UK
Foodborne bacteria in US
Invasive pests in US

South Africa fynbos

H5NI1 avian influenza on
international markets

Asian longhorn beetle in
Europe

Salmonellosis in England
and Sweden

EU aflatoxin standard in 9
African countries

Foot and mouth disease in
South America

Mnemiopsis leidyi in the
Black Sea

HPALI avian influenza
globally

Hundreds, 231 depicted in
Fig. 3

USD 314 billion

USD 120 billion

USD 14.5 billion of which 83.4%
indirect. Equivalent to 1.4% of
Chinese GDP

CAD 13-34 billion

100-265 million euros

AUD 4 billion

Economically most important are mastitis
for cattle (£179.7 million), enzootic
abortion for sheep (£23.8 million),
swine influenza for pigs (£7.7 million)
and salmonellosis for poultry (£104.7
million)

£372-1061 million annually

USD 3.5-4.8 billion

Quarter of agricultural gross national
product

Value from R19 million under low
valuation and poor management to
R300 million under high valuation
and good management. Cost of
clearing alien plants 0.6-5% of the
ecosystem value

First year market loss USD 1.4 billion to
14 billion, depending on scenario

90% of wood in infested areas could lose
half of its value

For cost of illness (control cost) 2.6 pence
(2.0 pence) per chicken in England
and Wales and 0.5 pence (10.8 pence)
per chicken in Sweden

USD 670 million

Estimates benefits from various disease
control strategies

Decline in profit from USD 17 million to
USD 0.3 million

Simulate the impact of supply reductions
on export prices using 16 scenarios
and assuming constant demand, but
do not calculate total monetary
impacts

Pimentel et al., 2001

Pimentel et al., 1999, 2005
Xu et al., 2006

Colautti et al., 2006

Gebhardt, 1996; Reinhardt
et al., 2003

Martin, 2003

Bennett and Ijpelaar, 2003

Bennett and Ijpelaar, 2005

Roberts, 1989

Schmitz and Simberloff, 1997,
U.S. Congress, OTA, 1993

Higgins et al., 1997

FAO/CTD, 2006; Food
Outlook, 2006
MacLeod et al., 2002

Persson and Jendteg, 1992

Otsuki et al., 2001
Rich and Winter-Nelson, 2007
Knowler and Barbier, 2000;

Knowler, 2005
Djunaidi and Djunaidi, 2007

somewhat more on plant health and in the Netherlands
(80%) and Denmark (67%) on animal health, which is
not a big surprise, given the relative importance of an-

imal production in these two countries. In the United
Kingdom, plant health constitutes about 39% and ani-
mal health about 48% of all studies.
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Fig. 3 Reviewed biosecurity studies by category and country of application

These trends are similar to those found in a meta-
analysis of the ecological invasion literature. Pysek
et al. (2008) analysed 2670 papers dealing with 892
invasive species, and showed that all major groups are
well studied, but most information on invasion mecha-
nisms is based on a limited number of invaders. They
also show a strong geographical bias, with Africa and
Asia understudied and America and Europe having
the highest number of both species studied and stud-
ies published. Almost half of all the invasive species
and more than half of all studies analysed by Pysek
et al. (2008) relate to North America. They also note
that the position of Africa is largely determined by
South Africa, representing two-thirds of research on
the continent. The fact that these trends reflect on the
economic literature is understandable, given that em-
pirical applications in biosecurity economics are to
a large extent dependent on availability of biological
data or expertise.

Pysek et al. (2008) also point out that only 49
species were subject to 10 studies or more, the most
studied being zebra mussel and Argentine ant. A simi-
lar conclusion of most research concentrating only on a
few species was reached in the context of plant health
by the EUPHRESCO project in the European Union
(Buzy et al., 2007).

The publications were also classified by journal and
year (Figs. 4 and 5). Figure 4 demonstrates that for an-
imal health economics Preventive Veterinary Medicine
is the primary journal of publication. On the other
hand, for invasive species economics Ecological Eco-
nomics is the top choice, followed by the Journal
of Environmental Management and Biological Inva-
sions. For plant health economics the most popular
choice is Crop Protection, again followed by the Jour-
nal of Environmental Management and Agricultural
Economics. It is also remarkable how thinly the stud-
ies are distributed over a wide variety of journals. In
the sample of 231 studies there were 48 journals that
contributed one paper each.

Just over 20% of the papers were published in eco-
nomic journals, the major economic journals being
Ecological Economics (14 studies), the American
Journal of Agricultural Economics (10), Agricul-
tural Economics (3) and Environmental and Resource
Economics, the Journal of Agricultural and Applied
Economics and the European Review of Agricultural
Economics (2 each). Some 10% were in primarily
natural science journals, the main journals being Eco-
logical Modelling (3 studies), and Vaccine, Veterinary
Microbiology, Ecological Applications and the Inter-
national Journal of Food Microbiology (2 each). This
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Fig. 4 Reviewed biosecurity studies by category and journal

also means that most papers were published in fairly
interdisciplinary journals, as depicted in Fig. 4.

Figure 5 demonstrates that the volume of papers in
the sample has increased gradually over the years and
the field is growing steadily. It also seems that the num-
ber of papers on animal health economics has remained
relatively stable over the past 15 years or so, while the
number of papers on economics of invasive species has
increased rapidly.

4 Discussion

It seems apparent that the broader the context (cate-
gories 1 and 2), the less economic research there is.
Category 1 is virtually not studied at all, and category

2 is studied very little, with the exception of the risk
ranking studies. These, however, would be likely to
benefit from more rigorous economic considerations.
In category 3 there are numerous studies concentrating
on specific questions and employing a wide but rel-
atively thin range of methodologies (see, e.g., Oude
Lansink, 2008; Perrings et al., 2000). In category 4,
a substantially greater number of studies exists, but
these would benefit from some standardisation of ap-
proaches. The fact that in many assessments there are
no clear common methods or frameworks (applying to
both the methodologies used as well as to the types
of costs included), cross-study comparison is relatively
difficult. Yet, such comparison would be needed when
deciding on how to allocate the available resources of
the society. Of course, as mentioned earlier, the cate-
gories identified here are separated sections from the
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Fig. 5 Reviewed biosecurity studies by category and year of publication

larger framework, which is seldom evaluated in indi-
vidual papers, as demonstrated by the example of stud-
ies on import of goods.

It has been pointed out that two major contribu-
tions of economics to biosecurity discussion are, on
one hand, to provide estimates on the impacts of inva-
sions (category 4 in this paper) and hence improve the
cost effectiveness and efficiency of control (category
3b), and on the other hand, to develop economic sani-
tary and phytosanitary measures (category 3c) (Evans
et al., 2002). Shortle (2007) emphasises the importance
of economic research to the development of effective
and efficient management strategies (category 3a) as
well as to understanding the co-evolution of economic
and ecological systems. It is worthwhile to emphasise
the role of economics in resource allocation and its use
to determine how to prioritise different hazards, their
management strategies, methods and policies.

Environmental and health impacts are notoriously
difficult to value. However, as pointed out by Adamson
and Cook (2007), even quantification of the area of im-
pact and a list of native species at risk (and the level
of risk) would be informative. It has also been sug-
gested that the value of modelling is the actual pro-
cess of working through the problems and issues rather
than the identification of a final solution (Rushton and
Upton, 2006). Modelling helps in conceptualising and

thinking through complex problems analytically. In
principle, for valuation of the effects of invasions or
biosecurity policies almost any valuation method avail-
able in the economic literature is available. However,
given the fact that we are dealing with thousands or
tens of thousands of individual biological hazards, it
seems clear that no nation has enough resources to un-
dertake thorough studies of them all. Hence develop-
ment of general assessment protocols, frameworks and
prioritisation schemes for assessing the risk associated
with biological hazards seems like a good candidate for
a top priority research area.

The distribution of costs and benefits is an important
issue, which is already beginning to affect the current
animal health policies in the European Union. Also,
in other contexts the distribution of costs and benefits
has been found to be very uneven, as discussed in Sec-
tion 3.4. Yet having a clearer idea about this would
help in understanding the private incentives and sub-
sequently in designing appropriate policies to account
for the convergence of social and private interests. As
Hennessy (2007) notes, designing public policies in
biosecurity requires a clear understanding of the fail-
ure in private incentives.

Another challenge, as highlighted by Gramig and
Wolf (2007), is that many studies are done on a
disease-by-disease basis, yet preventative actions often
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protect against multiple diseases. As they point out,
preventative actions against multiple hazards can be
thought of as either multi-product outputs of individual
management practices, or as either positive or nega-
tive input externalities. Given that prevention is gen-
erally acknowledged to be a cost-effective strategy, it
is somewhat surprising how few assessments there are
of the ongoing costs and cost-efficiency of prevention
at the farm level. The government-level costs are of-
ten known (although not necessarily published), but we
often know very little about the farm-level costs and
their impact on the level of prevention (Siekkinen et al.,
2008). This is important, because these costs materi-
alise every year, regardless of whether there is a pest
or disease outbreak or not.

To conclude, we suggest the following top five
priority areas (in no particular order) for study:
(1) development of sophisticated economic policy
instruments to mitigate biological hazards; (2) design
of rigorous economic prioritisation frameworks to
guide both academic research and government poli-
cies; (3) clearer understanding of the distribution of
biosecurity impacts and the associated private incen-
tives; (4) establishing a closer link between the costs
and methods of prevention, and the economic risk;
and (5) the role of human behaviour in biosecurity
and how that behaviour can best be directed. We
might also wish to find out to what extent lessons
learned in some fields of biosecurity are applicable
for other hazards, areas or circumstances. In general,
it seems warranted to search for holistic approaches —
for instance, determining simultaneously the optimal
strategy, optimal management methods and optimal
policies to achieve the targets — and doing so for the
right hazards. No small task.
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Abstract At regional scale issues such as diffuse
pollution, water scarcity and pollen transfer are closely
related to the diversity and location of cropping
systems because agriculture interacts with many other
activities. Although sustainable land use solutions for
territorial development and natural resource manage-
ment are needed, very few agro-environmental studies
account for both the coherence and the spatial variabil-
ity of cropping systems. The originality of this article
is to review methods that describe and locate cropping
systems within large areas. We mainly based our anal-
ysis on four case studies using the concept of crop-
ping systems on a regional scale, but differing in their
objectives and extents. We found that describing and
locating cropping systems in space meets not only de-
cision-making stakes but also a scientific stake that al-
lows multi-simulations over large areas when models
require cropping system information. Simulation mod-
els are indeed necessary when the study aims at es-
timating cropping system externalities. Then, the in-
volved process determines the extent, and the model
determines the support unit, unless socio-economic
considerations prevail. In this case, as well as when
no model is involved, it is often considerations re-
lated to stakeholders that determine extent and support
unit choices. On a regional scale, the cropping system
must be described by only a few variables whose se-
lection depends on the study objective and the involved
processes. Collecting cropping system information for
all support units is often simplified by identifying
determining factors of cropping systems. However, ob-
taining deterministic relations between easily accessi-
ble factors and cropping system variables is not always
possible, and sometime accessing modalities of deter-
mining factors for all support units is also difficult.
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We found that describing and locating cropping sys-
tems relied very much on expertise and detailed survey
data. The development of land management practice
monitoring would facilitate this description work.

Keywords Agricultural practices  Spatial distribu-
tion « Modelling » Cropping system < Scale change *
Environmental impact

1 Introduction

On a regional scale, where agriculture interacts with
many other activities, and where various farmers and
various cropping systems interact together, many man-
agement problems are closely related to the nature, di-
versity and location of cropping systems. For example,
to adjust the quality of cereal lots to millers’ require-
ments, the cooperative needs to know the distribution
of the performance, e.g. yield and protein content, of
the collected crop over its collect basin (Le Bail, 2005).
This results from the characteristics of the cropping
systems such as preceding crop, sowing dates, vari-
eties and fertilisation. For agricultural planning of a
country or to assist marketing decisions for farmers
and grain traders, it is also necessary to predict crop
or forage yield on a national or regional basis (e.g. Lal
et al.,, 1993; Rosenthal et al., 1998; Chipanshi et al.,
1999; Donet, 1999; Faivre et al., 2000; Yun, 2003).
Calculating water requirements for agriculture within
the area served by a water provider requires know-
ing where, in terms of soil and weather conditions,
irrigated cropping systems are located, and to dis-
tinguish whether these cropping systems are inten-
sively irrigated or not (e.g. Sousa and Santos Pereira,
1999; Heinemann et al., 2002; Leenhardt et al., 2004).
Similarly, an accurate knowledge of cropping sys-
tems is needed to estimate nitrogen or pesticide pol-
lution of streams or groundwater from agricultural
land (Beaujouan et al., 2001; Gomez and Ledoux,
2001; Louchart et al., 2001; Biarnes et Colin, 2006)
or to evaluate the risk of occurrence of genetically-
modified (GM) seeds in non-GM harvests (Colbach,
2008; Angevin et al., 2008). The existence of disper-
sal processes such as water runoff and pollen disper-
sal may require, in addition, knowing the exact and
relative locations of cropping systems. It may also re-
quire knowing the location of semi-natural areas such

as grass strips and roadsides because a cropping system
in one location can reduce or increase the effect of a
neighbouring cropping system. For instance, herbicide
runoff from a field may be reduced by a grass strip; GM
propagation from a GM field will be increased if fields
of similar GM cropping systems are surrounding it.

This rapid overview shows that information
regarding crops and agricultural practices is required
for solving many agri-environmental management
problems. Accounting for the strong links that can ex-
ist between technical operations, between successive
crops, and between crops and technical operations,
can considerably improve decision-making by evok-
ing more sustainable management decisions. Describ-
ing and locating cropping systems in space thus meets
a public decision-making need.

This outlook article aims at presenting how crop-
ping systems can be described and located within
large and/or heterogeneous areas including a great
number of fields, and therefore likely to present a great
variability of cropping systems. For this purpose, it is
based on four groups of studies covering a wide range
of agri-environmental problems and extents (Table 1).
They all use the concept of the cropping system but
developed the necessary simplifications to account
for the spatial variability of cropping systems on a
regional scale. First, we present the concept of the
cropping system and its classical use on a regional
scale. Then, we present the objectives for which it is
necessary to describe and locate cropping systems,
which lead us to specify when environmental process
models are used. In a second section, we highlight
some scale issues. The third section states the problem
of the description of cropping systems, in particular
the choice of the variables to use. The collection of
these variables at the required resolution is the subject
of the last section, which distinguishes the direct
collection of these variables from an indirect way that
involves identifying and collecting determining factors
of the cropping systems.

2 Using the Concept of Cropping
Systems on a Regional Scale

The concept of the cropping system used in this ar-
ticle was developed in the framework of traditional
French agronomic research. It was precisely defined



Describing and Locating Cropping Systems on a Regional Scale

87

Table 1 Short description of the four case studies on which the analysis of the article is mainly based, with their references and, in

italics, related references

Objective and thematic

Case study  of the study References Extent Support unit
A Effect of cropping systems Angevin et al., 2002 Group of fields Field
on regional gene flow Colbach, 2008 <10 km? 1 m?— <50 ha
B Impact of weed control Biarnes and Colin, 2006 Water Sub-catchment area
practices on water Biarnes et al., 2004 catchment 1-5 km?
quality in a small Louchart et al., 2001 75 km?
catchment
C Estimating regional Leenhardt et al., 2004 Irrigated Not a priori defined
irrigation demand Maton, 2006 perimeter (Maton et al., 2007a)
Maton et al., 2007a, b 500 km? or Intersection of a
Clavel and Leenhardt, 2008 small agricultural
region and a water
management
region ~100 km?
(Clavel and
Leenhardt, 2008)
D Simulating nitrate flow Gomez and Ledoux, 2001 River basin Small agricultural

in the Seine basin

Ledoux et al., 2007
Le Ber et al., 2006

95000 km?

region ~400 km?

Mignolet et al., 2001, 2004, 2007

by Sebillotte (1974), for an area managed homoge-
neously, as “the crops, their succession order and the
crop management systems associated with each crop”.
The cropping system was thus considered as a sub-
system of the complex land use system, its typical
spatial scale being the field plot. On such a scale,
Meynard et al. (2001) insisted on the temporal coher-
ence of the cropping system: the crop management
system corresponds to a logical and coordinated suc-
cession of actions; the various technical choices made
within a given cropping system are not independent.
Later, Veldkamp et al. (2001) showed that agronomic
research could also be relevant at the landscape level,
and, on such scale, Benoit and Papy (1998) and Jouve
(2006) noticed that crop successions and crop manage-
ment systems did not result from a random process but
were the result of logic and decision processes. These
authors highlighted the spatial coherence of cropping
systems.

Nevertheless, the concept of the cropping system
is rarely emphasised on scales greater than the field.
The main reason is probably that information related
to cropping systems is lacking or difficult to collect
when a great number of fields is concerned. Therefore,
the description of agricultural activities and land use is

most often very simplified on such a “regional”! scale.
Simplification often leads to neglecting the concept of
the cropping system. A first simplification consists of
restricting the concept of the cropping system to its
primary characteristic, i.e. the knowledge of the culti-
vated species, as noted by Jouve (2006). This schema-
tisation is common in the remote-sensing approaches
used to describe land use data for environmental issues
(Martin et al., 2006). The description of agricultural
land cover is usually restricted to soil occupancy, e.g.
cultivated areas, forests, grassland and built-up areas;
and to main crop groups such as annual versus perma-
nent crops and, at the most, crop species such as maize
and wheat (Verburg and Veldkamp, 2001). Details on
crop management systems and crop successions are
usually omitted. A second level of simplification con-
sists of describing the crop management system as a
fixed and uniform sequence of technical operations.
This sequence can either consist of average practices

! We use here the word “region” to refer to any area so large or
heterogeneous that it includes a great number of fields impossi-
ble to survey. In this article, a “region” could be a small area of
less than 10 km? with many small fields, as well as a very big
river catchment (~100 000 km?).
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(Moen et al., 1994) or correspond to recommended
management guidelines (Yun, 2003). The spatial vari-
ability in crop management systems is often neglected
and the same recommended or averaged practices are
used for a large part or the whole spatial extent. The
temporal coherence of the management system is also
often limited: crop management systems are expressed
as a fixed calendar of technical operations. This second
level of schematisation is frequently adopted in optimi-
sation studies which aim at rationalising crop acreage
over a region to reach defined targets. Each crop or
crop rotation is associated with a fixed sequence of
technical operations which allows the calculation of
various indicators such as input costs or externalities
(de Juanetal., 1999; Nordblom et al., 2006; Reca et al.,
2001; Stoorvogel, 1995).

However, Barson and Lesslie, (2004) and
Leteinturier et al., (2006) note that detailing crop
management systems and crop successions can be
of importance in many environmental perspectives
and Stomph et al. (1994) specify that a quantitative
description of land use practices is necessary. This is
why some studies, e.g. those reported in Table 1, use
the concept of the cropping system to describe and
locate agricultural activities over large areas.

3 Objectives of Describing and Locating
Cropping Systems on a Regional Scale

This description of cropping systems may directly pro-
vide the solution to the management problem, or may
only be a means to obtain this solution. For instance,
to estimate the impact of land use on water resource
use, the key is to know the distribution of irrigations
during summer, i.e. to know the area cultivated with ir-
rigated crops and the amount of water applied during
the season (Leenhardt et al., 2004). However, most
agri-environmental problems are relative to the impact
of cropping systems on their environment. They deal
with externalities of cropping systems, e.g. nitrate loss
and pollen dispersal. Externalities are usually simu-
lated by models using cropping system information as
input. Depending on the physical processes involved,
two modelling approaches exist. The first consists of
spatially-explicit modelling to represent flows within
the area under consideration (Dunning et al., 1995).
The second consists of running a 1-D model such as

a crop model at every point, or a sample of points, of
the area (Hartkamp et al., 2004). For spatially-explicit
models the exact location of cropping systems is re-
quired, while for 1D models only the relative area
grown with each crop x management combination
for each soil x weather condition is necessary. Both
modelling approaches require high-resolution land use
data (Verburg et al., 2002). For instance, to estimate
water pollution by nitrate leaching, it is necessary to
model the nitrogen use by crops, nitrogen transforma-
tion in the soil, and vertical and lateral water flows (e.g.
Beaujouan et al., 2001; Gomez and Ledoux, 2001).
Such a modelling approach needs input data on the
crops sown and their location, their sowing dates, that
determine the periods of crop growth and water and
nutrient uptake, and the periods of fertiliser and water
supply. Describing and locating cropping systems in
space thus meets a scientific need. It makes it possible
to use on a regional scale models developed on a local
scale (Faivre et al., 2004; Leenhardt et al., 2006).

We can distinguish three different types of issues
where cropping system information is needed. First,
diagnostic studies for evaluating the impact of land use
and land cover on the environment or on natural re-
sources require data on existing or past land use, and
therefore, on existing or past cropping system distribu-
tion. Second, scenario simulation approaches also eval-
uate impacts, but those of proposed prospective rather
than actual situations. Therefore, the required data not
only concerns the current distribution of land use but
also options and constraints for modifications in the
current practices. Since prospective situations are usu-
ally compared with the present or a former situation,
scenario studies are often associated with diagnostic
studies. The last type aims at identifying optimal land
use for a given economic, environmental or multi-
criteria objective. Optimal land use, or even optimal
cropping system distribution, is determined by iterative
choice and evaluation algorithms and two kinds of data
are therefore required. First, a set of cropping systems
is necessary to initiate the run. This set can corre-
spond to the current situation, but this is not compul-
sory. Second, a set of alternative cropping systems, or a
range of cropping system components to be combined
during evaluation, must be specified. As in scenario
simulation, the search for optimal solutions belongs
to a planning approach and aims at determining the
spatial organisation of cropping systems to reach de-
sirable objectives.
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To summarise, describing and locating cropping
systems is used for diagnostic or scenario studies,
either because cropping systems are directly targeted
or because cropping system information is required
as input for an environmental model. Describing and
locating cropping systems in space allows multi-
simulations on a regional scale. Describing and lo-
cating cropping systems can also serve to define the
base situation and cropping system basket from which
an optimal land use can be calculated to satisfy given
objective functions.

4 Scale Issues

Up to this point the word “scale” has been used in its
colloquial sense. It covers, in fact, both the “extent”,
i.e. the area of interest of the study, and the “support”,
comprising a finite number of smaller areas, the “sup-
port units”, on which information is collected. Support
units can cover integrally or not the extent; the ratio
“support”/“extent” is called the coverage (Bierkens
et al., 2000; Faivre et al., 2004).

The analysis of various case studies, and particu-
larly those reported in Table 1, shows that the extent
is most often determined by the processes involved,
but also by the context and objectives of the study.
For instance, when the studied environmental problem
requires accounting for physical flows conditioned by
topographical features, e.g. modelling water flows for
calculating diffuse pollution, the extent corresponds
to a space with natural landscape delimitations, e.g.
a stream or a river catchment area (cases B & D,
Table 1). In addition, the resulting pollution can be
more easily measured at the outlet of the catchment,
which also justifies choosing as the extent a whole
catchment. In other situations, the process involved
is not the only factor that determines the extent of
the study. It is particularly the case when the study is
conducted with a socio-economic partner who often
influences the choice of the extent. For instance, in a
study dealing with harvest purity (case A), the extent
was partly determined by the expected impact of the
studied process, here the area of pollen dissemination.
Similarly, Gomez and Ledoux (2001) studied nitrate
pollution for the whole Seine basin, rather than in a
small catchment area, because it was the area of the
water manager who was both partner and recipient of
the study (case D). In the regional irrigation demand

study (case C), no physical dispersal or diffusion
process was involved. Therefore, the extent was en-
tirely determined by management considerations and
corresponded to a space delimitated by installations,
the irrigated area, which is the decision unit for water
allocation decisions.

Once the extent is determined, it must be broken
down into support units, where data on the cropping
system is provided. The choice of support units often
depends on the process involved and the model used to
simulate it.

When dispersal and other spatial processes have to
be considered, their nature and impact distance are of-
ten the key factor for choosing the support units. For
example, when output flows from the cropping sys-
tems convey water and other elements that may in-
fluence surrounding crops (e.g. gene flow, herbicide
runoff), it is important to simulate these lateral flows
with spatially-explicit models, and to account for the
spatial arrangement of crops and cropping systems.
The field, which can be considered as a homogeneous
unit regarding the crop and its management, natu-
rally becomes the support unit for providing data on
the cropping system, as well as the simulation unit
(case A) Some models require as a simulation unit
a sub-catchment (1-5 km?), which then becomes the
support unit of cropping system information. However,
when the extent is very large relative to the size of
fields or small sub-catchments, spatial processes may
be negligible compared with other processes. For in-
stance, Ledoux et al. (2007) neglected lateral flows
between fields because they assumed that these lat-
eral flows did not change the overall diffuse pollution.
Neglecting spatial processes led to using a 1-D
model to simulate “vertical” nitrate leaching. The only
constraint for running these 1-D models on the stud-
ied area is to define spatial simulation units that are
homogeneous combinations of the variables used as
model input (generally variables describing the soil,
the weather and the cropping system). These homo-
geneous soil-climate-cropping system combinations
should naturally become the support units on which
information regarding the cropping system has to be
provided. This is, though, not always possible when
extents are very large (case D) because the number
of simulation units may be excessive regarding the
computation time (Ledoux et al., 2007). Support units
were then chosen a priori because they retrieved cor-
rectly the spatial differentiations of cropping systems
(Mignolet et al., 2004), and the 1-D model was run on
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homogeneous simulation units that were then not ex-
plicitly located within each support unit. Sometimes,
no process model is required and conditions the choice
of support units. For example, in case C, the objec-
tive of the study is to estimate the regional irrigation
demand. This target can be reached by simply aggre-
gating the irrigation demand estimated for each sup-
port unit, whatever its size and nature. Thus, in this
case, the support unit can be determined a posteriori,
with regard to the kinds of indicators used to estimate
the spatial distribution of agricultural practices (Maton
et al., 2007a), or a priori, with regard to their signifi-
cance for the various stakeholders concerned with the
study (Clavel and Leenhardt, 2008).

To conclude, we note that when the objective of the
studies is to estimate externalities of cropping systems
a process model is required. Then the process deter-
mines the extent and the support unit. When socio-
economic considerations prevail, as well as when no
model is involved, it is often considerations related to
stakeholders which condition extent and support unit
choices.

5 Describing Cropping Systems by
Relevant Variables

Describing a cropping system is a difficult task, even
on the field scale. Should all technical operations of the
crop management system be characterised? How de-
tailed should this description be? This problem is even
greater on a regional scale. Can cropping systems from
two different sites be considered as similar? The ele-
ments that constitute a cropping system are the crop ro-
tation and the various technical operations of the man-
agement system of each crop of the rotation. Which
then are the elements to survey in order to describe the
main representative cropping systems of a region?
The necessary cropping system variables must
therefore be carefully chosen in relation to the study
objective and the analysed processes to optimise the
compromise between key variables and data avail-
ability. For instance, Colbach (2008), working on
spatio-temporal gene flow in oilseed crops and vol-
unteers (case A), showed that it is sufficient to in-
clude those cropping system components that signif-
icantly influence the two major stages for gene flow,
i.e. plant survival and pollen dispersal, and that the

remaining techniques such as fungicides or fertiliser,
which mostly influence seed production, can be ne-
glected. Similarly, in a study dealing with regional ir-
rigation demand in a region dominated by irrigated
maize (case C), Maton (2006) simplified the various
cropping systems in irrigated maize to the 3 main el-
ements influencing the total irrigation applied on a
maize field, i.e. irrigation management, sowing prac-
tice and earliness choice. Such approaches reduce the
amount of data to be collected to characterise the crop-
ping systems without neglecting their internal consis-
tency. They also help to simplify the simulation models
used in the studies, rendering them thus more robust.

6 Collecting Data

Data collection for characterising and locating crop-
ping systems on a regional scale is a real challenge.
As a consequence, exhaustive and systematic collec-
tion of information about land management practices
on the regional scale is only at its early stage, and is
most of the time partial and descriptive, with no un-
derstanding of the links between technical interven-
tions within crop management systems (BRS, 2006;
Mignolet et al., 2007).

Two ways of collecting data to describe cropping
systems are possible and not exclusive: the direct
way, which aims at collecting information regard-
ing the relevant elements of the cropping systems,
and the indirect way, which consists of collecting
information about indicators, or determining factors,
of the cropping systems. These two ways, and the tech-
niques used, are more or less adequate, depending on
whether the cropping system data collection aims at
describing existing or past cropping system distribu-
tions for elaborating a diagnosis, at building scenarios
of cropping systems, or at seeking an optimal cropping
system distribution.

6.1 Direct Collection

Collecting directly the variables that characterise the
cropping systems concerns mainly diagnosis studies.
Direct data collection by survey requires long and ar-
duous work because of the great number of farms
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on a regional scale and is thus generally unrealistic
(Biarnes et al., 2004). Three main alternative solutions
exist. The first is to use remote-sensing techniques
to estimate the spatial variability of specific techni-
cal interventions, such as sowing dates (Launay and
Guérif, 2005). However, some interventions and tech-
nical choices are not detectable by remote-sensing, or
with difficulty or at high cost. This is the case, for ex-
ample, for irrigation application dates and amounts or
for the choice of cultivar or earliness for a given crop.
The second is to make the best use of existing regional
databases (e.g. Agricultural census, Ter-Uti-LUCAS
database) to provide knowledge on past cropping sys-
tems, mostly by using statistical analysis. For example,
Mari and Le Ber (2005) developed data-mining tech-
niques to estimate the spatial variability of past crop ro-
tations from such databases (Le Ber et al., 2006). This
solution is, however, limited by the nature of variables
collected systematically in administrative databases,
and by the length and cost of specific surveys that
may be conducted to get variables not systematically
surveyed by administrations. If, in France, the num-
ber of variables collected by the many surveys con-
ducted by the Department of Economical and Statis-
tical Studies (SCEES?) is huge, the nature and size
of the sample used differ from one survey to another,
rendering multivariate analyses difficult if not impos-
sible. The last option is to use expert knowledge, as
Mignolet et al. (2004) did, to associate a management
system with a crop or a crop rotation (case D).
However, this option requires long surveys when the
extent is large and if the spatial variability is to be taken
into account, and the quality of expertise decreases
as the survey goes further into the past. Experts can,
however, inform not only on past and/or recommended
practices, but also provide innovative practices that can
be of interest for scenario studies (Langon et al., 2008).

6.2 Indirect Collection: Use
of Determining Factors

Despite the reduced number of variables to be col-
lected for describing a cropping system, these vari-
ables may not be included in available databases, or not

2 Service Central d’Etudes Economiques et Statistiques

at a sufficient resolution for characterising past crop-
ping systems on all support units. An indirect way to
determine and locate the cropping systems within the
extent is to identify the factors involved in their spatial
organisation, e.g. soil depth and water availability for
choosing crop species or soil type for choosing tillage
strategies. These “determining factors” of the crop-
ping system are often easier to collect on the support
units and are thus used as indicators of current or past
cropping systems for diagnosis studies. For scenario
studies, the use of determining factors seems compul-
sory since it is not possible to collect cropping sys-
tem data for future or hypothetical context changes.
Knowing which factors determine the cropping system
and estimating the evolution of such factors through
modelling or expertise contributes to estimating and
proposing cropping systems for future or hypotheti-
cal conditions. For instance, when cropping systems
are determined by farming system or farm structure
(case A — Angevin et al., 2002 — and C — Maton
etal., 2007b), it is possible to deduce the distribution of
cropping systems within a region from economic sce-
nario analyses that produce changes in farm-type dis-
tributions (Zimmermann et al., 2006). Similarly, when
cropping system elements can be related to climatic in-
dicators (e.g. irrigation amounts and dates — Leenhardt
et al., 2004, or sowing dates — Maton et al., 2007a),
the use of climate change scenarios (e.g. long-term
emission scenarios developed by the Intergovernmen-
tal Panel on Climate Change — IPCC, 2007) can pro-
vide indications on the way cropping systems over a
region may change. Determining factors are also used
in optimisation studies: they represent the constraints
that should be satisfied when calculating the optimal
crop distribution for a given objective function. For ex-
ample, Rounsevell et al. (2003) consider that various
variables determine (or constrain) the choice of crop-
ping systems: the availability of machinery and labour
on the farm, the existence of a sugar factory and re-
gional sugar beet quotas, the previous crops, the soil
and the climate, the latter two variables conditioning
the workable hours.

Two kinds of “determining factors” may be used:
external or internal factors. “External” factors in-
clude the characteristics of the physical environ-
ment, e.g. soil, topography or weather conditions;
of the fields, e.g. shape and size; of the farm, e.g.
farming systems, equipment and manpower; or of
the socio-economic and administrative environment:
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professional networks, extension services and mu-
nicipality. While maps, remote-sensing shots, land
registers or interpolation procedures provide geo-
referencing for most factors related to the physical en-
vironment or field characteristics (Faivre et al., 2004),
the last two groups of factors, those related to farms
and the socio-economic environment, are available in
various administrative databases which provide a loca-
tion indication, most often the municipality the farm
belongs to. For instance, Biarnes and Colin (2006)
used the municipality to predict practices over the
whole study extent since they found, by analysing field
data samples, that weed control practices were well
correlated with this factor (case B). In case A (Col-
bach, 2008; Angevin et al., 2002) the type and location
of crop successions was considered as determined by
the type of farm, defined by intensive vs. organic man-
agement, and by the farm and field sizes. Grid weather
data were used by Maton et al.(2007a) to predict the
spatial variability of sowing dates and by Leenhardt
et al. (2004) to predict the spatial variability of irri-
gation dates (case C). Using an “external” determining
factor consists of using a simple “If-then” allocation
rule:

If [external indicator(s)]

then [cropping system (or element of it)]

However, sometimes no deterministic relation can
be identified between a set of potential explana-
tory variables and the cropping systems or elements
of them. This can be illustrated by Maton et al.
(2007b), and Biarnes and Colin (2006). Maton et al.
investigated determining factors of maize sowing and
cultivar choice from geo-referenced databases (ge-
ographical information systems containing environ-
mental characteristics of fields, spatially interpolated
weather data series, or administrative databases con-
taining farm characteristics collected from censuses).
However, the variability of cropping systems could not
be completely explained by these geo-referenced in-
dicators. A combination of indicators led only to a
probability of occurrence of a given cropping system.
Similarly, (Biarnes and Colin, 2006) linked each mu-
nicipality of the study extent to a given distribution of
weed control practices.

The rule (1) becomes then a stochastic allocation
rule:

If [external indicator(s)]
then [probabilities of cropping systems (or elements of
them)]

An “internal” factor corresponds to an element of
the cropping system on which the choice of the other
elements of this cropping system depends. For in-
stance, Maton et al. (2007b) showed that the choice of
cultivar earliness was partly determined by the sowing
date, while Colbach (2008) and Angevin et al. (2002)
used the crop succession to determine crop manage-
ment choices. Internal factors are, by definition, not
geo-referenced, and must be indirectly related to exter-
nal indicators in order to predict the cropping system
location. A second-order rule is thus needed:

If [external indicator(s)]

then [element(s) E of the cropping system]
And
If [element(s) E of the cropping system]

then [cropping system]

The use of determining factors is therefore a way
to overcome the difficulty of accessing data on crop-
ping system variables. Identifying variables that can be
used as determining factors of cropping systems can
be done either by expertise from extension services or
farm surveys, or by statistical analysis of databases.
However, to specify cropping systems on all support
units of the study extent, it is also necessary to be able
to determine the modalities of these determining factor
variables for all support units. Although determining
factors are chosen among variables more easily acces-
sible than cropping system variables, this can be prob-
lematic. For instance, in case A, cropping systems were
recognised as determined by farm types, but the fields
(support units) were not associated with a farm type.
The solution was then to allocate randomly farm types
to fields, while respecting certain spatial constraints
such as isolation distances between crops.

To conclude, identifying determining factors of
cropping systems can simplify the collection of crop-
ping system information, but it is not always possible
to obtain deterministic relations between easily acces-
sible factors and elements of the cropping systems. In
some cases, the access to the modalities of determining
factors for all support units can also be difficult.
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7 Conclusion

Sustainable development of regions and sustainable
management of resources often require actions con-
cerning land use. Sustainable solutions need to account
for the coherence of technical choices within cropping
systems and with their environment. However, very
few agro-environmental studies account for both the
coherence and the spatial variability of cropping sys-
tems. It was the objective of this article to review meth-
ods to describe and locate cropping systems within
large and/or heterogeneous areas. This article focused
particularly on 4 case studies differing in their objec-
tives, but also their extent and support. Describing and
locating cropping systems is required for diagnostic or
scenario needs, where environmental models are of-
ten used to simulate cropping system impact. We no-
ticed that extents and support units were constrained
by the objective of the study and, if a model was re-
quired, by the process to be modelled. Choosing the
extent, and the nature and size of support units is cru-
cial because it conditions not only the precision of the
location of cropping systems but also the precision of
their description. Indeed, on a regional scale, it is not
possible to represent all aspects of a cropping system.
A simplification is necessary. The variables strictly
necessary to describe the cropping systems must be
chosen in accordance with the study objective and with
the analysed processes in order to optimise the com-
promise between key variables and data availability.
Collecting information to fill all support units with
the modalities of such variables may be done using
administrative surveys, remote sensing or expertise.
However, it appears that, very often, such sources of
information are not sufficient to fill all support units or
to get all necessary cropping system variables. The use
of determining factors, that are easily geo-referenced,
is a way to overcome the difficulty of accessing data on
cropping systems. However, it is not always possible to
obtain deterministic relations between easily accessi-
ble factors and elements of the cropping systems, and
sometimes, the access to the modalities of determin-
ing factors for all support units can also be difficult.
A common feature of the methods presented here is
their reliance on expertise or on detailed survey data.
Expertise regarding agricultural practices is available
in most countries from extension services. However,
its reliability decreases when the size of the support
unit or the time period increase. Furthermore, detailed

surveys that are necessary either to describe cropping
systems directly or to relate agricultural practices to
their potential determining factors are rare and difficult
to carry out for a single study. This calls for the de-
velopment of adequate and routine land management
practice monitoring.
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Abstract Food security, nutritional quality and safety
vary widely around the world. Reaching these three
goals is one of the major challenges for the near future.
Up to now, industrialized production methods have
clearly shown severe limitations such as a worldwide
contamination of the food chain and water by persis-
tent pesticide residues, and reduced nutrient and flavor
contents through low-cost intensive food production
and/or processing. In line with several published litera-
ture reviews, the French Agency for Food Safety (AF-
SSA) performed under my coordination an up-to-date
exhaustive and critical evaluation of the nutritional and
sanitary quality of organic food. This review is based
on the AFSSA report issued and recently published
studies. The major points are: 1/ organic plant prod-
ucts contain more dry matter and minerals (Fe, Mg);
and contain more anti-oxidant micronutrients such as
phenols and salicylic acid, 2/ organic animal products
contain more polyunsaturated fatty acids, 3/ data on
carbohydrate, protein and vitamin levels are insuffi-
ciently documented, 4/ 94—100% of organic food does
not contain any pesticide residues, 5/ organic vegeta-
bles contain far less nitrates, about 50% less; and 6/
organic cereals contain overall similar levels of myco-
toxins as conventional ones. Thus, organic agricultural
systems have already proved able to produce food with
high quality standards. I propose also improvements of
organic production to achieve sustainable food produc-
tion for humans in the near future.

Keywords Sustainable agriculture « Organic agricul-
ture - Human food « Nutrition « Food safety « Contami-
nants+Health
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1 Introduction

While mass foodstuff production was achieved in
industrialized countries during the twentieth century,
the limitations of such an intensive production system
have been highlighted for decades by ecologists and
numerous agronomists, nutritionists and medical doc-
tors. Briefly, great concern has been caused by high
energy and chemical inputs, worldwide contamination
of the food chain and water by persistent pesticide
residues and nitrates, and the reduced nutrient and
flavor contents through low-cost and intensive food
production and extensive milling or processing. Only
recently has the combined awareness for environment
protection, food safety and security and well-being
markedly raised public concern and demand for eco-
logically grown staple foods (El-Hage Scialabba,
2007; Niggli et al., 2007). For developing countries,
concern is also focused on the appropriate way to en-
sure present and future food security, the number of
malnourished and undernourished people approach-
ing one billion worldwide, with no decreasing trend
for the coming decade (FAO, http://www.fao.org).
Worldwide, emphasis is increasingly being put on the
relationship between food, nutrition and health (WHO,
2004; WCREF, 2007).

In fact, the nutritional and toxicological value of
food produced under methods of ecological agriculture
has long been a matter of interest and debate. Despite
the potential importance of this topic for human well-
being, only a limited number of studies have been
specifically carried out due to the past general lack
of consideration of alternative and sustainable meth-
ods of food production. During the last few decades,
several literature reviews have already been performed
and published in this field (Schuphan, 1974; Finesilver
et al., 1989; Lairon et al., 1984a; Woése et al., 1997;
Worthington, 1998; Food Standards Agency, 2000;
Soil Association, 2001; Brandt and Molgaard, 2001;
Bourn and Prescott, 2002). Our AFSSA report was is-
sued in 2003 (AFSSA, 2003) and some new reviews
have recently been published (Magkos et al., 2006;
Winter and Davis, 2006; Rembialkowska, 2007). In
most cases, these reviews have used data from origi-
nal studies or previous reviews without true considera-
tion of the quality of the data. The conclusions derived
can somewhat differ but they generally highlight some
benefits from organic agriculture.

In 2001, the French Agency for Food Safety
(Agence francgaise de sécurité sanitaire des aliments
(AFSSA), http://www.afssa.fr) aimed to perform an
exhaustive and critical evaluation of the nutritional and
sanitary quality of organic food. To this aim, an ex-
pert working group was set up under my coordina-
tion. We aimed to reach the highest quality standard
during our evaluation. We thus defined inclusion as
well as exclusion criteria for use of original publi-
cations. Briefly, selected papers should refer to well-
defined and certified organic agricultural practices, and
have necessary information on design and follow-up,
valid measured parameters and appropriate sampling
and statistical analyses. After more than two years of
work involving about 50 experts from all specific areas
including organic agriculture, a final consensus report
was issued in the French language in 2003 (AFSSA,
2003). The present review paper is a summary of this
report including some updating and some more per-
sonal suggestions.

In all circumstances, organic agriculture is first
defined as by the European Union regulation
(CCE/2092/91 and CE/1804/99) and secondly
by the French regulation for animal productions.
To summarize, the main characteristics of the organic
agriculture production system are respect for the
environment and animals, promotion of sustainable
cropping methods, use of non-chemical fertilizers
and pest/disease/weed control means, production
of high-quality foodstuffs and no use of genetically
modified (GM) crops.

The limit of such an evaluation is the insuffi-
cient number of studies published in this area. For
some aspects, the available studies allow one to reveal
some trend or conclusion. In some others, too lim-
ited information of sufficient quality hinders any sound
assessment.

In the first part of this review, the nutritional
value of organic food will be described compara-
tively with that of conventional food. This includes
the dry matter contents of fruit and vegetables,
macronutrients, minerals and vitamins in various staple
foods, and phyto-microconstituants, especially anti-
oxidants. In the second part, sanitary properties of
organic foodstuffs will be reported. Contaminations
by pathogenic microorganisms, phytochemical con-
taminants or mycotoxins, and nitrate levels are re-
ported. In the Conclusion, the main data obtained are
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discussed in the context of sustainable agriculture de-
velopment, with some specific suggestions for further
improving food quality.

2 Nutritional Quality of Organic
Foodstuffs

2.1 Dry Matter Content

The available data mostly refer to vegetables and fruit.
For leafy vegetables as well as root vegetables and
tubers, a trend for higher dry matter contents in or-
ganic foodstuffs has been found while no significant
difference has been identified for fruit vegetables and
fruit (Woése et al., 1997; Bourn and Prescott, 2002;
AFSSA, 2003).

2.2 Macronutrient Contents

Data regarding the levels of starch and carbohydrates
in organic food are too limited to allow any conclusion.

For protein levels, it has been reported that
organically-grown cereals, especially wheat, can have
comparable protein levels with conventional ones
(Shier et al., 1984) but generally have somewhat lower
levels of protein than the conventional ones (Woése
et al., 1997). Nonetheless, it is noteworthy that the
cultivars selected by organic farmers are mostly high-
protein ones (e.g. for bread-making) and that opti-
mized fertilization practices can maintain reasonably
high protein levels. Moreover, a 25-30% increase in ly-
sine has been reported in organic wheat (Wolfson and
Shearer, 1981; Brandt et al., 2000). Comparative stud-
ies performed on hen eggs (Kouba et al., 2002) and
raw cow’s milk (Toledo et al., 2002) did not show any
noticeable difference in protein levels.

For lipids, few studies have compared the total lipid
content of beef, pork or chicken meat (Pastsshenko
et al., 2000; Hansson et al., 2000; Honikel, 1998;
Fischer, 2001; Castellini et al., 2002). It is ac-
knowledged that meat from cows and sheep con-
tains less fat when animals are fed with grass rather
than concentrate. In that line, a study conducted
in Sweden showed that organically-bred cows have

more lean meat than their conventional counter-
parts (Hansson et al., 2000). This was not found in
pigs (Sundrum et al., 2000). More qualitatively, feed-
ing cows with grass compared with concentrate led
to a four-fold higher muscle content of linolenic acid,
a recommended essential fatty acid of the n-3 se-
ries, with a concomitant decrease in oleic and linoleic
acids (Nuernberg et al., 2002). Meat from organically-
grown cows has more polyunsaturated fatty acids
(Pastsshenko et al., 2000). Castellini et al. (2002)
showed that chickens of the same strain raised under an
organic husbandry system have meat containing two-
to three-fold less abdominal fat with 2-3 times less fat
in the filet and 1.8 times less fat in the leg. Moreover,
the n—3 fatty acid content in the filet was significantly
higher with no difference for saturated fatty acids.

The total milk fat was not overall different, while
some studies highlighted the higher levels of polyun-
saturated fatty acids (Lund, 1991). Clearly, cow diet
is a determinant of tissue and milk fatty acid levels,
grazing or ingesting silages modulating the levels of
polyunsaturated fatty acids as well as trans-fatty acids
and conjugated linoleic acid (Ferlay et al., 2000).

A single study has shown that organic virgin olive
oil has a higher oleic acid level (Gutierrez et al., 1999).

2.3 Mineral Contents

The most important mineral elements are calcium
(Ca), magnesium (Mg), potassium (K), iron (Fe), zinc
(Zn), copper (Cu), manganese (Mn), selenium (Se) and
iodine (I). Phosphorus (P) and sodium (Na) are gener-
ally found in sufficient quantity.

Fruit and vegetables. 22 scientific publications were
considered in the AFSSA report (2003). Regarding
fruit, and especially apples, it is noteworthy that the
mineral composition is generally not noticeably al-
tered by the production system. Regarding vegeta-
bles (potato, carrot, beetroot, lettuce, kale, leek, turnip,
onion, celeriac and tomato), a trend has been observed
for higher levels of iron and magnesium expressed on
a fresh matter basis in organic foodstuffs, with no other
marked change.

Cereals. From two long-term fertilization trials, it ap-
pears that the mineral composition (P, K, Ca, Mg, Mn,
Zn, Fe, Cu and Cr ) of cereals is not markedly affected
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by the cropping regime (Miller and Dema, 1958; Morel
et al., 1984). Another study did not show any marked
difference but a trend for higher levels of Ca, Cu and
Zn in organic barley (Alfoldi et al., 1996).

In a recent review (Rembialkowska, 2007), it was
estimated that organic crops overall contain 21% more
iron and 29% more magnesium than their conventional
counterparts.

Animal products. Very limited information is avail-
able. For milk, an evaluation of three different stud-
ies did not allow the identification of a difference due
to the husbandry system. The same conclusion was
reached by Woése et al. (1997) from four comparative
studies performed on meat. Nevertheless, it has been
clearly shown that chickens grown in open fields com-
pared with housing have somewhat higher iron levels
(Castellini et al., 2002).

2.4 Vitamin Contents

The number of studies dedicated to vitamin contents
is limited to some fruits and vegetables and eggs.
Regarding water-soluble vitamins, the most studied
one has been Vitamin C (ascorbic acid), a key vita-
min for which higher daily intakes are recommended.
Studies performed on potato (Fischer and Richter,
1986; Kolbe et al., 1995), tomato (Pither and Hall,
1990; Caris-Veyrat et al., 2004), celeriac (Leclerc et al.,
1991) and kale showed higher vitamin C levels in
organically-grown products. In contrast, no difference
was found during studies in leek, carrot or beetroot.
A study on apple did not show any difference either
(Weibel et al., 2000). Very sparse and inconclusive data
have been published on vitamin B1 and B2 levels.
Fat-soluble vitamin and carotenoid contents have
been the subjects of some studies. A higher vitamin
E level in organic olive oil has been found in one
study (Gutierrez et al., 1999). A review by Woése et al.
(1997) related 27 studies reporting on B-carotene levels
in vegetables and no noticeable differences were found
overall between organic and conventional foodstuffs.
Brandt and Molgaard (2001) reported a positive re-
lationship between N-fertilization and B-carotene lev-
els in carrots, while a recent study on organic vs.
conventional tomatoes showed higher contents of -
carotene (Caris-Veyrat et al., 2004). Another report
(Martin et al., 2002) has shown that a grass-rich regi-

men compared with a maize silage or concentrate gen-
erates milk with a higher vitamin E and p-carotene
content.

2.5 Other Phytomicronutrients

Fruit and vegetables contain a large variety of micro-
compounds which are secondary metabolites in plants
such as polyphenols, resveratrol and some non-pro-
vitaminic carotenoids. These compounds have increas-
ingly been shown to have drastic regulatory effects at
cellular level and are thus involved in prevention of
certain diseases such as cancers, chronic inflammation
and other pathologies. Some of them are phytoalexins
which are produced in plants as a response to ex-
ternal stress such as fungal disease. While several
factors can modulate their plant level such as cul-
tivar, maturity, light or temperature, some studies
have compared the levels of some of these phyto-
microcompounds in fruit or vegetables depending on
the cropping system. For phenols and polyphenols,
a majority of studies showed higher levels in or-
ganic foodstuffs such as apple (Lucarini et al., 1999),
peach (Carbonaro et al., 2002), pear (Carbonaro et al.,
2002), potatoes (Hamouz et al., 1999), onion (Ren
et al., 2001), tomato (Mitchell et al., 2007), pep-
per (Pérez-Lopez et al., 2007), orange (Tarozzi et al.,
2006) and olive oil (Gutierrez et al., 1999), while some
others did not show any difference. It has been esti-
mated in a recent review (Rembialkowska, 2007) that
organic plant foods overall contain double the amount
of phenolic compounds. One study reported higher lev-
els of resveratrol in organic wines (Levite et al., 2000).

The median contents of salicylic acid in organic
vegetable soups were significantly higher (117 vs.
20) than in the compared non-organic ones (Bax-
ter et al., 2001). Organically-grown tomatoes also
have a higher salicylic acid content than conventional
ones (Rossi et al., 2008). It is noteworthy that sali-
cylic acid is the active anti-inflammatory compound of
aspirin.

While some better anti-oxidant and anti-
proliferative positive effects on cancer cells have
been observed with organic vs. conventional extracts
(Tarozzi et al., 2006; Olsson et al., 2006) the effects
of chronic diets in humans have yet to be fully
investigated (Grinder-Pedersen et al., 2003).
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Table 1 Key items of nutritional and sanitary value of organic compared with conventional food

Increased contents

Reduced contents

Comparable contents

Dry matter in vegetables

Pesticide residues in all food

Mycotoxins in cereals & milk

(mostly absent)

Some minerals (iron, magnesium) in
vegetables

Anti-oxidants in crops: Vitamin C (potatoes)
Polyphenols in fruit & vegetables, Salicylic
acid in vegetables

Polyunsaturated fatty acids in meat and milk

Most nutrients in wholegrain organic cereals
and derivatives

Nitrates in vegetables

Most minerals in fruit, vegetables
& cereals

Beta-carotene in fruit &
vegetables

Saturated fatty acids in meat
Protein content in grains

Table 1 highlights the key items of nutritional
and sanitary value of organic compared with conven-
tional food.

3 Sanitary Assessment of Organic
Foodstuffs

Risk assessment is a scientific approach aiming at
identifying known hazards and related risks. Contam-
inations by bacteria, viruses, worms, mycotoxins and
agro-chemicals are mainly involved. Not all aspects
have yet been comparatively studied such as hazards
due to viruses or worms. We will therefore take some
relevant examples on other aspects based on more reli-
able information.

3.1 Pathogenic Microorganisms

Plant products. Concern has been raised by the EU
Scientific Committee on Food on the possible contam-
ination of fruit and vegetables by sewage sludges, ani-
mal manures or irrigation waters (SCF, 2002). Indeed,
they can provide pathogenic microorganisms such as
bacteria pathogenic to humans (Strauch, 1991), Liste-
ria monocytogenes (Van Renterghem et al., 1991) or
Salmonella sp. (Warnick et al., 2001). In fact, sewage
sludges are not allowed for use in organic agriculture
and fresh manures are not used as such for fertiliza-
tion but composted for variable periods of time. It has
been shown that the aerobic composting process, in-
cluding a high temperature phase, has the capability of
markedly reducing or fully eliminating the pathogenic
microorganisms initially present such as Salmonella

Enteritidis or E. coli (Lung et al., 2001; Droffner and
Brinton, 1995; Vuorinen and Saharinen, 1997; Tiquia
et al., 1998). This could be less efficient in eliminat-
ing Clostridium botulinum (Bohnel and Lube, 2000).
In addition, when added to the soil, the exogenous bac-
teria are quickly eliminated due to unfavorable condi-
tions (Van Renterghem et al., 1991; Dowe et al., 1997).
In conclusion, it appears that the systematic use of aer-
obic composting is a suitable way to maximize the
hygienic properties of organic fertilizers, and thus to
avoid significant contamination of organic foodstuffs
by pathogenic microorganisms.

Animal products. A survey conducted in Austria
(Zangerl et al., 2000) evaluated the degree of bacterial
contamination of dairy products using two indicators
(E. coli and S. aureus) and did not find different levels
in organic or conventional foodstuffs. Another survey
conducted in France (Echevarria, 2001) in 1997-99
in four different regions also found comparable lev-
els for total bacteria count or butyric microorganisms
in milks produced with the two husbandry systems.
In fact, the limited use of silage in organic husbandry
could be beneficial for reducing the possible contam-
ination of ruminant feed by Listeria monocytogene
E. coli O157s (Herriott et al., 1998). In contrast, a
Danish study reported that about 100% of poultry sam-
ples were contaminated by Campylobacter sp in or-
ganic farms, whereas 36-49% of samples in conven-
tional farms were (Heuer et al., 2001).

To summarize, there is no convincing information
indicating that organic foodstuffs can be differently
contaminated than conventional ones. This is likely the
result of efficient preventive measures. Enteric viruses
from five families (Picornaviridae, Caliciviridae,
Astroviridae, Reoviridae and Adenoviridae) are known
to be harmful to humans but there is a lack of compar-
ative studies on this aspect.
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3.2 Phytochemical Contaminants

The banned use of toxic chemical pesticides, fungi-
cides and herbicides in organic agriculture systems
is clearly a gold standard in terms of protection of
land workers’ health and environment biodiversity
and well-being. Anyway, the question has repeatedly
been raised of the level of contamination of organic
foodstuffs by environmental pollution. Several surveys
have been dedicated to this matter. The SETRABIO
survey (SETRABIO, 2000) was conducted in France in
1993-99 on 15,772 samples of raw or processed food-
stuffs, mostly cereals. 94% of organic samples were
devoid of any contaminant residue while 3.3% only
contained levels clearly above the detection level but
far less than legal maximum levels. During the years, a
trend has been observed for diminishing contamination
levels (i.e. 1.7% in 1998-99 vs. 4.4% in 1993-97). The
French DGAL/COOPAGRI/ESMISAB survey (2001)
was then conducted in 1999-2001 on 1500 samples.
No residue of 78 potential phytochemical contami-
nants was detected.

Another study performed on vegetables and straw-
berries in Sweden did not show any contamination of
organic ones, while 17-50% of conventional ones con-
tained residues (Bourn and Prescott, 2002). Results
from the monitoring of pesticide residues in fruit and
vegetables on the Danish market in 2000-01 found that
only 2.8% of organic samples were contaminated by
pesticide residues, all being below the MRL (Poulsen
and Andersen, 2003). A recent survey conducted in
Italy in the 2002-2005 period on 3500 samples of
food of plant origin concluded that the vast majority
(97.4%) of organic farming products do not contain de-
tectable pesticide residues (Tasiopoulou et al., 2007).

In contrast, it is known that a large proportion of
usual foodstuffs are contaminated by phytochemical
residues. This has clearly been shown by the recent re-
ports by the EU DG SANCO for 2001 and 2005. The
2005 report (DG SANCO, 2007) was based on 62 500
samples collected in EU member states and analyzed
for 706 chemicals. 41% of samples were shown to be
contaminated, with 4.7% of samples with levels above
the legal maximum levels (MRL).

In fact, all these phytochemicals have been fully
or permanently authorized for use and residue levels
considered harmless have been set up on the basis of
available toxicity data. Because these molecules have
a high toxic capacity (including mutagenesis and car-

cinogenesis) and the long-term effects of chronic low-
dose ingestion are not known in humans, the consumer
and scientific concern about possible health damage is
real. The EU REACH project is aimed at better eval-
uating their toxicity and deleting the most risky ones.
In that context, organic products clearly show a real
advantage.

It is worthwhile mentioning that some natural ex-
tracts are used in organic agriculture for pest and dis-
ease control such as pyrethrins, rotenone, copper salts
and sulfur. The first two are quickly degraded in the
fields and no contaminations of foodstuffs have been
observed (Moore et al., 2000). Regarding copper and
sulfur, their use is limited to surface spraying and cop-
per amounts have been progressively reduced. Con-
tamination levels have not been investigated.

3.3 Mycotoxins

Mycotoxins are a large family of toxic molecules
synthetized by molds developing on plants such
as Aspergillus, Penicillium and Fusarium. Most are
highly toxic and heat-resistant and can be transferred
along the alimentary chain from plants to animals
then human food. The most recognized in terms of
public health hazard are aflatoxins, Ochratoxin A
(OTA), Fumonisins, Deoxynivalenol (DON), Patulin
and Zearalenone. Overall, they display strong harm-
ful effects such as immunotoxicity, teratogenesis, em-
bryotoxicity, nephrotoxicity and liver cancerogenesis.
They all have very low legal maximum levels in food
(0.1-2 ppb/kg body weight).

Given the lack of use of chemicals (including chem-
ical fungicides) in organic production, the question
has been raised of a possible high level of contam-
ination of organic productions. Several surveys have
been conducted to test this hypothesis. A study in Ger-
many was conducted on cereals in 1997-98 (Birzele
et al., 2000), indicating that most organic samples were
contaminated by DON and a minority by OTA, but that
conventional samples were comparably contaminated.
A French study searched for contamination of cereals
by several mycotoxins and observed that conventional
ones were frequently contaminated at low levels while
organic ones were less frequently contaminated but at
high levels in a few cases (Malmauret et al., 2002).
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Wheat contamination has also been tested in a con-
trolled DOC trial in Switzerland with mean DON lev-
els of 74 ppb in organic and 109 ppb in conventional
wheat (Kuhn, 1999). A study in Denmark (Jorgensen
et al., 1996) showed a trend for higher mean OTA
levels in organic cereals but with the highest levels
recorded in conventional ones. A recent study showed
that organic wheat was less contaminated by Fusar-
ium and contained less ZEN and DON than conven-
tional wheat: when fed to pigs, the bile samples from
organically-fed pigs contained lower concentrations of
ZEN (Schneweis et al., 2005).

Some other studies have been conducted on wheat
flour, providing comparable or lower levels of my-
cotoxin contamination for organic flour. Finally, pro-
cessed cereal products such as bread, muesli and bis-
cuits have been tested (Parent-Massin et al., 2002).
Overall, almost half of the organic products were found
to be contaminated to variable degrees but no com-
parison was made with conventional ones. When a
comparison was made, lower levels of contamination
were found in organic ones (Usleber et al., 2000).
No marked differences in OTA levels were found in
cereal derivatives in Italy (Biffi et al., 2004) or in
cereal-based baby food (Beretta et al., 2002). Two
studies have observed lower levels of aflatoxin in or-
ganic milks compared with conventional ones (Gravert
etal., 1989; Frank Hansen, 1990), whereas another one
found some high levels in organic milk (Ghidini et al.,
2005). Organic beers collected in Belgium during
2003-2004 were more frequently OTA-contaminated
than their conventional counterparts but this difference
was not found in 2005 (Anselme et al., 2006). Contam-
ination of beers by DON was marginal.

In conclusion, contamination of foodstuffs, espe-
cially cereals, is widespread but at a low level and
an organic or conventional mode of production do not
lead to overall noticeable differences. In fact, the pre-
ventive measures used in organic systems, despite the
non-use of fungicides, appears generally able to main-
tain contamination at a low level.

3.4 Nitrates

Nitrates are a matter of concern for public health
due to their easy transformation into nitrites. Nitrites
are highly reactive molecules capable of i/ compet-

ing with oxygen in blood circulation for binding to
hemoglobin, thus leading to methemoglobinemia and
possible anoxia and, ii/ binding to secondary amines to
generate nitrosamines which are among the most pow-
erful natural cancer-promoting moities. For that rea-
son, maximum daily intakes for nitrates (3.7 mg/kg
body weight) and nitrites (0.07 mg/kg body weight)
have been set up by the FAO/OMS JECFA, along with
a maximum nitrate level in drinking water (50 mg/L).

In the human diet, about 80% of nitrates are pro-
vided by vegetables, while nitrate levels in fruits,
cereals and legumes are very low (French Inventaire
National de la Qualité Alimentaire, 1982; Stopes et al.,
1988; Cornée et al., 1992). Animal products contain
very low levels of nitrates while processed meat can
contain added nitrites as a preservative.

Nitrates are naturally present in plants; they are ab-
sorbed through the roots and further used for amino-
acid synthesis. They can accumulate in plant tissues,
especially in vegetables. Several comparative studies
have been performed on nitrate levels in vegetables.

At the level of a retail shop, we performed a study
on five vegetables in spring and observed signifi-
cantly lower nitrate contents (—28 to —85%) in organic
potato, leek, turnip and salad but not in organic kale
(Lairon et al., 1982). A comparable study performed in
Austria on 17 vegetables found lower nitrate contents
(-40% to —86%) in organic ones except in spinach
(Rauter and Wolkerstorfer, 1982). In Germany, a com-
parison on carrots showed 61% less nitrates in organic
ones (Pommer and Lepschy, 1985).

At farm level, by comparing designated crops on
matched farms, three studies provided interesting data.
We performed one in Provence (Lairon et al., 1985)
and found in the organically-grown samples —39%
nitrates in lettuce, —46% in potato, —22% in carrot and a
higher content in one sample for leek. In Switzerland,
organic lettuces grown over two years contained 2.5
times less nitrates than their conventional counter-
parts in May—June, 1.2 times less in October and
comparable high levels in November (Temperli et al.,
1982; Vogtmann et al., 1984). In contrast, two other
studies performed on tomato in Israel (Basker, 1992)
and carrot in Norway (Hogstad et al., 1997) did not
show noticeable differences.

Fertilization trials have also been designed to
compare the effects of fertilization regimes on nitrate
contents in vegetables. Overall, composts com-
pared with chemical fertilizers lead to lower nitrate
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accumulations in most vegetables such as lettuce,
potato, carrot, turnip, leek, beetroot and spinach (La-
iron et al., 1984a, 1984b; Mider et al., 1993) while an
absence of difference can also be found on a few oc-
casions (Vogtmann et al., 1984). Nitrogen-rich organic
fertilizers can also generate lower nitrate contents,
but when mineralization conditions are very favorable
they can also lead to high nitrate accumulations
(Lairon et al., 1985; Termine et al., 1987). Finally, it is
noteworthy that some natural nitrogen-rich fertilizers
such as Chili sodium nitrate can stimulate nitrate
accumulation in sensitive vegetables (Lairon et al.,
1984b). Indeed, it is clear that the level of nitrate
in vegetables results from nitrogen availability for
roots, temperature, light exposure, and cultivars and
species. The use of organic fertilization with slowly or
moderately available nitrogen (especially composts) is
key to explaining the generally observed lower nitrate
accumulation in organic vegetables.

From the above data, it appears that depending on
seasons, organic vegetables can overall contain at least
30-50% less nitrates than conventional ones. Because
the habitual average level of nitrate intake is in the
range 120-280 mg/d (French Inventaire National de la
Qualité Alimentaire, 1982; Cornée et al., 1992; Stopes
et al., 1988) and close to the maximum daily dose
defined by the FAO/OMS JECFA (i.e. 220 mg/60 kg
person), and a marked increase in vegetable and fruit
consumption is widely recommended (WHO, 2004;
PNNS, 2001), organic vegetables can make this rec-
ommended increase safer regarding the nitrate issue.

4 Conclusion

The present review based on available scientific litera-
ture highlights that organic plant products tend to have
more dry matter, some minerals (Fe, Mg) and anti-
oxidant micronutrients (phenols, resveratrol) while
animal organic products have more polyunsaturated
fatty acids. Regarding safety issues, the vast majority
(94-100%) of organic food does not contain any pesti-
cide residues, organic vegetables contain markedly less
nitrates (about half) and organic cereals contain over-
all comparable levels of mycotoxins with conventional
ones. The conclusions of this new review are in line
with those of most reviews published on this matter.

This critical literature review indicates that organic
agriculture, as developed until now, has the potential to
produce high-quality products with some relevant im-
provements in terms of contents of anti-oxidant phy-
tomicronutrients, nitrate accumulation in vegetables
and toxic phytochemical residue levels.

After decades of smooth increase in organic produc-
tion, a sharp rise in consumer demand and producer
awareness is occurring now. The nutritional and toxi-
cological data I reported here should encourage such
a new trend. Indeed, I think that organic agricultural
systems, recently recognized as highly efficient and
sustainable ones (El-Hage Scialabba, 2007), are now
facing the challenge of turning from a “niche” into a
potential long-term worldwide impact. This implies a
global development strategy for a sustainable organic
food chain as summarized in Table 2. To successfully

Table 2 Key aspects of a sustainable organic food chain

Agricultural Food Food access Food Consumer
management production and security quality attitude
Soil fertility Reliable Fair trade High sensory
management certification value Confidence
Preventive crop High nutrient Appropriate
protection Sustained Local food content awareness
optimal access and demand
Animal welfare yields Controlled
pathogens
Environment Low inputs Optimized Health
and biodiversity supply No pesticide protection
protection chain residues
Farmer Sufficient Affordable Sustained
well-being income retail price well-being
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achieve this goal new and significant support for the
development of these sustainable systems should be
raised. For instance, raising new cultivars and crops
suited to low-input systems and more resistant to dis-
eases, along with optimized nutrition value, is one of
the biggest challenges for future sustainable agricul-
ture worldwide. This may be performed in the context
of sustained biodiversity rather than GM productions,
which are not allowed in organic/ecological farming
systems. Regarding nutritional aspects, I suggest that
several research lines are developed in the near fu-
ture to improve sustainable food production systems
such as increasing the levels of dry matter in food-
stuffs to optimize nutrient density and intakes, in-
creasing the levels of recommended n-3 fatty acids
and lower saturated ones, increasing levels of limit-
ing minerals, vitamins and anti-oxidants, improving
the taste and flavor of fruit and vegetables to stimulate
awareness, developing the use of wholemeal/partly-
refined cereal flours rich in fibers and nutrients and the
sourdough fermentation process for optimized nutri-
tional efficiency, further limiting accumulation of ni-
trates in vegetables and mycotoxins in cereal prod-
ucts, and improving producers’, consumers’ and stake-
holders’ knowledge in the food production-diet-health
chain.
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and Cakmak, 2005). Although vegetables constitute
the main source of minerals in the human diet, crops
do not always contain sufficient amounts of these es-
sential nutrients to meet dietary requirements (Welch
et al., 1997). Elements that might enhance growth or
that have a function in some plants (not in all plants)
are referred to as beneficial elements. Concerning min-
eral nutrients, deficiencies, including those of Ca, Zn,
Se, Fe and I, are almost certainly impairing the health
and productivity of a large number of people in the
developing world, especially poor women, infants and
children (Graham et al., 2001). However, an excessive
intake of minerals may also have a deleterious effect
on the systemic physiology, that has led researchers
in the last few years to acquire accurate data on the
minimum requirements and toxic dosages of the min-
erals present in food. The level of minerals in vegeta-
bles depends on a number of factors including genetic
properties of the crop species, climatic conditions, soil
characteristics and the degree of maturity of the plant
at the moment of harvesting.

Fig. 1 Agricultural practices and environmental stresses affect-
ing mineral composition in vegetables and fruits

Consideration of the environmental consequences
and soil fertility practices are an essential component
of the research in plant nutrition. Thus, some plant nu-
trients, such as potassium and sodium, are involved in
plant responses to salt and water stress. Also, recom-
mendations for amounts and application of fertilisers
are continually modified to optimise the quality of the
food production (Fig. 1).

2 Minerals in Foods of Plant Origin:
Their Role in Human Health

Before attempting to modify the nutritional compo-
nents in plants destined for human foods, careful con-
sideration must be made in selection of minerals, their
efficacy, and whether low or high dietary intake could
have unintended negative health consequences. For se-
lected mineral targets, the clinical and epidemiological
evidence clearly plays a significant role in mainte-
nance of optimal health, and they are limited in the
diet worldwide (Lachance, 1998). In the following, we
summarise the effect that essential or beneficial min-
eral nutrients have on human health.

2.1 Calcium

The concentration of calcium (Ca) in foods of plant
origin shows a wide range of variation. The lower
values belong to apples (Malus domestica), green
pepper (Capsicum annuum) and potatoes (Solanum
tuberosum) (<8.7 mg/100 g) and higher values are
present in broccoli (Brassica oleracea L. var.italica)
(100 mg/100 g) and spinach (Spinacia oleracea)
(600 mg/100 g). Data on the mineral content of foods
are important and should be considered when recom-
mending the daily intake of minerals, as the Recom-
mended Daily Allowance (RDA) for these nutrients
is set out in the wide range of 800-1300 mg/day
(http://www.anyvitamins.com/rda.htm). Calcium is an
essential mineral for human health, participating in the
biological functions of several tissues (musculoskele-
tal, nervous and cardiac system, bones and teeth, and
parathyroid gland). In addition, Ca may act as a co-
factor in enzyme reactions (fatty acid oxidation, mi-
tochondrial carrier for ATP, etc.) and it is involved
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in the maintenance of the mineral homeostasis and
physiological performance in general (Theobald, 2005;
Huskisson et al., 2007; Morgan, 2008; Williams,
2008). Recent reports showed the unequivocal role
of Ca as a second messenger (Morgan, 2008). With
respect to disease prevention, Ca intake moderately
reduces the risk of colon cancer (Pele et al., 2007;
Peters et al., 2004). An increase in Ca intake during
pregnancy is recommended to prevent risk of pre-
eclampsia (Peters et al., 2004). Several studies have
shown an association between suboptimal Ca intake
and osteoporosis, hypercholesterolemia and high blood
pressure (Unal et al., 2007). Although Ca levels un-
dergo homeostatic controls to avoid an excessive accu-
mulation in blood or tissues, there are a number of con-
ditions that result in an excess of Ca within the body
because of a failure in the control mechanisms: hy-
percalcaemia may occur as a result of either increased
mobilisation of Ca from bone, or increased tubular
reabsorption or decreased glomerular filtration in the
kidneys, and less frequently, as the result of an increase
in the dietary intake (Theobald, 2005).

2.2 Magnesium

Magnesium (Mg) has a strong presence in vegetable
foods and also shows a critical role in the mainte-
nance of human health through the diet. Vegetables
and fruits contain, in general, Mg?>* in the range of
5.5-191 mg/100 g fresh weight; and the recommended
daily intake is 200-400 mg (http://www.anyvitamins.
com/rda.htm). This essential mineral acts as a Ca an-
tagonist on vascular smooth muscle tone and on post-
receptor insulin signalling. It has also been related to
energy metabolism, release of neurotransmitters and
endothelial cell functions (Bo and Pisu, 2008). In addi-
tion, Mg participates with muscle and nerve excitabil-
ity, as a cofactor of up to 300 enzymes (Huskisson
et al., 2007). Magnesium deficiency is related to age-
ing and age-related disorders, mainly as a consequence
of deficient intake in the diet (Durlach et al., 1998;
Killilea and Maier, 2008). Recent findings showed
that an increase in the intake of this mineral helps
to protect people from the incidence of chronic dis-
eases such as diabetes, metabolic syndrome, hyper-
tension and several cardiovascular conditions (Bo and
Pisu, 2008), where a low-Mg diet may contribute to
insulin resistance, especially when this deficiency is

combined with a high-fructose diet. Moreover, reduced
Mg intake is linked to inflammatory response as a re-
sult of modulation of the intracellular-Ca concentration
(Ahokas et al., 2005; Rayssiguier et al., 2006). Mag-
nesium toxic effects are not frequent, the most com-
mon side effects of an excessive intake of this min-
eral being headache, nausea, hypotension and unspe-
cific bone and abdominal pain (Guerrero-Romero and
Rodriguez-Moran, 2005).

2.3 Potassium

Foods of plant origin have potassium (K) contents
of 20 to 730 mg/100 g fresh weight, although some
plants such as ‘Idaho’ potatoes (S. tuberosum), banana
(Musa spp.) and avocado (Persea americana) may all
present high K contents (>700 mg/100 g fresh weight).
Seeds and nuts are rich in K, showing values sig-
nificantly higher than those mentioned above, up to
2240 mg/100 g. The recommended intake for this min-
eral is 3500 mg per day (http://www.anyvitamins.com/
rda.htm). Potassium plays a role in the maintenance of
the balance of the physical fluid system and assisting
nerve functions through its role in the transmittance of
nerve impulses. It is also related to heart activity mus-
cle contraction (Rosenthal and Gilly, 2003; Schwarz
and Bauer, 2004; Ko et al., 2008; Lambert et al., 2008;
Sobotka et al., 2008). However, K requirements are
also dependent on the physiological or pathological
moment. A deficiency may result in fatigue, cramp-
ing legs, muscle weakness, slow reflexes, acne, dry
skin, mood changes and irregular heartbeat. Moreover,
a reduced level of K produces alkalosis, which makes
the kidney less able to retain this mineral. Excessive K
can be toxic systemically when associated with hyper-
kaelemia in a catabolic state accompanied by oliguria
(secondary to kidney failure) (Sobotka et al., 2008).

2.4 Sodium

Raw vegetables and fruit juices contain relatively
low levels of sodium (Na) in the range of 2.28 to
94.0 mg/100 g and from 0.04 to 277 mg/100 g,
respectively (Szefer and Grembecka, 2007). The role
of Na in human physiology is related to the main-
tenance of the balance of physiological fluids (blood
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pressure, kidney function, nerve and muscle functions)
(Sobotka et al., 2008; Hall, 2003; Hall et al., 1999;
French and Zamponi, 2005). The recommended daily
intake for Na is 2400 mg (http://www.anyvitamins.
com/rda.htm). A deficiency is rare, but it can happen in
cases of diarrhoea, vomiting or excessive sweating, and
a shortage may lead to nausea, dizziness, poor concen-
tration and muscle weakness, etc. (Smith et al., 2000;
Soupart and Decaux, 1996). Excessive Na may be due
to an increase in absorption or a secondary condition to
kidney alteration, causing high blood pressure and neu-
rological complications (Hall, 2003; Hall et al., 1999;
Agrawal et al., 2008; Kahn, 2008). Excessive long-
term use of Na may also cause a secondary loss of Ca.

2.5 Phosphorus

Phosphorus (P) is present in vegetables in the range of
16.2-437 mg/100 g. The lowest content of P is shown
in fruits, which are in the range 9.9-94.3 mg/100 g
(Szefer and Grembecka, 2007). The phosphorus daily
recommended intake is 800-1300 mg (http://www.
anyvitamins.com/rda.htm). Phosphate (POi_) is re-
quired to produce ATP, GTP and CP as energetic sub-
stances and to regulate the activity of a number of pro-
teins by means of phosphorylation reactions (Sobotka
et al., 2008). Phosphorus is closely related to Ca
homeostasis and also related to bone and teeth for-
mation and the majority of the metabolic actions in
the body, including kidney functioning, cell growth
and the contraction of the heart muscle (Theobald,
2005; Szefer and Grembecka, 2007; Renkema et al.,
2008). Deficiency of this element is unusual but symp-
toms are described as painful bones, irregular breath-
ing, fatigue, anxiety, numbness, skin sensitivity and
changes in body weight. If Ca supply is also deficient,
then the condition may become severe because of in-
creased risks of high blood pressure and bowel cancer.
Ingesting dosages of P exceeding 3—4 g/day may be
harmful as it can interfere with Ca absorption (Ghosh
and Joshi, 2008; Moe, 2008).

2.6 Chromium

The concentration of chromium (Cr) generally ranges
from 4 x 107> to 6 x 1073 mg/100 g in vegetables

and 0.005 to 0.018 mg/100 g in fruits (Szefer and
Grembecka, 2007). A RDA for Cr is not well de-
fined, but it is considered to be between 25-35 pg/day,
fruits and vegetables being the major dietary con-
tributors of Cr intake (http://www.anyvitamins.com/
rda.htm). Because of its ‘micronutrient’ characteris-
tics, it is difficult to differentiate its content in foods
from improper food contaminations (Lukaski, 2004).
It is well accepted that Cr is essential for normal
blood glucose and lipid metabolism and an insulin-
coadjuvant (Huskisson et al., 2007; Lukaski, 2004;
Shenkin, 2008). Other biochemical actions for Cr such
as involvement in gene expression, energy production,
lipoprotein or lipid synthesis and metabolism regula-
tion have been also described (Shenkin, 2008). De-
ficiencies in Cr are accompanied by glucose intoler-
ance, weight loss and peripheral neuropathy (Shenkin,
2008). Moreover, low Cr levels may increase the
risk of cardiovascular diseases (Thomas and Grop-
per, 1996). Chromium is not easily absorbed and
shows low levels in the organism, explaining the ab-
sence of data on its toxicity. However, high doses of
Cr have been related to chromosomal damage, alter-
ations in the kidney and liver, and metallic-mineral
disorders (Guerrero-Romero and Rodriguez-Morén,
2005).

2.7 Cobalt

There are not many data on levels of cobalt (Co) in
foods of plant origin in the scientific literature. The
available data showed low levels of this micronutri-
ent, often under 0.001 mg/100 g, with the lowest levels
observed in vegetables (Szefer and Grembecka, 2007).
The RDA for Co has been defined at around 300 micro-
grams (http://www.anyvitamins.com/rda.htm). Cobalt
is required in the haematopoiesis of red blood cells
and in preventing anaemia (Narasinga Rao, 2003). Its
function is closely related to the physiological role
of vitamin B12 in the production and maintenance of
red blood cells. Moreover, Co stimulates appetite, and
promotes growth and energy release (Krautler, 2005;
Mertz, 1981). Excessive intake of Co may damage the
heart muscles, elevate the haemoglobin concentration,
cause congestive heart failure and may cause damage
to the thyroid gland, reducing its activity (Barceloux
etal., 1999).
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2.8 Copper

Low levels of copper (Cu) have been described in
vegetables, ranging from 0.004 to 0.24 mg/100 g,
except legumes, that can be up to 0.5 mg/100 g.
Fruits contain small amounts of Cu, ranging from
0.01 to 0.24 mg/100 g (Szefer and Grembecka, 2007).
The RDA of Cu ranges between 1.0 and 1.6 mg per
day (http://www.anyvitamins.com/rda.htm). Copper
primary functions are related to enzyme function
including Phase-I detoxifying enzymes (i.e., the
cytochrome C oxidase family of enzymes) (Huskisson
et al., 2007; Guerrero-Romero and Rodriguez-Moran,
2005; Shenkin, 2008). In addition, Cu is also nec-
essary for the development of connective tissue and
nerve coverings (myelin sheath) (Guerrero-Romero
and Rodriguez-Mordn, 2005; Shenkin, 2008) and
also participates in the Fe metabolism (Huskisson
et al., 2007; Guerrero-Romero and Rodriguez-
Moran, 2005). Copper may be accumulated in the
adult body (liver and brain) up to a limit of 80 mg
(Guerrero-Romero and Rodriguez-Mordn, 2005),
supporting deficient dietary intake, without inducing
clinical symptoms of toxicity for a short period of
time. Cu deficiency is not frequent in humans, al-
though it can cause several haematological symptoms
such as normocytic, hypochromic anaemia, leucopenia
and neuropenia, and skeletal disturbances (Huskisson
et al., 2007; Guerrero-Romero and Rodriguez-Mordn,
2005). Toxic levels of Cu have been related to
liver damage in chronic intoxication and gastroin-
testinal effects with cramps, nausea, diarrhoea and
vomiting in acute episodes (Guerrero-Romero and
Rodriguez-Moran, 2005).

2.9 Iron

Iron (Fe) contents in vegetables and fruits are low,
varying from 0.13 to 3.01 mg/100 g. The iron in foods
of plant origin is mostly present in the form of insol-
uble complexes of Fe3™ with phytic acid, phosphates,
oxalates and carbonates. However, the bioavailability
of the Fe present in foods is less than 8%. Nuts and
cocoa powder may be a good source of Fe (16.1 and
25.8 mg/100 g, respectively; Szefer and Grembecka,
2007; http://www.anyvitamins.com/rda.htm). The rec-
ommended intake of iron is 8—18 mg per day (http://

www.anyvitamins.com/rda.htm). The major function
of Fe is related to the synthesis of haemoglobin and
myoglobin (Huskisson et al., 2007; Guerrero-Romero
and Rodriguez-Moran, 2005; Shenkin, 2008). It is
also required for energy production. The first reason
for Fe deficiency is inadequate Fe intake (Lukaski,
2004). Severe Fe deficiency results in hypochromic
anaemia (Huskisson et al., 2007; Guerrero-Romero
and Rodriguez-Mordan, 2005). Toxic levels of Fe in the
body may be a consequence of genetic or metabolic
disorders, frequent blood transfusions or excessive
intake. An excess of Fe over a long period could result
in liver and heart damage, diabetes, and skin changes
(Fraga and Oteiza, 2002).

2.10 Manganese

Fruits and vegetables are also characterised by a
low content of manganese (Mn). Vegetables contain
Mn in the range 0.01-0.078 mgh/100 g and fruits
0.01-0.66 mg/100 g (Szefer and Grembecka, 2007).
The recommended intake of Mn is 2 mg/day (http:/
www.anyvitamins.com/rda.htm), and its main phys-
iological function is being an enzyme cofactor in-
volved in antioxidant reactions related to the glu-
cose metabolism (metabolism of carbohydrates and
gluconeogenesis; Huskisson et al., 2007; Guerrero-
Romero and Rodriguez-Mordn, 2005; Shenkin, 2008).
Deficiencies in Mn are extremely rare but have
shown a reduction in cholesterol, red blood cells
and mucopolysaccharide abnormalities. Under ex-
perimental conditions signs of a scaly rash and
low levels of plasma cholesterol have been ob-
served (Shenkin, 2008). An excess of Mn produces
a toxic effect in the brain, causing a Parkinson-like
syndrome (Guerrero-Romero and Rodriguez-Moran,
2005; Shenkin, 2008).

2.11 Molybdenum

Molybdenum (Mo) is present in plant-based foods,
normally at low levels. However, certain foods may
concentrate extremely high levels of Mo. The range
of variation between foods is very wide (from 1 x
107° mg/100 g in wine to 0.15 mg/100 g in peas).
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Canned vegetables contain up to 0.03 mg/100 g (Sze-
fer and Grembecka, 2007). Doses <250 g are con-
sidered safe (http://www.anyvitamins.com/rda.htm).
Molybdenum function is related to the turnover of
amino acids and purine metabolism, assisting in the
elimination of secondary dangerous compounds (ni-
trosamines). Furthermore, Mo is a cofactor for oxidant
enzymes, especially sulphite oxidase and xanthine ox-
idase (Shenkin, 2008). A Mo deficiency constitutes a
hereditary metabolic disorder characterised by severe
neurodegeneration, resulting in early childhood death
(Schwartz, 2005). Toxic quantities and excess of Mo
may interfere with the metabolism of Co and might
give symptoms of anaemia and slow growth (Xiao-Yun
et al., 2006).

2.12 Nickel

Vegetables usually present nickel (Ni) levels in the
range of 5 x 10™* to 0.28 mg/100 g, and fruits between
<0.004 and 0.05 mg/100 g (Szefer and Grembecka,
2007). The recommended daily intake of Ni is in the
range of 302-735 g (Roychowdhury et al., 2003).

2.13 Selenium

The concentration of selenium (Se) ranges from 1074
to 0.06 mg/100 g in foods of plant origin (Szefer
and Grembecka, 2007). Seventy micrograms per day
is taken as the required dosage for this micronutri-
ent (http://www.anyvitamins.com/rda.htm). Selenium
is an essential component of selenoproteins, which are
implicated in antioxidant reactions (Guerrero-Romero
and Rodriguez-Mordn, 2005). In addition, although Se
functions are not fully known, it seems that it also
presents activity related to thyroid and immune sys-
tem functions through its intervention (Shenkin, 2008).
Selenium is associated with marked reductions in risks
of several types of cancer (Combs, 2004) and its defi-
ciency may contribute to heart disease, hypothyroidism
and deficiencies in the immune system (Guerrero-
Romero and Rodriguez-Morédn, 2005; Combs, 2000;
Zimmermann and Kohrle, 2002). An excess of Se
has been related to several symptoms including: gas-
trointestinal upset, hair loss, fatigue and mild nerve

damage. However, Se toxicity is not frequent and is
related to accidental exposures (Guerrero-Romero and
Rodriguez-Mordan, 2005).

2.14 Zinc

The concentration of zinc (Zn) in plant-based foods
generally varies from 0.05 to 11.8 mg/100 g.
The lower levels of Zn are found in fresh fruits
(0.02-0.61 mg/100 g). Fruit juices and beverages
are characterised by low levels of Zn ranging
from 0.01-0.27 mg/100 g (Szefer and Grembecka,
2007). Recommended daily Zn consumption ranges
from 8-11 mg (http://www.anyvitamins.com/rda.htm;
Lukaski, 2004). It is required for the structure and ac-
tivity of more than 100 enzymes (Huskisson et al.,
2007; Guerrero-Romero and Rodriguez-Moran, 2005;
Shenkin, 2008), for the synthesis of nucleic acids and
proteins, for cellular differentiation, and for glucose
use and insulin secretion (Lukaski, 2004). This min-
eral takes part in the Zn fingers associated with DNA,
haemoglobin, myoglobin and cytochromes (Guerrero-
Romero and Rodriguez-Mordn, 2005; Shenkin, 2008).
The bioavailability of Zn is reduced by the presence
of large amounts of other elements such as Fe or Cu
(Shenkin, 2008). Zn deficiency is relatively frequent
and well characterised, and the absence of Zn nega-
tively affects the immune system efficacy, and the sen-
sibility of taste and smell senses, and impairs DNA
synthesis (Guerrero-Romero and Rodriguez-Moran,
2005; Shenkin, 2008). It has also been described that
Zn deficiency produces hair loss and hypochromic
anaemia (Shenkin, 2008). Zn toxicity shows both acute
and chronic effects. Intakes of 150-450 mg per day
over an extended period of time have been associ-
ated with poor Cu levels, altered Fe and immune func-
tions, and reduced levels of HDL (Guerrero-Romero
and Rodriguez-Mordn, 2005; Hamilton et al., 2001).

3 Environmental Stress Affecting Plant
Mineral Content

Abiotic stresses such as high salt levels, low water
availability and extreme temperatures can severely
modify the mineral and nutritive quality of the crops


http://www.anyvitamins.com/rda.htm
http://www.anyvitamins.com/rda.htm
http://www.anyvitamins.com/rda.htm

Minerals in Plant Food: Effect of Agricultural Practices and Role in Human Health

117

for human consumption. These types of external
stresses are becoming increasingly important because
of the global reduction in the availability of water re-
sources of good quality for irrigation, which indeed is
affecting the plant mineral status and consequently, the
nutritional quality of a given cultivar. To date, the re-
ports have mainly studied the influence of environmen-
tal stresses on the carbohydrates (sugars), amino acids
or antioxidant production of vegetables and fruits, and
most investigations have been focused on salinity as
the main abiotic stress. However, there is limited in-
formation about the influence of general abiotic fac-
tors on the mineral content of plant-based foods and
food products as a bioindication of the food nutritive
value and quality. In general, the mineral nutrient con-
tents change when external conditions affect the plant
growth (i.e., environmental stress) and there is a re-
duced plant growth and reduced biomass at harvest, ac-
companied by less dilution of nutrients on a dry mass
basis (Fig. 2).

3.1 Salinity

The use of saline water for irrigation may affect the
mineral composition of plants and, therefore, the fruit
quality. In a saline environment, ion homeostasis can
be disturbed by excessive uptake of Na™ and CI™.
Competition between these and further anions and
cations has been well documented over the last 20
years (Sharpley et al., 1992; Lopez and Satti, 1996;
De Pascale et al., 2005). Thus, in general, salinity re-
duces phosphate uptake and accumulation in crops as

well as Ca>" soil bioavailability and transport, which
affects the quality of both vegetative and reproductive
organs including fruits and edible parts of the plants.
In addition, Na™ and CI~ ions may reduce K* and
NO; uptake, respectively (Grattan and Grieve, 1999).
Under saline stress, a reduction in NO3 content has
been observed in edible florets of broccoli (Brassica
oleracea var. italica) and in tomato (Solanum lycop-
ersicon) (Lopez-Berenguer et al., 2009) and although
the reports on the effect of nitrate on human health are
still conflicting, its reduction in foods could add a nu-
tritional value to the cultivar of interest (Anjana and
Igbal, 2007). Also, in these reports, concentrations of
Na*t and CI~ were higher in the leaves than in the
florets, in agreement with the fact that under saline
stress plants attempt to minimise the concentration of
toxic ions in their reproductive organs (Hachicha et al.,
2000). However, Del Amor et al. (2001) found that in
tomato fruits, total anion CI™ and NO3 concentrations
increased by 11% as the salinity level increased from 2
to 8 dS-m™"! but fruit KT, Na™, Ca>* and Mg?* con-
tents were reduced significantly by salinity levels. In-
teractions between salinity and fertilisation have been
described and concentrations of P, KT, Mg?*, Cu and
Zn significantly decreased at high salinity and when
urea was used as a nitrogen source. In this case, the to-
tal nitrogen concentration was not affected. Other stud-
ies on tomato and salinity showed that fruit Ca’>" was
also decreased by salinity or NH;", with the negative
effect of NHZ’ being higher than the effect of salinity
(Flores et al., 2003).

On the other hand, saline stress is a condition that
may cause a combination of complex interactions af-
fecting the plant metabolism or the inner nutritional
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Fig. 2 Greenhouse experiment evaluating environmental stresses (salinity and drought) in horticultural crops
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requirements, but little information on the distribution
of essential minerals in plants for foods grown under
salinity has yet been published. Moreover, the effects
of salinity on mineral contents are often equivocal de-
pending on the species or cultivar and the specific plant
organ (De Pascale et al., 2005). On this subject, it has
been reported that salinity can originate stimulatory as
well as inhibitory effects on the uptake of some mi-
cronutrients by crop plants. Thus, as recently observed
in two strawberry cultivars under salt stress, the min-
eral status of the berries was improved (increased Na™
and C1™ , as well as N and P contents), but a different
response was detected for K+ and Zn, which remained
unaffected in the less-sensitive cultivar, and rose in the
sensitive cultivar (Keutgen and Pawelzik, 2008).

The uptake of Fe, Mn, Zn and Cu generally in-
creases in crop plants under salinity stress (Alam,
1994). However, the detrimental effects of NaCl stress
on the nutrition of bean plants reflected differences
in distinct plant organs and showed higher concen-
trations of C1~ and Mn in roots, Cl1~, Fe and Mn in
leaves, and C1™ and Fe in fruits (Carbonell-Barrachina
etal., 1998). Therefore, when applying moderate salin-
ity levels for quality improvement, it iS necessary to
consider changes in the pool of mineral nutrients de-
pending on the sensitivity of the cultivar and differ-
ences in mineral accumulation in the plant organs in
order to avoid negative effects of the treatment.

In the fruits of courgette plants (Cucurbita pepo
L. var. Moschata) an 80 mM NaCl treatment im-
proved yield and fruit quality (Villora et al., 1999) and
significantly increased the concentrations of micronu-
trients (Fe and Zn mainly) in the edible part of this
crop (Villora et al., 2000). In addition, the concen-
trations of total Mn and total extractable Fe, Cu and
Zn followed no linear pattern in response to the in-
creased NaCl concentrations. These results for cour-
gette contrast with findings for tomato, squash and
green beans, in which the level of each microelement
reportedly fluctuates with salinity, perhaps due in part
not only to the salt treatments but also largely to the
type of crop and the cultivar used in each experiment
(Grattan and Grieve, 1999). In a recent report, Ca’*,
Mg?T, Kt and Mn contents decreased in the hot pep-
per fruits of a sensitive cultivar of Capsicum annuum
L. as NaCl concentration increased (Ramirez-Serrano
et al., 2008). Some studies on salinity in grafted plants
of a “Star Ruby” grapefruit scion on two rootstocks,
“Cleopatra” mandarin and “Carrizo” citrange, showed

that fruits from saline treatment on “Carrizo” had C1™
and NaT concentrations (2,87 and 1,6 times higher,
respectively) than fruits from no saline treatments.
Moreover, in the first harvesting, salinity increased Kt
concentration in the juice of fruits from trees grafted
on “Carrizo” and treatments with 30 mM of NaCl de-
creased Ca®™ concentration in fruits from trees grafted
with both rootstocks. However, salinity had no major
effect on juice K™ concentration on the second har-
vesting date or on juice Mg?" concentration at both
sampling times (Garcia-Sdnchez et al., 2003).

Plants respond to environmental stress by synthe-
sising signalling molecules that activate a range of
signal transduction pathways. Several such signalling
molecules have been identified in plants such as Ca,
jasmonic acid (JA), ethylene (C,Hy4) and salicylic acid
(SA) derivatives. However, the effect of signalling
molecules applied externally under stressful conditions
(saline treatments) on the plant mineral uptake is not
fully understood or well documented. Positive effects
of SA on the ion uptake, and inhibitory effects on Na™
and CI™ uptake have been described for maize plants
under salinity (Gunes et al., 2007). Similar effects of
SA on the Nat, K*, Ca’>" and Mg?* contents in
wheat plants grown under salinity have been described
(Al-Hakimi and Hamada, 2001).

In addition to its role as a cellular messenger, ef-
fects of Ca®t on integrity of membranes, rigidity of
the cell wall, and maintenance of cell-to-cell contact
are reported. Supplemental Ca?" has been successful
in improving crop quality due to the correction of Ca?™
deficiencies induced by Nat. Under osmotic stress,
the distribution of Ca®" to the distal end of fruits is
decreased, leading to a local deficiency of Ca’>* that
causes rotting at the distal end of fruits known as blos-
som end rot (BER) (Ho et al., 1993; Saure, 2001;
Guichard et al., 2001). However, BER is known to be
affected not only by one factor, but also by interactions
between water availability, salinity and nutrient ratios
in the root zone, and the product of average daily solar
radiation and air temperature, root temperature and air
humidity (Adams and Ho, 1993; Ehret and Ho, 1986).
In apples, it has also been observed that low Ca con-
tents are associated with bitter pit disease (Fukumoto
et al., 1987) or pit breakdown (Tomala and Dilley,
1990).

In general, salinity influences the uptake and trans-
port of other ions by the plant and such antagonism
could occur between Nat and Ca®*, K or Mg?*
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and between CI™ and NOj3. These effects may be in-
volved in the occurrence of nutritional disorders in
plant tissues, affecting food quality.

3.2 Drought

Limited water supply in many areas of the world, espe-
cially in arid and semiarid regions, is a major problem
in irrigated agriculture. In recent years, it has become
clear that the maintenance of a slight water deficit can
improve the partitioning of carbohydrates to reproduc-
tive structures such as fruit and also control excessive
vegetative growth (Chalmers et al., 1981). This is
called “regulated deficit irrigation”, consisting of irri-
gation input being removed or reduced for specific pe-
riods during the growth cycle of crops (Chalmers et al.,
1986). This technique results in more efficient use of
irrigation water and often improves product quality
(Turner, 2001). Rouphael et al. (2008) showed that us-
ing three different levels of irrigation based on evapo-
transpiration (ET) rates (1.0, 0.75 and 0.5 ET) and two
grafting treatments on watermelon plants no significant
differences among treatments were observed for P and
Ca’*t concentrations, whereas K+ and Mg?* concen-
trations were significantly improved by both the irriga-
tion rate and grafting combination with no significant
differences between irrigation and grafting interaction.

Drought and salinity can differentially affect the
mineral nutrition of plants. While salinity may cause
nutrient deficiencies or imbalances, due to the compe-
tition of Na® and C1~ with other nutrients such as K,
Ca’* and NOj, drought can affect nutrient uptake and
impair translocation of some nutrients.

It has been recently reported that in banana, the
main effect of drought was to reduce K™ levels, which
is the major mineral nutrient in this fruit. By contrast,
the content of certain elements increased (i.e., Ca*t,
Na*, Fe and Zn), or remained stable (i.e., N, P, Mg ™,
Mn and Cu) under the drought treatment, which also
generated a positive effect on the organoleptic proper-
ties of the fruit (Mahouachi, 2007). After rehydration,
the mineral content of the bananas was similar between
stressed and non-stressed plants. These data illustrate
the ability of this cultivar to maintain relatively nor-
mal levels of minerals and functional fruit tissues af-
ter dehydration despite the long period of water stress.
Nonetheless, the fruits lost their commercial value to

a certain degree (reduced size and biomass) after the
period of water stress.

Wild plants play an important role in the diet
of inhabitants in different parts of the world. These
plants tend to be drought-resistant and are gathered
both in times of abundance and times of need, and
for this reason numerous reports have been focused
on wild edible plants. In a study of dietary prac-
tices in Northeastern Nigeria, it was observed that the
edible wild species available during the wet season
generally were inferior in micronutrient mineral con-
tents compared with the dry season plants (Lockett
et al., 2000). Commonly consumed species of ed-
ible wild barks, fruits, leaves, nuts, seeds, and tu-
bers were analysed and Kuka bark (Adansonia dig-
itata), given to infants, was high in Ca?*, Cu, Fe
and Zn. Cediya (Ficus thonningii), dorowa (Parkia
biglobosa) and zogale (Moringa oleifera) were also
good sources of Ca’>", Fe, Cu and Zn. Fruits, leaves
and nuts of aduwa (Balanites aegyptiaca) are widely
used during the dry and drought seasons. Tsamiya
seeds (Tamarindus indica), consumed commonly dur-
ing pregnancy, were good sources of Zn, and Kirya
seeds (Prosopis africana) contained the highest Zn
concentrations. Shiwaka leaves (Veronia colorate),
consumed by pregnant women to increase breastmilk
production, were high in P, Mg?>* and Ca’*.

In another report it has been illustrated that the
mineral content of some edible wild leaves contained
higher N, K, Ca?>* and Mg?* concentrations than
those of some commonly used vegetables such as
spinach (Spinacia oleracea), pepper (Capsicum
annum), lettuce (Lactuca spp.) and cabbages (Brassica
oleracea). However, P, S and NaT contents were
lower, and Fe, Mn, Zn and Cu levels were equal
(Turan et al., 2003).

The time of application as well as the duration of
water stress during the fruit development can influence
the mineral content. In ‘Williams’ pears a reduced wa-
ter supply at the end of the fruit development (late wa-
ter stress) caused smaller reductions in the uptake of
Ca’", KT and B within the fruits, while at the begin-
ning of fruit development (early water stress) only a
lower content of Ca>t was observed in the fruits. Re-
duced water supply either at the beginning or the end
of the productive cycle induced a higher N content in
the fruits. In the treatment of early water stress the
K contents were higher than in the untreated controls
(Hudina and Stampar, 2000).
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The potential of roots to absorb nutrients generally
declines in water-stressed plants, presumably due to a
decline in nutrient element demand, but the ability to
take up and transport the mineral nutrients differs in
distinct crops and depends on the plant’s tolerance to
drought.

3.3 Extreme Temperatures

It is evident that the roots play a principal role in the
absorption of the mineral elements that will be translo-
cated to the aerial parts of the plant. In general, a con-
sistent decrease in the nutrient concentrations in the
plant shoots is parallel to the growth suppression at
low root temperatures. Growth and mineral composi-
tion of fruits in potted trees were studied at two tem-
peratures (19 and 24°C) in ‘Golden Delicious’ and
in ‘Cox’s Orange Pippin’ apples (Malus domestica)
(Tromp, 1975). In this report the levels of K, N, Mg
and P were increased at the higher temperature. With
respect to Ca, the high temperature regime reduced its
influx in ‘Golden Delicious’ but favoured the Ca in-
flux in the ‘Cox’s Orange Pippin’ apples. Similarly,
in two cultivars of tomato with contrasting response
to elevated temperature, Ca was poorly transported to
the fruits but in fruit explants, the elevated tempera-
ture (40°C) increased the Ca import into the fruits in
both cultivars. This permanent flux of Ca to the fruits
may have a pivotal role in maintaining an optimal level
of Ca’" in the cytoplasm of fruit cells, as a factor for
increasing the tolerance to high temperatures (Starck
et al.,, 1994). On the other hand, only a few studies
have examined the effect of differences in temperature
regimes between day and night on the mineral status
of fruits or vegetable foods, but low concentration of
nitrate was observed as a consequence of variations in
temperature in root and shoot Ca?>* due to lower night
air temperatures (Gent and Ma, 2000).

3.4 Light Intensity

A certain influence of the light on the transport of nu-
trients from shoots to the fruit through the transpiration

stream has been suggested in different studies. Caruso
et al. (2004) reported that shading caused a reduction in
the content of the main mineral elements except for ni-
trates in strawberry fruits. Also, the effects of sunlight
on the mineral contents of apples were investigated
(Iwane and Bessho, 2006). The treatment of sunlight
from East and West directions on 75 apples from the
inside and outside of the crown of the trees revealed
a significant negative correlation between the amount
of solar radiation received by the fruit and its min-
eral content for K*, Ca?t and Zn. The concentration
of minerals in apples grown on the inside was higher
than in the fruits grown outside of the crown. The con-
centration of minerals was higher in apples grown on
the shaded side than in the apples grown on the sunny
side. No significant differences in mineral concentra-
tions were observed between fruit grown on the East
or West orientation.

Effects of exposure to light and air movement on
the accumulation of some mineral elements in fruits of
kiwifruit (Actinidia deliciosa var. deliciosa) have been
presented (Montanaro et al., 2006), where the main
differences were found for Ca®>*, exhibiting twice the
content in exposed fruits (>40% full sunlight) than in
shaded fruit (<20% full sunlight).

Light is one of the main external factors influenc-
ing the nitrate concentrations in vegetables. Several hu-
man health hazards due to nitrate toxicity have been
identified. The accumulation of nitrate in the plant tis-
sues is more frequent under poor light conditions in
leafy vegetables such as lettuce, spinach or kohlrabi
(Brassica oleracea var. gongylodes L.) (Blom-Zandra
and Lampe, 1985; Steingrover et al., 1986; Sritharan
and Lenz, 1992). A controlled nutritional regime is
then needed to reduce the leaf nitrate in the leaves
(i.e., lettuce) under such unfavourable light conditions
(Demsar et al., 2004).

Anjana et al. (2006) have reported that nitrate con-
centration was lowest at noon on a sunny day in
spinach leaves. Thus, the time at which plants contain
the lowest nitrate concentration may vary with the
environmental conditions in different geographical re-
gions of the world, and also depends on the inter-
action with other environmental factors. Santamaria
et al. (1999) observed in different fresh vegetables that
under conditions of low light availability, an increase
in temperature increases the nitrate accumulation.
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4 Fertilisation Practices and Mineral
Content in Food Crops

The supply of essential nutrients for the health of con-
sumers by improving the fertilising practices in the
productive sector has awakened great interest in recent
years. Here, we will summarise the available informa-
tion on the effects of fertiliser applications on the min-
eral content of crops in relation to food quality for hu-
man consumption.

4.1 Nitrogen Fertilisation

The effect of N fertilisers on the mineral content of ed-
ible parts or fruits and vegetables is variable depending
on the doses applied, the nutrient analysed, the species
under study, and the organ to be consumed. Thus, in
tomato grown under different N doses (0, 60, 120 and
180 hg ha~! N), only the higher N doses increased total
fruit N levels but, antagonistically, KT levels decreased
continuously with the increased N (Cserni et al., 2008).
In tuber and root crops such as potato (Solanum tubero-
sum L.) and sweet potato (I[pomoea batatas L.), which
have enlarged underground stems and roots as edi-
ble parts, the application of N fertilisers usually led
to increased tuber N concentration (Eppendorfer and
Eggum, 1994). Also, the content of elements such as
K™, P, Ca>* and Mg?" in mature tubers of potato was
not significantly different to the untreated tubers af-
ter N fertilisation (0-200 kg.ha™!) (Ilin et al., 2002).
In contrast, in broccoli sprouts (Brassica oleracea var.
Italica), higher S concentrations were found when in-
creasing N and S fertilisation rates up to a determined
dose of N and S, but higher N rates did not yield higher
S uptake (Aires et al., 2007).

In experiments studying the influence of the
NHj/N Oj ratio in the nutrient solution and its effects
on mineral status (in Brassica oleracea var. Italica),
when this ratio was 0.5:0.5, the concentrations of P,
K™, Ca?" and Mg?* were all higher in cabbage roots
and leaves than those in plants grown in nutrient so-
lutions with different ratios of decreased N Hi’ supply
(Zhang et al., 2007).

It is well known that the application of N improves
plant growth and yield. However, the application of
high concentrations of N not only contaminates the

environment, but also causes NO3 accumulation in the
leaves of vegetable crops, which have been found to
be the major source of toxic NO3 uptake by humans.
In general, vegetables that are consumed with their
roots, stems and leaves have a high NO3 accumulation,
whereas those with only fruits as the edible part have
low NO3 accumulation rates (Zhou et al., 2000). In
addition, NO3 contents vary depending on the organ
of the plant (Santamaria et al., 1999; Anjana et al.,
2006) and the physiological age of the plant (Maynard
et al., 1976; Anjana et al., 2006). Field experiments
have shown that NOS concentrations in leafy veg-
etables were positively correlated with N rates, and
N fertiliser added to the soil was the major cause of
NO;3 accumulation in vegetables (Wang et al., 2001).
In the same way, Zhang et al. (2007), and Staugaitis
et al. (2008) found a linear increase in NO; con-
centration with increasing N fertilisation in cabbage
(Brassica campestris) leaves and roots, and heads,
respectively.

4.2 Phosphorus Fertilisation

Phosphorus promotes root growth, enhances nutrient
and water-use efficiency, and increases yield. There-
fore, since absorption and reduction of NO3 is a pro-
cess which consumes ATP, the metabolism of NOJ is
related to P supply. In pot experiments, it has been
observed that a high soil N:P ratio was one of the
key causes of NO3 accumulation in vegetables (Gao
et al.,1989). In contrast, P fertilisation decreased NO5
concentration in cabbage (Brassica campestris) and
canola (Brassica napus), and had no significant effect
in spinach (Spinacia oleracea) (Wang and Li, 2004).
Togay et al. (2008) studied the effect of different
doses of P (10, 40 and 80 kgha™') on the P con-
tent in grain of dry bean (Phaseolus vulgaris) and ob-
served increased P levels when 80 kgha™' P was ap-
plied. When looking at the micronutrients, Moreno
et al. (2003) found that Fe and Mn concentrations in
cucumber were higher in P-fertilised treatments com-
pared with the unfertilised control. This effect is sim-
ilar to what was found with edible fruits such as ap-
ple (Malus sylvestris Mill var. domestica (Borkh.))
where increased fruit P was obtained with P treat-
ments. On the contrary, in cereals Komljenovic et al.
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(2006) revealed that maize grain (Zea mays) was less
dependent on P fertilisation compared with the leaf;
and it has also been shown in pear (Pyrus communis)
that foliar P fertilisation decreased the content of B and
Zn in fruits (Hudina and Stampar, 2002).

4.3 Potassium Fertilisation

Potassium is closely related to N assimilation in plants
and can accelerate transport of NO3 from roots to
aboveground plant parts. Thus, Zhou et al. (1989)
showed that compared with the control, NO; con-
centration in cabbage (Brassica campestris) decreased
with the application of K¥, whereas it increased in
spinach (Spinacia oleracea) (Gao et al., 1989).

In relation to other minerals, KT fertilisation has
different effects. In fact, Hudina and Stampar (2002)
showed that foliar fertilisation with K* increased the
content of K in pears (Pyrus communis L.), whereas
K™ concentrations in broccoli heads (Brassica oler-
acea var. Italica) showed no differences among four
levels of KT fertilisation (Vidal-Martinez et al., 2006).
In other studies, the concentrations of B and Zn in
pears (Hudina and Stampar, 2002) as well as N concen-
trations in potato (Solanum tuberosum) and sweet cab-
bage (Eppendorfer and Eggum, 1994) decreased with
increased K fertilisation.

4.4 Sulphur Fertilisation

Sulphur fertilisation may be recommended for certain
crops to reduce the undesirable NO5 contained in their
edible parts. In fact, an increased soil S level sig-
nificantly reduced NO3 concentrations in tubers and
leaves of kohlrabi (Losak et al., 2008), and turnip
tops (Brassica rapa L.) (De Pascale et al., 2007).
In S-deficient soils, the application of S fertilisers
can decrease the tuber N concentration in potato
(Solanum tuberosum) due to increased dry mass yield
(Eppendorfer and Eggum, 1994). Nevertheless, in
a greenhouse pot experiment using ‘Luna’ kohlrabi
(Brassica oleracea), the effect of S fertilisation on N
content in tubers and leaves was insignificant (Losak
et al., 2008).

4.5 Calcium Fertilisation

Leafy vegetables can be an excellent dietary source of
calcium, and are a good alternative for individuals with
a diet low in dairy products. Increasing the calcium
content in leafy vegetables through fertilisation man-
agement could further improve their nutritional bene-
fits. Thus, it has been observed that in lettuce produced
in a hydroponic system an increase in Ca>* concentra-
tion in the nutrient solution increased the Ca* levels
in the leaves (Neeser et al., 2007).

It has also been shown that Ca®T application
increased Ca®" concentrations in peripheral lay-
ers of apple fruits and reduced K™ concentrations
(Grimm-Wetzel and Schonherr, 2007). Similar results
were reported by Val et al. (2008), where Ca>* treat-
ments increased the concentration of Ca% in the skin,
but not in the flesh of fruit, and several sprays were
needed to promote a prolonged increase in the con-
centration of Ca* in the skin. However, Ca?>" sprays
did not influence the concentrations of Mg?>* and K+.
In a recent study the application of CaCl, increased
the CaZt content in litchi fruit; firmness and skin
colour were affected, and some positive correlations
with leaf and fruit K were detected (Cronje et al.,
2009).

In kiwifruit, fruit quality is associated with the cor-
rect Ca®>* level; however, the application of a biostim-
ulant such as Ca2* fertiliser, which is recommended to
prevent calcium deficiency resulting from lack of up-
take into fruit, did not affect fruit yield (Otero et al.,
2007).

4.6 Microelement Fertilisation

Although the majority of experiments have been per-
formed using the widely distributed N, P and K* fer-
tilisers, there are also a few pieces of information about
the effects of microelement fertilisers on the edible
parts of plants for human consumption (Baize et al.,
2009). Graham et al. (2001) showed that application
of Zn fertiliser to Zn-deficient soil at sowing signifi-
cantly increased the Zn concentration in wheat grain.
Also, the content of Zn and several other micronutri-
ents, such as I, Se, Cu and Ni, was usually enhanced
by application of the appropriate mineral forms (Wang
et al., 2008). Micronutrient foliar fertilisation seems to
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be a cheap and effective method, depending on the nu-
trient supplied and the time of application. In this way,
Wojcik and Wojcik (2003) showed that foliar B sprays
before full bloom or after harvest increased B concen-
trations in fruitlets of pear (Pyrus communis L.) at 40
days after flowering.

Selenium deficiency is a very serious nutritional and
health problem. That is why the effect of selenite and
selenate fertilisation on Se content has been widely
studied (Chen et al., 2002; Fang et al., 2008; Ducsay
et al., 2009). In reported experiments, selected mineral
contents were higher with application of selenate than
selenite to certain species. Thus, a higher content of Se
in rice (Oryza sativa) (Chen et al., 2002) and S in let-
tuce plants (Lactuca sativa cv. Philipus) (Rios et al.,
2008) were found. Other studies showed that differ-
entiated doses of selenite in soil caused a significant
increase in Se content in dry matter of wheat grain
(Ducsay et al., 2009), whereas non-significant effects
were observed in lettuce (Rios et al., 2008). In addition,
Fang et al. (2008) indicated that Zn and Se were the
main variables increasing the Zn, Se and Fe contents of
rice. Therefore, the application of Zn, Se and Fe mixed
fertiliser as foliar spray could alleviate the physiologi-
cal deficiency of these micronutrients in rice.

4.7 Organic Farming Versus Mineral
Fertilisation

The massive use of chemical fertilisers in intensive
agriculture has greatly increased concern for the de-
clining fertility of soils. Soil nutrient depletion is
the result of increasing pressure on agricultural land
(Wopereis et al., 2006; Lal, 2009). That is why or-
ganic inputs are required to ensure that intensive
systems do not threaten the sustainability of land
use. However, small farmers are reluctant to use or-
ganic wastes or composts because organic fertilis-
ers do not release nutrients as fast as mineral fer-
tilisers and they do not supply a balanced ratio of
nutrients at the right time (Bath, 2000; Kirchmann
et al., 2002; Gunnarsson, 2003). However, demand
for organically-grown products has risen steadily and
the number of growers adopting organic farming sys-
tems has also increased, because organic foods are be-
lieved to be more nutritious than conventionally-grown
foods, with a better balance of vitamins and minerals.

Nevertheless, the scientific community has not conclu-
sively shown that organic products are more nutritious
than conventionally-grown foods (Winter and Davis,
2006). Thus, it seems to be important to see how or-
ganic and inorganic fertilisers affect food quality in
terms of mineral content. Also, the negative effects that
fertilisers have on food quality must be considered,
since the anthropogenic activities aimed at enhancing
food production may facilitate the accumulation of un-
desirable substances.

Several experiments have been performed in order
to compare the effects of organic and conventional
(mineral) fertilisers on the crop yield and nutritional
status of plants, since organic yields are often lower
compared with conventional production (Méder et al.,
2002; Dumas et al., 2003; Gopinath et al., 2008).

Usually, the organic-amended soils showed signif-
icantly higher soil mineral content (Edmeades, 2003).
However, other authors indicated lower mineral con-
tents for organically fertilised soils (Gosling and
Shepherd, 2005).

The influence of organic soil fertilisation on nutrient
content in crops has been studied and different results
have been recorded. Some authors showed that the ap-
plication of organic amendments improved the soil nu-
trient content, but did not always increase the plant nu-
trient concentration (Roe, 1998; Warman, 2005) since
it depends on the crop type, the nutrient used, the cli-
mate parameters and the year of the study (Warman
and Havard, 1997, 1998; Maqueda et al., 2001). Fur-
thermore, the available scientific literature shows that
some of the comparisons are not experimentally valid
due to variation in crop varieties, timing in fertilisation,
and handling and storage after harvesting (Warman and
Havard, 1997). However, there are certain results that
support that higher P and K™ contents in wheat grain
were obtained by applying organic amendments than
the elemental contents using mineral fertilisers instead
(Colla et al., 2002; Wszelaki et al., 2005; Gopinath
et al., 2008; Basu et al., 2008).

The long-term use of organic composts (vegetal
compost and green residue of previous crops) on
greenhouse soils induced few differences in the
macronutrient concentrations in the edible parts of
food crops compared with the experiments using min-
eral fertilisation, although there was a trend of show-
ing higher N concentration in minerally-grown crops
and higher K concentration in organically-grown
crops (Herencia et al., 2007). Moreover, the NO3
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concentrations in the edible parts of organically-grown
crops were significantly lower than in the minerally-
fertilised plots (Vogtmann et al., 1993; Williams, 2002;
Malmauret et al., 2002; Hajslova et al., 2005). This can
provide a clear benefit for human health. Nevertheless,
the results were variable depending on the crop, season
cycle and year, and these factors must be considered
carefully in the conclusions and potential recommen-
dation to producers and consumers.

5 Conclusion

The quality of edible fruits concerning mineral con-
tents may vary depending on interactions between cul-
tivars, environmental factors such as light and tem-
perature, composition of the nutrient solution, crop
management practices, and the interaction of all these
factors. This is the reason why all of them must be
taken into account in order to characterise the nutri-
tional value (mineral status) of fruits and vegetables,
as well as the factors influencing the content of a spe-
cific element in a given cultivar. In addition, the physi-
ological parameters of the fruit (stage of development,
ripening, marketable maturity, physiological maturity,
senescence) and the plant or tree as a whole are also of
interest.

The influence that fertilisation practices may have
on the mineral status and nutritive value of fruits and
vegetables also depends on the fertiliser used, the
macro- (i.e., N, P, K, S, etc.) or micronutrient (i.e.,
Fe, Mn, Zn, Cu, Ni, Co, Se, etc.) studied, and the
plant part of interest for consumption (i.e., leaf, root,
tuber, fruit). Similarly, a determined or programmed
pattern cannot be established for the use of irrigation
regimes with waters of different qualities. Nonethe-
less, fertilisation seems to remain one of the most prac-
tical and effective ways to control and improve the
nutritional value of crops to meet the needs of the
population, as well as proper water management inte-
grating practices for food quality and safety. A large
body of research results has been performed in the past
decades on the effects of distinct agronomical prac-
tices on specific crops of human interest, but more
concise and precise studies are needed to improve the
load of essential microelements in foods and to pre-
vent or avoid the accumulation of toxic or undesirable
contaminants.
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Abstract The negative effects of soil fertility
depletion on food security, especially among small-
holder farmers in Africa, is of economic importance,
and may be worsened by climate change and rising
global fertiliser prices. Substantial efforts and in-
vestment have gone into development of alternative
soil fertility management options. These include
vigorous research and development of N-fixing plants
or “fertiliser trees”, that has been on-going in the
last two decades in East and Southern Africa. In
this paper, we review several studies conducted both
on-station and on-farm and synthesise the results in
terms of improvements in soil physical, chemical and
biological properties, and crop yield in response to
fertiliser trees. Our major findings are that (1) fertiliser
trees add more than 60kg N ha™! per year through
biological nitrogen fixation (BNF); (2) nutrient con-
tributions from fertiliser tree biomass can reduce the
requirement for mineral N fertiliser by 75%, translat-
ing to huge savings on mineral fertilisers; (3) fertiliser
trees were also shown to substantially increase crop
yield. A meta-analysis has further provided conclusive
evidence that with good management, fertiliser trees
can double maize yields compared with local farmer
practices of maize cultivation without addition of
external fertilisation. (4) Financial analyses showed
that fertiliser tree systems are profitable and also have
higher net returns than the farmers’ de facto practice,
i.e. continuous maize cropping without fertiliser.
We conclude that widespread adoption and scaling up
of fertiliser trees can reduce the amount of mineral
fertiliser needed, maintain the soil ecosystem, and pos-
itively impact on the livelihoods of farm households in
southern Africa.
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1 Introduction

Sub-Saharan Africa is often described as food-insecure
(Conway and Toenniessen, 2003). The 2007-2008
food price crisis has not only increased food insecurity
around the globe, but also exposed long-term fail-
ures in the functioning of the world food system (von
Braun, 2009). Food shortage has nearly reached chal-
lenging dimensions and may become more crippling
in the near future than anything the world has ever
seen, unless efforts are geared toward improving pro-
ductivity. At the centre of the imminent food catas-
trophe is maize, one of the main inputs in biofuel
production as well as a staple food in most parts of
Africa. Driven by a rapid rise in petroleum prices and,
in response, a massive global expansion of biofuel
production from maize (Cassman, 2007), the price of
maize rose by over 50% from 2001-2007 (FAO, 2008).
The rise in maize price not only impacts on the price
of food products made from grains, but also the price
of meat due to increased prices of livestock feed. Both
food crops and feed demand are estimated to double
in the next half century (Gowing and Palmer, 2008).
The trends in southern Africa are worse than those
in other parts of sub-Saharan Africa as population
growth, dietary change and land-use pressures have
driven prices of food and agricultural inputs to new
heights. The prospects for meeting food demand in
sub-Saharan Africa, which depends mainly on rain-fed
and smallholder agriculture (Conway and Toenniessen,
2003), will likely remain bleak without major efforts to
reverse current trends.

The focus of this work is the maize-based mixed
farming system, which is the most important food
production system in East and Southern Africa. It
extends across plateau and highland areas at altitudes
of 800-1500 metres, from Kenya and Tanzania to
Zambia, Malawi, Zimbabwe, South Africa, Swaziland
and Lesotho (Dixon et al., 2001). Maize accounts for
60% of the cropped area in some countries such as
Malawi, Zimbabwe and Zambia, and it is almost a
dominant crop in other countries including Kenya and
Tanzania. In Malawi, maize is estimated to be grown

on over 70% of the arable land and nearly 90% of
the cereal area, making Malawi the world’s highest
consumer of maize at 148 kg per capita per year
(Smale and Jayne, 2003). Thus, maize will remain a
central crop in the food security equation even if the
agricultural economy is diversified (Sauer et al., 2007).
Crop-livestock integration is strong in the maize mixed
farming system, where cattle are the most important
livestock species. This farming system accounts for
10% of the land area and 19% of the cultivated area
(Dixon et al.,, 2001). The climate varies from dry
sub-humid to moist sub-humid. The most typical areas
have unimodal rainfall, but some areas experience
bimodal rainfall. The maize mixed farming system
is currently in crisis (Dixon et al., 2001). Average
farm sizes have fallen to under 0.5 ha in several areas
(Dixon et al., 2001), while opportunities for expansion
of cultivated land are limited as rapid population
growth has led to progressive encroachment upon
marginal lands (Bojo, 1996). Most farmers in the
maize-based farming systems are crowded out of the
agricultural input market and can hardly afford optimal
quantities of inorganic fertiliser (Sauer et al., 2007).

The rapid deterioration of soils in this farming
system directly affects productivity and it perpetuates
rural poverty. Malawi alone loses US$350 million
worth of nitrogen and phosphorus through erosion
each year, which translates to a gross annual loss of
income equivalent to 3% of the agricultural Gross
Domestic Product of Malawi (Bojo, 1996). If the
situation is to be improved, agricultural production
needs to be intensified through the application of
agro-ecological technologies that do not require
large amounts of capital and labour; a development
paradigm termed the “Doubly Green Revolution”
(Conway and Toenniessen, 2003). The fertiliser
tree system is one of such innovations. A range of
fertiliser tree options have been developed and several
publications have documented individual studies
(Kwesiga et al., 2003; Akinnifesi et al., 2008). There
is need for an updated evidence-based review on the
lessons learnt from about two decades of Research for
Development on fertiliser tree technologies in terms of
the science and their adoption and impact. Therefore,
the objective of this review is to synthesise experiences
in the development, scaling up and impact of fertiliser
tree systems in the last two decades in southern
Africa.
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2 Fertiliser Tree Systems

Fertiliser tree systems involve soil fertility replen-
ishment through on-farm management of nitrogen-
fixing trees (Mafongoya et al., 2006). They repre-
sent a new paradigm because they use a completely
different approach to land-use management by small-
holder farmers. First, fertiliser tree systems capitalise
on biological N fixation by legumes to capture atmo-
spheric N and make it available to crops. Secondly,
they permit growing of trees in association with crops
in space or time to benefit from complementarity in
resource use (Gathumbi et al., 2002). Thirdly, they ad-
dress most of the biophysical and socioeconomic lim-
itations identified with the earlier technologies based
on using N-fixing tree legumes such as green ma-
nures (Kwesiga et al., 2003; Akinnifesi et al., 2006,
2008). The different fertiliser tree systems that have
been developed and promoted in East and Southern
Africa in the last two decades are briefly discussed
below.

2.1 The Faidherbia Albida System

The potential of faidherbia (Faidherbia albida) for im-
provement of soil fertility and crop yields has been
demonstrated in many parts of Africa (Saka et al.,
1994; Kang and Akinnifesi, 2000). This species has
a unique phenology in that it sheds its leaves during
the wet season and resumes leaf growth during the
dry season. This makes it possible to grow crops un-
der its canopy with minimum shading on the com-
panion crop. About 20 to 30 mature trees are needed
to completely cover one hectare of land and main-
tain optimum crop response (Kang and Akinnifesi,
2000). Several studies in Africa showed yield ben-
efits when crops were grown under the canopy of
Faidherbia. Saka et al. (1994) reported 100-400%
increase in maize yield in the Lakeshore plain o
Malawi.

However, it takes a long waiting period (up to 20
years) for the tree to reach maturity and have an im-
pact on the under-storey crop (Kang and Akinnifesi,
2000). Recent development has shown that with closer
spacing, 10 x 10 m, earlier impact can be achieved
at 12-15 years (Dutch Gibson, pers. comm.). A ma-
jor improvement of this system is integration with

other sustainable land management options, such
as use of short rotation fallow species in the first
10-15 years.

2.2 Sequential Tree Fallow

Sequential tree fallow, often known as ‘improved
fallow’, is a practice whereby a piece of land is planted
with fast-growing nitrogen-fixing trees or shrubs for
2-3 years’ fallow (Mafongoya et al., 2006). Tree fal-
lows have distinct advantage over herbaceous fallows,
particularly in seasonally dry climates, because they
have the ability to tap nutrients from deeper soil lay-
ers and are capable of accumulating large quantities of
biomass through which nutrients are recycled back for
crop use. Nitrogen-fixing trees also add large quantities
of N through biological nitrogen fixation and improve
crop yield.

Improved fallows have been widely tested on
farmers’ fields in Zambia and this technology has
now spread to other parts of southern Africa (Kwesiga
et al., 2003). Several studies reviewed by Akinnifesi
et al., (2008) showed that planted fallows of sesbania
(Sesbania sesban) in Zambia, Malawi and Zimbabwe
had doubled or tripled maize yield compared with
control plots.

2.3 Annual Relay Intercropping

In relay intercropping, fast-growing nitrogen-fixing
legumes are planted in a crop field at a time when
annual crops such as maize have already been well
established, usually within 2—4 weeks of crop sowing
(Phiri et al., 1999). The legumes continue to grow after
the crop harvest throughout the off-season. Legumes
such as sesbania, tephrosia and pigeon pea (Cajanus
cajan) are recommended. As farmers prepare land for
the next season, they clear-cut the legume and incorpo-
rate the biomass into the soil. Although the yield levels
are usually less than those of intercropping and 2-year
improved fallow systems, it works well on small farms,
and the benefit of trees can be seen immediately after
one season of tree growth. Additionally, farmers do not
lose any cropping year of maize. The main limitation
of this technology is that the legumes need to be re-
planted every year.
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2.4 Gliricidia Intercropping

The intercropping of gliricidia (gliricidia sepium) with
crops is an improvement building on the characteris-
tics and advantages of alley cropping but minimising
its biophysical limitations such as the “hedge effect”,
“competition” and tree management (Akinnifesi et al.,
2006). A detailed description of this innovation has
been published elsewhere (Akinnifesi et al., 2008).
Gliricidia-maize intercropping has formed an impor-
tant part of on-station and on-farm research in Malawi
since the early 1990s (Akinnifesi et al., 2006). The
socioeconomic and biophysical conditions in southern
Malawi seem to meet most of the broadly defined crite-
ria for the success of intercropping of crops with trees
(Akinnifesi et al., 2006). The fact that land is scarce,
labour is relatively cheap, fertiliser is costly in Malawi
and the country is highly nitrogen-deficient, coupled
with the fact that maize is a high nitrogen-demander,
creates the prospect for adoption of gliricidia-maize in-
tercropping in southern Malawi.

The main advantage of gliricidia intercropping
is that once established it can be managed to con-
tinuously supply nutrients to crops year in, year
out. Although gliricidia requires labour to establish
seedlings and tree management, this is not yet a
bottleneck as land holdings are less than a hectare
and less than a quarter of a hectare is put to gliricidia-
maize intercropping in the southern region of Malawi.
Additionally, labour is cheap in Malawi due to high
population density. Farmers appreciate that coppicing
trees need to be established only once and can then be
used for many years, despite low initial returns.

2.5 Biomass Transfer

Biomass transfer is essentially moving green leaves
and twigs of fertiliser trees or shrubs from one location
to another, usually in the wetlands to be used as green
manure. Recent studies (Kuntashula et al., 2004) have
shown that biomass transfer using fertiliser tree species
is a more sustainable means for maintaining nutrient
balances in maize and vegetable-based production sys-
tems. The advantage is that synchrony between nutri-
ent release and crop uptake can be achieved with well-
timed biomass transfer. The management factors that
can be manipulated to achieve this are litter quality,

rate of litter application, and method and time of litter
application (Mafongoya et al., 1998).

Although it has been argued that biomass transfer
technologies require a lot of labour for managing
and incorporating biomass, economic analyses have
concluded that it is unprofitable to invest in biomass
transfer when labour is scarce and its cost is thus
high (Kuntashula et al., 2004, 2006). In addition to
increasing yields of vegetables such as cabbage, rape,
onion and tomato, and maize grown after vegetable
harvests, biomass transfer has shown potential to
increase yields of other high-value crops such as garlic
(Kuntashula et al., 2004, 2006).

3 Rationale for Promoting Fertiliser
Trees

What is the evidence base for promoting fertiliser tree
systems? The benefits of fertiliser tree adoption in-
clude significant increase in crop yield, improvement
in soil health, and savings on mineral fertiliser costs
and labour. Significant benefits are also derived from
fertiliser trees in terms of other ecosystem services,
including provision of fuelwood and fodder, reduc-
tion of erosion and carbon sequestration. The state of
knowledge on the various ecosystem services of agro-
forestry has been reviewed by Sileshi et al., 2008.
In the following sections we will briefly describe im-
provement in crop yields and soil health.

3.1 Improvement in Crop Yield

One of the direct benefits of fertiliser trees is the maize
yield response, as discussed in the next section. In an
effort to fill the long-standing knowledge gap and co-
nundrum of “marginal versus high impact” arguments
regarding the effect of fertiliser trees on crop yield, a
meta-analysis was undertaken using 94 peer-reviewed
publications across sub-Saharan Africa (Sileshi et al.,
2008). The results of the analysis provided a solid per-
spective for making recommendations about fertiliser
trees to policy-makers, investors and scientists. Table 1
presents maize yields achieved using fertiliser trees
across a range of sites in Malawi, Zambia, Zimbabwe
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Table 1 Average maize yield and yield increase (t ha™') with fertiliser trees relative to the control (unfertilised maize grown

continuously) in southern Africa

Species Country Number of sites Yield (tha™") Yield increase (t ha™!) Percentage increase
Gliricidia Malawi 5 39 2.9 345.6
Tanzania 2 2.3 0.8 55.8
Zambia 4 2.8 1.8 349.7
Sesbania Malawi 7 2.5 1.3 161.4
Tanzania 2 1.2 0.7 171.4
Zambia 9 32 22 480.0
Zimbabwe 4 3.0 1.9 583.1
Tephrosia Malawi 9 2.0 1.1 232.7
Tanzania 2 2.0 0.9 80.1
Zambia 8 1.7 0.8 198.4
Zimbabwe 5 3.6 0.2 17.7

Note: yield increase is the yield difference between the treatment (T) plot and the unfertilised control (C) plot, which is farmers’ de
facto practice. Percentage increase (%1) was calculated as follows: %1 = 100((T-C)/C).
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Fig. 1 Long-term maize grain yield as affected by fertiliser
and pruning incorporations in a gliricidia-maize intercropping in
Makoka, Malawi. Arrows indicate flood due to excessive rainfall

and Tanzania. On average, gliricidia gave 55-350%
yield increase over the control, while sesbania gave
160-583% increase. Yield increases with tephrosia
spp were modest, and ranged from 180% to 233%
(Table 1).

In a long-term trial in Makoka, gliricidia intercrop-
ping with maize increased maize yield in the range of
100 to 500%, averaging 315% over a ten-year period
(Akinnifesi et al.,, 2006). Increase in yield is more
apparent from the third year after tree establishment
and onwards (Akinnifesi et al., 2006). The unfertilised
plots not amended with gliricidia had steadily declin-

G A N O R

in 1996/97, and droughts in the 1999/00 and 2003/04 seasons
(Akinnifesi FK., unpublished). Gs = Gliricidia sepium; N =
nitrogen, P = phosphorus

ing yield, and amendment with N and P could not sus-
tain high maize yield over time (Fig. 1). Continuously
cropped maize plots without gliricidia or fertiliser de-
clined steadily from 2 t ha™! at the start of the exper-
iment in 1992 to half a tonne in 2006. Unfertilised
maize under gliricidia maintained yield at 3 to 4 t ha™".
When the intercrop plots were amended with 46 kg N
ha™! and 40 kg P,Os ha™! (representing 50% N and
100% P, respectively), there was a 79% increase in
grain yield over the recommended practice, indicating
complementarity between the applied fertiliser and or-
ganic inputs from gliricidia (Akinnifesi et al., 2007).
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Similarly, in an on-farm experiment, 30% of the
40 on-farm type II farmers (farmer-managed trials)
experienced increase in yield in the first two years,
and 90% of these experienced yield increases in the
subsequent two years (Akinnifesi et al., 2008). Yield
increases in the third and fourth years averaged 69%.
The authors observed that farmers with low yields
in these early years were associated with poor field
management conditions. Similarly, Makumba and
Maghembe, (1999) reported yield increase in Makoka
of 126% over three years for type I farmers’ fields
(researcher-managed), and an increase of 37% in on-
farm type II averaged over five years. They attributed
low response to erratic rainfall during the period.

3.2 Soil Health

Soil health has been broadly defined as the capacity
of a living soil to function, within natural or managed
ecosystem boundaries, to sustain biological productiv-
ity and diversity, maintain or enhance water and air
quality, and promote plant and animal health (Doran,
2002; Sileshi et al., 2006a, b, 2008). In a global con-
text, soil quality affects not only soil productivity but is
also a significant factor governing environmental qual-
ity, and human and animal health and food safety and
quality. Soil health is enhanced by management and
land-use decisions that weigh the multiple functions
of soil, and is impaired by decisions which focus only
on single functions, such as crop productivity. Trees
have been known to contribute to soil health in a num-
ber of ways: (i) enhancing soil physical structure and
water regimes, (ii) improving soil chemical properties
and nutrient input, (iii) increasing biological (micro-
bial and faunal) communities, and (iv) suppressing soil
pests. Several of these aspects of fertiliser tree man-
agement on soil health have been addressed in various
studies in southern Africa. In the following section we
will discuss these in detail.

3.2.1 Improvement in Soil Physical Properties

Among the commonly used indicators of soil physi-
cal health are soil depth and rooting, infiltration, bulk
density, water-holding capacity, aggregate stability,
and penetration resistance. Fertiliser trees improve soil

physical properties due to the addition of large quan-
tities of litter fall, root biomass, root activity, biolog-
ical activities, and roots leaving macropores in the
soil following their decomposition (Rao et al., 1997).
In studies conducted in eastern Zambia, sesbania fal-
lows significantly increased the percentage of water-
stable aggregates (>2 mm) compared with continu-
ous maize cultivation without fertiliser (Sileshi and
Mafongoya, 2006a). In the same experiment after two
years of cropping, significantly lower bulk density
and higher porosity (P < 0.05) was recorded in pi-
geon pea and sesbania fallows than a monoculture
maize (Fig. 3). Similarly, bulk density was higher un-
der monoculture maize compared with maize grown in
association with gliricidia and L. leucocephala (Sileshi
and Mafongoya, 2006a). The fact that fertiliser trees
consistently improve soil physical properties is seen
from measured increases in infiltration rates (Fig. 2),
soil penetration resistance (Fig. 3), and reduced runoff
and soil losses (Nyamadzawo et al., 2007; Phiri et al.,
2003). Treatments involving fertiliser trees (leucaena,
gliricidia, sesbania) have consistently shown signifi-
cantly higher infiltration rates than monoculture maize
(Fig. 2). Increased water infiltration implies reduced
water runoff and thus low soil erosion. Generally, plots
under fertiliser trees had lower resistance compared
with continuously cropped maize plots (Chirwa et al.,
2003; Fig. 3).

In a study conducted in Kagoro in eastern Zambia,
the soil in maize planted following improved fallows
had lower penetration resistance compared with mono-
culture maize at all soil depths (Fig. 3). The lower val-
ues following planted fallows could be attributed to the
high amounts of litter biomass left on the surface by
the fallow species. The lower infiltration and high pen-
etrometer resistance in the monoculture maize indicate
soil compaction as a result of degradation of soil struc-
ture. The improvement in soil structure under fertiliser
trees was evident, as reflected by the results from time-
to-runoff studies (Phiri et al., 2003). Rainfall simula-
tion studies (Nyamadzawo et al., 2007) also indicated
that sesbania and gliricidia mixed with Dolichos in-
creased infiltration rates significantly compared with
continuously fertilised maize plots.

In another study, Chirwa et al., 2007 reported
that gliricidia did not compete with maize in a
gliricidia-maize intercropping system in Makoka. The
water-use efficiency (WUE) was higher in the agro-
forestry system than sole maize or pigeon pea.
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Fig. 2 Cumulative water intake in different treatments: (a) experiment 99-2, (b) experiment 2000-3, (¢) experiment 92-2 in
Masekera and (d) experiment in Kagoro (adapted from Sileshi and Mafongoya, 2006a and b; Chirwa et al., 2003)

3.3 Improvement in Soil Chemical
Properties

Among the chemical indicators of soil health, total soil
organic matter, the carbon to nitrogen ratio, carbon
and nitrogen mineralisation rates, pH, electrical con-
ductivity, and extractable N, P and K are commonly
used. A recent study (Beedy, pers. comm., 2008) in-
dicates that soil organic matter balance under gliri-
cidia intercropping is positive following 14 years of
continuous cropping. The study concluded that after
14 years, predictors of soil fertility and supporting
soil organic matter fractions were significantly greater

under the gliricidia-maize intercrop than under sole
maize (Beedy, pers. comm., 2008). Both gliricidia in-
tercrop and N fertiliser had a significant positive effect
on dry season available N (Ikerra et al., 1999).

The legumes used in the sequential (e.g. fallow,
relay) and simultaneous (e.g. intercrop) systems de-
scribed above contribute to soil N through BNF and
capture of subsoil N (otherwise unutilised by crops).
Estimates of the amounts of N accumulated by fer-
tiliser trees are given in Table 2. Out of the N accu-
mulated, 55-84% is N derived from the atmosphere
(Table 2). A series of multi-location trials were set
up to measure the amount of N, fixed by different



136 F.K. Akinnifesi et al.
a Soil resistance (MPa) b Soil resistance (MPa)
01 .0 15 20 25 30 35 40 45 O0.5 1.0 1.5 2.0 25 3.0 3.5
-5 4
~10 4
—10 4
~20 X _
5 ; S-15
. c
30 X. s
3 S -20 1
= ~ o
(o] t. N
® 40+ \>}< o5 .
Pigeon pea I —O— Sesbania
_50{ —#— Pigeonp X =301 —a— Gliricidia
—--%--- Natural fallow
e . —&— Leucaena
—O— Fertilised maize _35 Fertilised maize
604 —A— Sesbania

Fig. 3 Soil penetrometer resistance in different treatments:
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(adapted from Chirwa et al., 2003). Treatments significantly dif-
fered in 1998 (P = 0.004) and 1999 (P = 0.018)

Table 2 Amount of N fixed (kg/ha) and the percentage of nitrogen derived from the atmosphere (% Ndfa

range) by fertiliser trees in southern Africa

Species N fixed 9%Ndfa Site (Country) References*
Acacia anguistissima 122 56-79 Chikwaka (Zimbabwe) 1
210 Chipata (Zambia) 2
Pigeon pea NA 65-84 Chikwaka (Zimbabwe) 1
64 96-99 Nyambi (Malawi) 3
85 94-97 Ntonda (Malawi 3
34 66-96 Gairo (Tanzania) 3
54 95-99 Babati (Tanzania) 3
Gliricidia sepium 212 NA Chipata (Zambia) 2
Leucaena collinsii 300 NA Chipata (Zambia) 2
Sesbania sesban 84 55-84 Chikwaka (Zimbabwe) 1
Tephrosia candida 280 NA Chipata (Zambia) 2
Tephrosia vogelii 157 NA Chipata (Zambia) 2

* References: 1. Chikwko et al. (2004); 2. Mafongoya et al. (2006); 3. Adu-Gyamfi et al. (2007).

tree genera and provenances using the 'N natural
abundance method in Zambia. The data shows high
variability among species and varieties of the same
species in percent N derived from the atmosphere
(Ndfa). So the measurement task is still a challenging
one (Mafongoya et al., 2006). Two-year tree fallows
of the non-coppicing species sesbania and tephrosia
are able to replenish soil N to levels sufficient to
grow three subsequent high-yielding maize crops in
southern Africa (Kwesiga and Coe, 1994). Unlike
non-coppicing species, coppicing trees such as gliri-

cidia and Leucaena spp. cause increases in residual
soil fertility beyond 2-3 years because of the addi-
tional organic inputs that are derived each year from
coppice re-growth that is cut and applied to the soil.
The fertiliser value of total N was estimated to exceed
60—75kg N ha™! (Akinnifesi et al., 2008), which can
replace the current need for mineral N. Some legumes
were more effective in improving soil productivity and
maize yield than others, probably due to differences
in biomass production, N, fixation and recovery of
leached nutrients.
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Legumes can also have other beneficial effects on
crop yield as they can improve availability and up-
take of nutrients such as phosphorus. In small-scale
farming systems in Africa, crop harvesting removes al-
most all of the P accumulated by cereal crops (Sanchez
et al., 1997). Application of plant biomass from fer-
tiliser trees as green manure can contribute to P avail-
ability, either directly by releasing tissue P during de-
composition and mineralisation or indirectly by act-
ing on chemical processes that regulate P adsorption-
desorption reactions (Mweta et al., 2007). Table 3
presents the P and K input from biomass for different
fertiliser tree species. Soil organic matter contributes
indirectly to raising P in soil solution by complexing
certain ions such as Al and Fe that would otherwise
constrain P availability (Li et al., 2003; Mweta et al.,
2007). Decomposing organic matter also releases an-
ions that can compete with P for fixation sites, thus re-
ducing P adsorption. The more extensive root systems
that trees and shrubs have compared to crops increase
the exploration of larger soil volumes, which results
in enhanced uptake of P and other nutrients (Schroth,
1999).

Rotation of maize with legume fallows can result in
more effective subsoil nitrate and water utilisation than
maize monoculture (Chirwa et al., 2007; Nyamadzawo

et al., 2007; Phiri et al., 2003). Where both soil or-
ganic matter and phosphorus are very poor, legumes
may not accumulate a significant amount of biomass
and will fix little N. To maintain positive nutrient bal-
ances for N and P in these environments, organic re-
sources need to be combined with low rates of mineral
fertiliser amendment (Ajayi et al., 2009).

The retrieval and cycling of nutrients from soil
below the zone exploited by crop roots is referred to
as nutrient pumping. Deep capture is favoured when
perennials have a deep rooting system and a high
demand for nutrients, when water or nutrient stress
occurs in the surface soils, and/or when extractable
nutrients occur in the subsoil (Buresh and Tian,
1997). These conditions were observed in eastern
Zambia where nitrate accumulated in the subsoil
during periods of maize growth. Fertiliser trees grown
in rotation with maize could effectively retrieve
the nitrate in the subsoil that is not accessible to
maize (Mafongoya et al., 20006). Intercropping rather
than rotating fertiliser trees with crops appears to
improve the long-term efficiency of nutrient use in
deep soils. The nutrient balance has been shown to
be positive after 8—12 years of continuous cultivation
with fertiliser trees such as gliricidia in Malawi and
Zambia (Akinnifesi et al., 2007; Mafongoya et al.,

Table 3 Annual inputs of the major nutrient (kg/ha) from biomass® from fertiliser trees added to the soil

Nutrient input

Tree species Tree management N P K Site Reference
G. sepium Coppicing 33.7 2.0 21.4 Muheza (Tanzania) 1
Pollarding 71.9 4.4 45.8 Muheza (Tanzania) 1
L. leucocephala Coppicing 65.6* 3.6 30.9* Msekera 1 (Zambia) 2
Coppicing 44 3f 2.5f 20.6 Msekera 2 (Zambia) 2
G. sepium Coppicing 69.9* 4.6* 26.2* Msekera 1 (Zambia) 2
Coppicing 69.2F 46" 25.9* Msekera 2 (Zambia) 2
Coppicing 72.1 - - Kagoro (Zambia) 3
Coppicing 67.3 - - Kalunga (Zambia) 4
Coppicing 74.4 52 42.5 Makoka (Malawi) 5
S. sesban Non-coppicing 38.0 - - Chikwaka (Zimbabwe) 6
Pigeon pea Non-coppicing 82.0 - Chikwaka (Zimbabwe) 6
G. sepium Coppicing - 22 13.2 Msekera 3 (Zambia) 4
Coppicing - 4.3 25.3 Kalunga (Zambia) 4

¥ In the case of coppicing species this represents only coppice biomass, while in non-coppicing species both litter

and standing leaf biomass are considered.
* Averaged over 9 years.

T Averaged over 5 years. Msekera 1 and 2 represent experiments 92-3 and 97-3, respectively.
t References: 1. Meliyo et al., (2007); 2. Sileshi and Mafongoya, (2006a); 3. Chirwa et al., (2003); 4. Sileshi and
Mafongoya, (2006b); 5. Akinnifesi et al., (2006); 6. Chikowo et al., (2004).
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2006). Intercropping with fertiliser trees such as
gliricidia may be more effective for pumping of soil
nutrients than a fallow legume-maize rotation. The in-
troduction of gliricidia with maize rotation has a great
potential for deep capture of Ca and Mg compared
with continuously fertilised monoculture maize.

3.3.1 Soil Biological Processes and Functions

Soil biological processes, mediated by roots, flora
and fauna, are an integral part of the functioning
of natural and managed ecosystems. Soil biota have
been identified as potential indicators of soil health
and sustainability at the farm level (Sanginga et al.,
1992). These include microflora numbers, microbial
biomass, enzyme activity and respiration, and soil
fauna (abundance, diversity and community structure
of soil arthropods, earthworms, etc.), as they respond
sensitively to land management practices and correlate
well with beneficial soil functions including water stor-
age, decomposition and nutrient cycling, and suppres-
sion of pestiferous organisms.

Soil microflora such as fungi and bacteria are re-
sponsible for the breakdown of plant litter and most
soil activities. Very few studies have examined the ef-
fect of fertiliser trees on soil biological properties. In a
study conducted in Zimbabwe using leaf biomass of
various fertiliser trees, microbial biomass carbon and
nitrogen did not differ among treatments. However,
fungal Actinomycetes populations differed with the
biomass of legume species used as well as the method
of biomass application (Mafongoya et al., 1997).

Among the macrofauna essential in soil processes
in agro-ecosystems, probably the most important ones
are the so-called ecosystem engineers (termites, earth-
worms and some ants), and the litter transformers
including millipedes, some beetles and many other
soil-dwelling invertebrates. Earthworms can be used as
an integrative measure of soil health, assuming their
importance in regulating soil processes which are vi-
tal to the continued formation of soil and as protec-
tion against soil degradation. These have been used to
monitor changes in soil quality and to provide early
warning of adverse trends and identify problem areas.
In five separate experiments conducted in eastern
Zambia, the number of invertebrate orders per sam-
ple and the total macrofauna (all individuals per square
metre) recorded were higher when maize was grown

in association with tree legumes than under fertilised
monoculture maize. Similarly, densities of earthworm
and millipede were also higher than under monoculture
maize (Sileshi and Mafongoya, 2006a, b). Cumulative
litter fall, tree leaf biomass, and re-sprouted biomass
under legume species appeared to explain the varia-
tion in macrofauna densities (Sileshi and Mafongoya,
2007). Litter transformer populations were higher un-
der gliricidia, which produced good quality organic in-
puts, than among the other fallow species. On the other
hand, a higher population of ecosystem engineers was
found under trees that produce poor quality organic in-
puts (Sileshi and Mafongoya, 20064, b).

3.3.2 Reduction in Weed Problems

Declining soil fertility, along with the concomitant
problems of weeds, pests and diseases is now a signif-
icant constraint to Africa’s aspiration for sustainable
development and food security (Sanchez, 2002). The
declining soil resource base has also contributed to loss
of biodiversity and persistent soil pest problems and
weeds such as Striga spp. (witchweed). The effect of
fertiliser trees on weeds and soil insects has been stud-
ied in eastern Zambia (Sileshi and Mafongoya, 2003;
Sileshi et al., 2005, 2006). Abundance of Striga asiat-
ica was significantly influenced by the quantity and the
interaction effect of quantity and quality of biomass.
Species that produce low to medium quantities of slow-
decomposing biomass tended to reduce striga abun-
dance in maize, while fast-decomposing ones did not
(Sileshi et al., 2006). Similarly, in East Africa, re-
duction of another witchweed (Striga hermontica) by
legume fallows depended on the rate of decomposition
and nitrogen mineralisation of organic residues, which
in turn was determined by quality in terms of carbon
to nitrogen + polyphenol ratios (Gacheru and Rao,
2001). This indicates that the mechanism by which
legume fallows influence striga is much more compli-
cated than just by soil fertility improvement. Among
the legumes tested, sesbania appeared to be the best in
reducing striga infestation in maize in eastern Zambia
(Sileshi et al., 2006).

Fertiliser trees have also reduced arable weed prob-
lems (Sileshi and Mafongoya, 2003; Sileshi et al.,
2006). The mechanism by which legumes suppress
arable weeds varies. Rotational fallows can modify the
chemical ecology of the soil by releasing a range of
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volatile and water-soluble compounds that may act as
germination stimulants or inhibitors. Chemicals such
as nitrate and ethylene stimulate germination of nu-
merous agricultural weeds. These compounds also sen-
sitise weed seeds to other environmental factors such
as changes in soil temperature and exposure of weed
seeds to light (Sileshi et al., 2006).

3.3.3 Reduction in Soil Insects

Although termites are generally essential ecosystem
engineers, some are also crop pests. Few, if any ef-
fective methods exist to control pestiferous species.
Fertiliser tree systems generally reduce insect pests
such as termites (Sileshi and Mafongoya, 2003; Sileshi
et al., 2005). In a study conducted in eastern Zam-
bia, Sileshi and Mafongoya, (2003) recorded lower ter-
mite damage (% lodged plants) on maize planted af-
ter tephrosia + pigeon pea, sesbania + pigeon pea
and pure sesbania compared with maize grown after
traditional grass fallow. Monoculture maize grown af-
ter traditional grass fallow had about 11 and 5 times
more termite damage compared with maize grown af-
ter tephrosia + pigeon pea and sesbania + pigeon
pea, respectively. In another set of experiments, Sileshi
et al., (2005) monitored termite damage on maize
grown in coppicing fallows. Those studies showed that
fully-fertilised monoculture maize suffered higher ter-
mite damage compared with maize grown in gliricidia
and L. leucocephala.

4 Adoption, Scaling Up and Impact

Given the biophysical performance and relevance of
fertiliser trees in southern Africa, since the mid-1990s,
emphasis on the system has shifted from purely on-
station field trials to on-farm research, which allows
incorporation of socioeconomic studies of adoption,
profitability, labour, farmer perception and acceptabil-
ity of different fertiliser tree systems under farmers’
field conditions (Ajayi, 2007). The research for devel-
opment efforts has therefore been expanded to address
questions on farmer uptake, determinants of adoption
and factors influencing farmers’ decisions to adopt fer-
tiliser trees, impacts of the technological innovations,
and constraints and obstacles against adoption.

4.1 Adoption

A number of empirical studies have been carried out
to gain insights into the factors influencing farmers’
decisions to adopt fertiliser trees and the impacts that
the technology has made on livelihoods and the envi-
ronment in southern Africa. Using a logistic regres-
sion approach, Thangata and Alavalapati, (2003) in-
vestigated the adoption of mixed inter-cropping of
Gliricidia sepium and maize in Malawi. Their results
suggest that age of the farmer, frequency of contact
with extension, and the effective number of house-
hold members who contribute to farm work are impor-
tant variables determining the adoption of agroforestry.
A study in Zambia (Keil et al., 2005) found that 75%
of farmers who initially tested fertiliser trees eventu-
ally adopted the technology. Their study shows that
scarcity of capital, inadequate access to markets for
fertiliser and relatively low population density are the
conditions that enhance the adoption of the technology.
Studies on the use of labour in agricultural field plots
in Zambia show that over a five-year period, the total
quantity of labour used in fertiliser tree plots was 13%
lower than unfertilised maize, and far less compared
with fertilised monoculture maize plots (Franzel et al.,
2002; Franzel, 2004). A study by Ajayi et al., (2007)
found that aggregated over a five-year cycle, the to-
tal quantity of labour input used in fertiliser tree plots
(improved fallows) was lower than in fertilised contin-
uously cropped maize fields, but higher than in non-
fertilised maize. These results do not lend credence to
the notion that fertiliser trees are more labour-intensive
given that the quantity of labour inputs used per unit
of fertiliser tree plot area is not higher than in fertilised
maize. Given the small plot sizes of fertiliser trees, esti-
mated at an average of 0.2 ha only, farmers’ decision to
test fertiliser tree systems or not may not be attributed
to the quantity of labour requirements. Rather, the pop-
ular perception regarding labour constraints and adop-
tion of fertiliser trees in fertiliser trees may be due to
the fact that some field operations may coincide with
operations in other fields (especially cash crops) that
are managed by the same households, and which de-
pend on the same labour supply drawn from house-
hold members (Ajayi et al., 2009; Ajayi, 2007). This
suggests that both the quantity and temporal distribu-
tion of labour input requirements are important fac-
tors in farmers’ decision to adopt fertiliser trees. It is
expected that as the land area that farmers cultivate
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to agroforestry increases, the temporal distribution of
labour requirement for tree establishment and manage-
ment may become more significant than it is presently.
A modification to the agronomic practices of the tech-
nology to shift some of the labour inputs away from the
main cropping season to the “off peak” labour demand
season is expected to enhance the acceptability of fer-
tiliser trees among farmers. Based on these and several
other studies, the main factors that affect the adoption
of fertiliser trees have been identified. These can
be grouped into four categories: household-specific,
technology-specific, institution and policy, and geo-
spatial factors (Ajayi et al., 2007), further elaborated
below.

Household-specific factors: These include farmer
perceptions, resource endowment, household size
(a proxy for household labour supply), risk, and ac-
cess to information on inputs and output prices. These
factors vary widely across households, resulting in dif-
ferent levels of uptake of fertiliser trees by different ty-
pologies of farm households. Those households who
have access to a larger pool of labour supply, e.g.
higher household size or land and other production
inputs tend to have higher levels of adoption (Ajayi
et al., 2006; Keil et al., 2005). While economic per-
formance and short-term profitability of fertiliser trees
enhance the probability of farmers’ uptake, these alone
do not provide an exclusive explanation for farmers’
adoption patterns. Key attitudinal issues such as farm-
ers’ perceived usefulness of the technology (Ajayi,
2007), and household resource endowment are im-
portant for adoption. Although most options of fer-
tiliser trees have positive net present values over time,
some of them attain break-even point only after two
years, implying that farmers make an upfront invest-
ment for a couple of years before receiving returns to
their investment in the technology. This poses chal-
lenges to some types of farm households in southern
Africa, who may not be sufficiently well off to ab-
sorb the initial investment and/or who may want to
derive immediate benefits from the technology (Ajayi
et al., 2007). For some farmers, a long “waiting pe-
riod” can forestall the adoption of certain fertiliser
tree technologies that guarantee high net returns in
future.

Technology-specific factors: The technology-specific
factors that affect farmers’ uptake of fertiliser trees
include the management regime required under some

options as well as characteristics of particular fertiliser
tree technology. Smallholder farmers more readily
adopt specific options of fertiliser trees if such options
produce grain that could be consumed or sold for cash
income, in addition to replenishing their soils (Ajayi,
2007). Different types of fertiliser trees require vary-
ing amounts of labour and this plays an important role
in their acceptability to farm households, depending on
their internal labour endowment or ability to command
additional labour from outside the household. In gen-
eral, species that can be directly sown are much more
preferred by farmers than those which require nursery
establishment, transplanting, and other operations that
add to the complexity of the options. Apart from the
quantity of labour required to manage fertiliser trees,
the temporal distribution of the same is also important
for adoption (Ajayi et al., 2007). Fertiliser trees are an
emerging technology relative to conventional agricul-
tural practices that farmers have known, been used to,
and have received training on for a much longer period.
Unlike annual crop production technologies and con-
ventional soil fertility management options, fertiliser
tree systems require skills in terms of management of
the trees.

In terms of profitability, fertiliser tree systems are
profitable and have positive net benefits (Franzel et al.,
2002; Franzel, 2004). A field study in Zambia (Ajayi
et al,, 2009) found that the net present value of
maize plots amended with only fertiliser tree systems
(US$233-309) compared well with a full fertiliser
dose (US$349), and performed better than a continu-
ous unfertilised maize plot; US$130 (Table 4). In ad-
dition, the return to labour in fertiliser trees is two
times higher than in unfertilised fields (Franzel, 2004).
Improved fallows require 13% less labour inputs per
hectare than unfertilised maize and 33% less labour in-
puts than fertilised maize (Franzel, 2004).

Policy and institution factors: The policy and in-
stitution context within which fertiliser trees are
disseminated plays an important role in affecting
decision-making regarding the technology. Such
factors include input and output prices, customary
land-use practices, land tenure and property rights.
Policy and institutions are cross-cutting and affect sev-
eral farmers because the adoption of a relatively long-
term technology such as fertiliser trees depends on in-
centives created by market and non-market institutions
(Ajayi et al., 2007). National policies may modify the
profitability of fertiliser trees, thereby altering their
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Table 4 Financial profitability of maize production systems using tree fallows, fertiliser and farmers’ practices in Zambia® 't

Net present value % increase in net profit

Description of system Benefit-cost ratio (USS$ /ha) over unfertilised maize
Continuous maize — non-fertilised 2.01 130 0
Continuous maize — subsidised fertiliser’ 2.65 499 284
Continuous maize — fertiliser priced at market rate’™ 1.77 349 168
2-yr Gliricidia sepium fallow 291 269 107
2-yr sesbania fallow 3.13 309 138
2-yr tephrosia fallow 2.77 233 79

T Fertiliser subsidised by government at 50%.
T Fertiliser at market rates.

T Figures are on a one hectare basis, at prevailing costs & prices and annual discount of 30%.

attractiveness and potential adoptability by farmers.
Lack of access to quality seeds is one of the greatest
constraints to fertiliser trees. Private sector organisa-
tions have not yet engaged in the multiplication and
distribution of fertiliser tree seeds as done for the seeds
of food crops such as maize. One of the reasons is
that the market size and potential returns on invest-
ment in the latter is expected to be more rewarding for
private entrepreneurs because more farmers currently
grow maize than fertiliser trees. A profitability analy-
sis conducted on fertiliser trees in Zambia showed that
the four factors that most influenced the financial at-
tractiveness and potential adoptability of the technol-
ogy are external to the household, and most small-
holder farm households have very little or no control
over them (Ajayi et al., 2009).

Some local customary practices affect the nature
of risk and potential adoptability of fertiliser trees.
Field studies in Zambia show that bush fires and
browsing constrain widespread adoption of certain fer-
tiliser technologies (Ajayi and Kwesiga, 2003). Ex-
tensive browsing by livestock led to the discontinu-
ation of the promotion of pigeon pea-based fertiliser
trees in Zambia (Franzel et al., 2002). In addition,
local customary practices and institutions (especially
incidence of bush fires and browsing by livestock
during the dry season, and absence of perennial private
rights over land) prevailing in southern Africa limit
widespread uptake of some agroforestry technologies
(Ajayi and Kwesiga, 2003). Collaborative efforts ini-
tiated by traditional rulers, and research and develop-
ment organisations to respond to these challenges have
contributed to solving some of the constraints posed
by these customary practices, e.g. through the enact-
ment of bye-laws against the practices, but have not
completely resolved them. Short-term customary land

tenure creates a disincentive to longer-term investment
in tree-based technologies.

Geo-spatial factors: There is a spatial dimension to
the adoption of fertiliser trees in southern Africa, as the
performance of the technologies varies with location,
across crops and with time. Geo-spatial factors focus
on the performance of species across different bio-
physical conditions and site or village location. They
include the type and characteristics of soils, which de-
termine the bio-physical limits of technologies, access
to roads and markets, and location of a village relative
to institutions promoting fertiliser trees. The choice of
species used for fertiliser trees is critical as the bio-
physical performance and social-economic needs of
different communities vary from one region to another.
The establishment of proper targeting of fertiliser trees
to geographic and social niches is an important factor
that affects the relevance of the technology to farmers
and that they create the desired impact among small-
holder farmers.

The fertiliser tree system is financially profitable,
but its widespread uptake by smallholder farmers
may be constrained by challenges posed at the farm,
household and policy levels as enumerated above.
One of the important lessons learnt is that scaling
up of fertiliser trees requires both vertical proces