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Preface

Inducement for the Book

A breakthrough in soil evaluation was achieved in the year 2006. The working
group, Soil Classification of the International Union of Soil Sciences, published a
new version of the World Reference Base of Soil Resources (WRB) for improving
international communication about soils. It enabled an apposite name to be allo-
cated to all soils of the globe. This name characterises typical features of soils and
the processes behind them.

At the same time discussion about the need to improve public awareness about
the functions of soils for humankind had reached a climax. It seemed to be difficult
or even impossible to characterise soil functions using globally valid evaluation
schemes. This was a momentous occasion for the editors and some of the authors of
this book to remember a vision of the Russian geographer V.V. Dokuchaev (1846—
1903), the father of modern soil science. He pointed out that the findings of soil
science needed to improve the food security of the population. According to his
vision, the characterisation and classification of soils should focus on characterising
and maintaining or even improving their fertility.

Interesting work was carried out by scientists from the United States, Australia
and New Zealand to evaluate the performance of soil for cropping and grazing.
Russia, too, has long-standing traditions in such work. The approaches had a clear
focus on soil structure but did not closely correlate with crop yields outside of their
home areas, because other soil and climate factors dominated, such as drought.

Based on all these considerations the framework of the Muencheberg Soil
Quality Rating (M-SQR) was born: a system which allocates fertility numbers to
soils. Now we had a combination of two tools available to characterise soils by
meaningful names and by their fertility potential. We were keen to test the feasi-
bility of the M-SQR along with the WRB in very different climate and soil regions.
The Russian partners and the German Federal Office for Agriculture and Food
(BLE) were very open for this idea. In 2007 the project 05/07 “Indicators of fertility
and function of agricultural soils” got started. It enabled joint fieldwork about soil
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classification and evaluation on numerous agricultural sites in both countries. The
main partners were the Institute of Soil Science and Agrochemistry (ISSA) from
Novosibirsk, Russia, and the Leibniz Centre of Agricultural Landscape Research
(ZALF) from Miincheberg, Germany. Two years later the Pryanishnikov All
Russian Research Institute of Agrochemistry (VNIIA) Moscow joined this project.
Many sites studied and sampled were in Siberia.

Another small-budget project “Effect of climate change in boreal and sub-arctic
ecosystems on water quality and soil functions, code 01DJ12058” was supported by
the German Federal Ministry of Education and Research (BMBF) and enabled this
cooperation between ZALF Miincheberg and ISSA Novosibirsk to be deepened
jointly with IWEP Barnaul during 2012-2013. Overall, more than 15 joint publi-
cations appeared as an outcome of both projects.

Contacts deepened, and the network of researchers became broader. Gaps in the
knowledge became clear and interest in closer cooperation accrued. However, first
it was necessary to combine the numerous results, to interlink them with other
running projects and extremely innovative activities, and to make them available for
application in research and practice. That is the intention behind editing this book.

The focus on Siberia was obvious because of the exciting, remote landscapes
and their great potential for the future of the population and of our whole planet.
Land degradation and desertification are threats there which will have implications
not only for food security but also for water resources and their quality, for bio-
diversity, the livelihood of the population and other crucial targets of landscape
development and evolution. We put the emphasis on the unity and interactions
between land and water, their resources, functions and quality. Reliable data are
required about the status of land and water resources based on advanced, interna-
tionally proven and acknowledged methods.

One of the most important recognitions of our project activities was that many
scientific and practical solutions for monitoring of land resources are available in
Europe but not yet in Siberia.

All this is to be revealed in detail and some more eyes must be opened to see the
potential improvements and the need for them. Learning from neighbours and
cooperating with them helps to avoid same mistakes that they have already made,
and it helps to save time and money. Based on the knowledge and technologies
presented here, it is the responsibility of the current generation of scientists,
decision-makers and other stakeholders that practical measures of monitoring and
sustainable resources have to be taken.

Purpose of the Book

This book summarises the outcomes of the above-mentioned projects and of a
number of other recent studies related to the topic of land and water monitoring and
management. It is intended to be a source of information for all those dealing with
its subject: methods for the characterisation and wise utilisation of land and water
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resources in Siberia. Besides information, it aims to deliver motivation for thinking
about applications and new site-adapted solutions. It will also provide under-
standing and confidence that those better solutions are feasible based on the power
of scientific-technical innovations and people’s creativity and efforts in handling
them.

The book will not overfeed readers with facts and data. The main intended
innovation of the book is its focus on transferrable novel methods. Scientific tools
will be proposed for measuring, evaluating, modelling and controlling processes in
the landscapes of Siberia, especially in rural landscapes. The application of these
new scientific tools requires not only open minds but also high levels of motivation
and education. In some cases investments are needed. Thus, outreach and the
adaption of new methods can only be realistically carried out in the framework of
pilot studies based on further strengthened international scientific cooperation. The
book is to serve as an advanced platform for new and more sustainable research
cooperation between inventors and protagonists of new methods coming from
different leading research institutions of Russia, Germany and other regions of the
globe.

Content and Structure

The book offers a broad array of methods to measure, assess, forecast and control
land and water resources: laboratory and field measurement methods of water and
soil quality, methods of resource evaluation, functional mapping and remote
sensing methods for monitoring and modelling large areas. It contains methods for
ecosystem modelling, and the field monitoring of soils, and methods and tech-
nologies for optimising land use systems.

The book has 32 individual chapters in four parts and seven thematic clusters. In
order to focus on the scientific value of individual chapters and the expertise of their
authors, the editors have decided to keep the structure on a flat level of hierarchy
and to allocate the chapters to four parts of the book only. These are

Part I, “Environmental and Societal Framework for Monitoring and Managing
Land and Water Resources”. It analyses the status of land and water resources in
Asian Russia, evaluates the agri-environmental research and points out gaps in the
knowledge.

Part II “Methods and Case Studies for Understanding and Monitoring the
Landscapes of Siberia”, presents further advanced research studies from Siberia
about water and land monitoring and their methodologies.

Part TIT “Novel Approaches and Technologies of Application Potentials for
Siberia” offers methods developed outside Siberia, but with great potential to be
applied there in the near future.

Another Part IV “Synopsis and Overall Conclusions” consists of the chapter
“Potential of Applying Novel Monitoring and Management Methods to Siberian
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Landscapes” It reviews all thematic clusters and their individual chapters, sum-
marises the overall book and draws conclusions for the application of novel
methods.

Readers and Authors

Our addressees are scientists, planners, teachers, students, decision-makers and all
readers who feel responsible for initiating the sustainable use of resources by
scientific-technical innovations. Readers will gain some information and inspiration
for their own work from this book. Based on this, they are encouraged to find their
individual optimum when drawing conclusions and acting imaginatively.

Readers are also encouraged to contact the authors for more information. The
chapter authors are pioneers behind novel methods, as well as being innovative and
experienced scientists. Most of them come from Russia and Germany, others from
different regions of the globe. Possible divergences between the findings, conclu-
sions and statements of individual authors are natural. Data given in the various
chapters of this book may include slight uncertainties, biases and inconsistencies.
The editors have made no attempt to harmonise them because this is natural and
reflects the different sources and local and temporal scales of the data. The chapter
authors’ conclusions do not necessarily need to coincide with the particular opinion
of the editors. Chapters reflect the views of their author, and editors cannot be held
responsible for any interpretation which may be made based on the information
contained therein.

It is important to mention that in some chapters, trade names are used to provide
specific information about proven technologies applied in the study. Mentioning a
trade name does not constitute a guarantee of the product by the authors or editors.
It does also not mean a preference for, or recommendation of this product.
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Chapter 1
Land and Water Resources of Siberia,
Their Functioning and Ecological State

Lothar Mueller, Askhad K. Sheudshen, Aleksandr Syso,

Pavel Barsukov, Elena N. Smolentseva, Tamara Khodzher,
Victor G. Sychev, Vladimir A. Romanenkov, Olga V. Rukhovich,
Aleksandr Puzanov, Ralf Dannowski, Uwe Schindler

and Frank Eulenstein

Abstract Siberia is the backbone of the economy of modern Russia due to huge
reserves of gas, oil, land and water. Not only resource extracting and processing
industries, but also forestry and agriculture capitalize these resources with impli-
cations for local and global processes of nature and society. We analysed the state
of land and water resources with regard to the impacts of human activity and
climate change. The environmental status of forests, agricultural lands and inland
water bodies was evaluated based on our own research and the recent literature. The
focus was on agro-ecosystems. Our synthetic review revealed that peatlands and
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Tundra ecosystems are endangered by resource-extracting industries and industrial
air pollution. Mining and industrial activity damage soil and vegetation and
accelerate thermokarst processes. Forest ecosystems suffer increasingly from fires,
insect outbreaks and improper management. Past and recent mining and industrial
activity has polluted soils and water seriously in many regions. Permafrost melting
could expose cases of old and inherited pollution. The impact of agriculture on
water quality is still low but will increase. Agriculture is in a recession and operates
inefficiently, destroying the soil. There is largely a lack of any agri-environmental
monitoring in many regions. The rural infrastructure is on the verge of collapse, in
the High North and the Far East in particular. State natural reserves (zapovedniks)
are endangered by illegal activities and lack integration into scientific monitoring.
Overall, monitoring programmes on the status of land and water resources lack
consistency and modern technology. Climate change will put a great deal of
additional pressure on Siberian landscapes, but hard data are required, and moni-
toring systems need to be modernized. Siberian landscapes have great potential for
the mitigation of climate change through carbon sequestration and for improving
people’s livelihoods. Environmentally friendly business activities such as organic
food production, environmental tourism and recreational fishing are still underde-
veloped. We conclude that the status of food production and the disintegration of
rural areas are risks for Russian food security and national security. Modern
technologies for monitoring and research ecosystems are needed to generate sus-
tainable developments in managing the land and water resources of Siberia.

Keywords Siberia - Land - Water - Quality - Environment - Ecosystems -
Monitoring

1 Attributes and Resources of Siberia

Siberia is the region beyond the Urals, the Asian part of Russia, from a European
perspective. It is a region of extremes and superlatives. The extremely harsh climate
and massive stocks of natural resources—Iland, water, oil, gas, and minerals—
determine its status of recognition and further development. Siberia is the coldest
populated area on the planet, characterised by permafrost soil, snow and ice. The
Siberian Taiga is one of the largest global ecosystems, comprising about one third
of the total forest land on our planet. Siberia includes vast and impassable bogs and
swamps, amongst them the Vasyugan bog, the largest global peatland. Forest
Steppe and steppe regions in the south are part of the longest agricultural belt in the
world. Yenisei, Lena, Ob-Irtysh and Amur rank amongst the top twelve global
rivers, and Lake Baikal is the deepest freshwater lake, containing the largest
available freshwater volume of the planet. Siberia’s huge dimensions are impres-
sive, always creating the illusion of the exhaustlessness of its resources.
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Siberia is the treasure chamber and a basis of the economy of modern Russia.
More than 70 % of the oil resources and more than 80 % of the gas resources of the
country are stored in the north-west of West Siberia (Adam and Mamin 2001). The
exploitation of gas, oil and minerals has been the driver for the increasing welfare of
the urban population over the past years.

Siberia has much potential but faces some risks. Human exploration and climate
change will induce a dynamic of ecosystem alterations with impacts for global
cycles (Shvidenko et al. 2013). Some aspects and trends of climate change have
been already recognized. These are global warming and the release of greenhouse
gases into the atmosphere. Further resource exploration and utilisation and accel-
erated global warming may pose threats to nature including the human population.
When thinking in terms of “environmental currencies” such as carbon sequestration
potentials, Russia will be a leading global player due to Siberia’s resources
(Lioubimtseva 2010).

Food security is another issue of importance for Russia, but agricultural land and
water management are in a recession (Gordeev and Romanenko 2008). The sus-
tainable production of traditional goods such as local food or timber, which are
based on healthy soil and water bodies, requires more scientific data and public
awareness. We are at the beginning of understanding the complexity of these
processes and re-evaluating land and water resources. Decisions about possible
controlling and mitigating mechanisms need a permanent scientific background.
What are the consequences of global warming and resource utilisation for soil and
water quality, for the agriculture, forestry, human health and biodiversity of
Siberia? There is a high risk that our understanding of these processes cannot keep
pace with the speed of alterations, making them more and more uncontrollable.
Trends in changes to the terrestrial and aquatic ecosystem need to be monitored
permanently.

Are our available methods and tools for research and monitoring landscape
processes doing well and do they meet future requirements? One aim of this book is
to help maintain human society’s capability to control processes and minimise the
risks for future generations. This will be done by explaining some scientific,
technological methods for understanding, monitoring, forecasting and controlling
landscape processes in Siberia. The focus is on the main resources of land and
water, on terrestrial and aquatic ecosystems. This introductory chapter analyses
some basic settings and drivers of ecosystem change.

2 Geographical Regions and Landscapes in a Nutshell

From its physical geography, Siberia can be subdivided into several geomorpho-
logical areas: the West Siberian Plain, the Central Siberian Plateau, the Mountains
of South Siberia and the Uplands of Northeast Siberia (Fig. 1). In-between the
upland areas are further large lowlands such as the North Siberian Lowland, the
Central Yakutia Lowland and the East Siberian Lowland.



6 L. Mueller et al.

S,

Fig. 1 Sketch of geomorphological landscape units. Map Ralf Dannowski

The West Siberian Plain begins east of the Urals and mainly covers the Ob River
basin, along with some western parts of the Yenisei basin. In a world without
glaciers much of this land and of the North Siberian Lowland would fall under the
elevated sea level. The Yamal Peninsula and the land south of the Ob mouth would
disappear. On a sketch drawn by M.G. Groswald and M.N. Sverkova one can
recognise it as the largest closed area on the Northern Hemisphere which the ocean
would claim back (Kotlyakov 1986). The West Siberian Lowland comprises more
than a thousand lakes and ponds with an area of more than 100 thousand square
kilometres (Antipov 2006).

The Central Siberian Plateau stretches roughly from the Yenisei River to the
Lena River. It is bounded on the south by the Baikal mountain system and on the
north by the North Siberian Lowland. The South Siberian Mountains system
comprises a number of mountains such as the Altai, Sayan and Baikal Mountains. It
is the spring and headwater area of the Ob, Yenisei and Lena rivers. The Northeast
Siberian Uplands consist of some average and high mountain chains east of the
Lena River.

From a historical European perspective, Siberia is considered the Non-European
part of Russia. As Europe and Asia have no clear natural border, Siberia is also not
an exactly defined geographical region. Based on administrative units of the
Russian Federation the designation of Siberia is associated with the Federal District
of Siberia (administrative centre: Novosibirsk). Other Federal Districts (Fig. 2) east
of Europe are Ural (adm. centre: Yekaterinburg) and the Far East (adm. centre:
Khabarovsk). Adding the area and population of these three Federal Districts
(Siberia in a wider sense) reveals an area of 13.1 million square kilometres and a
population of 37.6 million (Wikipedia 2013a). This is roughly comparable with
Canada, the second largest country in the world, covering an area of about
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Fig. 2 Federal Districts (FD) of the Russian Federation. / Central, 2 Southern, 3 North Caucasian,
4 Volga, 5 Northwestern, 6 Ural, 7 Siberian, 8 Far Eastern. The map demonstrates the huge
dimensions of the FD in Asian Russia (7, 8 and partly 6). Note that FD’s are administrative units
and not the Federal subjects. Detailed information is given in Wikipedia (2013a). Map Ralf
Dannowski

10 million square kilometres and inhabited by about 35 million people. Other
sources exclude areas of the Russian Far East and the Ural districts from the
definition of Siberia, then referring to an area of about 10 million square kilometres
(Antipov 2006; Groisman and Gutman 2013).

Siberia is extremely sparsely populated but cannot be considered as a rural
region. The region has a relatively short history. The Russian colonization started in
about 1750. Siberia’s exploration is well set out in the Museum of History in
Irkutsk (Fig. 3). The emergence and growth of cities has been associated with the
Trans-Siberian Railroad and industrial complexes. The population is concentrated
in some large cities of the south. About 70 % of the entire population lives there
whilst large regions are virtually uninhabited (Groisman and Gutman 2013).
Cultural landscapes with stable rural centres, traditions in soil and water manage-
ment and owners aware of how to sustainably handle land and water resources are
still underdeveloped or not even found in Siberia. This has implications for the
perception and evaluation of landscape values by the population.

Novosibirsk, the third largest city of Russia, is the political, social, scientific and
cultural centre of Siberia. It lies about 1400 km south-west from the geographical
centre of Russia (Lake Vivi, Evenki district of the Krasnoyarsk Krai). The distance
from Novosibirsk to locations in the Far East such as Petropavlovsk Kamchatsky,
or to the Bering Strait, is greater than the distance to the North Sea at Hamburg.
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Fig. 3 The historical museum in Irkutsk presents the exploration and development of Siberia.
Photo Ralf Dannowski

3 Climate

3.1 Temperature

Siberia is cold and dry, with particularly severe and long winters. Towards the
south, mountain ranges protect it from the direct influx of water vapour and heat
from the tropics and also largely from the moderate Atlantic climate system. The
dominating climate-forming factor of Central Siberia is the Arctic Ocean. Cold and
dry air masses form over the Arctic and dictate the climate of most parts of Siberia
over the winter and the northern parts all year round (Richter 1963; Groisman and
Gutman 2013). Most cities of Siberia are located between 52° and 56° Northern
Latitude. This is comparable with some West and North European cities. Ulan-Ude
has about the same latitude as London, Irkutsk that of Amsterdam or Berlin,
Novosibirsk and Omsk that of Copenhagen or Moscow. Yekaterinburg, Tomsk and
Krasnoyarsk lie slightly further south than Oslo, Stockholm and St. Petersburg. The
position of Yakutsk is comparable with that of Trondheim. Large differences in
winter temperatures between Europe and Siberia can largely be explained by the
warm water heating system of the Gulf Stream which Europe benefits from. January
temperatures in North-Western Europe are not far from the freezing point. They are
clearly less than —15 °C in most parts of Siberia (Table 1). Summer temperatures in
South Siberia are comparable with or even slightly higher than those in the
above-mentioned European cities. Most climate stations have negative mean annual
values indicating permafrost soil conditions. The cities of the Far East lie further
south. The latitude of Khabarovsk is comparable with that of Paris or Vienna, and
Vladivostok with Marseille or Sofia. Much colder winters are found in the Far East
than in Europe at the same latitudes.
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Fig. 4 Snowbound landscape of the Siberian Forest Steppe. Snow cover is shallow and unevenly
distributed. Photo Alexander S. Chumbaev, ISSA Novosibirsk

3.2 Precipitation

In West Siberia the annual rainfall is moderate to low, ranging from about 300 to
600 mm depending on latitudes and altitudes. Central and East Siberia receive low
to moderate precipitation heights of 300 to 400 mm. Continental Yakutia is not only
extremely cold but also an extremely dry region with precipitation of less than
300 mm. As part of the precipitation falls as snow, it cannot be used by the
vegetation completely (Fig. 4). Snowmelt above a partly frozen soil causes surface
and subsurface lateral discharge processes. In the Far East region belonging to the
monsoon climate zone, precipitation is high.

3.3 Range of Climate Data

The wide range of basic climate data at stations east of the Urals is visible from
Table 1. The mean annual temperatures of the stations range from —16.4 °C
(Oymyakon) to 4.2 °C (Vladivostok). January temperatures range from —47 °C
(Verkhoyansk and Oymyakon) to —8.2 °C (Petropavlovsk-Kamchatsky). July
temperatures range from 1.3 °C (Cape Chelyuskin) to 21.2 °C (Khabarovsk).
Annual precipitation varies between 126 mm (Kosh Agash) and 995 mm
(Petropavlovsk-Kamchatsky). Potential evaporation ranges between 223 mm
(Ostrov Dikson) and 590 mm (Vladivostok). All positive extremes were measured
in humid and maritime regions of the Far East. The continental climate of most
parts of Siberia leads to practically two main seasons only: winter and summer.
Spring and autumn are only short transition phases between them.
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3.4 Short Description of the Climate Station Locations

The characterisation of climate stations refers to Table 1 and is based on different
sources. The position of the stations is given in Fig. 5.

1.

Cape Chelyuskin (Msic YemtockuH) on the Taimyr Peninsula is both the
northernmost point of the Siberian mainland and the northernmost continental
place on earth. It belongs to the Krasnoyarsk Krai.

Ostrov Dikson (Jlukcon) is a very small island and settlement near the mouth
of the Yenisei River in the Taimyrsky Dolgano-Nenetsky District of the
Krasnoyarsk Krai.

Khatanga (Xaranra) is a rural settlement on the Taimyr Peninsula, in the
Krasnoyarsk Krai. It is located on the river of the same name.

Chokurdakh (Yoxypzax) is a settlement and the administrative centre of the
Allaikhovsky District of the Sakha Republic. It is located on the Indigirka
River.

. Olenyok (Omnenék) is a settlement and the administrative centre of the

Olenyoksky District in the Sakha Republic. It is located on the river of the same
name.

Verkhoyansk (BepxosHck) is a small town in the Sakha Republic, located on
the Yana River.

Igarka (rapxka) is a town on the Yenisei River in the Krasnoyarsk Krai.

Zone 1

Bl Zone2 | !
Il Zone3
B Zone 4

Fig. 5 Permafrost zones of the Russian Federation and some representative climate stations in
Asian Russia (numbers acc. to Table 1.1). Permafrost zones after Roshydromet (2008b). I Zone
where permafrost may occur on less than 50 % of the land, 2 zone where permafrost may occur on
50-90 % of lands, 3 complete permafrost zone (more than 90 % of lands) 4 zone of seasonal
freezing (no permafrost). Map Ralf Dannowski
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. Beryozovo (bepé3oBo) is an urban settlement and the administrative center of

Beryozovsky District of Khanty-Mansi Autonomous Okrug, located on the Ob
River.

Tarko-Sale (Tapko-Care) is a town in the Yamalo-Nenets Autonomous Okrug.
It is located on the Pyakupur River near its confluence with the Ayvasedapur.
Markovo (MapkoBo) is a settlement in the Chukotka Autonomous Okrug,
Anadyrsky District, Far East, close to the Anadyr River.

Tura (Typa) is a settlement in the Krasnoyarsk Krai and the centre of the
Ewenkiyskiy Rayon. It is located on the Nizhnyaya Tunguska River.
Oymyakon (Ofimsxon) is a settlement in the Republic of Sakha (Yakutia),
considered as the coldest place of all inhabited areas on earth.

Omsukchan (Omcyxuan) is an urban settlement and the administrative centre
of the Omsukchansky District of the Magadan Oblast, Far East. It is located on
the river of the same name, a tributary of the Kolyma River.

Suntar (Cynrap) is a rural settlement on the Vilyuy River. It is located in the
Republic of Sakha and the administrative centre of the Suntarsky District.
Yakutsk (SIxytck) is the capital city of the Sakha Republic (3.08 million square
kilometres) located on the Lena River.

Baykit (baiikut) is a rural settlement in the Evenkiysky District of the
Krasnoyarsk Krai. It is located on the Podkamennaya Tunguska River.
Surgut (Cypryr) is a city in the Khanty-Mansi Autonomous Okrug, Russia,
located on the Ob River near its confluence with the Irtysh River.
Kolpashevo (Konnzimeso) is a town and the administrative centre of the
Kolpashevsky District in the Tomsk Oblast, located on the Ob River.
Kirensk (Kupenck) is a town and the administrative centre of the Kirensky
District in the Irkutsk Oblast. It is located on the confluence of the Kirenga
River into the Lena River.

Tyumen (Tromens) is a city and the administrative centre of the Tyumen
Oblast, located on the Tura River.

Chara (Yapa) is a settlement in the north Trans-Baikal Region, known for the
Chara Sands, a big dune area within the larch Taiga. The settlement is located
on the river of the same name.

Yekaterinburg (ExarepunOypr) is the second-largest city east of the Urals and
the administrative center of the Sverdlovsk Oblast.

Ayan (AsH) is a rural settlement and the administrative centre of the
Ayano-Maysky District of the Khabarovsk Krai, Far East. It is located on the
shore of the Sea of Okhotsk.

Krasnoyarsk (Kpachosipck) is a city and the administrative centre of the
Krasnoyarsk Krai (2.34 million square kilometres), located on the Yenisei
River.

Kurgan (Kypran) is a city and the administrative center of the Kurgan Oblast
in South-West Siberia, located on the Tobol River.

Novosibirsk (HoBocubupck) is the largest city of Siberia, located on the Ob
River. It is the administrative centre of the Siberian Federal District and the
Novosibirsk Oblast.
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Omsk (Owmck) is a city and the administrative center of the Omsk Oblast. It is
located at the confluence of the Irtysh and Om Rivers.

Bomnak (bomnak) is a rural settlement in the Zeysky District of the Amur
Oblast, located at the Zeyskiy reservoir.

Slavgorod (Cnasropox) is a town in the Altai Krai in the Kulunda Steppe. The
region is largely an inland watershed, has extremely low or no discharge.
Romanovka (PomanoBka) is a rural settlement in the Vitimsky Selsoviet of
the Bauntovsky Evenkiysky District, Republic of Buryatia. It is located on the
Vitim River, a tributary of the Lena River.

Petropavlovsk-Kamchatsky (ITerponasnosck-Kamuarckuii) is a city and the
administrative centre of the Kamchatka Krai, Far East.

Biysk (buiick) is a city in the Altai Krai located on the Biya River close to its
confluence with the Katun River (from then on called Ob River).

Irkutsk (MpxyTtck) is a city and the administrative centre of the Irkutsk Oblast.
It is located on the Angara River, close to its outflow from Lake Baikal.
Ulan-Ude (Ynan-Ym3) is the capital city of the Republic of Buryatia, located
about 100 km southeast of Lake Baikal, close to the Selenga River.

Kyzyl (Ks1351n) is the capital of the Tuva Republic on the Yenisei River.
Nerchinsk (HéquHCK) is a town and the administrative centre of the
Nerchinsky District of the Zabaykalsky Krai (Trans-Baikal Region). The cli-
mate station lies close to the Chinese border, which is the Argun River, the
southern headwater stream of the Amur.

Kosh-Agach (Kom-Arau) is a rural settlement and administrative centre of the
Ten Rayon in the Altai Republic.

Khabarovsk (Xabaposck) is a city of the Far East at the confluence of the
Amur and Ussuri Rivers close to the Chinese border. It is the administrative
centre of the Khabarovsk Krai.

Ekaterino-Nikolskoye (Exatepuno-Huxomnnckoe) is a settlement in the Jewish
Autonomous Oblast, Far East. It is located on the banks of the Amur River,
directly at the Chinese border.

Vladivostok (BmammBoctok) is a city and the administrative centre of the
Primorsky Krai, Far East. It is located on the southern tip of the Muravyov-
Amursky Peninsula close to the borders with China and North Korea.

The Siberian Permafrost Zone

4.1 Extent and Features

About 80 % of the Siberian area is composed of permafrost in the subsurface
(Suzuki 2011). Permafrost soil formed in the latest glacial period (Sartanian =
Weichselian = Wisconsinan) and remained largely because the temperature was
8-10 K (°C) higher, though still negative, in most parts of Siberia during the
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Holocene (Anisimov et al. 2002). Permafrost depths range between a few metres at
its current southern boundary in West Siberia (*60—62°N) and up to about one
kilometre in the coldest parts of Yakutia (Baulinym and Belopukhovoy 1963;
Suzuki 2011). South of 60°N it may exist as a relict at greater depth. At very cold
climates in the north (< —8 °C, French 1999) active permafrost formation occurs.
Within the permafrost zone, non-frozen parts of the ground (Taliki) exist beneath
lakes and rivers. Mounds of earth-covered ice (Pingos, Bulgunniakhs) are typical
landscape elements in the permafrost region. Detailed maps of permafrost have
been developed for West Siberia (Shpolyanskaya 1971; Pavlov 2008) and general
maps for whole Russia (Roshydromet 2008b; Fig. 5).

Permafrost landscapes are characterised by thermokarst processes and resulting
landforms. Thermokarst expresses the ablation of excess ice in permafrost and the
subsequent consolidation of the soil or bedrock (Murton 2009). A review by the
same author shows that modes of thermokarst activity comprise (1) deepening of
the freezing-thawing layer (active layer), (2) ice-wedge melting, (3) thaw slumping,
(4) groundwater flow, (5) shoreline thermokarst and (6) basin thermokarst (Murton
2009). Alases are also typical landscape elements of the permafrost zone formed by
thermokarst in an aridic climate of the type which prevails in Yakutia. They are
shallow depressions which are formed by soil subsidence because of repeated
melting and refreezing. They have been developed from former temporary shallow
meltwater lakes in depressions. Trees can no longer grow under these bad drainage
conditions and are replaced by grasses and herbs, which have a steppe-like feature
and can be used as pasture and hayland.

Soil formation takes place in the active layer. It comprises sorting of soil
material, shrinkage and swelling, frost wedge formation and polygonal patterns
(French 1976).

4.2 Permafrost Thawing

The permafrost area and thickness was reduced during the Holocene. Warming of
the Arctic region continues (Climate Committee 2002; ACIA 2004; Fedotov et al.
2012). Frozen and non-frozen grounds differ crucially in important properties and
processes such as mechanical stability and biological activity. As thawing starts
from the soil surface, the increasing thickness of the active layer is of most interest
and concern. The depth of the active layer is commonly 1-2 m depending on
latitude and soil. It is shallow on organic soils in the Tundra zone and deep on
sandy soils in the Taiga zone (Baulinym and Belopuchovoy 1963). Active-layer
deepening has many consequences for landscape functions and properties. Frozen
ground is stable and hard. At the beginning of thawing the soil is over-saturated and
shows quasi-plastic or liquid behaviour; it is prone to translocation and bodies or
structures sinking in. Distortions and destruction of buildings, roads, railways,
pipelines and other structures are a consequence with a huge economic impact.
Solifluction, erosion, changes in hydrology (Woo 2012) and vegetation, and other
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processes lead to a transformation of existing landforms (Anisimov and Reneva
2006).

A large amount of stored carbon is being lost by the soil and released to the
atmosphere, mostly in the form of methane (Tarnocai et al. 2009; Zimov et al.
2006). Pleistocene Yedoma permafrost contains nearly a third of all organic matter
(OM) stored in circum-Arctic permafrost. Yedoma OM is highly biologically
available (biolabile) upon thawing (Vonk et al. 2013). Its decomposition after
thawing will boost nitrogen and phosphorus cycles with consequences for stocks,
fluxes and the whole ecosystem (Mack et al. 2010).

Some feedback processes triggered by climate warming, such as the expansion
of deciduous shrubs, may reduce fast summer permafrost thawing (Blok et al.
2010). Monitoring of the permafrost zone (cryolithic zone) in Siberia includes some
fundamental processes such as groundwater hydrology, the thermal regime of the
active layer, and numerous cryogenic geological processes such as ground defor-
mation and translocation, solifluction, thermoabrasion of shorelines, thermokarst,
thermoerosion and ice dynamics (Pavlov 2008).

Human impacts have particularly big consequences in permafrost landscapes.
Measures of industrial and urban activity lead to damage or the destruction of the
vegetation. This leads to fast melting, active layer deepening, erosion and
solifluction (Chuprova 2006). Successional re-vegetation is too slow in this region,
thus immediate re-greening by landscaping (biological recultivation) will be
required.

5 Bio-geographical Zones

Concept of bio-geographical zonmes: landscape bio-geographical zones (natural
zones, geographical zones, vegetation zones, eco-zones) were defined and param-
eterised based on the ideas and work of Dokuchaev at the end of the nineteenth
century (in Dokuchaev 1949), and Berg (1947). The main zones relevant to Siberia
are Tundra, Taiga, Forest Steppe and Steppe (Gerasimov et al. 1971; Lydolph
1990). Further transition zones such as the Forest Tundra and the aspen-birch forest,
or sub-divisions of the Taiga into northern, middle and southern regions are based
on temperatures in the vegetation period but also associated with a winter climate
(Shvareva 1963; Table 2). The values in this table are averages over long obser-
vation periods in the first half of the twentieth century, not classification thresholds.

Current geographical zoning can be done based on the scheme of Milkov (1977),
Table 3. This scheme holds for all zones of the former USSR and is based on
thermal conditions for the Tundra and Taiga zones and on thermal and moisture
conditions of the temperate zones. It sub-divides the Tundra zone into Arctic desert,
Arctic Tundra and common Tundra. This scheme allocates many parts of South
Siberia to the temperate forest zone. There is no more southern Taiga. A number of
locations in the south of West Siberia characterised by southern Taiga vegetation
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Table 2 Temperatures of the warmest month and length of snow cover in different natural zones
of West Siberia (Shvareva 1963 p. 96, excerpt)

Natural zone Temp. °C Permanent snow cover

warmest month Begin End
Tundra 10-13 10 October 1-10 June
Northern Taiga 15-16 10-20 October 10-20 May
Middle Taiga 17 20 October—1 November 20 April-1 May
Southern Taiga 17-18 1 November 20 April
Aspen-birch forest 17-18 1-10 November 20 April
(Sub-Taiga)
Forest Steppe 19-20 10 November 10-20 April
Steppe 20 10 November 10 April

Table 3 Geographical zones of Russia relevant to Siberia (Milkov 1977, shortened®)

Zone Radiation Group of zones
balance ) Desert Semi-desert | Steppe Forest Forest
kcal/cm Steppe
Polar 0 to 30-35 Thermal conditions: average air temperature of the warmest
month
<5° 5-6° 6-11° 11-14° 14-17°
Arctic Arctic Tundra Forest Taiga
desert Tundra Tundra (northern

and middle)

Moisture conditions: Moisture coefficient and radiation index of
dryness (in parentheses)

0.12- 0.29-0.13 0.59— 0.99- >1 (<1)
0.00 (2-3) 0.30 0.60
(>3) (1.5-2) (1.5-1)
Temperate | 30-35 to Desert Semi-desert | Steppe Forest Broadleaf
55-60 Steppe mixed forest

“Subtropical and tropical zones omitted; Moisture coefficient after Vysotsky-Ivanov: K = R/E,,
where R = sum of precipitation and E;, is potential evapotranspiration, K is considered as Aridity
Index (AI) in the FAO climate database LocClim 1.10 (FAO 2006); note that values of that K can
differ from Al because of different methodology of E,, computation. Radiation index of dryness
after Budyko R; = R/L,, where Ry is the radiation balance and L, is the heat sum required for the
evaporation of precipitation. R; < 0.45 excessive, R; = 0.45-1.00 sufficient R; = 1.00-3.00
insufficient. Both indexes are given in the LocClim database (FAO 2006)

with admixtures of aspen and birch but having a July temperature of 17-19 °C fall
into the broadleaf forest or Forest Steppe class of the temperate zone.

There are further systems for classifying ecological zones. The Ecological Atlas
of Russia (Isachenko 1990) published on the website of the Lomonosov Moscow
State University, Faculty of Geography, contains further detailed information about
geographical landscape zoning. Geographical zones are associated with typical
vegetation and soil forming and landscape structure and processes (Richter 1963).
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More and more data are interpreted in the context of landscape zones: for example,
patterns of lake water elements in the landscape are like the fingerprints of geo-
graphical zones and regions (Kremleva et al. 2012).

Tundra The Tundra zone stretches south of the Arctic Ocean and the Arctic desert.
It is a roughly 200-800-km-wide zone north of the Arctic Circle or north of 70°
northern latitude, if located in the Central Siberian Upland. This zone has been
formed by glacial processes since the last ice age. The Tundra can be subdivided
into the Arctic Tundra (coast regions of the Arctic Ocean, southern part of Novaya
Zemlya), the typical or moss-lichen Tundra, and the subzone of the southern Tundra
(shrub Tundra). July temperatures may give an orientation. They are less than 5-6 °
C in the Arctic Tundra, about 6-9 °C in the typical Tundra and 9-11 °C in the
southern Tundra (Milkov 1977). Typical zonal soils are Tundra-Gley Soils (Gleyic
Cryosols). Due to the Arctic climate, biogeochemical processes occur slowly and
with low intensity. Soils are characterised by a permafrost regime, poor drainage
and wet humus accumulation. Plant growth is limited by a short vegetation period,
low biochemical weathering intensity of rock, wind intensity and other factors.
Mosses, lichens, grasses and dwarf shrubs prevail (Fig. 6). Photosynthesis and plant
growth benefit from the permanent solar radiation in the short summer whilst plant
decomposition is limited by low temperatures. This leads to a very slow but

(a)

Fig. 6 Mountain Tundra (a) and Forest Tundra (b). Reindeer (c) are the most important domestic
animals and the living basis of the indigenous peoples in the High North. Photos Pavel Barsukov
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permanent accumulation of organic material. Half of this material is carbon, and the
Tundra is a carbon sink.

The occurrence of previously accumulated loess-like soil material in the Tundra
zone is a typical feature of the Siberian subarctic region. Soils of Yedoma com-
plexes (Schirrmeister et al. 2008) are rich in nutrients and provide higher ecosystem
productivity. This ecosystem is the Tundra Steppe (Schirrmeister et al. 2008) or
Mammoth Steppe (Zimov et al. 1995). Not only global climate change at the end of
the Pleistocene, but also human activity in remaining Mammoth Steppe areas could
have led to the extinction of this characteristic mammal (Zimov et al. 1995). The
main current human activities in the Siberian Tundra are reindeer farming and oil
and gas extraction.

Forest Tundra The Forest Tundra is a roughly 20-200-km-wide transition zone
between Tundra and Taiga, characterised by very sparse stands of coniferous veg-
etation. Forest Tundra and the northern treeline fluctuate with climate change. Six
thousand years ago, the northern treeline on the Taimyr Peninsula was located about
150 km further north than at present due to the warmer climate (Juday et al. 2009).

Taiga This is characterised by coniferous forests. The Taiga is the main vegetation
zone of Russia, stretching south of the Tundra over the whole of Siberia and
westwards to Scandinavia as a closed belt. It is an approximately 1000-
2000-km-wide zone south of a line connecting Ust Kamchatsk, Verchoyansk,
Olenek, Igarka, Salechard, Mesen and Murmansk and north of a line connecting
Sakhalin, Irkutsk, Gorno-Altaisk, Kemerovo, Tomsk, Tyumen, Yekaterinburg,
Izhevsk, Nizhniy Novgorod, Tula and St. Petersburg. Taiga patches also exist along
mountain ranges. Typical zonal soils of the Taiga are Podsols (northern and middle
Taiga) and Derno-Podsols (southern Taiga). The main coniferous tree species are
larch, spruce, fir, cedar, and pines (Fig. 7). Larch, which is a deciduous conifer,
prevails in the coldest parts of the Taiga zone. In the southern Taiga, admixtures of
small-leaved trees such as birch, aspen and poplar are typical. The Taiga zone also
includes large or small patchy wetlands free of trees where willow bushes or reed

Fig. 7 Pine-Taiga in the Altai Mountains (a). Near villages land was cleared for grazing milking
cows (b)
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vegetation and mosses occur depending on the drainage conditions and availability
of plant nutrients. Taiga vegetation is well adapted to permafrost conditions and
protects the soil from heating up and thawing. However, even in the coldest parts of
Siberia it suffers, sometimes irreversibly, from thermokarst processes which are
induced by fire, lodging and insect outbreaks. In semiarid regions (Yakutia) it
features numerous alases, and in the humid north of West Siberia numerous lakes
and ponds.

Taiga vegetation is also a carbon sink, accumulating organic material in vegeta-
tion and soil. However, the system is vulnerable to fire and non-sustainable man-
agement. The timber industry utilizes the vegetation of this zone. Also, most mining
and industrial activity in Siberia is located there and has led to large urban complexes.
Most Siberian cities are located in the southern Taiga zone or in the transition zone of
the mixed forest and Forest Steppe (sub-Taiga). The state and tendencies of forest
ecosystem dynamics are negatively impacted by increasing anthropogenic pressure
and insufficient governance of natural resources (Groisman and Gutman 2013).

Forest Steppe This is a roughly 200-km-wide transition zone between forest and
Steppe. As in a parkland, patches of coniferous trees, mainly pines, admixed by
birches and aspen, are interrupted by Steppe areas in Southern Siberia (Fig. 8a).

Located on fertile loess sediments, it forms the northern part of the Chernozem
belt. Typical zonal soils are leached Chernozems (Phaeozems). This zone has been
largely transformed by humans over the past centuries because of their relatively
ideal conditions for settlement and cropping agriculture (Fig. 8b). Ploughing has
induced accelerated soil erosion by water and wind has diminished the soil quality
in some parts of this zone. Large fields of 100 ha (100 ha = 1 km?®) and more
surrounded by windbreaks have been created in the last century.

Steppe This covers the southernmost part of Siberia and is a relative small part of
the Eurasian Steppe landscape, extending roughly from North China across
Mongolia, Kazakhstan, southern Russia, and Ukraine to Hungary. A lack of pre-
cipitation formed these largely treeless grasslands.

Deep rooting grass, herb and shrub vegetation have developed on silty and fine
sandy aeolian loess or loess-like sediments, forming soils rich in humus. Loess is
extensive in southern Siberia between the Irtysh basin in the west and the Angara
basin in the east (Chlachula 2003). Large areas of salinized lands and saltwater
lakes are found in the Steppe landscape of southwest Siberia between the Ob and
the Irtysh rivers (Bulatov et al. 2006).

Typical Steppe soils in Siberia are Chernozems, Southern Chernozems and Dark
Kastanozems. The Steppe zone provides favourable conditions for pastoral agri-
culture. Other subsistence agriculture by cropping cereals, potatoes, vegetables and
other food have also been practised since the time of human settlement.
Tillage-based cropping systems face problems of soil fertility being degraded by
wind and water erosion, and humus loss in the Steppe zone. Crop yields are limited
by drought. The Steppe biome is threatened by agricultural conversion into crop-
land, overgrazing, fossil hydrocarbon extraction, over-exploitation and poaching
(Smelansky and Tishkov 2012).
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Fig. 8 Spring aspect (end of
May) of the vegetation in the
Baraba Forest Steppe, located
south of Novosibirsk.

a Anemone species in Stipa
grasslands. b Soil tillage for
wheat sowing. Though the
land is not ploughed but tilled
by cultivators and harrows in
this case, soil degradation by
wind erosion cannot be
prevented. The field size is
100 ha, which is too large for
windbreaks to function. Many
windbreaks have disintegrated

6 Bio-climatic Conditions for Agriculture and Forestry

The vegetation period of plants is largely limited by frost and days of temperatures
less than 5 °C, whilst conditions for good growth of grasses and trees require daily
temperatures higher than 10 °C. Water availability at this time is another important
bioclimatic factor. The situation for a subset of climate stations is given in Table 4.
Stations are also sorted according to their latitude from North to South. Except Cape
Chelyuskin in the Arctic desert region, all other locations in this table are sites of
agriculture. The data show that the months of April and October are not growth
months all over Siberia because of a high probability of frost. The same holds for
the first half of May and the second half of September. The long frost period in
combination with harsh temperatures and sometimes shallow protecting snow cover
does not allow for the growth of winter crops such as winter wheat or barley in most
parts of Siberia. This is in contrast to Europe where, despite some late frosts, grass
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growth starts in most regions in April and is still full in action in October, and the
greening of leaf trees starts in April/May.

From the total number of months and days above 0 °C the latitudinal zonation is
clearly recognizable. About 130-200 days > 0 °C and 110-180 growing days (> 5 °C)
provide some opportunities for growing spring crops. However, this can be managed
with much less risk if growth periods are not interrupted by frosts. In this respect,
agricultural activity is less limited in the south part of the Far East
(Ekaterino-Nikolskoe) and of West Siberia (Omsk) but much more limited at
Verchoyansk and Tarko-Sale. On these locations, grasses and other robust fodder
crops can be grown, but all crops requiring a flowering and maturity phase are grown
at risk. Nevertheless, as long as some 100 years ago Laschtschenkow (2012) reported
on barley cropping in Verchoyansk and wheat cropping up to 63.5° North in Yakutia.
Stations located further south provide long periods free of frost and acceptable con-
ditions for growing a broader variety of annual crops. In most cases, not only in
Southern Siberia but in Yakutia too, drought is a severe limiting cropping factor. The
water balance deficit in summer is so high that only considerable amounts of water
stored in soils (>150 mm) or fed by shallow groundwater or irrigation can provide
acceptable crop yields. Practically, only loess or lowland soils of a shallow water
table are suited for dryland cropping under these conditions. The situation in the
humid Far East (location Ekaterino-Nikolskoe) is completely different and charac-
terised by a significantly higher cropping potential.

Rough estimates of the Net Primary Production (NPP), provided by the database
Loc-Clim 1.10 (FAO 2006) confirm the tendency for NPP to increase from North to
South. Temperature limited NPP estimates range from 1.2 to 7.7 tonnes per hectare
and year dry matter for the sites in Table 4. The values are significantly lower than
those estimated for locations in FEurope (Miincheberg/Berlin 12.8 t/ha;
Shebantsevo/Moscow 11.0 t/ha). Also, the number of growing days (¢ > 5 °C) is
higher in the forestry and agricultural regions of Europe (Miincheberg/Berlin 226;
Shebanzevo/Moscow 186) but in most parts of Siberia less than 170. This shows
clearly lower yield potentials of forest trees and crops in Siberia mainly due to low
temperatures.

A comparison of Table 4 with growing degree requirements of some annual
crops (Table 5) for the stations of Verchoyansk and Tarko-Sale confirms the pos-
sibility of cropping spring barley, cereals or potatoes in the Taiga zone of the
Extreme North. Data on the summer period length (Table 6) also indicate that there
is a sufficient period for growing vegetables and crops in all natural zones except
Tundra. However, there is a considerable frost risk for agricultural and horticultural
plants in the northern Taiga. Boreal forest is frost-resistant and can use the con-
siderable number of summer days (Table 6) for biomass production.

Growing days (¢ > 5 °C) or days of r > 10 °C seem to be a suitable criterion of
natural vegetation zoning. The northern boundary of tree growth (polar treeline) is
characterised by more than 64 days > 5 °C and the northern boundary of broadleaf
mixed forest more than 160 days > 5 °C (Weischet 1960).
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Table S Growing degree-day requirements for some annual crops (data by Juday et al. 2009)

Growing degree-days

5 °C base 0 °C base
Peas (green) 700-800 1000
Spring barley 700-900 1200-1500
Peas (seed) 8001150 1500-1700
Oats 1300-1700
Canola 950-1050 1350-1550
Potatoes 1000-1100
Spring wheat 1000-1200 400-1650

Table 6 Duration of the summer period and temperature sums in different natural zones of West
Siberia (Shvareva 1963, excerpt, modified)

Zone or sub-zone Begin and end of the Number days > 10 °C
summer period

Tundra 10 July 15 August 40-50

Northern Taiga 20 June 25 August 60-80

Middle Taiga 5 June 5 September 100

Southern Taiga 30 May 10 September 100-150

Sub- Taiga (Aspen-birch forest) 115-120

Forest Steppe 15 May 15 September 120-140

Steppe 125-140

Dry Steppe 5 May 25 September

7 Climate Change

From predicted trends, Russia is warming faster than the global average, and
Siberia and the Arctic region of Siberia are warming exceedingly fast (Climate
Committee 2002; Table 7; Roshydromet 2008a). The temperature trend coefficient
over the past 30—40 years has been a roughly 0.3-0.5 °C increase per decade. The
depth of the active layer could deepen by 15-50 %, in Yakutia and Chukotka in
particular (Roshydromet 2008b). Under the ground, at a depth of 10-20 m, the
temperature could increase by 1 K by the end of this century (Pavlov 2008).
Climate change could mean an increase in rainstorm probability of about 7 % by
2030 and 16 % by 2060 in West Siberia, and 10 % by 2030 and 19 % by 2060 in
East Siberia, respectively (Roshydromet 2008b). River discharges (Table 8) and the
probability of flood disasters are predicted to increase, especially in the Lena River
catchment (Roshydromet 2008b; Shiklomanov and Georgievsky 2009).
Increasing freshwater discharge of Siberian rivers is of concern because of
consequences for the circulation in the Arctic Ocean and global climate. Rawlins
et al. (2010) observed a significant intensification of the Arctic freshwater cycle:
increasing precipitation, evapotranspiration and river discharge. Discharge shows a
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Table 7 Predicted

’ Region Temperature increase °C
zrr:};::r:;;;lrzul:f(;rceeaii by 2050 Tundra Forest Tundra Taiga
permafrost regions (Climate European North 1.6
Committee 2002) West Siberia 2.4 2.6 2.4

Yakutia 2.8 2.6 2.5
North East 1.5 1.5

Table 8 Predicted increase . River catchment, |Increase of river discharges (%)

2;1:33 ?ﬁ%}éﬂf{%g‘oﬂ‘h&? region 2011-2030 | 2041-2060 | 2080-2099

2008b) Ob 545 77 13+ 10
Yenisei 5+4 10+ 6 21+8
Lena 8+5 17+7 34 + 15
Amur 3+8 11 £ 10 23 + 17
West Siberia 5+3 11+4 22+5
East Siberia 6+2 14+5 32+ 10
Russia 5+2 11+3 23 £4

significant positive trend of 0.31 mm/year’ over Eurasia, which may have bad
consequences for the global water circulation including the Gulf Stream as the heat
pump of Europe. This increasing freshwater input to the Arctic is dominated by
Siberian rivers (Rawlins et al. 2010). Increasing discharge is associated with
increased sediment loads (Syvitski 2002).

All these trends will have implications for nature and humans of Siberia and
around the globe.

The latest climate report (Roshydromet 2014) addresses some possible negative
biophysical consequences of climate change. Those examples are the decrease of
agroclimatic potentials in Steppe regions of Siberia due to drought, the spread of crop
pests like the Colorado beetle (Leptinotarsa decemlineata) and the spread of hosts for
pathogenic organisms like tics (Ixodes spec.) (Roshydromet 2014). However, sce-
narios are uncertain and need to be improved by better data and models.

8 Land Resources and Their Quality
8.1 Quantity of Forest Land

The Russian land for forestry covers about 809 million ha according to FAO criteria
(FRA 2005). It is by far the largest forest land in the world. According to original
Russian statistics the forest land including non-stocked lands and other land users
was higher, about 891 million ha in 2008 (Filipchuk and Moiseev 2010). The Russian
Forest Fund even counted 1.18 billion ha of land (Nilsson and Svidenko 1998).
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Table 9 Forest land (2008) in the Siberian and Far East Federal Districts (data by Alexeenko
2012)

Siberian | Far East | Total for Siberia Share of Russian total
FD FD?* and Far East volume, %
Forest land area, M ha 347.4 496.2 843.6 754
Stocked area, M ha 257.9 290.2 548.1 73.4
Growing stock, billion 31.3 20.3 51.6 67.5
m’
Mature and overmature 122.8 122.3 245.1 74.5
stands, M ha
Total average annual 338.1 234.4 572.5 60.4
increment, M m>
Annual allowable cut, 196.5 90.9 287.4 52.2
M m?
Area of protected forest, 91.0 78.9 169.9 68.1
M ha

M ha = million hectares, M m? = million cubic metres. “The Far East Federal District includes the
Sakha Republic

About three quarters of the Russian forest land belongs to the Taiga region of the
Siberian and Far East Federal districts (Table 9).

Only part of the forest land is stocked by forest (Fig. 9). Bogs cover one third of
the land in the Siberian and Far East Federal districts, which are considered as forest
lands but not stocked by forests (Alexeenko 2012). The proportion of stands with
aged trees is relatively high. This is favourable for the natural reproduction and the
overall ecosystem.

The primary designated function of about the half of forest land is production
(416 million ha in 2010); the rest is designated for reserves, the protection of soil
and water conservation, of biodiversity and other purposes (Filipchuk and Moiseev
2010). The key principles of legislation and management of forests as a resource are

(b)

Fig. 9 Dense stands of Picea in the Southern Taiga (a) and mixed forest in the SubTaiga (b)
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ruled by the Forest Code of the Russian Federation (Forest Code 2006). More than
90 % of forest land is in public (state) ownership and under the responsibility of the
Ministry of Natural Resources of the Russian Federation (Filipchuk and Moiseev
2010). Forest management rights lie to about 80 % in the hands of the public
administration. 20 % of land is leased by private corporations and institutions
(Filipchuk and Moiseev 2010). The allowable cut amounts to about half of the
annually growing forest mass.

About 250 million ha of forest and Tundra land is designated area for reindeer
farming in the Siberian and Far East FD. The Republic of Sakha (80 M ha forest
land), the Chukot Autonomous Region (44 M ha) and the Taimyr Autonomous
Region (40 M ha) are regions containing the largest lands for this purpose
(Alexeenko 2012).

8.2 State of Forest Land

Most forest land of Siberia is in a good ecological state and stable or very resilient.
Some soils of the Russian Federation, mainly in subarctic and Arctic regions or in
mountain regions, underlie significant risks of disturbances or degradation.
Stolbovoi and Fischer (1997) estimated that about 10 million ha of Russian forest
land suffers from disturbances to the soil organic horizon due to cuttings, and
another 15.5 million ha disturbances to the soil organic horizon due to conflagra-
tion. In Taiga and Tundra regions about 31.2 million ha are damaged by thermo-
karst due to industrial activities, and 60.2 million ha show signs of surface corrosion
from overgrazing (Stolbovoi and Fischer 1997). Forest logging in mountain regions
has triggered an irreversible loss of soils by erosion. Vast forest areas in Siberia and
the Far East suffer from air pollution. They are at risk of damage from sulphur and
nitrogen depositions. Sulphur deposition may stress 210 million ha and nitrogen
deposition 87 million ha of forest land in Asian Russia (Nilsson and Shvidenko
1998). Those depositions aggravate natural processes of soil acidification, pod-
solization and leaching of nutrition elements and carbon, leading to irreversibly
diminished soil and habitat quality.

The south Siberian mountains and some other mountainous regions are rich in
uranium ore and thus have high natural radioactivity (Utkin 1997 quoted in Adam
et al. 2013; Puzanov et al. 2013). The processing industries and radioactive waste
disposal and the related dumping of materials have caused serious contamination in
Siberia. Much is accumulated in the active layer and will disperse later (Fukuda
1997). The Altai territory and Republic of Buryatia are particularly damaged by
fallout from nuclear tests (Baranovskaya et al. 2012). Elevated levels of radioactive
Caesium (Cs-137) and/or Polonium were measured in soils adjacent to centres of the
nuclear industry (Seversk, Zheleznogorsk) and at sites of accident fallout at under-
ground nuclear explosions in Yakutia (Baranovskaya et al. 2012). The large region
around Lake Baikal which is mainly under forest is a zone of elevated soil radioac-
tivity levels due to natural and human-induced sources (Chernyago et al. 2012).
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8.3 Quantity of Agricultural Land

Russia has agricultural lands covering about 180—402 million ha. Statistical data for
Russia in 2007 were 220.6 million ha of agricultural land, of which 121.6 million
ha were cropping land. This is about 13 and 7 %, respectively, of the total land
(1709.8 million ha) of the Russian Federation (Gordeev and Romanenko 2008).

The Russian Land Fund considers 401.6 million ha of land as designated for
primary agricultural purposes, and 69 % of this land is in Federal and Municipal
ownership (FAO 2013a). From FAO data sources (FAO 2013b), agriculture in the
Russian Federation is based on 215.25 million ha of cultivated land (arable land and
permanent crops).

Schepaschenko et al. (2012) refer to 220.5 million ha of agricultural land
of Russia in 2009. Cropland covered 121.6 million ha. Of the total cropland, only
77.8 million ha were under cropping, the rest was set aside or abandoned
(Schepaschenko et al. 2012). This 77.8 million ha is a low level and corresponds to
about the level at the end of the 1920s and late 1940s (Lyuri et al. 2010). In Russia,
about 35.7 million ha of land are potentially available for wheat production (Petrick
et al. 2013). Much of this land is located in South Siberia.

Most agricultural land and cropping land in Russia is located in Europe. From
data gathered by Adam and Mamin (2001) less than a quarter of Russia’s arable
land is located in the Asian part of the country (Table 10), most of that being in the
southern part of West Siberia. About 10 million ha of good agricultural lands are
located in the Forest Steppe zone of West Siberia (Egorova Egorova 2014), and also
in the Steppe zone. Of the administrative units, the Altai Krai comprises the largest
land areas for agriculture in Siberia. Though bioclimatic conditions in the Far East
are better than in the Steppe regions of Siberia, less land is under agriculture there.

The agricultural land area has experienced great fluctuations over the past
century. According to Lyuri et al. (2010) between 1990 and 2007 about 13.5
million ha of agricultural lands in Asian Russia (48 million ha in Russia) were taken
out of production. This was more than that gained during the huge land reclamation
campaign in the 1950s. The area of potential (not yet used) cropland of Russia
amounts to 39—40 million ha (Lambin et al. 2013) and is about in the magnitude of
the abandoned land. Land abandonment was correlated with a loss of rural popu-
lation, which was about 30 % in most regions of Siberia.

Table 10 Agricultural land in Siberia in million hectares (Adam and Mamin 2001, modified)

Region Agricultural land Arable land Pastures and hayland Others
Russian Federation 178.6 117.8 58.3 2.5
West Siberia 29.0 17.8 10.9 0.3
East Siberia 18.2 7.3 10.0 0.9
Far East 4.7 2.4 2.1 0.2
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8.4 State of Agricultural Land

8.4.1 Industrial Pollution of Soil

The industrial pollution of soil is a serious problem worldwide and also in Siberia.
The air quality in Siberian cities and their industrial areas is very bad (Adam and
Mamin 2001; Kashapov et al. 2008). The urban air quality in several Siberian cities
(e.g. Norilsk, Barnaul, and Novokuznetsk) is considered among the worst in Russia
(Baklanov et al. 2013). Siberian ecosystems have begun to show stress from the
accumulation of pollution depositions that come from cities and industrial plants
(Belozertseva 2013; Gutman et al. 2013). Pollutants are being dispersed over soils of
the region. The mining, transport and storage of industrial minerals or products have
also led to point source pollution. Many areas around major metallurgical, chemical
and energy enterprises have been found to be polluted by toxic substances such as
heavy metals, oil and oil products, sulphur oxides and chemical wastes. Soil quality
is also adversely affected by soil contamination with radionuclides and other pol-
lutants. The pollution of soils poses a risk to food production and biodiversity. In the
Irkutsk region a historical atmospheric source of polychlorinated biphenyl (PCB) has
led to the widespread contamination of soil with PCBs which were ingested by
milking cows and contaminated the milk in this region (Mamontova et al. 2007).

About 3.6 million ha of agricultural land in Russia are contaminated with
radionuclides and heavy metals (FAO 2013a). Under permafrost conditions
industrial pollution is a particular threat because the damage to vegetation initiates
thermokarst processes (Chuprova 2006; Baranov et al. 2010).

8.4.2 Soil Quality for Agriculture

For environmental monitoring, both soil and water and quality can be measured
using sets of chemical, biological and physical data. In the case of soils, there is a
lack of conventions and international standards on the parameters required for this
kind of monitoring. Some approaches do not meet one of the basic requirements
described by Dokuchaev (1951): that soil quality assessment on agricultural land
should reflect crop yield potentials. It is useful to measure and evaluate soil quality
in terms of its functions for society. For example, the specific role of soil and land
in producing plant biomass for humans (productivity function, Mueller et al. 2011)
remains crucial. Consequently, higher soil quality means the land has a higher crop
yield potential. Land rating approaches of the former Soviet Union (Gavrilyuk
1974; Vostokova and Yakushevskaya 1979) meet these requirements in general.
However, they are based on yield data which are 60 and more years old and do not
consider soil functional properties and climate conditions. More recent approaches
(Krupkin and Toptygin 1999), based on important functional properties of soils
such as humus content or nutrient stocks, have more regional meaning and cannot
be transferred to other parts of Russia.
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(a) (b)

Fig. 10 Examples of agricultural soils in Siberia and their quality for cereal cropping: a Ordinary
Chernozem of the research station Krasnoobsk, Forest Steppe, rating points of M-SQR (Mueller
et al. 2011): 98 (Upgraded Basic Rating)/42 (Final Rating, including climate factors). b Southern
Chernozem of the Grushevka field near Bagan, Kulunda Steppe, degraded by wind erosion, rating
points 78/20. ¢ Solonetz near Bagan, Kulunda Steppe, rating points: 55/14. d Luvisol of the
Kochky site, Baraba Forest Steppe, rating points: 74/24. Classes of rating points are 0-20 very
poor, 20-40 poor, 40-60 moderate, 60—80 good, 80-100 very good

The overall situation of soil quality in Asian Russia and future trends in the
context of the Eurasian and global situation does not seem to be clear yet but could
be found out by using the Muencheberg Soil Quality Rating (M-SQR, Mueller et al.
2011) to create a strategy of assessing food security for Eurasia or the world. Work
by Smolentseva et al. (2014) showed that loess-borne soils of South Siberia have
excellent basic soil properties in terms of texture, structure, rooting potential and
water and nutrient storage capacity. However, climatic conditions such as too-late
warming and drought are serious yield-declining factors. This leads to low overall
rating values on a global scale (Smolentseva et al. 2014). Some examples are given
in Fig. 10.

8.4.3 Land Degradation by Agriculture

Degradation of agricultural land by wasteful and unsustainable management is one
of the most important socioeconomic problems worldwide. This is also true for the
lands of Russia including Siberia. It poses a threat to the country’s ecological,
economic and national security. Data are inconsistent and differ depending on their
assessment methodology but demonstrate the huge dimensions of the problem.
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Table 11 Degraded agricultural soils in Siberia (data by Gordeev and Romanenko 2008)

Agricultural land Degraded land in %
(thousand ha) Wetness Water Wind Salinization
erosion erosion and alkalinisation
West Siberia 34,434 20.3 6.6 12.9 35.1
East Siberia 23,196 7.8 9.8 14.3 3.8
Far East 7932 36.5 7.0 0.8 43

The worst damage to Russian soils is caused by water and wind erosion
(50 million ha), waterlogging (40 million ha), droughts (up to 170 million ha), land
salinization and alkalinisation (40 million ha) (FAO 2014a).

Cropping agriculture, if associated with soil tillage, is risky for soil fertility and
associated with a permanent loss of soil humus and fertility. Schepaschenko et al.
(2012) calculated that the arable land of Russia was a carbon source (carbon loss of
0.8 t/ha per year), whilst pasture and hayfields were a sink of 0.29 t/ha per year.
Zhulanova (2013) found negative carbon balances of the Dry Steppe (0.76 t/ha per
year) and Steppe (0.19 t/ha per year), whilst carbon of the Forest Steppe was about
balanced under agriculture in South Siberia. Table 11 shows the percentage of
degraded agricultural land in Siberia.

Wetness of agricultural land is a permanent yield-declining issue in West Siberia
and the Far East. Salinization and wind erosion are also typical of Steppe regions.
Degradation means an irreversible loss of soil productivity potential. Drought, the
most severe productivity-limiting factor leading to desertification in current Dry
Steppe and Steppe regions (Schreiner and Meyer 2014), is not listed here. Data
about other soil degrading factors such as permanent humus loss and soil com-
paction are also not included in Table 11.

When tilled, soil loses its protective vegetation and becomes prone to wind
erosion. In the Steppe regions of Asia alone, wind erosion may reach global
dimensions in future due to the mismanagement of soils by ploughing (Suleimenov
et al. 2014). Halting anthropogenically induced land degradation by introducing
more sustainable land management is a challenge for Asian Russia. This also has
implications for the sector of agri-environmental research.

8.4.4 State of Grasslands

Grasslands and rangelands are an underestimated resource for biochemical cycles
and for human welfare. There is a lack of reliable data on the state of pasture or
rangeland degradation in Siberia. The situation is similarly unclear to that in the
landscapes of Kazakhstan and other countries of Central Asia (Mueller et al. 2014).
Long-term succession studies in grasslands done by the Sochava Institute of
Geography (Nechaeva et al. (2010) along with chemical soil analyses are important
for understanding local grassland ecosystems. However, those studies lack linkages
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with modern diagnostic and monitoring methods. A loss of plant and wild animal
diversity, an increase in unpalatable or toxic plants, a loss of soil fertility and
productivity and a decline in livestock production are examples of possible indi-
cators. Rangeland recovery may comprise palatable biomass, biodiversity and rare
species.

The biodiversity of grasslands is influenced or threatened by several disturbances
such as habitat loss, fragmentation of natural communities, over-exploitation such
as overgrazing, penetration of non-native species, environmental pollution, climate
change, and other elements. Local overgrazing or periodic ploughing of grasslands
are crucially negative impact factors. Both overgrazing and underutilisation
decrease the natural potential of Steppe soils (Kandalova and Lysanova 2010).
Desertification tendencies of Siberian ecosystems, grasslands in particular, have
been already detected (Meyer et al. 2008; Plyusnin and Danko 2011).

9 Peatlands and Their Significance for a Functioning
Landscape

Almost 370 million ha of peatlands are located in the Russian Federation, the
majority of them in the Taiga zone of the Asian part (Table 12; Fig. 11). They are of
crucial importance for biodiversity, carbon storage, hydrology and other environ-
mental functions (Liss et al. 2001; Kremenetski et al. 2003).

The West Siberian lowlands are the world’s largest high-latitude wetland region,
including vast and deep peatlands. Sheng et al. 2004 estimated the total area of
peatlands in West Siberia at 59.2 million ha and the total carbon pool at 70.21 Pg
(Petagrams = billion tonnes). The Vasyugan Mire is the largest of them, covering an
area of 5.3 million ha (Inisheva et al. 2011).

Humid Siberian Taiga and Tundra are regions of permanent peat accumulation
and thus a permanent natural carbon sink. From recent models based on numerous
measurements, sphagnum mosses grow about 12 mm/year in the northern Taiga,
16 mm/year in the middle Taiga and 12 mm/year in the southern Taiga. The annual
carbon accumulation ranges from 90 to 160 g/m* (Dyukarev et al. 2011). Inisheva
and Berezina (2013) report on a peat layer increasing by about 0.4-0.7 mm/year

Table 12 Peatland areas in

- . Territory Area million ha
the Russian Federation -
(Climate Committee 2002) ~ Russia as a whole 369.1
Of which: In the European part 58.8
In the Asian part 310.3
In different zones
Tundra and Forest Tundra 106.2
Taiga and other zones 262.9
In the permafrost zone 270.6
In the West Siberian lowland 99.1
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Fig. 11 Peatlands in the Southern Taiga. a Natural bog with Formica spec. anthill. These ants are
very important for preventing insect outbreaks through biological means. b Cultivated and
abandoned peatland

and quote an enlargement of the peat area of 92 km*/year based on data collected by
Neistadt (1971). In the warmer Sub-Taiga of South Siberia, Larin and Guselnikov
(2011) also found an increase of wetland areas by 4.6 km? per year.

NPP is a crucial parameter for characterising the biological productivity of sites
and a starting point for carbon and ecosystem balances. It has been measured by
traditional methods (harvesting and analysing above-ground and below-ground
plant biomass). Table 13 shows data on peatland sites in West Siberia.

The NPP in eutrophic swamps of the Forest Steppe was about 600~700 g/m? per
year of dry mass (Kosykh 2009). It was higher (1285 g/m?) in the peatlands of the
Altai mountains, where the roots of wetland grasses contributed 80 % of the NPP
(Kosykh et al. 2010). About half of the dry biomass is carbon. Inisheva et al. (2011)
measured the NPP of peat sites at 171-296 g C/m? per year. Lapshina and Bleuten
(2011) report on an NPP of 150-500 g C/m? per year in the peatlands of West
Siberia. Carbon storage (NPP minus heterotrophic respiration) was 30-70 g C/m?
per year, and methane emissions were about 0—5 g C/m? per year.

Table 13 Net primary production (NPP, g/m® per year dry matter) of two peat sites in West
Siberia (Vasilyev 2007, shortened)

NPP fractions NPP g/m? per yr dry matter
Northern Taiga (Noyabrsk Southern Taiga (Plotnikovo
site, 63.2°N, 75.5°E) site, 56.7°N, 83.0°E)
Ridges Depressions Ridges Depressions
Vascular plants 208 360 592 584
Mosses 200 241 265 295
Dwarf shrubs 88 10 124 86
Herbs 10 41 5 45
Total 506 652 986 1010

100 g/m? = 1 tonne/ha
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The peatlands of Siberia face threats different from those that are known from
peatland regions in Western Europe. In Western Europe, peatlands are a carbon
source due to drainage and agriculture in a temperate, warm and subhumid climate
(Drosler et al. 2008; Mueller et al. 2008). Land drainage, which is responsible for
the carbon loss of west European peatlands, has had no significant influence on the
carbon balance in West Siberia (Inisheva et al. 2011). Loss of carbon due to
heterotrophic respiration higher than NPP seems not to be a threat to Siberian
peatlands. However, more reliable data are required for assessing climate change. In
general, measuring NPP and respiration by different methods, as was done in most
cited studies on Siberian peatlands, may lead to biased carbon balance results.
Today, more sophisticated and accurate methods of measuring carbon balances
in situ are available (Chojnicki et al. 2010; Juszczak et al. 2013).

Threats to Siberian peatlands are more associated with industrial pollution. The
process of conversion of natural land into industrial land goes on. There are
13.7 million ha of licensed sites for oil exploration and processing in the
Khanty-Mansi Autonomous Okrug of West Siberia, the majority of them located in
peatlands (Lopatin 2011). Peat contamination by heavy metals around oil and gas
extraction and processing industrial complexes, degradation of the natural vegeta-
tion, thermokarst and erosion processes are common in those areas (Opekunova
et al. 2011). Secondary salinization of lands is another detrimental by-effect of oil
and gas exploration leading to destruction of the peat vegetation (Ermolov et al.
2011). Industrial burning processes distribute pollutants such as heavy metals and
products of incomplete combustion over peat landscapes. Wetland monitoring and
the development of proper wetland management practices in Siberia are needed
(Robarts et al. 2013). The pollution status of peatlands should be part of those
programmes.

10 Status of Zapovedniks and Other Protected Areas

Based on the research and great foresight of Russian and Soviet scientists of the
nineteenth and twentieth centuries, Russia has always developed ambitious nature
protection projects. Scientific nature reserves (zapovedniks) are strictly protected
areas without any economic use of natural resources such as soil, water, minerals,
flora and fauna. It is the highest category of protection restricted to the public. They
were created for nature and ecosystem research almost about 100 years ago. The
degree of human disturbance in these areas is extremely low. In Europe and most
parts of the world, such regions practically no longer exist. Russia has about 100
zapovedniks covering an area of 31,000 km? (Juday et al. 2009). Many of them are
located in Siberia and the Far East. Unique data about rare and threatened species
have been gathered in zapovedniks, for example Gilg et al. (2000), Ebmer (2006),
Goodrich et al. (2008).

Zapovedniks are a national treasure of Russia and of great importance for
studying largely natural landscape processes. However, they face problems of
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destruction and risks for survival. Their protection status and management are ruled
by law (Government RF 1994). However, goals and reality have differed. The
monitoring and protection of zapovedniks cannot be guaranteed because of financial
hardship and a local population which does not back the concept (Oostergreen and
Shvarts 2000; Lieske 2011).

Zapovedniks have great potential for environmental education and scientific
tourism. The peripheral zones could be more open for scientific and eco-tourism
and the environmental education of the young generation (Luzhkova 2013). This
would make the region more economically and ecologically stable and the popu-
lation more environmentally aware (Oostergreen and Shvarts 2000). On the other
hand this would mean a certain weakening of the zapovednik concept and require
investment to prevent the outer zapovednik zone from fast destruction. One of the
basic purposes of zapovedniks—research for understanding natural landscape
processes as a baseline of landscape research—is still underdeveloped. Research
activities in and about zapovedniks need to be increased.

Besides zapovedniks, a system of protected areas and sites of particular eco-
logical, historical and aesthetic value has been created. More than 40 national parks
have been funded since 1991 (Wikipedia 2014a). They are open for regulated
tourism. One of the largest of these national parks is the Tunkinsky National Park in
the Buryat Republic (1183 km?). Most national parks are located in Forest Fund
areas and are managed by the state forestry authorities. These areas are managed for
a range of scientific and biodiversity values (Juday et al. 2009). Wildlife refuges
(zakazniki) are another category of protected areas; amongst them are many Ramsar
sites. Russia has designated 35 wetlands for the Ramsar List; the total area of these
sites is over 10.3 million ha. 20 of them are in Siberia and the Far East (Norbalwet
2013).

Ethno-ecological museums (ecomuseums) are a new type of multidisciplinary
open-air museum explaining the natural and cultural environment of the Siberian
peoples (Kimeev 2008).

Some Siberian zapovedniks and national parks are natural World Heritage Sites
(WHS), which are associated with enhanced international (UNESCO) and national
obligations for their protection. These are Lake Baikal WHS (includes Barguzin
Zapovednik); Sikhote-Alin WHS (includes Sikhote-Alin Zapovednik); Golden
Mountains of Altai WHS (includes Altai and Katun zapovedniks); Volcanoes of
Kamchatka WHS (includes Kronotski Zapovednik and three national parks);
Uvs Nuur basin WHS (includes Uvs Nuur Nature Reserve) and Wrangel Island
(includes Wrangel Island Zapovednik) (Wikipedia 2014b). In individual cases the
monitoring of recreational impacts has started (Zavadskaya 2011).

All protected areas, and zapovedniks in particular, need to be better involved in
research and monitoring programmes.
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11 Water Resources and Quality

11.1 Water Resources

11.1.1 Fresh Water Resources

Most of the freshwater resources of the Russian Federation are contained in the
permafrost ground of Siberia and the Far East region (FAO 2014b). This
freshwater-like water from Siberian glaciers is a valuable resource which largely
does not underlie any management. The Russian Federation also has large
renewable water resources and a corresponding dependency ratio of 4.3 (%). This
ratio means that only a small amount of water flows in from other countries, for
example the Irtysh from Kazakhstan. Russia is thus largely independent from
freshwater inflow from other countries (FAO 2012). Most Russian water resources
occur in Siberian river catchments which drain into the Arctic Ocean. Table 14
shows the catchment and discharge of the largest rivers and watersheds, respec-
tively, east of the Urals. The large catchments of the three biggest rivers of Siberia,
Yenisei, Lena and Ob, provide more than a third of the renewable overall Russian
freshwater resources. Due to the low precipitation in these areas, the annual

Table 14 Renewable water resources of major river basins east of the Urals

Name of Major region | Area of basin Internal Inflow Total Outflow to
river/catchment | within the RF | 1000 km® RSWR (km?/ | (km?/ RSWR
Total In the | Year) year) (km3/year)
RF
Arctic Ocean
Ob Ural, W. 2990 2330 364.0 38.0° 402.0 Kara Sea
Siberia
Yenisei Central 2580 2180 605.0 25.0° 630.0 Kara Sea
Siberia
Pyasina East Siberia 182 182 82.0 - 82.0 Kara Sea
Lena E. Siberia, F. 2470 2470 532.0 - 532.0 Laptev Sea
East
Khatanga East Siberia 422 422 88.0 - 88.0 Laptev Sea
Olenek Far East 219 219 34.0 - 34.0 Laptev Sea
Indigirka Far East 360 360 55.0 - 55.0 East Siberian
Sea
Kolyma Far East 647 647 126.0 - 126.0 East Siberian
Sea
Pacific Ocean
Amur E. Siberia, F. 1855 780 225.0 100.0° 325.0 Sea of
East Okhotsk
Kamchatka Far East 56 56 33.0 - 33.0 Pacific
Anadyr Far East 191 191 53.0 - 53.0 Bering Sea
Total RF 20,057 | 17,075 | 4 036.7 185.54 4222244 Total RF

Data from AQUASTAT data basis, country profile on Russian Federation (FAO 2012), RSWR Renewable Surface
Water Resources, RF Russian Federation, “from Kazakhstan, from Mongolia, “from Mongolia and China, dother
estimates 4508 km3/year (2001 data, FAO 2012)
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discharge of these three rivers (%224 mm) is slightly lower than the average over
the whole Russian territory (%236 mm from 460 mm of precipitation) (FAO 2012).

11.1.2 Peculiarities of the Landscape Water Balance

The water cycle of cold regions has some specific features. A high proportion of
surface runoff is typical, and even subsurface drainage has specific pathways
because of impeding frost layers in the ground. Surface runoff amounts to 70 % of
the total runoff and almost one third of the total precipitation in Siberia (Table 15).
This discharge component is responsible for fast river discharge, floods, soil erosion
and the eutrophication of open waters. It is highest in the Tundra and lowest in the
forest. Subsurface runoff (deep drainage) is responsible for groundwater formation,
the base flow of rivers, nutrient leaching of soils and nitrate and other contamination
of aquifers. It can be relatively high in the forest and extremely low or non-existent
in Steppe and Forest Steppe regions.

This kind of discharge formation and drainage is very different from the tem-
perate zones of Europe, where deep subsurface drainage dominates and is an
important process for landscape water balance, groundwater formation and water
quality (Dyck and Peschke 1983; Miiller et al. 1996; Schindler et al. 1998).

On the other hand, high surface runoff does not necessarily generate fast river
discharge in Siberia. Thermokarst depressions may have a powerful storage func-
tion, thus very effectively reducing river discharge. Surface runoff is predominantly
redistributed over the land surface. Low precipitation and high surface runoff in
Siberia considerably limit the water available for evapotranspiration and vegetation
biomass formation. The figures for precipitation, total runoff and surface runoff are
based on measurements (precipitation samplers, river discharge measurements and
surface runoff weirs, respectively). Subsurface drainage, transpiration and gross soil
moisture are balancing terms in this table. The calculated gross soil moisture of
Table 15 is a theoretical or orientation value for the amount of water that would be
potentially available for the growth of vegetation under the assumption that sub-
surface drainage water could be used by plant roots. Practically, only some of the

Table 15 Landscape water balance in West Siberia in mm/year (Kemmerikh et al. 1963)

Zone or Precipitation | Runoff Transpiration® | Gross soil

region Total Surface Subsurface moisture®
runoff drainage®

Tundra 341 260 (76 %) |231(89 %) |29 81 110

Forest 480 223 (46 %) | 142 (64 %) |81 257 338

Forest Steppe | 329 43 (13 %) 37 (86 %) 6 286 292

and Steppe

Mountain 664 356 (54 %) | 268 (75 %) |88 308 396

areas

West Siberia 453 201 (44 %) | 140 (70 %) |61 252 313

total

“Total runoff minus surface runoff,

"Precipitation minus runoff, “Subsurface drainage plus transpiration
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Table 16 Dates of ice drift and ice cover for some rivers in West Siberia (Kemmerikh et al. 1963,
p- 124, excerpt)

River Station Natural zone Begin of ice End of ice Days with ice
drift drift cover
Shchuchya | Shchuchye | Tundra 8 October 8 June 229
Pyaku-Pur | Tarko-Sale | Forest Tundra |15 October 31 May 218
Ob Salechard | Forest Tundra |22 October 30 May 207
Vasyugan | Vasyugan | Taiga 27 October 6 May 180
Ob Surgut Southern Taiga | 30 October 11 May 185
Ob Barnaul Forest Steppe | 4 November 26 April 160
Aley Khabazino | Steppe 4 November 20 April 156
Kulunda Shimolino | Steppe 5 November 18 April 168

subsurface drainage water is available for plants. Meanwhile, modern lysimeters
and other technologies are available for exact measurements of landscape water and
solute balances (Meissner et al. 2014; Schindler 2014).

Freezing conditions determine river discharge processes (Table 16). Most rivers
are frozen from November until mid-April. Frozen rivers are still important tem-
porary transportation routes in Siberia.

11.1.3 Monitoring Lakes and Reservoirs

Natural lakes and dammed rivers form a system of large water reservoirs for
multi-purpose utilisation. The general rules of their water use and management are
set out in the water code of the Russian Federation (Water Code 2006). Monitoring
all water bodies including lakes and reservoirs is an important basis for manage-
ment decisions. The State Hydrological Institute in St. Petersburg is responsible for
the monitoring programme all over Russia (State Hydrological Institute 2013).
Several scientific institutes of the Siberian Branch of the Russian Academy of
Sciences (SB-RAS), such as the Institute for Water Resources and Ecological
Problems (IWEP) in Barnaul and the Limnological Institute (LIN) in Irkutsk,
provide the scientific basis and conduct monitoring programmes of waters and the
surrounding landscapes in Siberia (Figs. 12 and 13). To develop and adjust the
methodological basis of monitoring programmes, their scientists cooperate with
experts at regional universities, other All-Russian and regional institutes and
leading scientists from abroad. Lake Baikal (Fig. 13) attracts the international
scientific community particularly. Since the 1990s, 249 international expeditions
have been carried out on Lake Baikal with the participation of 456 Russian and
1353 foreign scientists from 36 countries (LIN Irkutsk 2012).

Lake Baikal This is the oldest, deepest (1637 m) and purest natural lake on earth.
Having a water volume of 23.0 thousand km® it contains the largest global available
open freshwater resources (20 % of the world, and more than 85 % of Russia). The
lake is very pure; visibility depths of up to 40 m are evident. It has an excellent
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() (b)

Fig. 12 Landscapes of the Ob river system. They are subject to monitoring by the Institute for
Water and Environmental Problems in Barnaul. a Katun river in the Altai mountains, a headwater
stream of the Ob river. b Middle Ob near Barnaul. The river has cut into a 70-m-deep loess
sediment layer

Fig. 13 Lake Baikal near Irkutsk. The lake is the largest global open freshwater reservoir. The
water has excellent drinking water quality. Photo Ralf Dannowski

drinking water quality (Grachev 2002). Its ecosystem is extremely stable. However,
significant changes have been monitored over the past 60 years: an increase in the
water temperature in the shore regions (1.21 K since 1946), enhanced amounts of
phyto- and zooplankton and long-term changes in the basal food web have been
recorded (Shimaraev and Domysheva 2002; Hampton et al. 2008; Moore et al.
2009). The lake starts to freeze later (Shimaraev et al. 2002; Todd and Mackay
2003), and the ice-free season has lengthened by 16 days over the past 137 years
(Magnuson et al. 2000). The release of methane from Lake Baikal and other
Siberian lakes is another consequence of warming and has a positive effect on
climate warming (Walter et al. 2006).

Representative monitoring of Lake Baikal’s water quality is particularly chal-
lenging because of its huge water volume. For example, a pollutant input of
23,000 tonnes would be required to detect a concentration shift by 1 microgram per
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Table 17 Largest water reservoirs in the Asian part of Russia (Source UNEP/IETC 2000)

Name V (km?) R (years) CP B (g/m?) Chl SD
(ng/h Mean |Max | (1&/D) (m)
Bratsk 169.3 1.82 15 221 12.8 26 5.6
Krasnoyarsk 73.3 0.81 30 0.8 46.7 93 33
Ust-Ilimsk 58.9 0.58 36 22 245 490 34
Vilyuy 359 1.92 32 - - - -
Kolyma 14.4 1.01 16 - - - -
Novosibirsk 8.8 0.16 44 - 60 36 23

V is the volume of water; R is the residence time; CP is the concentration of total phosphorus; B is
the biomass of phytoplankton in the vegetation period, B = 0.5-0.9 g/m? (weak), B = 1.0-9.9 g/m?
(moderate), B = 10-99 g/m?® (intensive), B > 100 g/m? (hyperintensive); Chl is a maximum
concentration of chlorophyll-a; SD is the visible depth, a measure of water transparency

litre (Grachev 2002). Monitoring has thus to include methodical analytical work
and balances of the whole lake catchment (Shimaraev 2009, IW-LEARN 2010).

Water reservoirs Russia has more than 2200 man-made water bodies. They store
793 km® of water and are of great importance for municipal water supply, hydro-
power generation, local industries and other purposes. 417 reservoirs are located
east of the Urals, with a storage capacity of 489 km> (UNEP/IETC 2000). In terms
of their volume, the Bratsk reservoir (Angara River) and the Krasnoyarsk reservoir
(Yenisei River) are some of the largest in the world. Table 17 gives some
parameters of the largest Siberian reservoirs along with some water quality data
from the 1990s.

The siltation, pollution and eutrophication of reservoirs are of great concern and
need to be monitored and controlled permanently (UNEP/IETC 2000).

11.2 Water Quality

11.2.1 General Situation

Water bodies in the Asian part of Russia are cleaner than in European Russia, where
many rivers and reservoirs are heavily polluted. However, rivers and other open
waters of industrial and/or more densely populated regions indicate moderate to
severe water pollution. These are mainly the transboundary rivers of the Ob-Irtysh
and the Amur basins. The 8th international Conference “Rivers of Siberia and the
Far East” in Irkutsk, June 2013, summarised the critical water quality status of
many Siberian rivers. The resolution of this conference addressed numerous critical
issues of water quality and management in Asian Russia. Amongst them are the
damage to the unique ecosystem of the Gulf of the Ob by the gas industry, the
pollution of the trans-boundary Selenga River, which is the main tributary to Lake
Baikal, and the violation of forest logging rules in the catchment of Lake Baikal
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associated with pollution loads (Proceedings Irkutsk 2013). Radioactive pollutants
have accumulated in the sediments of Siberian rivers and the Arctic Ocean (Fukuda
1997).

High and excessive levels of persistent organic pollutants such as PCB and DDT
were detected in the Ob and Yenisei river deltas and in sediments of the Indigirka
and Pechora rivers (AMAP 1997). Considerable amounts of heavy metals (espe-
cially copper and nickel) and radioactive materials are found in the sediments of the
Yenisei River (AMAP 1997). Mining and industrial activities during the past are
the main sources of water pollution. However, some of the pollution centres, such
as Norilsk Nikel, which is among the global top ten worst polluters (Bergen et al.
2013; Blacksmith Institute 2014), are still active. The quality of the Yenisei River in
the upper and middle reaches is acceptable and stable (UNECE 2007).

The contribution of agriculture to water pollution is still low. However, it is
already significant in the Ob drainage basin, where cropland covers about one third
of the surface (Yang et al. 2004).

11.2.2 Ob-Irtysh Basin

Some of the Siberian rivers, such as the Ob-Irtysh system, show moderate to severe
pollution (Koronkevitch 2002). The Irtysh is already heavily polluted when it enters
Russia, but the high loads of pollutants are a result of mining, industrial and military
activity during Soviet times (UNECE 2007), when Kazakhstan was part of the
Soviet Union. Open-cut mining and developed oil-refining, power plants and other
industries lead to the contamination of the environment including the water by
heavy metals and other contaminants (Gordeev et al. 2004). Deposition and
re-mobilisation of river sediments make these problems long-lasting. The current
classification of the Irtysh in Kazakhstan is class 3 (moderately polluted) (UNECE
2007). The overall water quality of the Tobol, another transboundary river in
Kazakhstan, upstream of the border with the Russian Federation, was 6 (heavily
polluted) in 2006. The Ishim, a tributary of the Irtysh, was in quality class 2 (clean)
at the same time before entering Russia (UNECE 2007).

11.2.3 Amur Basin

At the border between China and the Russian Federation, the Argun River is
classified as “polluted” or “very polluted” (UNECE 2007). The Sungari (Songhua)
river ranks among the five most polluted Chinese watercourses and is the most
significant pollution source in the middle part of the Amur basin. Elevated mercury
loads were measured in the bottom sediments of the Amur river due to poor
industrial waste management practices before 1990 (Kot et al. 2009). The water
quality of the Ussuri varies between classes 3 (moderately polluted) and 4 (pol-
luted) (UNECE 2007).
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Table 18 Some environmentally relevant elements in the water of Lake Baikal (Grachev 2002,

modified)

Element Concentration Concentration Inventory in Annual input with
in Lake Baikal |in Selenga Lake Baikal, Selenga River thou

River thou tonnes tonnes

Chloride 0.4 mg/l 2.1 mg/l 9200 63.0

Nitrate N 0.1 mg/l 0.43 mg/l 2300 12.3

Iron 40 pg/l 0.89 mg/l 920 27.03

Phosphate P 15 pg/l 40 pg/l 345 1.2

Copper 0.3 pg/l 0.98 pg/l 7 0.5

11.2.4 Lake Baikal

The pollution levels of Lake Baikal, the cleanest lake in the world, are very low
(Table 18) and will probably stay low over the next 100 years. However, Table 18
shows that element concentrations of input waters are significantly higher.
Concentrations of Cl could be double soon. Moreover, input balances are still
incomplete, not even considering the re-mobilisation of particulate elements of the
bottom sediment and local aspects. Melting permafrost in the lake catchment will
probably exacerbate the effects of industrial pollution and cultural eutrophication in
the catchment. Though the lake has an extremely high buffer capacity, this could
have consequences for ecosystem functioning, in the shore region in particular
(Moore et al. 2009). There will be a need for careful ecosystem monitoring and
modelling. The pollution levels of this river are of particular importance
(Bazhenova and Kobylkin 2013). The soil degradation processes in the Selenga
River basin may contribute to the pollution level, as they have been significant since
the first half of the 19th century (Bazhenova and Kobylkin 2013).

11.2.5 Other Lakes and Reservoirs

Other Siberian lakes and reservoirs are more susceptible to disturbances. In some
dry areas, such as Yakutia, drinking water quality and water scarcity are related
problems because of permafrost conditions and/or salinity. Permafrost melting will
affect the hydrological regime of all water bodies greatly, both in quantity and
quality. As some current pollutants may have penetrated into the permafrost layer,
further permafrost melting will disclose the whole extent of water pollution caused
by past industrial activity throughout Siberia.

Most underground waters, some of which are a source of drinking water, still
remain clean (Koronkevitch 2002). From their hydrochemical data, lakes in the
Tundra, Forest Tundra and Northern Taiga zones are pure on average (Kremleva
et al. 2012). In the denser populated southern Taiga and Forest Steppe zones,
increased mineralisation and loads of elements are evident (Table 19).
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Table 19 Lake water micro-elements in natural zones of West Siberia (Kremleva et al. 2012,

modified)
Concentration | Tundra and Northern Taiga Middle Taiga Southern Forest Steppe
range (ug/l) Forest Tundra Taiga
>100 Fe Fe Sr Sr>Ba>B
10-100 Fe > Al>B Al>B Al>B Fe > Ba > Mn > Al > Fe >
Mn > B>Al Zn > Li
1-10 Mn>Sr>Zn> |[Zn>Mn>Ba> |Mn>Zn>Ba> Zn > Li> Cu > Rb > As >
Ba > Cu Cu > Sr Sr > Cu > Li Cu >Rb > As | V>Mo
0.1-1 Mo > Ni > Li > Bi > Mo > Ni > Mo > Rb > As > Mo > Bi > U>Pb>Ti>
Bi > As > Rb > Li > Rb > Pb > Ni > Pb > Ti > Bi > Sb > Cr > Ni
Ti>Pb > Cr > Pd > As > Ti > Ti > Bi > Cr > U>Cr >
Sb>V Cr > Sb V>Sb Sb > Ni

Table 19 is based on 11-48 samples per zone/sub-zone in the Yamalo-Nenets
Autonomous Okrug and Tyumen Oblast. It shows that element distribution in the
north largely reflects the natural conditions of the surrounding soils and rock whilst,
towards the south, anthropogenic effects become more significant. Fe, Al and Mn
are typical indicators of soil processes (acidification, gleyzation). Sr, Ba and B are
also very reactive elements and common in the earth. Increased overall element
concentrations and their dominance indicate anthropogenic impacts and air pollu-
tion by industrial and military-industrial activity, in particular.

12 Land- and Water-Resource-Based Industries
and Natural Services

12.1 Preface

Forestry, agriculture and inland fishery utilize the land and water resources of
Siberia for human livelihood. They provide food for the population and raw
materials for industries and handicrafts. Compared with other regions of the world,
this occurs with modest intensity in terms of inputs to the ecosystems such as
fertilisers, herbicides, pesticides or veterinary drugs.

Resource management is based on different land rights, laws and programmes.

12.2 Forestry

12.2.1 Importance of the Forestry Sector

The forest sector is of great social, economic and environmental importance (IIASA
2011; FAO 2014a). The composition of growing stocks of Russia consists mainly
of larch (Larix sp., 25.3 billion cubic metres), pine (Pinus sp., 16.3), birch (Betula
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sp., 11.0), spruce (Picea sp. 10.9), Siberian stone pine (Pinus sibirica, 8.4) and
aspen (Populus tremula, 3.2) (FRA 2005). Timber stocks of the Siberian and Far
East Federal Districts are 51.6 billion m* , which is about two thirds of the Russian
timber stock (Alexeenko 2012).

Industries based on the biological resources of Siberia’s forests have always
played an important role for the economy of Russia. About 200 years ago this was
the hunting of fur-bearing animals. Later, the timber industry became prosperous.
Annually harvested timber amounts to about 60-70 % of the annual increase in
timber biomass in Russian forests (Aurenhammer 2003). This proportion is even
much lower in Siberia and the Far East. The annual allowable cut there is about
50 % of the estimated annual increase of growing stocks, and current utilisation of
this allowable cut is less than 40 % (Alexeenko 2012).

Those overall data sound sustainable, but regional disproportions are great and
may conflict with other landscape functions. The forest sector makes up about
1-3 % of the industrial production in the administrative units of the Siberian and the
Far East Federal Districts (Alexeenko 2012). In Siberia it is highest in the region
around Lake Baikal (Irkutsk Oblast 21 %, Republic of Buryatia 5 %). In the Far
East the share of the forest sector is highest in the Jewish Autonomous Oblast
(20 %) and in the Khabarovsk Oblast (13 %) (Alexeenko 2012). Also, the pro-
portion of the annually allowable cut used is particularly high in these regions.
However, forests in these regions are hotspots of a unique biodiversity. Lake Baikal
is a World Heritage Site. As forest ecosystems are a guarantee for top-quality water
resources but logging and deforestation inevitably lead to eutrophication and pol-
lution of waters (Neary et al. 2009). This will be a threat to Lake Baikal in the long
run. The forests of the Jewish Autonomous Oblast are inhabited by the endangered
Himalayan bear (Ursus thibetanus), and the forests of the Khabarovsk Krai by the
endangered Siberian tiger (Pantheratigris altaica) (Newell 2004).

12.2.2 Forest Products

Timber: In 2012, 179 million cubic metres of industrial roundwood were produced,
the majority in Siberia and the Far East. About three quarters of the roundwood
(about 15 % of the production) is exported to China (UNECE 2010). Sawnwood,
plywood and pulp and paper also play an important economic role (FAO 2014a).
Russian production of soft sawnwood was 19.6 million m?, along with 2.6 million m’
of plywood, 2.0 million m® of fibreboard, 7.2 million tonnes of wood pulp and
7.7 million tonnes of paper and paperboard in 2008 (UNECE 2010). Total forest
product exports were worth 6.4 billion USD in 2004 (Killmann and Whiteman 2006).

The area of annual timber harvesting in Siberia and the Far East was 763
thousand ha and 65 million m® per year over the first decade of this century
(Alexeenko 2012). Timber production data for Siberia and the Far East Federal
Districts in 2008 were 38.3 million m> of roundwood, 8.3 million m> of sawnwood
and 0.2 million m> of plywood (Alexeenko 2012).
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Table 20 Biological stock of edible products in Russian forests (Alexeenko 2012, modified)

Type of product Biological stock, thousand tonnes

Total for In Federal Districts (FD)

Russia Siberian FD Far East FD
Wild berries, total 8840.5 4257.2 1186.3
Cranberries (Vaccinium oxycoccus) 1600.0 390.1 281.8
Cowberries (Vaccinium vitis-idaea) 3010.2 1328.6 507.6
Whortleberries (Vaccinium uliginosum) 2618.7 1723.5 57.2
Blueberries (Vaccinium myrtillus) 1013.8 626.8 258.2
Raspberries (Rubus arcticus, Rubus idaeus) 144.3 30.4 70.2
Cloudberries (Rubus chamaemorus) 453.5 157.8 11.3
Nuts from Pinus sibirica, Pinus koraiensis 3592.7 1098.5 2288.6
and Pinus pumila
Mushrooms 43254 1089.6 2151.7
Birch sap 875,504.6 420,041.5 52,794.0

Roundwood and sawnwood are timber products at a low processing stage. The
production of more processed and higher value-added timber goods is relatively
poorly developed. In Siberia and the Far East the disproportion of harvesting
volumes and timber processing capacities is particular high (CIBC 2007, Simeone
2014). Liberalisation measures for the forest industry based on the Forest Code of
2006 promise investments in the forest sector, mainly for timber-processing
industries (Alexeenko 2012). This will strengthen the forest economy but put more
pressure on ecosystems and require better monitoring and control.

Other products and services of forest ecosystems The gathering of wild fruits,
mushrooms, nuts, medical plants, birch bark, honey and other natural products from
forests has always been important for the livelihood of the local population
(Filipchuk and Moiseev 2010). Biological stocks of these resources are huge
(Table 20). Other benefits of forest ecosystems are spiritual and cultural values
(Krankina et al. 1997).

Natural medical plants are a largely unexplored resource of forests in Siberia and
the Far East. About 970 plant species are known to be suitable for medical pur-
poses. About 20 % of them are officially considered to be medicinal (Alexeenko
2012). The Forest Tundra and other forest land of the north are important for deer
farming and hunting.

12.2.3 Vulnerability of Forestry

Forests are a major stabilisation component of the natural landscapes of Siberia
(ITASA 2011). They affect regional and global cycles positively by preventing land
erosion and watercourse eutrophication, and are a great carbon store and buffer.
Carbon stock in living forest biomass (including shrubs and understory) in Siberia
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and the Far East is 24.1 billion tonnes (75 % of the Russian stock) (Nilsson and
Shvidenko 1998). Forest understory vegetation such as mosses, lichens and shrubs
protects the soil from extreme heating and cooling (Blok et al. 2010).

Forest ecosystems are vulnerable to climate and human impacts (Krankina et al.
1997). Russian forests face disturbances by fire (1.3 million ha in the year 2000),
insects (4.9 million ha), and diseases (1 million ha) (FRA 2005, Shvidenko and
Schepaschenko 2013). About three quarters of these disasters occur in Siberia and
the Far East. Such calamities are indicators of disturbed ecosystems and indicate
risks for the survival of useful or protected species.

On average 1.5 million ha of forest in the Siberian and Far East Federal Districts
burn down every year, causing an annual loss of 29 million m® of timber
(Alexeenko 2012). Forest fires are frequently triggered by wrong human behaviour
and have gone on for a long time. Eichler et al. 2011 found that most forest-fire
activity in the Altai region occurred from 1600 to 1680 following an extremely dry
period in the sixteenth century. No significant increase in biomass burning has
occurred in the Altai region during the last 300 years.

The latter finding seems to contradict data collected by Groisman et al. 2007,
who observed significant increases in temperatures and fire risk indices that char-
acterise the weather conditions conducive to forest fires in the twentieth century. In
the same region Bezuglova et al. (2012) found temperature increases ranging from
0.19 to 0.53 K/10 years in the period 1940-2008, and the most significant increase
was registered during the cold seasons.

The consequences of forest fires are manifold. Economic loss of wood biomass,
threats to life and property, carbon (and particularly black carbon) release to the
atmosphere. Minerals released from burned areas underlie risks of drainage. In
sloped areas the surface runoff and erosion are significantly intensified by forest
fires (Evdokimenko 2013). Illegal logging results in an increase in fire hazard and
higher carbon emissions than legal logging (Kukavskaya et al. 2014).

12.3 Agriculture

12.3.1 Agriculture and Food Security in Russia

Agriculture is an important component of the Russian state economy and a business
for part of the population. The basic food supply is of strategic importance. The
potentials and status of agriculture are determined by several natural and
socio-economic constraints such as climate, soil quality, macro- and microeco-
nomics, infrastructure and human entrepreneurship.

FAO data from 2007 show that the Russian agricultural sector provides 12 % of
the gross national product and over 15 % of national income, and accumulates 16 %
of capital assets (FAO 2010). The regions of highest agricultural intensity and
productivity are located in the south of European Russia. Average Russia wheat
yields were 2.3 t/ha in 2011 and 1.8 t/ha in 2012 (FAO 2014a). The highest cereal
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yields, of 4-5 t/ha, have been achieved over the past years in the Krasnodar Krai,
located in the southeast of European Russia (FAO 2009), and the lowest yields in
Siberia.

In spite of an extensive agricultural sector, food security in Russia still cannot be
considered as given. The overall production of cereals in 2007 (78 million tonnes)
was clearly lower than the production during Soviet times (102 million tonnes)
(FAO 2014a). The droughts of 2010 and 2012 showed the vulnerability of Russian
agriculture and led to an export ban and state regulations on the grain trade (Kiselev
et al. 2012). The combination of instable yields with fluctuations of lands under
cropping results in an insecure situation for harvested grain. Due to climate change
the risk of food production shortfalls will probably triple by the year 2070 (Alcamo
et al. 2007).

On the demand side of food security, an increase in meat consumption in Russia
can be expected and, as a result, an increase in demand for cereals. Almost one third
of the Russian domestic supply of pork and poultry meat was imported in 2009
(FAO 2014a), but the country is trying to increase the domestic supply. There is a
need for strengthening regional reproductive processes in agriculture and for
developing customer loyalty to local markets (Belyayev et al. 2014b). Overall food
security and safety in the northern regions of Siberia and the Far East are at
particular risk (Dudarev et al. 2013a).

12.3.2 Agriculture in Siberia

Meat and dairy husbandry based on grasslands, hay lands and forage crops, and cereal
cropping are well developed in Siberia. The main crops are cereals (wheat), buck-
wheat and potatoes. In the lowlands of the Far East, even soybean (15 % of cultivated
land) and rice cropping (5 %) is possible (Blagoveshchensky et al. 2002). The largest
agricultural regions for cereal production are the Altai Krai (3.6 million ha), the Omsk
Oblast (1.9 million ha) and the Novosibirsk Oblast (1.6 million ha) (IASA 2012).
The intensity of the agricultural production is clearly dependent on the distance to
urban centres and to the Trans-Siberian railway. The Siberian Federal District is an
important grain-producing region for the Russian and world markets but has com-
paratively low agricultural productivity (Table 21). The effect of mineral fertiliser is
also relatively low, mainly because of a lack of moisture and insufficient application
technologies. Rotations that include black fallow after several years, or even every
other year (Dry Steppe) are common. The grain production in the Siberian FD was
14.6 million tonnes on 9.8 million hain 2011 (1.49 t/ha). This productivity level is still
low and insecure. Belyayev et al. (2014a) emphasize the role of innovative tech-
nologies for enhancing the agricultural productivity and maintaining the soil fertility.
Sufficient fertilisation and plant management could help to raise yield levels of wheat
to more than two tonnes per hectare on the best soils (Gamzikov and Nozov 2010;
Gamzikov et al. 2014).
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Table 21 Long-term average effect of mineral fertiliser use on the grain yield of spring wheat on
Siberian soils (Gamzikov and Nozov 2010, modified)

Soils* Yield without Yield increase with fertilisers®,
fertilisers, t/ha t/ha

N P NP NPK

Soddy-podzolic soil (Retisols) 1.06 0.46 0.32 0.57 0.79

Grey forest soil (Phacozems, Luvisols) 1.57 0.41 0.30 0.60 0.67

Chernozem (Chernozems, Phaecozems) 1.68 0.33 0.22 0.49 0.52

Chestnut soil (Kastanozems, Calcisols) 1.14 0.16 0.18 0.31 0.31

Reference soil group of WRB (2014) in parentheses, °60—140 kg/ha of nitrogen (N), phosphorus
(P,0s), and/or potassium (K,O) fertiliser

12.3.3 Historical Development of Agriculture in West Siberia

Unlike the evolution of European agriculture, harsh climate and low demands for
agricultural products have long restricted the development of a self-supplying and
prospering market production of agricultural goods in most regions of the sparsely
populated Siberia. The cheapest way for the rural population has always been the
exploitation of natural resources and the utilisation of services which ecosystems
provide. After the installation of the Trans-Siberian railroad, cropping agriculture
developed notably in the Forest Steppe and Steppe regions, where the climate is
appropriate and soils are fertile.

The enhanced exploitation of Siberia in the last century and the development of
mining, industrial and military complexes and large cities induced a higher local
demand for agricultural products. More lands were ploughed and intensive crop-
ping systems were developed in the Forest Steppe and Steppe zones. Even some
fruit like different kinds of apple, pear, black current, sea buckthorn, plum, sour
cherry, strawberry and others could successfully bred and cultivated in Siberia since
the 1930 years (Kalinina 1985).

The Altai Krai developed as a leading agricultural region of modern Russia. This
region is part of the globally largest agricultural belt. The future of the grain
production in this belt is likely to have a significant impact on the global and
regional food security over the next decades (Lioubimtseva et al. 2013).

The Kulunda Steppe The development of agriculture can be demonstrated from the
example of the Kulunda Steppe. The Kulunda is part of the Eurasian Steppe belt,
located in the south-east of the West Siberian lowland between the Ob and Irtysh
rivers and a main agricultural region of Siberia. The largest areas belong to the Altai
Krai, with other parts in the Novosibirsk Oblast and Kazakhstan. Table 22 shows
the human impact over the past 4.5 thousand years as re-constructed from pollen
and mollusc analyses of lake sediments, and supplemented by recent historical data.
Sedentary settlement and agricultural activity in this region started late, about
150 years ago (Rudaya et al. 2012). The Kulunda was subject to a huge land
reclamation campaign starting in 1954/1955 (Meinel 2002). Land was ploughed
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Table 22 Human activity and environmental conditions in the Kulunda Steppe during the

Holocene

Chrono-logy

Archaeological period
or historical event

Human activities

Environment

~2440-1795
BC

Bronze Age, Elunino
culture

Animal breeding

Dry climate, semi-desert
Steppe, Birch kolki

~1795-710 Bronze Age, Onset of | Cattle breeding Transition | More humid climate,
BC Iron Age, Andronovo |to a nomadic lifestyle grass and forb Steppes,
culture Increase in sheep, goats conifers started to spread
and horses
~710 BC-AD |Iron Age Early Animal breeding with Relatively humid climate
580 Scythian sheep, goats and horses Spread of conifers

which can forage under
the snow

After AD 500

First and Second
Turkic Khaganates

Nomadic lifestyle

Maximum of forest
distribution and
reduction in Steppe plant

communities
AD 1200- Mongolian Golden Increase of population Relatively humid climate
1700 Horde
After 1750 Start of Russian
AD colonisation

After ~ 1860
AD

Settlements of
Russian peasants

Sedentism of population
Development of industry
and agriculture

Sharp decrease in
woodland, aridisation of
climate

After ~ 1955
AD

Soviet land
reclamation campaign

Ploughing Steppe land,
wheat monoculture,
planting poplar
windbreaks, installation
of rural infrastructure

‘Wind erosion, soil
fertility degradation, loss
of biodiversity

After = 1990
AD

Disintegration of the
Soviet Union,
break-down of
Kholkhozes and
Sovkhozes

Decline of infrastructure,
shrinking of rural
population

Industrial and
agricultural fallowing,
re-vegetation of barren
land

After ~ 2000
AD

Partial recovery of the
agricultural sector

Accelerated shrinking of
rural population,
consolidation of
infrastructure,
modernization of
agriculture

Dry period, shrinking of
lakes, loss of soil
fertility, land
desertification, litter
pollution of landscapes

This table is based on data by Rudaya et al. (2012), Meinel (2002), Meyer et al. (2008) and our

own studies

and wheat was grown. The human impact to this region accelerated with much
benefit for the rural population at the cost of the environment and future genera-
tions. Later, after the decline of the Soviet Union, most of this land was abandoned.
Since the beginning of this century the agriculture has partly recovered.
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Nowadays, a great deal of wheat is grown in monoculture on ploughed Steppe
soils and exported for feeding pigs. Despite some modernisation, current agricul-
tural practice is not sustainable and will lead to serious damage to soils, air and
water if no consistent measures are taken. Conservation cropping and no-till
technologies (Derpsch et al. 2010) could help to make agriculture more sustainable.

The Eurasian Steppe region is an important target for investment by international
agroholdings (Petrick et al. 2013). This will be associated with improvements for
the rural population but risks for biodiversity and landscape functioning.
Agri-environmental monitoring is needed.

12.3.4 Food Security and Agriculture in the High North

Food security and safety: Analyses by Dudarev et al. (2013a, b) found a particularly
critical situation of food security and safety in regions of the High North. Food costs
in remote regions were high and food was unsafe. Food costs amounted to about
one third of the household income. High levels of biological and chemical con-
taminants were found in many cases, mainly in Chukotka, the Evenkiysky District
of the Krasnoyarsk Krai and in the Magadan Oblast (Dudarev et al. 2013a).
Drinking water as a basic human food was also not safe but seriously contaminated
by biological and chemical agents (bacteria, spores, cysts, virus, pesticides, metals)
both in centralised and non-centralised water sources (Dudarev et al. 2013b).
Incidences of high rates of infectious and parasitic food- and waterborne diseases
were the consequence (Dudarev et al. (2013c).

Agriculture Reindeer farming is the most important branch of the rural economy of
the Extreme North. It has always been a domain of the indigenous peoples of
Siberia such as Evenks, Nenets or Chukchis. This branch of the economy is closely
associated with their lifestyle and survival. Their population and reproduction
correlates with the reindeer population (Alexeenko 2012). During Soviet times,
reindeer breeding was an important branch of agriculture in the Arctic and subarctic
region. It was stabilised by state support programmes and economic regulations.
Currently reindeer breeding is permanently declining, though some provincial
government programmes are trying to stabilise the situation. Marketing aspects and
the decay of sedentary infrastructure in the north are a burden and existential threat
both for the indigenous population and for reindeer breeding as their economic
basis. The infrastructure needs to be maintained for marketing of local products and
for children’s education, for example.

In principle, nomadic or semi-nomadic pastoral farming in Taiga and Tundra
zones is environmentally friendly. Problems and conflicts with resource-exploring
industries which block migration routes, or claim and pollute large areas of land,
have arisen in the recent past (Degteva and Nellemann 2013).

The High North has also potentials for regular farming in order to supply the
local population with basic food (Tichanovsky 2004). All ecological zones may
provide forage for grazing domestic animals. Though the vegetation period is short
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and yields are low, forage production and the breeding of cows, or growing
potatoes and some vegetables, are possible over the whole Taiga zone. Of the
cereals, spring barley, being a “long day plant”, grows well in the North.
Additionally, suitable bio-climatic conditions can be created under adverse climatic
conditions with higher inputs of energy and costs. Greenhouse production for
vegetables is possible in all regions but not yet well developed.

Current crop production in the North is often limited more by non-climatic
factors such as lack of infrastructure, a small population base, remoteness from
markets and land ownership issues (Juday et al. 2009). There was some advanced
knowledge about agricultural systems in the High North (Polyakov and Ivanov
1986; Tichanovsky 2004) but both practical agriculture in this region and research
into it have declined over recent years.

12.3.5 The Recession of Agricultural Land and Water Management

Land, crop and water management are a precondition for productive and sustainable
agriculture. This includes important activities such as soil tillage, fertilisation,
drainage, irrigation and others. Those management activities have been seriously
disregarded since the nineties. The recession persists and overall management
intensity is minor.

Russian agriculture operates at a low average level of input intensity. The
nutrient application in Russia in 2011 was 10 kg N, 3 kg P,O5 and 2 kg K,O per
hectare of cultivated land (FAO 2013b). Comparable data for Germany are 136,
20 and 32 kg/ha. From data collected by Bezuglov and Gogmachadze (2008) the
mineral fertilisation in the cereal cropping regions of Siberia was clearly below the
already low Russian average. The application of NPK fertiliser in Siberia amounts
to less than 10 % of the application rates in the 1990s (Gamzikov and Nozov 2010).
The annual balance deficit of main nutrients was 27 kg/ha N, 8.6 kg/ha P,O5 und
22.4 kg/ha K,0O in 2006-2009 (Gamzikov and Nozov 2010). This was due to
nutrient mining from soils, diminishing their fertility.

Other soil fertility maintaining or improving measures were disregarded too.
Organic fertilisation, the liming of acid soils and the amelioration of Solonetz soils
were at levels of 12, 7 and 4 %, respectively, if compared with levels in the 1980s
(Gordeev and Romanenko 2008).

About 29-74 million ha of land in Russia would require irrigation. Water
availability has become a central issue for social and ecological sustainability
(Groisman and Gutman 2013). In fact, the proportion of irrigated land has declined
to a level of 2 % and the proportion of drained land to 4 % of the cultivated land
(FAO 2014a). The agricultural land of Siberia is located in the forest and Steppe
zones, where about 2-5 and 5-8 % of land, respectively, would require irrigation
(FAO 1997). There is a great demand for the reconstruction of irrigation and drai-
nage systems, which have undergone severe decay over the past 25 years (Table 23).
Due to these deficits, cropland became more prone to frequent droughts and wetness.
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Table 23 Drained and irrigated agricultural lands in the Siberian and Far East Federal Districts
(data from Gordeev and Romanenko 2008)

Total area (thousand ha) Area of insufficient
function
Thousand ha %
Drainage Siberian FD 230 77 33
Far East FD 645 174 27
Irrigation Siberian FD 515 48 9
Far East FD 122 28 23

About 20 % of formerly drained areas in the Siberian FD and more than half of
areas in the Far East FD are completely out of function, which has led to these lands
being given up for agriculture (Gordeev and Romanenko 2008).

There is virtually no plant management on most agricultural land in Siberia. The
land is tilled, wheat is seeded and harvested only. Conservation tillage, which is the
only method to avoid land degradation by wind erosion, has almost no practical
significance. Land quality is permanently declining and wheat yields are lower than
1 t/ha in most regions. Land degradation is delayed by the fact that much land was
set aside and may recover during this time of fallow. 18 % of agricultural land in the
Siberian FD and almost half of land in the Far East FD (including Yakutia) has been
abandoned (Gordeev and Romanenko 2008). Setting land aside from agricultural
production has different effects depending on natural zones. In Steppe regions,
set-aside land can be returned to cropping without problems. However, in the Forest
Steppe or Taiga, the growth of bushes or trees has prevented this for a few years and
cements the status of land abandonment.

12.3.6 Implications of Climate Change for Agriculture

Russia’s agriculture may have already experienced the initial consequences of
climate change. In 2010 and 2012, drought caused a significant drop in grain
production in the country, as well as a consequent increase in grain prices (Safonov
and Safonova 2013). Agriculture in Siberia is highly dependent on the weather and
climate. High springtime temperatures and a lack of precipitation, which is very
typical of continental climates, affect cereal yields negatively (Kharlamova and
Silantyeva 2011).

There is a high risk that mitigation and adaption efforts such as investments in
soil fertility and agricultural technologies will continue to fail (Kiselev et al. 2012).
Adaption strategies depend on the economy and infrastructure in specific regions.
There are large inequalities within Russia. Regions of Russia without any large
industrial or mining complexes are relatively poor and underdeveloped. This holds
just for the agricultural and forestry regions of Siberia and the Far East such as the
Republic of Buryatia, the Amurskaya Oblast, the Trans-Baikal region, the Altai
Republic and Altai Krai, the Jewish Autonomous Oblast and the Tuva Republic
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Table 24 Ranks of human potential in Asian Russia (from data by Aysan and Bobolev 2011)

Region Federal District HDI 2009 HDI rank
Tyumenskaya Oblast Ural 0.882 3
Sakhalinskaya Oblast Far East 0.855

Tomskaya Oblast Siberia 0.850

Average HDI value of the Russian Federation 0.840

Sakha Republic (Yakutia) Far East 0.836

Krasnoyarsk Krai Siberia 0.834

Omskaya Oblast Siberia 0.834 10
Sverdlovskaya Oblast Ural 0.828 15
Novosibirskaya Olast Siberia 0.828 17
Magadanskaya Oblast Far East 0.817 30
Kemerovskaya Oblast Siberia 0.812 34
Irkutskaya Oblast Siberia 0.811 37
Average HDI rank of the Russian Federation 40
Chukot Autonomous Okrug Far East 0.809 43
Chakassia Republic Siberia 0.809 44
Khabarovskiy Krai Far East 0.804 51
Primorskiy Krai Far East 0.804 52
Kamchatskiy Krai Far East 0.798 58
Altaiskiy Krai Siberia 0.796 59
Kurgan Oblast Ural 0.796 60
Republic of Buryatia Siberia 0.791 66
Amurskaya Oblast Far East 0.789 68
Trans-Baikal Krai Siberia 0.782 73
Altai Repubic Siberia 0.763 71
Jewish Autonomous Okrug Far East 0.762 79
Tuva Republic Siberia 0.732 80

HDI Human Development Index, which comprises indicators of the gross domestic product,
purchase power parity, life expectancy and education

(Table 24; Fig. 14). These regions rank clearly below average in the Human
Development Index.

Most of these regions have an increasing risk of soil degradation, desertification
and off-site damage. Forest belts around agricultural land are important in Steppe
regions to prevent wind erosion and dust storms. Over the past 20 years, the area of
forest belts has decreased by approximately half in the Altai region, and these belts
are low in quality and function poorly (Safonov and Safonova 2013). Kharlamova
and Silantyeva (2011) found that dust storms were at a minimum (20 days a year)
between 1980-1990 and have increased ever since. The reconstruction and creation
of new forest belts will be required as part of mitigation and adaption strategies.

Possible positive consequences of climate change for crop production in Siberia
are, for example, longer vegetation periods, a potential increase in areas appropriate
for farming; advantages for permanent crops due to milder winters, the improvement
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Fig. 14 Life in villages is difficult as most people have low incomes and rural infrastructure is
obsolete

of farming operations due to warmer periods. Maksimova et al. (2014) found that
over the 1964-2009 period the growing season duration increased by 6 days
as compared to the average for the agro-climatic areas of the Altai Region.
Kirsta et al. (2013) modelled a trend of cereal crop yields in the range of —0.012 to
+0.032 % per year for different counties of the Altai Krai until 2020.

The negative consequences are, however. drought stress to crops because of
more, longer hot and dry periods (Kiselev et al. 2012). Balancing all positive and
negative effects of climate change on agriculture will result in negative conse-
quences for Russia (Go6tz 2009, Dronin and Kirilenko 2011, FAO 2013a). Also,
relative advantages compared with other food-producing countries are improbable
(Aysan and Bobolev 2011).

12.4 Inland Fishery

Extensive inland water resources of 71.7 million ha (Filipchuk and Moiseev 2010)
are a basis for the fishing industry, subsistence and recreational fishing. The inland
fish catch of Russia was 246 thousand tonnes in 2009 (Welcomme 2011). A lot of
wild fish comes from Siberia and the Far East (Table 25). More than a quarter of the
total Russian inland wild fish catch comes from the Ob-Irtysh catchment. Other
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Table 25 Important fish species of inland fishery in Siberia and the Far East

Common name | Scientific name Catch, Remarks
tonnes

Chum salmon Oncorhynchus keta | 41,913 (17.0) | Seafish with spawning habitats

Pink salmon Oncorhynchus 30 632 (12.4) |in rivers, main occurrence in the
gorbuscha Far East and East Siberia

Sockeye salmon | Oncorhynchus nerka | 15,403 (6.3)

Freshwater Abramis brama 27 886 (11.3) | Freshwater fish, belonging to

bream Cypriniformes order (carp-like

Roaches Rutilus spec. 12,527 (5.1) | fish), main catch in the Ob-Irtysh
(mainly) catchment

Orfe Leuciscus spec. 4837 (2.0)

Tench Tinca tinca 2622 (1.1)

Other cyprinids | Cypriniformes order |26,192 (10.6)

Whitefishes Coregonus Genus 3750 Including Omul (Coregonus
(mainly) 3381 (5.4) migratorius) of Lake Baikal

Northern pike Esox Lucius 15,988 (6.5)

European perch | Perca fluviatilis 8565 (3.5)

Pike-perch Sander lucioperca 2515 (1.0)

Table is based on data by Welcomme (2011), catch refers to 2009, numbers in parentheses are
percentages of the Russian inland catch

important sources of inland fish in Siberia are Lake Baikal and the Yenisei
catchment (Wikipedia 2013b). Freshwater aquaculture is less developed east of the
Urals due to climatic constraints.

Table 25 shows that salmon from the Far East and cyprinids from West Siberia
dominate the catch. The salmon is not a freshwater fish but has its spawning
habitats in rivers of good water quality. Salmon is in high demand by consumers
because of its high-quality flesh and caviar.

Russian fisheries are currently unable to meet the domestic demand for fish
(FAO 2007). The poverty of the local population, lack of public awareness and
public involvement in the management of local resources contribute to fish
poaching and overfishing (Newell 2004; FAO 2007). In the Far East regions, ocean
fishing and fishery industry are major employers of the population. The fleet is
obsolete. Fish is exported to neighbouring Asian countries whilst the demands of
the Russian market cannot be satisfied (FAO 2007).

12.5 Landscape Potentials for Emerging Alternative
Activities

The ecosystems of Asian Russia are of great functional, cultural, aesthetic and
recreational importance (Fig. 15). Landscapes offer largely underdeveloped
potential for environmentally friendly land and water management concepts, for
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(a)

Fig. 15 Siberian landscapes have excellent potential for leisure activities and education. a At the
World Heritage Site of Lake Baikal. b Watching wild animals such as squirrels, ¢ and d Gathering
wild fruits (wortleberries, cowberries) in the Forest Tundra. e learning about the culture of
indigenious people: Nenets women in festive dress (Photo Pavel Barsukov). f Lichens are a main
food for reindeer

recreation, leisure activities and tourism. These potentials should be developed and
preserved. All activities in these fields could provide a major contribution to
maintaining wildlife and biodiversity. The rural population must be a main stake-
holder in all processes of landscape development.
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Organic agriculture More and more people mistrust conventionally produced
food, which could be polluted and risk their good health. Organic (biological)
agriculture is an alternative option. Sales of organic products could reach up to
$225 million in 2015, indicating an increasing demand from more affluent Russian
consumers (Kolchevnikova 2013).

Soils of the Forest Steppe have particularly good potentials for organic agri-
culture, as their nutrient levels and storage and buffer capacity are high. Soil
drainage and leaching rates are low and would allow biologically fixed nitrogen to
be maintained for the nutrition of other crops in the rotation. These conditions need
to be underpinned by experiments and analyses (Kislov and Dolmatov 2012).
Organic agriculture requires proximity to consumers. Both these conditions are
given in the vicinity of large Siberian cities.

Hunting Hunting is a traditional human activity for the indigenous peoples of the
North, in particular. Whilst the economic importance of hunting is declining, its
recreational importance is increasing. About 600 million ha of land (mainly forest
land) were given to organisations or individual hunters in 2003. Since 2006,
hunting areas are leased based on the new Forest Code. There are 31 species of
fur-producing animals, 81 species of ungulates and around 70 species of birds for
hunting in Asian Russia (Alexeenko 2012). If properly organised and strictly
controlled, hunting can contribute to the sustainable management of wild animal
stocks.

Recreational fishing The Far East and Siberia have much potential for developing
recreational fishing. Recreational fishery both by local populations and by tourists is
beneficial for the local economy. It generates income, for example from sale of
fishing licences and equipment, and is beneficial for boat renters, lodge owners,
travel agencies, and restaurants (Welcomme 2011). It is also beneficial for fish
stocks and the status of aquatic ecosystems as it stimulates the sustainable man-
agement of natural resources by all people involved in this activity or business.

Recreation of the urban population Most people in Asian Russia work and live in
cities. They consider and require rural and remote areas to be a source of recreation
and inspiration. This is an opportunity for the inhabitants of rural areas and com-
munities to improve their income and to keep pace with the increasing living
standards in cities. There will be an increasing demand for farm holidays or
vacancies in foresters’ lodges. Short-term and individual tourism will also emerge,
but requires the development of infrastructure and rules for keeping landscapes
green and clean.

Tourism, ecotourism, scientific tourism General tourism is already developed in
most exciting regions. Some popular tourist areas are Lake Baikal, the mountain
areas of Altai and Sayan, Kamchatka, the Amur River valley and some locations in
Yakutia (Alexeenko 2012; Evstrop’eva 2013; Luzhkova 2013). Natural landscapes
have great potential for environmental tourism (eco-tourism), adventure tourism or
sports tourism. In other regions agritourism could help to improve the farm econ-
omy (Kundius et al. 2011). Developing tourism must be supported by promotional
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programmes, as other stakeholders such as local people and authorities have less
interest in the touristic development of their region (Shekhovzhova 2013). Scientific
tourism is another important branch (Ilyina and Mieczkowski 1992). It can be an
important step towards genuine scientific cooperation. The outer zone of reserves
and national parks or planned protected areas are preferred objects for scientific
studies. It is important that those studies are headed by acknowledged scientists.

13 Overall Assessment of the State of the Environment

Large ecosystems have a large buffer capacity against disturbances. Due to the huge
dimensions and low population density of Siberia, the overall status of the envi-
ronment is still acceptable. In many areas it is even excellent. Moreover, the region
has exciting, largely undisturbed landscapes and many natural potentials and
benefits for the local and global population. However, during the analysis some
deficits and distressing trends regarding the status of the environment in Siberia and
the Far East became clear, such as

wasteful mining, forest, fishing and other industries

air, water and soil pollution

man-induced accelerated permafrost melting

ineffective and soil-destroying agriculture

recession of rural areas

uncontrolled fires in peatlands, forests and on agricultural land

lack of environmental awareness and illegal behaviour in protected areas
lack of reliable data and monitoring systems

lack of innovation in research and technology

(Newell 2004; Juday et al. 2009). A great deal of landscape pollution is a burden
from the USSR period, when industrial environmental standards were low.
However, the introduction of the market economy over the past 25 years has not
diminished but exacerbated negative developments (Shaw and Oldfield 2007).
There is largely a lack of consistent data and contemporary monitoring and tech-
nologies. This would be motivation enough to tackle some of the above-mentioned
problems by introducting more innovations and technologies, some of which are
available for free (Mueller et al. 2014). Climate change will put a lot of additional
pressure on Siberian landscapes (Groisman and Gutman 2013) and urge responsible
people to take action towards initiating sustainable developments. Modern methods
of monitoring, assessing and controlling the status of land and water resources, as
presented in the following chapters, could help to start this process.
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Abstract Siberia has experienced significant transformations over the past
70 years and particularly since the introduction of the market economy 25 years
ago. This has caused implications for landscape processes and for the status of
terrestrial and aquatic ecosystems. We review the role of science and technology in
monitoring, understanding and developing Siberian landscapes. Data sources were
international literature and own expeditions and studies. Russia has great traditions
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in landscape research disciplines such as geography, soil science, hydrology and
agronomy. Substantial progress has been achieved in all these fields over the past
25 years. We found particular progress in landscape research based on international
projects in the fields of Arctic research, climate change and carbon cycle. Other
fields such as agricultural research remained traditional and underdeveloped. In the
1990s there was a great shift of knowledge and technology in the better-interlinked
English-speaking European scientific community. In Russia, at the same time, the
introduction of the market economy accelerated environmental problems, caused a
greater discrepancy between the livelihoods of urban and rural populations, created
new knowledge gaps and enlarged the gap between theory and practice in landscape
research. The decay of infrastructure in rural landscapes produced an inhospitable
environment for science and technology. In view of this, landscape research in
Siberia and in the Far East remained very traditional. Other deficits were based on a
lack of communication with the international community due to language barriers.
Cooperation between leading Russian and European scientists is still poorly
developed and funded. The Russian academic scientific system was highly orga-
nized until 2013. However, efficiency was low and scientific outputs did not meet
the requirements of decision-makers. The ongoing reform of the academic system
entails the risk that precisely the opposite to the desired effects of higher efficiency
could come true, such as accelerated brain drain and loss of objectivity. We con-
clude that Trans-Eurasian research cooperation is becoming very important in the
current critical transition phase. Modern analytical methods, sophisticated tech-
nologies, models and evaluation schemes for landscape research and environmen-
tally friendly soil management technologies are available in the English-speaking
community. Substantial progress in monitoring, understanding and controlling
landscape processes in the framework of international research projects could be
achieved by applying new research methods in Siberia. We present some of them in
the following chapters of this book.

Keywords Landscape research - Soil - Water - Russia - Siberia - Academic
system - Cooperation

1 Recent Progress in Landscape Research

1.1 Overview

There are several reasons to identify the processes that affect land and water
resources. Human activity, land management and changing climate may degrade or
upgrade their functions for nature and society. Underlying processes need to be
quantified in order to forecast significant effects and to take measures of prevention,
control, mitigation or adaption. Scientists have achieved substantial progress in
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researching into these functions of Siberian landscapes over the past 25 years.
Inputs have come from different scientific disciplines such as geography, soil sci-
ence, hydrology, climatology, agriculture and others. They have come from sci-
entists working in Siberia, from scientists at leading research institutes in Moscow,
European Russia, and from cooperating scientists abroad.

There has been a major focus on Arctic and boreal ecosystems in view of climate
change, in monitoring vegetation, water and soil quality. Agricultural scientists
have developed technologies for optimizing agricultural systems in different cli-
matic zones and regions. Some interesting and important areas of research and
examples are mentioned below.

1.2  Arctic Research, Permafrost Processes

Early analyses of Arctic processes and orientation data on Arctic warming were
reported by Pavlov (1994), Pavlov and Moskalenko (2002) and Anisimov and
Reneva (2006) from polar desert and tundra regions. Romanovsky et al. (2007) also
provided a complex analysis of past and more recent changes in air and permafrost
temperatures. Ananicheva et al. (2011) measured recent and forecasted changes to
Siberian glaciers as indicators of the ongoing climate change. Climate models of
thermal and hydrological soil regimes of the Arctic region were developed to make
forecasts more reliable (Arzhanov et al. 2008), and the impact of climate warming
on vegetation cover and permafrost in the northern Taiga was quantified using deep
ground measurements (Moskalenko 2013). These measured a deepening of the
active layer by 10 cm between 1970 and 2010 and an increase in the temperature at
a depth of 10 cm by about 1 K (°C) in 40 years.

Polar research has been an object of active international cooperation for many
years. The Circumpolar Active Layer Monitoring (CALM) programme was
implemented (Shiklomanov et al. 2008), and new permafrost observatories were
developed and installed (Boike et al. 2012). The evolution of thermokarst in ice-rich
permafrost was explained by Morgenstern et al. (2013), and Yedoma complexes
were defined and characterized (Schirrmeister et al. 2013). The Yedoma coastline
with the Arctic Ocean in the vicinity of the Lena River Delta retreated at a mean
rate of 0.59 m/year between 1951 and 2006 (Lantuit et al. 2011).

Various original approaches were developed; for example, it was possible to
reconstruct the 500,000-year history of Siberian permafrost by analysing spe-
leothem growth in caves (Vaks et al. 2013). Areawide digital maps of permafrost
temperature and active layer thickness data were developed for modelling climate
change over key regions such as Yakutia (Beer et al. 2013). Zakharova et al. (2014)
identified the variability in hydrological conditions in Siberian wetlands in terms of
water level fluctuations and water storage capacities by satellite radar altimetry.
Seasonal amplitudes were 0.7-1.5 m for lakes and 0.2-0.5 m for bogs.
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1.3 Carbon Inventory and Cycle, GHG Emissions

In order to identify carbon pools in the soils of the Arctic region, the Northern
Circumpolar Soil Carbon Database was developed in international cooperation
(Tarnocai et al. 2009). From these data the northern permafrost region contains
approximately 1672 Pg (billion tonnes) of organic carbon, accounting for
approximately 50 % of the estimated global below-ground organic carbon pool.

Permafrost degradation leads to carbon decomposition and greenhouse gas
(GHG) emissions. They were measured in a thermokarst depression (alas) using
closed-chamber methods (Takakai et al. 2008). The results showed that the vege-
tation zone around the pond was an important source of methane (CH,4) and nitrous
oxide (N,O) but a sink of carbon dioxide (CO,) during the summer time.
Khvorostyanov et al. (2008) constructed a new model to study the sensitivity of
permafrost carbon stocks to future climate warming. The one-dimensional model
solved an equation for diffusion of heat penetrating from the overlying atmosphere
and took into account additional in situ heat production by active soil microor-
ganisms. The stability, storage, decomposition and mobility of different soil carbon
fractions of permafrost soils (Gleyic Cryosols) is of great importance during per-
mafrost thawing (Rusalimova and Barsukov 2006; Guggenberger et al. 2008). The
mobility of black carbon (BC) in its dissolved and colloidal phase is an important
export pathway from catchments. Guggenberger et al. (2008) concluded that this
transport mechanism may explain the high BC concentrations found in sediments of
the Arctic Ocean. This fact was reinforced and made more precise by flux analyses
of carbon in rivers (Prokushkin et al. 2011). Zech et al. (2011) analysed the
deuterium/hydrogen isotopic ratios (0D) of alkanes in a permafrost loess—paleosol
sequence in north-east Siberia and found that maintaining permafrost conditions is
most important for the formation and preservation of soil organic matter. Quegan
et al. (2011) estimated the carbon balance of central Siberia using different methods,
amongst them a landscape—ecosystem approach, atmospheric inversion and
dynamic global vegetation models.

Semiletov et al. (2012) determined CO, and CH, fluxes from the East Siberian
Arctic Shelf (ESAS) to the atmosphere. Carbon from degrading terrestrial and
subsea permafrost and from coastal erosion contributes to the carbon pool of the
ESAS. This affects hydrological and biogeochemical parameters of the Arctic
region. Mi et al. (2014) improved the wetland CH,4 emission model Peatland-VU by
including an improved hydrological module, incorporating a gross primary pro-
ductivity (GPP) module, and employing a more realistic soil-freezing scheme.

Shirokova et al. (2013) analysed the biogeochemistry of organic carbon, CO,,
CH, and trace elements in shallow and small water bodies in the discontinuous
permafrost zones. Upon future permafrost thawing, dissolved organic carbon
(DOC) and colloidal metal stocks in the surface will increase in aquatic systems, but
CO, and CH4 fluxes from the water surface to the atmosphere will also rise, leading
to much higher overall fluxes than previously assumed.
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(a) | (b)

Fig. 1 a Fires in peatland and Taiga ecosystems initiate vegetational shifts and altered fluxes of
greenhouse gasses. b Part of the measuring station in the south of the Vasyugan bog, West Siberia.
Tomoko Nakano and colleagues measured the soil/atmosphere methane exchange there after a fire
(Nakano et al. 2006)

Glagolev et al. (2011) measured CH,4 emission from a mire in West Siberia using
a static chamber method. Similar methods had been developed and tested by
Nakano et al. (2000), Fig. 1. Projecting these data to West Siberia by standard
model estimates reveals a CH, flux from West Siberian mires of 2.93 + 0.97 million
tonnes CH4—Cl/year, accounting for about 2.4 % of the total methane emission from
all mires or 0.7 % of the global CH, emission from all sources. Vasileva and
Moiseenko (2013) focused on methane emissions from wildfires using MODIS
satellite data. They found most emissions in the southern part of the boreal forest
zone (48°-55°N) contributing 5-20 % of the ecosystem methane emissions of the
regions, which come mainly from wetlands. Schepaschenko et al. (2013) have
developed an automated information system including the carbon pool of the
1-m-deep soil layer, which makes it possible to estimate spatial distributions of soil
organic carbon pools with a resolution of about 1 km” for Russia as a whole.

Back in the 1990s, scientists already recognized that organic carbon emissions
from cropping soils contribute considerably to GHG emissions. In a continuous
fallow in grey forest soils of the Baikal forest steppe, the total carbon release into
the atmosphere varied from 558 to 1880 kg/ha per year. This was associated with
permanent and irreversible humus losses from soils (Pomazkina et al. 1996).
Titlyanova et al. (2001) estimated that within 200 years of soil cultivation in West
Siberia the stocks of soil organic matter (0—20 cm) decreased by 30 %. This is very
different from the largely undisturbed vegetational succession. Vorobyeva (2012)
monitored a dark-grey wood soil and weakly leached Chernozem on slopes with
forest steppe of South Siberia and found the contents of total carbon, humic acids
and insoluble residues had increased up to threefold, indicating a shift from the
forest steppe towards the grassland steppe.
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1.4 Soil Hydrological Processes and Runoff Generation

Scientists found and predicted a significant alteration of hydrological processes in
all landscape zones. Frozen soil acts more or less as a hydrological barrier
depending on thermal and other conditions. This has different effects on runoff
pathways and consequences for soil processes. Those interactions were studied by a
research team of the Institute of Soil Science and Agrochemistry (ISSA)
Novosibirsk (Fig. 2). Snow ablation and spring runoff generation depend on the
autumn soil moisture and the maximum snow water equivalent (Suzuki et al. 2006).
Blome (2014) analysed the influence of permafrost processes on large-scale energy
and water cycles over Siberia by applying the regional climate model REMO (Jacob
and Podzun 1997) and found that the freezing-induced reduction of water infil-
tration is the most sensitive process to alter near-surface climate and fluxes of water,
matter and energy. Being largely impermeable for snowmelt water, frozen soil
favours the development of shallow runoff and erosion processes. On the other
hand, when snowmelt water is prevented from infiltrating beyond the soil profile,
this stop Chernozems from forming a percolative water regime, which would lead
to the fast leaching of minerals (Ollesch et al. 2008; Tanasienko and Chumbaev
2010). During snowmelt infiltration and runoff generation, in combination with
enhanced biological and biochemical processes in the active layer, the overall
discharge regime of subarctic rivers is altered in its quantity and quality. Increased
river loads of elements have already been monitored (Pokrovsky et al. 2012), and
more extreme hydrological events are probable (Korytny et al. 2007).

Fig. 2 Russian—German field expedition team for measuring landscape hydrological processes in
West Siberia in the frame of the “Soil quality indicators” project. Participants came from the
Institute of Soil Science and Agrochemistry (ISSA) Novosibirsk and from the Leibniz Centre of
Agricultural Landscape Research Miincheberg (ZALF) in Germany
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Research has been carried out into the processes and regulators of lake and river
chemistry, as well as ecology, to create better forecasts. Bazhenova and Kobylkin
(2013) analysed the dynamics of soil erosion as a source of water pollution in the
Selenga basin. Parham et al. (2013) studied the combined effect of permafrost and
fires on the chemistry of watercourses, focussing on specific concentrations of DOC
and cations. Those empirical data are important for modelling biogeochemical
cycles in this region.

The chemistry of surface water is largely associated with salinization processes,
mainly in the steppes, but also in semiarid Taiga regions. Zolnikov et al. (2011)
monitored the humidification dynamics in the south of West Siberia by means of
ground-based field observations and space-acquired images of moderate spatial
resolution (Landsat, SPOT). The areas of lakes and solonchaks are aridization
indicators. Romanov et al. (2014) used the SMOS satellite with a MIRAS
radiometer for monitoring waterlogging, soil salinization and salt lake dynamics. In
ground studies, Lebedeva and Lopukhina (2006) analysed the chemical and min-
eralogical composition of salts, classified salt lakes and surrounding solonchak soils
in the Kulunda steppe. Seasonal changes of salt and soil moisture distribution in the
active layer of undisturbed larch forest and a thermokarst depression (alas) were
studied by Lopez et al. (2007) to explain how forest growth is hindered by surface
salinization. The technogenic salinization of soils is also widespread in forest—
tundra and northern Taiga ecosystems of areas that are polluted by oil and gas
mining (Solntseva and Sadov 2000).

1.5 Analysing the Ecosystem’s Response to Climate Change

Research has provided some new findings on the Arctic’s response to climate
change. Zimov et al. (1995) analysed the impact of grazing herbivores on the kind
of vegetation. Results are based on observations that large mammals trampling and
grazing tundra regions cause a vegetational shift in dominance from mosses to
grasses. Either grass-dominated steppe or moss-dominated Tundra can exist under
Pleistocene, current and future climates. Water and nutrient cycles are important
under those conditions. Nitrogen (N) in soils can be lost by denitrification and
leaching from the system in thawing permafrost, or it can be acquired by plants and
boost the N-cycle (Mack et al. 2010). Those processes and ecosystem alterations
will probably cause a decline in the populations of Arctic animal species and the
expansion of the ranges of some southern species into the Arctic (Callaghan et al.
2011). Overall plant species richness will probably increase at high latitudes
(Venevskaia et al. 2013). Many alien species could invade new territories, but this
issue has not received much attention (Olonova and Zhang 2013). Models and
assessment frameworks have been developed for individual aspects of climate—
vegetation interactions. Khomutova et al. (2007) computed the climate-driven
limitation of biomass at high latitudes using the Lund-Potsdam-Jena Dynamic
Global Vegetation Model (LPJ-DGVM), which is a process-based
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biogeochemistry/biogeography model. Vasil’evskaya et al. (2012) developed a
procedure for calculating and assessing the degradation status of Tundra soil and
vegetation based on the properties of natural and disturbed soil cover. Potential
alterations to forest, forest steppe and steppe ecosystems have also been the subject
of intensive empirical disciplinary studies conducted by international teams over
recent years. Interesting examples of these research topics in Siberia are the
ongoing German—Russian interdisciplinary projects “Sustainable land management
and adaptation strategies to climate change for the Western Siberian corn-belt”
(abbreviation “SASCHA”) and “How to prevent the next “Global Dust Bowl”?—
Ecological and economic strategies for sustainable land management in the Russian
steppes” (KULUNDA project 2014; Illiger et al. 2014).

1.6 Development of Landscape Information Systems
and Databases

To understand the complexity of landscape processes, research and monitoring
programmes of higher complexity and interdisciplinarity are required and in pro-
gress (Moskalenko 2013). The creation of Russian soil geography databases (Shoba
et al. 2008; Rozhkov et al. 2010) and their correlation with international standards
were important steps towards monitoring, modelling and understanding landscape
processes. Stolbovoi and Fischer (1997) developed a digital geo-referenced data-
base of soil degradation in Russia, and Stolbovoi (2000) correlated Russian soil
types with the legend of the FAO Soil Map of the World and World Reference Base
for Soil Resources (WRB). Schepaschenko et al. (2011) developed a new hybrid
land cover dataset for Russia which is very important for modelling landscape
processes. Datasets of local or regional importance and validity, such as soil survey
databases (Mikheeva 2013), vegetation databases (Chepinoga 2012) and others,
have been created based on and for the purpose of further local and regional studies.
Koneva and Batuev (2014) developed a biogeographical map series for Asian
Russia. Most of those databases also have the potential to become integrated into
databases and information systems of higher complexity. An information system of
this kind has been developed by Gordov et al. (2013). It shall serve as a basis for
environmental research in Siberia and is a crucial component of the Northern
Eurasia Earth Science Partnership Initiative (NEESPI).

1.7 Development of Research Equipment and Methodology

The focus of research methodologies has changed crucially over the past decades.
Whilst most textbook knowledge about landscape structures and processes is based
on very detailed ground studies at individual locations, a lot of current knowledge
has been generated by studies over large areas utilizing and elaborating on remote
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sensing methods. Examples are the application of remote sensing methods for
vegetation and land cover mapping (Golubeva et al. 2010; Urban et al. 2010),
thermokarst monitoring (Fedorov and Konstantinov 2003), glacier observation
(Ananicheva et al. 2011), monitoring soil and surface hydrological processes such
as salinization (Zolnikov et al. 2011), or environmental pollution and their conse-
quences (Bergen et al. 2013; Gutman et al. 2013). BC emissions from agricultural
burning in Russia have been quantified using methodologies based on remote
sensing data (Romanenkov et al. 2014).

Particular progress in remote sensing methods was possible because of the
change in the political situation in Europe at the beginning of the 1990s, when
satellite data and other geo-referenced airborne data became available for civil
purposes. At the same time new generations of information technologies have
emerged and boomed. Those geo-referenced spatiotemporal data enable more
sophisticated simulations of the land and water surface and atmospheric processes
(Arzhanov et al. 2008). Data handling by interdisciplinary teams is becoming more
reliable and convenient thanks to soft- and middleware tools developed by Eberle
et al. (2013).

If the focus is not on the spatial scale of observations alone but on the timescale
in high resolution, advanced technologies are also required. Examples of those
ground-based process studies and monitoring are GHG flux measurement systems,
advanced lysimeters and automatic stations for measuring hydrological and aerial
matter fluxes, and sophisticated ecosystem models. In this field of research and
monitoring the progress needed for the landscapes of Siberia can be only provided
by better international cooperation.

1.8 Advances in Research on Forest and Agro-Ecosystems

Forest ecosystems: The research on forest ecosystems has focused on climate
change issues. Outstanding work has been carried out quantifying carbon budgets
over the whole area of Russia. The current soil carbon could be estimated from soil
maps (Stolbovoi 2006) but possible alterations to this pool remain the largest
uncertainty in carbon budgeting (Shvidenko et al. 2011). Aspects of forest accli-
mation (Lapenis et al. 2005; Tchebakova et al. 2006) and of adaption to stressors
such as fire (Ivanova et al. 2011; Kharuk et al. 2011; Krasnoshchekov et al. 2013)
or pollution (Sorokin 2009) have become better understood over recent years.
Agro-ecosystems, agronomy: Based on an extended system of education and
research in soil science, agronomy, agrochemistry and related disciplines,
agro-ecosystems have been well studied over recent years. The greatest focus was
on the optimization of local and regional crop production systems. Much progress
has been achieved, and numerous dissertations and other publications reflect this
best. Enhancing and stabilizing cereal yields by breeding, soil tillage and
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fertilization and plant management have been of main importance (Gamzikov and
Nozov 2010; Trubacheva et al. 2011). Multifactorial trials containing factors of
fertilization and other agrochemistry, soil tillage and rotations have been very
typical for dissertations. Crop yields and yield quality have been the most fre-
quently tested parameters of success, tested using classical statistical methods.
Some examples of the latest work are studies about the effects of organo-mineral
fertilization (Sorokin 2011), about the crop yield of a cereal-fallow rotation at
different primary tillage (Rzaeva and Fedotkin 2013), about the influence of cul-
tivars and seeding time on yield and grain quality of barley (Puzyreva 2013), about
improving the agrotechnology for barley (Shtro 2013) and about optimizing spring
wheat yielding capacity in the forest steppe (Skomoroshchenko et al. 2013).
Experiments have revealed the site-specific optimum selection of cultivars, fertil-
ization, tillage and plant management. They showed that systems which are more
biological have an advantage over those on cropping sites in Europe: local cultivars,
extended rotations and low to moderate fertilization levels. A few Siberian exper-
imental sites are part of the Russian agro-ecological monitoring network (Fig. 3).
Remote sensing methods for controlling the state of agricultural crops are emerging
(Pugacheva et al. 2010).

Modelling agro-ecosystems and agroclimatic potentials: Some progress has
been achieved in this emerging topic. Concepts and initial results of modelling
agroclimatic potentials were developed by Kirsta (2006) and Tchebakova et al.
(2011). Dronin and Kirilenko (2011) developed climate change and food stress
scenarios by including socio-economic criteria in models.

Kapma Poccuu
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Fig. 3 Monitoring stations coordinated by the Geo-Network Department of the Pryanishnikov
All-Russian Institute of Agrochemistry (VNIIA) in Moscow. Only a few stations are located in
Asian Russia
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Soil science related to agronomy: Besides the classical work of soil mapping and
studies of pedogenetic processes under different land use, the valuation of soil
fertility and productivity, and testing interactions of cropping systems with soil
fertility have been an important topic of experimental research work in soil science.
Examples of such work include studies about the fertility, rational use and
preservation of Chernozems (Abramov and Salova 1998; Eremina 2009; Khmelev
and Tanasienko 2009), about acid soils (Tandelov 2012), about the migration of
chemical elements between adjacent ecosystems along a geochemical catena
(Titlyanova 2008) and about assessing the fertility of typical soils used for agri-
culture (Smolentseva et al. 2014; Fig. 4). Afonin et al. (2008) developed an
interactive agricultural ecological atlas of Russia, which contains important pedo-
logic criteria such as soil types, humus contents and rooting depths. Another
important topic of soil scientific research is studies about the status and rehabili-
tation of technogenic soils (Ermolov et al. 2011). This is related to agronomic

Fig. 4 Assessment of soil conditions in a Solonetz—Solonchak soil association of the Kulunda
Steppe (a) and a Phaeozem—Chernozem association in the Pri-Ob Forest steppe (b). The
underlying cooperation between the Institute of Soil Science and Agrochemistry (ISSA) in
Novosibirsk and the Leibniz Centre for Agricultural Landscape Research in Miincheberg
(Germany) was aimed at harmonizing methods for the taxonomic and functional evaluation of
soils. ¢ Young scientists measured soil and water quality parameters as part of this project
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questions in so far as the cropping of perennials is often the best rehabilitation
solution (Chuprova 2006).

A great deal of research not cited here has been done in numerous local institutes
of the Russian Academies of Sciences (RAS) and Agricultural Sciences (RAAS).

2 Factors Promoting or Constraining Scientific Progress

2.1 Traditions in Landscape and Agri-environmental
Research

Russian science, including landscape research, is based on great and largely
stand-alone traditions (Antipov et al. 2006; Shaw and Oldfield 2007). Only two
outstanding persons from the last century shall be mentioned here: the geographer
V.V. Dokuchaev, who recognized he natural laws of soil formation and was the
originator of the modern soil science, and the geographer L.S. Berg, who developed
the Landscape—Geographical Zones of the USSR. Until now, national traditions and
scientific schools play a particular role in the Russian research field of landscape
science including contributions from physical geography, soil science, agricultural
science, biological science and others. The emphasis on Russian research traditions
is based on and associated with some political and social developments in the
country, in particular with those of the recent past, the former USSR. The huge
dimensions of the country, backward information flow and technologies, and the
continued use of the Russian language may have had some negative side effects. It
is still a deficit of many research papers and dissertations in agriculture, soil and
environmental sciences that some progress achieved by the international research
community was not known or not seen as worth consideration. On the other hand,
much important work by Siberian scientists is not known abroad because of lan-
guage barriers. For example, the Sochava Institute of Geography in Irkutsk is
conducting a long-term (>50 years) geo-biochemical monitoring programme over
numerous sites in Siberia and neighbouring countries (Antipov et al. 2006;
Nechaeva et al. 2010).

2.2 Institutional Research

The Russian Federation operates a huge scientific network for understanding pro-
cesses and monitoring land and water resources. It is the largest national network
worldwide dealing with landscape research. The Russian Academy of Sciences
(RAS) and the Russian Academy of Agricultural Sciences (RAAS) comprise several
hundred research institutes under general Russian or local control. Additionally,
based on the federal structure of Russia, a number of universities and academies deal



2 Status Report About Understanding, Monitoring and Controlling ... 87

Fig. 5 International communication and cooperation is key to scientific progress in landscape
research. The photograph shows participants of an international symposium about water quality
monitoring, organized by the Limnological Institute Irkutsk in November 2013. Photo Marco
Natkhin

with research and education in science and agricultural science. The Siberian
branches of the RAS and RAAS are responsible for landscape and
agri-environmental research over Siberia. Environmental problems in Russia have
grown over the past 25 years (Shaw and Oldfield 2007). Landscape scientists
therefore have a lot to do to monitor and combat these problems in their landscapes.

Some examples of particularly active scientific groups in the field of landscape
and agri-environmental research of Siberia are the Limnological Institute in Irkutsk,
Fig. 5, the Sukachev Institute of Forest in Krasnoyarsk, the Institute for Water and
Environmental Problems (IWEP) in Barnaul (Fig. 6) and the ISSA in Novosibirsk
(all Siberian branches of the RAS). The Geo-Network Department of the
Pryanishnikov All-Russian Institute of Agrochemistry (VNIIA) in Moscow is going
to establish a new generation of an agri-environmental monitoring system for
Russia and to rebuild monitoring stations in Siberia and the Far East. Scientists at
the above institutes are involved in highly advanced research technologies and
methods and high-ranking scientific publications. They are closely linked with the
international scientific community and active in several national and international
projects.

The Russian Academy of Sciences (RAS): RAS was the highest scientific insti-
tution in Russia, conducting basic research about the technological, economic,
social and spiritual development of the country (IAP 2013). RAS incorporated 410
scientific institutes belonging to 9 specialized scientific departments, 3 regional
divisions and 14 regional centres, RAS employed almost 100,000 people. In the
period of 2001-2007 the total publishing output of RAS amounted to 60,000 book
and journal titles, most of them edited by the RAS “NAUKA” Publishing House. Its
scientists participate in international scientific cooperation and are active in various
international organizations such as the United Nations, UNESCO, UNEP, IAEA,
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Fig. 6 Research vessel of the Institute for Water and Environmental Problems (IWEP) in Barnaul.
It is located on Lake Telozkoye in the Altai Mountains to monitor water quality and sediment

WHO and WMO. RAS researchers are in demand as top scientific experts by the
industry and the business community. RAS has full membership relations with
about 50 international non-governmental organizations (IAP  2013).
Akademgorodok at Novosibirsk is the scientific centre of Siberia (Fig. 7).

The Russian Academy of Agricultural Sciences (RAAS): RAAS was the highest
self-governed scientific organization of Russia, and responsible for agricultural
research (UEAA 2006). It comprised 199 research institutes (year 2000) and
24 agricultural pilot stations, more than 400 pilot farms, 46 semi-industrial enter-
prises, and 47 breeding and biotechnological centres. About 14,200 scientists
worked in research. RAAS owned 5.8 million ha of land for experimental farming
including 1.7 million ha of cropping land. Livestock was more than 360 thousand
cattle, 130,000 pigs, 65,000 sheep and 1.6 million heads of poultry. RAAS was
structured into eight branch departments; one regional department, three scientific
and methodological centres, a Siberian branch and regional centres in Siberia and
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Fig. 7 Sculpture in
Akademgorodok near
Novosibirsk, the scientific
center of Siberia and
headquarter of the Siberian
branch of the RAS. Photo
Ralf Dannowski

the Far East. RAAS had an extended internal structure including administration
departments for planning and coordination, a science organization section, an
international relations department, pilot plants, a land and estate registration
department, a construction and material provisions department, libraries and a
printing press (UEAA 2006).

2.3 International Progress in Landscape Sciences

Internationally, research about the functioning of landscapes has experienced a
rapid evolvement over recent years. Landscape research is based on a transdisci-
plinary view (Wiggering et al. 2006; Van Huylenbrok et al. 2007; Mander et al.
2007; Helming et al. 2011; Hermann et al. 2011). Landscape hydrology, soil
hydrology and soil science are basic disciplinary compartments of landscape
research studying water and soil altering processes in landscapes (Schindler et al.
2010; Lischeid and Natkhin 2011; Lischeid 2014a). As Western Europe is one of
the leading agricultural regions worldwide and intensive agriculture significantly
impacts on resources and ecosystems (Mueller et al. 2014a; Eulenstein et al. 2014),
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agri-environmental monitoring has to deliver data for detailed studies and decisions.
Modern monitoring and evaluation tools have been developed and applied for
research into landscape processes everywhere. Examples of those methodologies
include measurement systems for gas, water and solute fluxes (Juszczak et al. 2013;
Funk et al. 2014; Meissner et al. 2014; Schindler and Mueller 2010; Schindler
2014a, b). Siewert and Kuc’erik (2014) further developed thermogravimetry in soil
science and identified the thermographic fingerprints of Siberian soils. Statistical
methods for process identification and quantification from monitoring data
(Lischeid 2014b), and sophisticated ecosystem models (Schaldach and Priess 2008;
Wenkel et al. 2013; Nendel 2014) have provided quantifications and forecasts of
ecosystems’ responses. Improved sensor and data-processing technologies in
remote sensing enable the spatio-temporal monitoring of large regions (Hese and
Schmullius 2008; Gessner et al. 2012; Klein et al. 2014). Soil science has developed
new assessment frameworks as a basis for assessing soil processes (WRB 2006,
2014; Zech et al. 2014) and functional performance (Mueller et al. 2010; 2014c).
Drought has been identified as a main crop yield limiting process worldwide
(Brown 2012; Mueller et al. 2012). Raising water productivity is thus a crucial item
in the global struggle for food security (Brown 2012). Technologies for managing
agro-ecosystems have to be based on principles of conservation agriculture
(Kassam et al. 2011; Meinel et al. 2014; Suleimenov et al. 2014). Water savings in
irrigated agriculture can be provided by sophisticated computer programs and new
technological developments (Djanibekov and Sommer 2014; Michel and
Dannowski 2014). Advanced irrigation technologies (Evans 2014) enable
site-specific water distribution over fields and further improvements to water and
fertilizer efficiency. Methods have been developed for evaluating grassland quality,
as well as new grazing methods for protecting soils and vegetation from degra-
dation (Behrendt et al. 2014; Mueller et al. 2014b, c). In order to prevent
groundwater pollution from agriculture, methods for groundwater monitoring and
risk assessment are now available (Dannowski et al. 2014; Eulenstein et al. 2014,
Godbersen et al. 2014).

Not only the contents of research but also its organization and structure have
changed in West European countries. Some former research fields such as soil
mapping, environmental monitoring, construction of research equipment, or plant
and animal breeding are no longer part of public research but instead in the hands of
other state or private institutions. Transferring this system to research institutes
located in the former GDR at the beginning of the 1990s enabled a better division of
work, more creative research and a faster transfer of new methods into practice.
Public State or Federal institutions provide soil functional mapping and act as
connectors between research and practice (Hennings 2013). Companies such as
Eijkelkamp Agrisearch Equipment, UGT Miincheberg, UMS Munich and others
have developed leading technologies for environmental and agri-environmental
monitoring jointly with leading researchers (Eijkelkamp 2014; Hertel and von
Unold 2014; Meissner et al. 2014).
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Since the 1990s some Russian scientists have benefited from the achievements
of the international scientific community. Novel research methods have become
available to those scientists who were able to integrate into international research
networks and projects (Kerzencev and Meissner 2006). Knowledge of the English
language was a main precondition. Lately, a new generation of Russian scientists
has emerged, characterized by some typical features:

e Good disciplinary education based on great knowledge and traditions of Russian
geography, soil science and hydrology as taught at the leading universities of
Moscow, Tomsk, Barnaul and a few other cities

e Well linked with the international community, working in international trans-
disciplinary cooperation projects and organizations (for example, the European
Union programme “International Association for the promotion of cooperation
with scientists from the independent states of the former Soviet Union—
INTAS”)

e Applying and developing modern research technology and methodology

e Aware that landscape research is a scale issue on both the temporal and spatial
scales

e Able to apply both bottom-up and top-down processes and to handle large
amounts of data to quantify them

e Publishing in international journals.

These characteristics are same as those of leading scientists in the international
community. Consequently, some of these scientists work on international projects
and/or abroad. It is a challenge for Russian science to integrate them into their new
academic system.

2.4 The Reform of the Russian Academic System

The Russian research landscape is in a difficult transition phase. The Academy of
Sciences, Academy of Medical Sciences and the Academy of Agricultural Sciences
have merged to form a new Academy of Sciences under a Federal Law from 2013:
“On the Russian Academy of Sciences, the reorganisation of the state academies of
sciences and amendments to certain legislative acts of the Russian Federation”.
A new governmental body was founded, the Federal Agency for Scientific
Organisations (FASO, Russian term ®@AHO) responsible for all academic institu-
tions by the decree “On the Federal agency for research organisations” (Schiermeier
2013). The reason for this reform was to create more effectiveness in science
(Polterovich 2013; Voswinkel 2014). The current scientific system faces several
challenges such as ageing of the academic staff, lack of publications in ranked
international journals, bad presentation of institutes in the Internet or suboptimum
international cooperation. These deficits have been recognized for some years and
target settings have been developed in the Siberian Federal District (Table 1).
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Table 1 Target settings for the development of innovations in Siberia (Strategy 2010, excerpt)

Indicator 2015 2020
Number of persons working in research and education 59,000 61,000
Proportion of young researchers (<40 years old) % 22 27
Number of international research centres 15 20-23
Proportion of internationally rated scientific journals % 5 7
Number of patents 3600 4200

Are those target settings still true and realistic? The reform was needed, but the
way to operationalize it could become a problem. The new RAS will be an aca-
demic club without administrative power and service units. In the case of the former
RAAS this means expropriation from all research stations and lands, and could
have unforeseeable consequences for all running long-term trials. Overall and
generally, freedom and independency of research could be threatened by admin-
istered reforms that are not based on the expertise of main stakeholders. Insecure
basic financing for scientific institutes bears risks for high-quality research due to
brain drain and more bureaucracy (Yablokov 2014).

New initiatives of international scientific—technical cooperation in landscape
research would be very important for stabilizing the situation at this critical stage. It
must be based on genuine partnership at eye level. This is currently still possible.

2.5 Effects of the Market Economy on Ecosystems
and Research Efficiency

The Russian market economy capitalizes Siberian resources of gas, oil and minerals
by wasteful mining and other industries with benefits for urban areas and with
damage to the environment (Newell 2004). Rural regions of solely less profitable
branches such as forestry, agriculture and fishery suffer from recession and the
breakdown of their infrastructure. Farmers’ acceptance of abandoning
soil-destroying agriculture and following scientists’ advice is low under these
conditions.

The indigenous peoples who inhabit most of Siberia are seriously threatened by
mining industries and the breakdown of the infrastructure in remote areas
(Osherenko 1995; Vakhtin 1998; Semenova 2007; Yakovleva 2011). Programmes
are urgently needed to help the small numbers of peoples in the north support
themselves (Isachenko 2013).

Framework conditions for the development of cultural landscapes are important
(Ragulina 2013). They are largely lacking in Siberia and there seem to be none at all
in the Far East. Poverty is not a suitable framework for the development of envi-
ronmental consciousness but instead promotes unsustainable management or illegal
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behaviour (poaching, logging). Overall, the introduction of the market economy has
not diminished but exacerbated negative consequences for the environment (Shaw
and Oldfield 2007) and for the culture of indigenous peoples (Isachenko 2013).

3 Deficits of Research in Land Management
and Agronomy

The analysis of publications in the area of landscape and agri-environmental
research referring to Siberia over the past 25 years shows interesting results and
tendencies. Great progress has been made in analysing, understanding, predicting
and coping with processes and problems of ecosystem functioning under the
pressure of the market economy and climate change. The international community
has invested a great deal in environmental research and monitoring programmes.
The focus has been on Arctic research and monitoring, climate change issues such
as carbon cycling, GHG emissions and water pollution.

Research about land- and water-resource-based industries such as agriculture,
forestry and fishery has been a national issue and cannot meet international stan-
dards. Agricultural research has a well-developed experimental basis in the country
but poor resources, obsolete analytics and a lack of access to leading technologies
worldwide. Research in agronomy is particularly based on traditions and there is a
lack of modern research technology. Numerous experiments have been conducted,
and valuable data generated, but this work is largely de-central. Many Russian
scientists working in the field of agricultural soil and water management are also
largely isolated from the international research community. No Russian researcher
is active in the International Soil and Tillage Research Organization (ISTRO), the
world’s leading scientific organization in this field of research, producing the
well-respected scientific journal “Soil and Tillage Research”. Russian researchers
publish mainly in Russian. Many publications in Russian are freely available online
and could promote the fast dissemination of results over the country. Because the
methodology of trials is classical, the equipment for trial conduction is obsolete and
biophysical conditions of plant growth and results are very site-specific; there is not
much to transfer to other regions. Dissemination of those local results is mainly
directed to advanced farmers and authorities in the same region. However, as
agriculture is in a recession it cannot benefit from this knowledge. Experimental
results are potentially important for the calibration of agro-ecosystem models.
However, agri-environmental modelling is still underdeveloped.

Research about land and water resources, landscape processes and environ-
mental monitoring in the Far East region of Russia is a white spot in ground-based
research and monitoring land and water resources and processes.
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4 Initiatives of International Cooperation
and Communication in Landscape Research

International cooperation in research and the transfer of knowledge and education
has been recognized as key factor for better interlinking Russian scientists with the
international scientific community. International, multidisciplinary Arctic research
is a flagship of cooperation in environmental research leading to better under-
standing of climate changing processes and their consequences for the development
of landscapes (Polyakov et al. 2014).

During recent years some progress has also been achieved regarding cooperation
in agri-environmental and landscape research. For example, the German Federal
Ministry of Food and Agriculture and the former Russian Academy of Agricultural
Sciences created a list of mutual cooperation projects between German and Russian
researchers. The German-Russian project 05/07 “Indicators of fertility and function
of agricultural soils” of this list formed the basis of cooperation between several
Russian and German soil scientists and agronomists. The main partners were ISSA
Novosibirsk and VNIIA Moscow from Russia, and ZALF Miincheberg from
Germany. This enabled joint fieldwork about soil classification and evaluation on
numerous agricultural sites in both countries. Another small-budget project, “Effect
of climate change in boreal and sub-Arctic ecosystems on water quality and soil
functions, code 01DJ12058” was supported by the German Federal Ministry of
Education and Research (BMBF) and enabled this cooperation between ZALF
Miincheberg and ISSA Novosibirsk to be deepened along with IWEP Barnaul.
Overall, more than 15 joint publications appeared as outcome of both projects.
Unfortunately, the current reform of the Russian academic system has disrupted
those effective activities.

Currently, the above-mentioned better-funded projects “KULUNDA” and
“SASCHA” (KULUNDA project 2014) focus on sustainable land management as a
main topic of agri-environmental research. Some progress has been achieved in
landscape planning due to Russian—German cooperation (Koroshev et al. 2014).

Another type of initiative was started by Russian and German soil scientists
almost 20 years ago. Soil scientific and ecological summer schools and field
excursions through the main landscapes of West Siberia have become established as
a permanent educational institution for students and scientists from abroad (Siewert
et al. 2014; Fig. 9). They are also a source of inspiration for new research activities.
Scientists from Irkutsk have established further summer schools and excursions
through the Baikal region and exciting regions of the Far East (Chepinoga et al.
2004). The German Academic Exchange Service (DAAD) supported the partici-
pation students in those summer schools in the framework of the “go east” sub-
mission (DAAD 2014).
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5 Conclusions: Knowledge Gaps and Research Needs

A lot of progress has been achieved in understanding landscape processes in Siberia
and in evaluating land and water resources. However, the dynamics of alterations of
ecosystems due to climate change and unsustainable human impacts requires faster
progress. A lack of knowledge and absence of reliable data have contributed to the
harmful treatment of land and water resources. Scientists, decision-makers and
other responsible people need more reliable data. Some gaps of knowledge and
deficits of agri-environmental research and monitoring are:

e A lack of measurement and monitoring technologies for net primary production
(NPP), heterotroph respiration and gas exchange between ecosystems and
atmosphere. Reliable and automatic high-resolution measurement of the func-
tional performance of the Geo—Bio system by exact balancing of water, carbon,
sediments and other matter fluxes (lysimeters, GHG flux measurement systems,
dust measurement systems).

e Soil physics, soil hydrology and modelling the soil-plant-atmosphere system
are underdeveloped. Better ecosystem models and decision support systems that
consider feedback from and the complexity of processes in landscapes are
needed to make climate change scenarios more reliable.

e Many remote areas in the Tundra and Taiga of East Siberia and the Far East are
not sufficiently covered with monitoring technology. Remote sensing approa-
ches have emerged but must be better linked with automatically operating
ground-level monitoring stations. Airborne data also need to be combined better
with process models.

e Data analysis is largely based on traditional statistical approaches which do not
consider autocorrelations of processes and landscape structures. Methods of
modern explanatory statistical data analysis, which allow hidden structures and
processes to be detected, should be part of landscape experiments (including
agricultural trials) and data acquisition.

e Reliable but simple approaches for the assessment and monitoring of the
functional status of land (including crop yield potentials) consistently over
different zones and regions are lacking for Russia. They should be better
compatible with recommendations and standards of the EU and the United
Nations Food and Agriculture Organization (FAO).

e Chemical analytics of soil, water and plants has a great tradition in Russia but
needs to be harmonized with international standards and leading developments.
In the case of soil analyses, sample preparation methods are often difficult to
compare with EU approaches.

e Analytical methods and evaluation frameworks for the functional status of
aquatic ecosystems are also in need of harmonization.

e The environmental side effects of agriculture, their risks and real extent, are still
not well researched. Environmental impacts on aquatic ecosystems, water
resources and air quality should be monitored, evaluated and controlled. Those
systems should meet international standards.
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e Principles of Conservation Agriculture (CA) have been tested in several crop
trials but their complex meaning for avoiding soil degradation is still not
understood by researchers and decision-makers. Also, CA is still neglected in
practice due to poor resources and obsolete machinery.

Progress can be achieved by the adoption and application of new methods for
measuring, assessing, modelling, monitoring and controlling landscape processes.
This includes the need for both methods and technologies for basic research to
understand the ecosystem, and applied agri-environmental research for a fast
transfer into practice. Most of these technologies are internationally available and
could help to get better data for recognizing, understanding and possibly controlling
land and water resources and processes. Some of them are presented in the fol-
lowing chapters. Environmental data and knowledge may contribute to the for-
mation of a higher stage of public awareness about environmental problems and a
basis for impact-assessment procedures in order to find optimal site-specific solu-
tions for science-based landscape planning. We encourage decision-makers to
install a sustainable platform for scientific technical cooperation in landscape
research between Russia and the EU. This would be very important to maintaining
high-level research and agri-environmental monitoring of the terrestrial and aquatic
ecosystems of Siberia.

Appendix: Environmental Education Abilities
in Soil-Ecological Summer Schools in West Siberia

Since 1995 soil-ecological summer schools have been taking place across biocli-
matic zones in West Siberia plain and altitudinal belts in the Altai Mountains. They
are organized annually by a group of scientists from Russia and Germany. The main
goal of the excursions was to answer growing demands for better education and
research on mutual interdependencies between climate, geological substrates,
vegetation cover and other factors as a tool for practical land use improvement.

The sites of the summer school are selected as a logical sequence of changing
climate conditions from north to south in West Siberia including plains (horizontal
climate zones) as well as mountains (vertical climate zones) (Fig. 8). They focus on
landscapes of exceptional beauty and highly interesting natural objects, both with
extreme emotional impact on the participants’ learning abilities as a tool of
long-term motivation for sustainable land use. Virgin ecosystems and sites untou-
ched by human activity are included for simplified teaching of the complex inter-
relations between factors of landscape formation unconcealed by the artefacts
usually caused by a long history of land use or by the wide-scale pollution in
developed countries.

The introduction lectures at every site provide information about their geology,
relief, climate, vegetation cover, soil formation and history of human exploration
together with the main aspects of local culture and challenges of social life
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Fig. 8 Typical landscapes used by soil ecological summer schools a Mountain desert, b Mountain
tundra, ¢ Mountain forest tundra, d Southern Taiga, e Forest steppe. The floristic diversity of forest
steppe grasslands in West Siberia is still very high due to extremely low human impacts. About 60
species of vascular plants per 100 m* have been found at some locations. Photos Christian Siewert

development. They try to mediate a simple access to understanding long-term needs
in local productive land use taking into account global trends.

The field lectures which follow are the main method of education at the summer
school. They are dedicated to illustrating the most important local features, which
are sometimes incredible to foreign participants, using easily available natural
materials from the surroundings. Teaching methods include experiences by means
of hearing, touching, feeling or even tasting (Fig. 9). Short walks (around one hour)
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(b)

Fig. 9 Teaching soil science and soil-vegetation interactions. a The profile shows a Chernozem in
the forest steppe. From their inherent properties Chernozems are the most fertile soils of the globe.
b Minutes and examinations are part of the open air summer school. Photos Pavel Barsukov

across the countryside without trails or prepared adventures allow participants to
feel the landscapes under their feet, to catch its colours, sounds and smells. The
personal experience obtained this way empowers the participants to gain their own
insight into the complexity of natural conditions in a most unforgettable way. This
supports open discussions providing a better understanding of the details of both
local and global consequences of human land use.

The teaching goals and needs determine the organizational features which
support a deep personal perception of the environment. Almost the entire route of
the summer school, all accommodation and meals are held outdoors. The summer
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school participants must adapt to the weather conditions; they have to walk, live in
tents, collect their own experience and “sense of places”, and they have to accept
everyday life in nature as a source of ecological knowledge. A specialized service
team manages daily challenges including the completion of bureaucratic demands
(e.g. visa formalities and registration of foreigners), reliable transport, a supply of
tasty food, most possible accommodation and the organization of cultural events. It
consists of drivers, a cooking team and assistants under the supervision of Russian
scientists from leading research institutes and universities.

The results are reflected in excellent evaluation results, several multiplier effects,
research projects, some generous funding by different organizations, and more. The
participants especially appreciate the experience they gain, which supports the
long-term mitigation of global change in land use and connected job opportunities.
The following photographs provide some visual impressions about these courses.
More information is given in the publication by Siewert et al. (2014).
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Chapter 3
Methods for Monitoring the Chemical
Composition of Lake Baikal Water

Tamara Khodzher, Valentina M. Domysheva,
Larisa M. Sorokovikova and Liudmila P. Golobokova

Abstract In the early 1990s, a system of comprehensive monitoring, including
hydrophysical, chemical and biological investigations, was developed at the
Limnological Institute of the Siberian Branch of the Russian Academy of Sciences
to assess the current environmental state of Lake Baikal. Chemical monitoring of
the Baikal water includes checking the dynamics of chemical components in the
pelagic and littoral areas of the lake, as well as their input from the atmosphere and
water from the lake’s tributaries. The monitoring system allows scientists to assess
historical trends of the chemical components in the lake and forecast possible
changes in the biota habitat. The low concentrations of most components in the
Baikal water initiated the development of more sensitive methods. New methods for
analysing anions and persistent organic pollutants (PAHs and PCBs) were elabo-
rated at the Institute and certified by the State Standard Committee of the Russian
Federation. These methods feature high sensitivity, selectivity and fast analysis and
are widely applied when monitoring the chemical composition of different envi-
ronments in the Baikal region. The reliability of methods and quality of analytical
analyses are checked annually according to international and Russian programmes
on inter-laboratory calibration. The results do not deviate from the reference
standard samples by more than 10 %, which attests to the reliability of new methods
for chemically monitoring the Baikal water. Based on long-term data with the
application of high-precision methods, we were able to assess the current chemical
composition of the Baikal water. Present concentrations of pollutants in Lake
Baikal, such as persistent organic pollutants (POPs) and heavy metals, are low and
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do not directly affect the composition of the water and biota. Moreover, the
ecosystem of Lake Baikal is self-purifying. The water of Lake Baikal in its deep
area is one of the purest natural waters in the world and can be used for drinking
and other purposes. It is recommended to include water quality tests in the regular
monitoring system, in particular checking the littoral zone where the coast is highly
developed and near the mouths of the lake large tributaries, analysing such
parameters as sanitary and microbiological characteristics, nutrients and biota. It is
also necessary to regularly monitor the concentration of persistent organic com-
pounds in the air, and in the lake water, bottom sediments and biota. Many of these
compounds are mutagenic and carcinogenic, and they are also able to accumulate in
the food chains and transfer from one organism to another.

Keywords Monitoring - Lake Baikal - Methods of analysis + Chemical compo-
sition - Water - Atmosphere - Trace gases

1 Introduction

The aim of this work is to estimate the modern chemical water composition of Lake
Baikal and its tributaries based on long-term data using high-precision methods for
analysis, as well as to assess possible changes associated with climate warming and
the anthropogenic effect.

Lake Baikal is the world’s largest freshwater reservoir (23,000 km?), with
unique flora and fauna, 60 % of them being endemic species. It is a UNESCO
World Heritage Site and its significance has been set down in the Federal Law of
the Russian Federation “On the Protection of Lake Baikal”. Lake Baikal consists of
three basins differing in depth, temperature conditions, water exchange and volume
of water masses (Shimaraev et al. 1996; Hohmann et al. 1997).

Hydrochemical investigations of Lake Baikal and its tributaries started in 1925
by researchers of Baikal Limnological Station (Vereshchagin 1927). At the IV
International Limnological Congress in Rome in 1927, Vereshchagin (1933)
reported the results of studies on the hydrochemical characteristics of the water in
the deep part of Southern Baikal.

Votintsev continued to study the hydrochemical composition of Baikal water in
1948 (Votintsev 1961; Votintsev and Glazunov 1963; Votintsev et al. 1975). As a
result of these long-term investigations, the chemical balance of the lake was
estimated.

A system of comprehensive monitoring, including hydrophysical, chemical and
biological studies, was developed in the early 1990s by researchers at the
Limnological Institute to assess the current ecological state of Lake Baikal.
Complex chemical monitoring of Lake Baikal is based on the long-term experience
of researchers from other countries in the field of water resource conservation (Baig
et al. 2009; Najar and Khan 2012; O’Neil et al. 2012).
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The chemical composition of trace gases, aerosol, precipitation and snow cover
is monitored in the atmosphere above the lake and adjacent territory. Monitoring
observations are performed in the mouth areas of the lake tributaries. In addition,
processes of gas exchange and geochemical processes are studied at the “water—
atmosphere” and “water—bottom” interfaces, respectively. The chemical composi-
tion of pore waters is also analysed.

Chemical monitoring is based on the following main principles:

e using high-precision methods for chemical analysis to measure major ions,
nutrients and organic compounds;

e analysing long-term trends in changes to the chemical composition of surface
and deep waters in the open part of Lake Baikal, atmospheric precipitation and
waters of the lake tributaries;

e forecasting water quality under conditions of climate change and anthropogenic
effects.

The monitoring system allows scientists to assess historical trends of the
chemical components in the lake and forecast possible changes in the habitat of
biota.

2 Materials and Methods

The chemical composition of lacustrine and riverine waters is monitored at the
standard sites (Figs. 1 and 2).

The water and atmospheric air is sampled according to State Standard
Specification (SSS) 17.1.5.05-85, RD 52.04.186-89, SSS R 51945-2002, SSS R ISO
12884-2007 and SSS 31861-2012. Baikal water from different depths is sampled on
board a scientific research vessel with a special Rosette water sampler containing 24
water bottles. In the rivers, water is sampled from the surface with Nansen bottles.
The following parameters are measured: pH, dissolved oxygen, conductivity, sul-
phate, chloride, bicarbonate, magnesium, calcium, sodium, potassium, nitrogen
(nitrate, nitrite and ammonium), phosphorus (phosphate and total), silicon and
organic matter. Trace elements, oil products and persistent organic pollutants (POPs)
are analysed every 3-5 years. Those components whose retention time is several
hours are analysed at the sampling site in the field. A portion of the sample is
conserved following the analysis technique and transported to the Institute labora-
tory in a cooling box.

The low concentration of some components in the water of Lake Baikal requires
more sensitive methods for analysis. Since the 1990s, the analytical laboratory at
the Limnological Institute has elaborated and certified novel methods for deter-
mining ionic composition and POPs. These novel methods have been introduced
into the monitoring system after their comparison with the traditional classical
methods.
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* Snow cover

© Baikal water

A River water

B Aerosol and trace gases

Fig. 1 Sampling scheme of water, aerosol, trace gases, precipitation and snow cover in Lake
Baikal and in the Baikal region

2.1 Methods for Determining lonic Composition Using
High-Performance Liquid Chromatography (HPLC)

To perform traditional analytical methods, a large volume of a sample (~ 300 ml) is
needed to determine the anion concentrations. The sensitivity of the method has
high lower limits: the determination error is 20 % for SO427, 25-50 % for NO5_ and
50 % for CI' (Alekin et al. 1973; Fomin 2010). Small amounts of the substance in
some objects of studies (precipitation, aerosol and pore waters) and low concen-
trations of certain components demand strict requirements regarding analytical



3 Methods for Monitoring the Chemical Composition ... 117

Fig. 2 Scientific research vessel “Vereshchagin”, water sampling with a “Rosette” sampler

precision. Taking into consideration these peculiarities, the researchers at the
Limnological Institute elaborated novel methods for analysing anion composition
using HPLC. These methods were certified (Baram et al. 1999). The principle of this
method is that a chromatographic column filled with inverse phase sorbent is satu-
rated with molecules of quaternary amine salt containing a long-chain alkyl radical.
The lipophilic part of the molecule of quaternary amine allows the modifier to firmly
remain on the inverse phase when interacting with anions. As the analysed sample is
injected into the prepared column, a counterion of the quaternary amine is substituted
for anions of the sample, which are bound with the stationary phase. Anions deposited
on the modified sorbent are eluted using a solvent that contains an absorbing anion
in the UV area. The eluent, which contains a decreased concentration of the
UV-absorptive addition substituted for a certain anion, is then recorded as it moves
along the chromatographic column. The detection of the outgoing eluent in the UV
area causes the emergence of a negative signal during the appearance of such zones.
Chromatograms are recorded on a “Milichrom A-02” microcolumn liquid chro-
matograph (EcoNova, Novosibirsk, Russia) with a short, low-capacity inverse-phase
column (2 x 75 mm, V ~ 0.2 ml) and UV photometric detection (Fig. 3).

This method is used to analyse the mass concentration of sulphate, chloride and
bicarbonate within the range of 5-100 mg/l. The mass concentrations of anions are
measured from peaks on chromatograms of the analysed samples. The extended
relative measurement uncertainty (kK = 2) is 7-10 %. The technique elaborated
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Fig. 3 “Milichrom A-02” chromatograph (Novosibirsk, Russia)

was modified and certified for solutions with low concentrations of Cl~ and SO,*~
(Fig. 4).

The method’s wide use in analysing different objects was due to the possibility
of identifying a large number of inorganic and organic ions in a small amount of a
sample, high sensitivity without pre-concentration, selectivity and fast analysis.
This method has been successfully applied for the last decade to the analysis of
ionic compositions of aerosol and natural waters of the Baikal region (Khodzher
et al. 1999; Fukuzaki et al. 2002; Grachev et al. 2004; Domysheva et al. 2010a, b;
Golobokova et al. 2011; Khodzher et al. 2011).
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Fig. 4 Chromatogram of water extract from the aerosol sample collected above Lake Baikal
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Fig. 5 Chromatograms of model mixture of anions (a), Baikal water sample (b) and extract from
aerosol sample (c) at 226 (1), 204 (2) and 202 (3) nm. The sample volume is 10 pl. The anion
concentration in the model mixture is 2.5 mg/l

Concentrations of nitrate and nitrite ions in the Baikal water and atmospheric
precipitation range from a thousandth to a tenth of a milligram per litre. The
traditional methods only allow nitrate and nitrite ions to be measured up to 0.2 and
0.01 mg/l, and are associated with different interference factors (Alekin et al. 1973;
Fomin 2010).

To determine small concentrations of NOj_ (lower than 50 pg/l), a technique for
measuring the mass concentrations of nitrate, nitrite, bromide and iodide anions
within the range of 0.005-10 mg/l was developed based on HPLC with UV
detection on an inverse-phase column modified with octadecyltrimethylammonium
bromide using direct detection to register anions absorbing UV radiation
(Vereshchagin et al. 2000). Mass concentrations of anions are measured from the
peaks on the chromatograms of the analysed samples. The extended relative
uncertainty of measurements (k = 2) is 15-25 % (FR.1.31.2008.04415) (Fig. 5).

This technique was successfully tested when analysing the anion composition of
a wide spectrum of the environmental objects and atmospheric aerosol (Khodzher
et al. 1999, 2004; Sorokovikova et al. 2000, 2004; Grachev et al. 2004; Netsvetacva
et al. 2004).

2.2 Methods for Determining Persistent Organic Pollutants
in Different Environments of the Baikal Region

Methods for measuring mass concentrations of benzapyrene within the range of
10-1000 ng/dm”® in water and atmospheric aerosol were developed using HPLC.
The principle of this method is that the concentrate is divided on a “Milichrom
A-02” chromatograph after polycyclic aromatic hydrocarbons (PAHs) with hexane
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are extracted from the sample and the extract is pre-concentrated on a rotor
evaporator.

Using these methods, researchers analysed the distribution of benzapyrene and
other PAH compounds in the atmospheric air and snow cover in the industrial and
background areas of Pribaikalye, and in the lake water and biota (Gorshkov et al.
1998; Koroleva et al. 1998; Gorshkov and Marinayte 2000; Marinayte and
Gorshkov 2002; Gorshkov et al. 2003; Belykh et al. 2006).

A method for measuring mass concentrations of polychlorinated biphenyls
(PCBs) was developed using high-speed capillary gas chromatography with mass
spectrometric detection of selected ions (Nikonova and Gorshkov 2012). PCBs are
analysed in such natural objects as soil, suspended particles of snow water, Lake
Baikal particulates and bottom sediments, tissues of the Baikal omul (Coregonus
migratorius, Georgi 1775) and the fat of Baikal seals (Phoca sibirica Gm.). PCBs
are extracted from natural samples and hydrolysates of the biological material, then
extracts are purified on compact cartridges with silica gel or florisil (0.5 g of
sorbent). The intra-laboratory precision when determining all the PCBs and groups
with equal level of chlorination does not exceed 10 %, whereas in indicator com-
pounds (PCBs 28, 52, 101, 118, 138, 153 and 180) it is 15 %.

2.3 Classical Methods of Analysis

Classical conventional methods of analysis are used to measure the pH, dissolved
oxygen, conductivity, magnesium, calcium, sodium, potassium, ammonium nitrogen,
phosphate, total phosphorus, silicon and organic matter (Wetzel and Likens 1991).

Since the mid-1990s, researchers at the Limnological Institute have analysed
trace elements in the water of Lake Baikal and its tributaries, bottom sediments and
atmospheric aerosol using inductively coupled plasma mass spectrometry (ICP-MS)
on an Agilent 7500ce and standard samples.

2.4 Checking the Quality of Analyses Performed at Lake
Baikal Within the Framework of the Monitoring
Programme

The high quality of the quantitative chemical analysis of natural objects is an
integral part of chemically monitoring the state of the environment and its pollution.

To perform monitoring studies at Lake Baikal, its tributaries and atmosphere, the
certified Laboratory of Hydrochemistry and Atmosphere Chemistry (Certificate
ROSS RU.0001.513855) developed a system of quality management based on
international (ISO 9001:2000, ISO/IEG 17025:2005) and Russian (SSS R
17025-2009, SSS R ISO 9001-2008, SSS R ISO 9000-2008) standards. Since 2000,
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the quality of the analysis results obtained by the laboratory has been regularly
controlled within the framework of two international programmes for testing
“reference standard samples”, artificial “acid rains” and “surface waters” (Khodzher
et al. 2002, 2004). One of the programmes is carried out within the framework of
Global Atmospheric Watch (GAW) under the aegis of the World Meteorological
Organisation (WMO). Over 70 chemical laboratories from different countries par-
ticipate in this programme (http://www.qasac-americas.org). Standard samples are
sent for analysis to the Limnological Institute laboratory twice a year. The major
ions, ammonium, pH value and conductivity are analysed. Another test is per-
formed within the framework of the international programme “Acid Deposition
Monitoring Network in East Asia—EANET” (http://www.acap.asia/ ~ interlab/os/).
The participants of this programme represent 23 laboratories from 13 countries of
East Asia. The analysis quality is checked once a year with measurements of the
major ions, nutrients, pH value and conductivity. Artificial atmospheric precipita-
tion, surface water, soil and aerosol are used as standard samples. To confirm the
quality of the results obtained, the laboratory was involved into two international
quality control programmes (QA/QC Programmes). The International European
Programme of Estimation and Monitoring of Acidification of Rivers and Lakes
(EMEP) (http://www.nilu.no) estimates the quality of measurements of pH, specific
conductivity, bicarbonate, nitrate, chloride, sulphate, calcium, magnesium, sodium,
and potassium in atmospheric precipitation. Another international programme
assesses the quality of measurements of pH, specific conductivity, bicarbonate,
nitrate, chloride, sulphate, calcium, magnesium, sodium, potassium, total organic
matter and trace elements in natural waters (http://kvina.niva.no/intercomparison2).

The analysis results obtained in the laboratory do not deviate from the “reference
standard samples” within these programmes by more than 10 %, which attests to the
confidence level of the results.

3 Results and Discussion

3.1 Chemical Composition of Baikal Water: Major Ions,
Nutrients and Gas Composition

Lake Baikal is an inertial system: it needs approximately 400 years to completely
substitute its waters for waters from its tributaries. The integral influence of certain
mechanisms of exchange causes the annual partial renewal of deep Baikal waters.
The age of the water at a depth of over 250 m changes from 7.2 to 11.1 years in
different years and in different parts of the lake. The age is determined with the help
of chemical tracers, such as dissolved atmospheric freon and tritium—helium (Weiss
et al. 1991; Killworth et al. 1996; Peeters et al. 1997; Hohmann et al. 1997;
Kodenev et al. 1998).
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Lake Baikal is divided into southern, central and northern basins by the bottom
elevations with depths of 1400, 1600 and 800 m, respectively. The littoral area
occupies about 7 % of the surface water area (Fialkov 1983). However, it greatly
affects the functioning of the lake ecosystem. To estimate the water quality in Lake
Baikal under conditions of climatic change and active exploration of the shores, we
started monitoring the chemical composition of the water in the pelagic area in 1993
and in the littoral zone in 2003.

Fundamental scientific investigations of the currents for the last 20 years (more
than 250 expeditions with the participation of foreign scientists) have demonstrated
the stability of the chemical composition of the water in the pelagic area of Lake
Baikal due to the huge volume of water masses compared with the annual water
flow (approx. 60 km?) and intensive water exchange in the lake (Falkner et al. 1991;
Grachev 2002; Grachev et al. 2004).

The water in the pelagic area of the lake has not undergone significant changes in
comparison with the pre-industrial period (the 1950s—-1960s) except the water in
bays, shallow areas adjacent to the settlements and at the mouths of the lake’s large
tributaries. The water in the lake is low-mineralised (with total ions of approxi-
mately 96 mg/l), belonging to the bicarbonate class of the calcium group (Table 1).

High concentrations of oxygen (9—14 mg/l) at all depths including the maximum
depth (1637 m) attest to the unique renewal mechanisms of the deep waters in
spring and autumn (Shimaraev et al. 1996; Shimaraev and Domysheva 2013).

Concentrations of nutrients (nitrogen, phosphorus and silicon) are subject to
seasonal fluctuations in the surface and near-bottom water layers of Lake Baikal
due to their consumption and regeneration by biota (Weiss et al. 1991; Domysheva
2009).

The concentration of nutrients, which serves as one of the markers of water
quality, is not high. It increases from the surface to the near-bottom layer and does
not exceed 1.9 mg Si/l for silicon, 0.14 mg N/1 for nitrate and 0.020 pg P/1 for
phosphorus. The results of studies show that since the 1950s no significant changes
in the content and annual dynamics of nutrients have been recorded in the pelagic
area of the lake. Fluctuations in phosphate and nitrate concentrations do not exceed
the error of the method at certain horizons in the water column (Fig. 6).

Table 1 Mean concentrations of major ions in the water of Lake Baikal (mg/l, 2005-2012)

Ton Southern Baikal Central Baikal Northern Baikal Entire lake
HCO;~ 66.3+1.8 66.7+1.5 65.7+1.4 66.3+1.6
S0, 5.240.1 5.240.2 5.240.1 5.240.1
cr 0.4+0.02 0.440.03 0.4+0.02 0.4+0.03
Ca** 16.4+0.4 16.5+0.4 16.340.3 16.4+0.4
Mg>* 3.040.1 3.0£0.1 3.020.1 3.0+0.1
Na* 3.340.1 3.440.14 3.3140.11 3.320.1
K* 1.0£0.1 1.0£0.1 1.0£0.1 1.00.1
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Fig. 6 Vertical profiles of nitrate, phosphate and oxygen concentration in the water of Southern
Baikal in different years (1957-1958—data by Votintsev (1961); 1967-1968 and 1986—-1989—
data by Tarasova and Meshcheryakova (1992); 2000-2010—data by Domysheva (2009))

The analysis of phytoplankton, as one of the important chains of nutrient con-
sumption and a means of preserving the stability of the lake ecosystem, shows that
there is no eutrophication effect in the pelagic part of the lake except some areas of
its littoral zone (Popovskaya 1991; Pomazkina et al. 2010).

The problem of the coastal zone pollution with litter in Lake Baikal is getting
more urgent due to the development of tourism and the lake shores. Local pollution
of the surface waters near the settlements, ports, in bays and the mouths of large
tributaries was reported from the concentrations of nutrients (nitrogen and phos-
phorus), sanitary microbiological parameters and the development of certain groups
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of algae unusual for Lake Baikal. In July—August of 2011, high concentration of
nutrients (phosphates up to 0.42 pug P/l and nitrate up to 0.20 mg N/I) were recorded
in the popular tourist area (Listvyanka, Southern Baikal) along the shoreline for
4 km, whereas the background values for these nutrients are 0.007 pg P/I and
0.01 mg N/I. The belt structure of phytobenthos was disturbed: the mass devel-
opment of the filamentous algae Spirogya within the depth range of 2.5-10 m and
the disappearance of Didymospheniageminate colonies, which are common for the
littoral area of the lake, were recorded (Kravtsova et al. 2012, 2014).

3.2 Persistent Organic Pollutants (POPs) in the Water
and Biota of Lake Baikal

3.2.1 Polychlorinated Biphenyls (PCBs)

The first results on PCB determination in the surface waters and bottom sediments of
Lake Baikal and in the soils of the Baikal region were obtained during international
expeditions in the 1990s (Iwata et al. 1995; Kucklick et al. 1996) and were sys-
tematised in the book by Grachev (2002). Concentrations of PCBs in the waters of
Lake Baikal are 130-1900 pg/l (Nikonova and Groshkov 2010). These values are
comparable with those in Lakes Superior and Huron (Great Lakes of North America)
and in the water bodies of some countries in South-East Asia (Grachev 2002).

The first data on the concentration of PCBs in living organisms of Lake Baikal
were presented by Bobovnikov et al. (1985), Malakhov et al. (1986): 35 ng/g in
zooplankton; 25 ng/g of wet weight in Baikal omul and 6600 ng/g of lipids in
Baikal seals. Based on these data, the PCB content was regarded as a background
value in the lake ecosystem for that period.

According to recent data, the levels of PCB accumulation in the Baikal zoo-
plankton were as follows: 4-8 ng/g of wet mass (300450 ng/g of lipids) in
Epischura baicalensis and 8-14 ng/g of wet mass (300-700 ng/g of lipids) in
Macrohectopus branickii. These values correspond to those of PCB accumulation
levels in the background areas of the world (Nikonova and Gorshkov 2011).
A Baikal seal Phoca sibirica accumulates PCBs in its fat from 7000 to 20000 ng/g
of wet weight for males and from 7000 to 22000 ng/g of wet weight for females.
These data are consistent with the data obtained earlier. The mean value of PCB
accumulation in the Baikal seal is higher than in seals from the world’s background
areas (the Arctic). However, this value is 20 times less than that in the Baltic seals.
The minimal value (7000 ng/g of lipids) is comparable with that in the Greenland
seal Phoca groenlandica, which inhabits the Gulf of Saint Laurence, and three
times less than in the grey seal Halichoerus grypus (a West-Atlantic population).
The Baikal omul (Coregonus migratorius, Georgi, 1775) of 1-7 years old, a
member of the benthic-deepwater morpho-ecological group, accumulates PCBs
from 20 to 40 ng/g of muscle or 800-2500 ng/g of lipids during the feeding season.
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The PCB concentrations recorded in omul are 10 times less than those in the
representatives of herring (Clupeidae) in the Baltic Sea and Atlantic Ocean and
three times less than the maximum admissible levels established for commercial
fish (Nikonova and Gorshkov 2010).

3.2.2 Oil Products in the Water of Lake Baikal

Natural oil seepage is observed in Central and Southern Baikal in the form of
bitumen in the coastal cliffs or oil patches on the water surface. The discharge of
biodegraded oil from the lake bottom amounts to 2 tonnes a year at Cape Tolsty and
4 tonnes a year at Cape Gorevoy Utes (Kontorovich et al. 2007). Fractionation takes
place at the deep sites: separation of heavy fractions forming ozokerite-like bitumen
mounds at the lake bottom and oil enrichment with n-alkanes. The biodegradation
of light oil in the water column and on the lake surface provides the purity of waters
at the sites of oil seepage.

Emissions from ship engines are one of the main anthropogenic sources of oil
products at Lake Baikal. Analysis of distribution of oil and oil products in the lake
shows that the oil content in the pelagic area does not exceed 10 pg/l, n-alkanes—
0.15 pg/l and PAH—0.012 pg/l. Extreme concentrations of oil products (up to
1.3 x 10* ng/l), n-alkanes (up to 500 pg/l) and PAHs (up to 20 pg/l) were recorded
in the surface water samples in the area of natural oil seepage. However, the
concentration of oil products decreases abruptly further away from the oil seepage
(Gorshkov et al. 2010).

3.3 Atmospheric Composition Above Lake Baikal

The composition of the atmosphere above Lake Baikal has been monitored for many
years. A large industrial Irkutsk—Shelekhov complex, comprising the cities of
Shelekhov, Irkutsk, Angarsk and Usolye-Sibirskoye, with enterprises from the heat
power engineering, chemical, oil-refining and aluminium industries and the pro-
duction of construction materials, is located in the valley of the Angara River at a
distance of 70-150 km from the western shore of Southern Baikal. Numerous
instrumental measurements of the chemical composition of trace gases and aerosol
above the water area of the lake, analysis of the snow cover and the application of
mathematical models show that there is an insignificant input of anthropogenic
impurities (compounds of sulphur, nitrogen and heavy metals) from the atmosphere
into the southern basin. The data on the accumulation of persistent organic sub-
stances (PAHs and PCBs) in the snow cover demonstrate that the atmospheric
pollution above Lake Baikal is of a local character and the contribution of regional
transfer of these classes of organic pollutants is insignificant at the shore and water
area of Southern Baikal. The accumulation of PAHs in the snow collected from the
ice on the lake was 100 times less than in the industrial centres of the Irkutsk Oblast.
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The ratio of the mass of sulphur, nitrogen and suspended particles deposited
from the atmosphere onto the water surface of Southern Baikal to the total mass of
sulphur and nitrogen emitted by industrial enterprises in Pribaikalye shows that
approximately 10 % of sulphur, 6 % of nitrogen and 7 % of suspended particles of
total volume of industrial emissions are deposited onto the lake when there is a
prevailing north-western wind.

During summer expeditions, trace gases and atmospheric aerosol are analysed on
board the ship in the surface layer above the entire water area of Lake Baikal. The
majority of chemical impurities in the air above the lake water area are of fine
submicron fraction with a particle size of less than 0.7 pm and a mass concentration
of 1-2 pg/m*. Up to 60 % of the dissolved components consist of calcium,
bicarbonate, sulphate and nitrate ions. Elevated concentrations of ions are recorded
in large particles (a coarse-dispersed fraction) within the size range of 1.3-2.1 and
4.2 pm. A quantitative analysis of the chemical composition of particulates shows
that the carbon constituent prevails in the rounded particles, whereas alumosilicates,
gypsum particles and other inclusions dominate in the particles of irregular shape
and faceted particles (Golobokova et al. 2011).

The main dynamics of the variability of the diurnal and seasonal trend of the
CO, content are studied in the surface layer of the atmosphere above Lake Baikal.
The concentration of CO, decreases from March—April. Its annual minimum is
registered in July—August, when photosynthesis reaches its maximum. Beginning
from September, the CO, content increases in the atmosphere. The maximum
amplitudes of the diurnal trend are observed in August, whereas minimal values are
characteristic of winter periods (Sakirko et al. 2008).

The CO, gas exchange is studied at the “water—atmosphere” interface, revealing
its diurnal and seasonal differences. The CO, flux changes its direction at this
interface in the pelagic area from spring to summer. In spring, the carbon dioxide
flux is directed into the atmosphere and in summer onto the water surface of the
lake. The main factor behind the change in the flux direction is the seasonal
dynamics of species composition of phytoplankton and the level of its maturity
(Domysheva et al. 2010a, b, 2011, 2012). In summer, the flux of carbon dioxide
from the atmosphere is three times higher in the pelagic area than in the littoral zone
(Fig. 7) (Domysheva et al. 2010a, b).

3.4 Tributaries of Lake Baikal

The most important constituent of the Baikal monitoring is the monitoring of the
chemical water composition in the tributaries. Long-term data on the tributaries’
chemical water composition collected for many years allowed its intra- and
inter-annual changes to be determined under the influence of natural conditions and
anthropogenic factors (Votintsev et al. 1965; Drucker et al. 1997; Sorokovikova
et al. 2004). Of special attention is the Selenga River, which brings approximately
50 % of the water and over 50 % of the chemical components, as well as small
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rivers, whose basins are located in the industrial emissions zone (Obozhin et al.
1984; Sorokovikova et al. 2000, 2008, 2009, 2013; Sinyukovich et al. 2010;
Bogdanov 2006; Tomberg et al. 2010). Table 2 shows the dynamics of the con-
centration of major ions in the lower course of the Selenga River since the mid-20th
century. The rise of mineralisation and especially the increase in sulphate and
chloride concentrations in the 1970s compared to the 1950s—1960s were caused by
anthropogenic factors (Obozhin et al. 1984). The decrease in the concentrations of
chemical components in the 1990s was caused by a production decline and the
introduction of a closed water cycle at the Selenginsk Pulp and Cardboard Plant.
Recently, an increase in the concentrations of sulphate, calcium and other ions
has been recorded in the Selenga River water, mainly due to low water in the river
and an increase in the ground water inflow (Sinyukovich et al. 2010). An analysis of

Table 2 Mean concentrations of ions in the Selenga River water in different observation periods

Year HCO;~ SO, |CI” ca®*  |Mg*  |Na* K* Total ions
(mg/) (mg/) | (mg/) | (mg/M) |(mgM) |(mgl) |(mg/) |(mg/l)
1950-1962° | 88.7 6.5 1.2 20.7 4.6 4.1 1.1 127
1971-1974° [113.8 12.4 24 27.6 5.2 7.3 2.0 171
1995-1997¢ | 97.7 8.4 1.9 20.9 5.8 6.5 1.4 143
2001-2004° | 943 9.2 1.2 20.8 47 59 1.3 138
2010° 92.3 11.1 1.7 22.0 5.2 5.6 14 139

“Votintsev et al. (1965)
l’Bogdanov (2006)
“Sorokovikova et al. (2013)
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the long-term data shows that the input of sulphate from the Selenga River into
Lake Baikal has increased by 25-30 % depending on the water level (Sorokovikova
et al. 2008).

Elevated concentrations of nitrogen and phosphorus are registered in the river
water. In the 1950s, the mean annual concentrations of mineral nitrogen and
phosphorus amounted to 0.9 mg N/1 and 0.078 ug P/, respectively (Votintsev et al.
1965); in the 1970-1980s these values were 3.2 mg N/l and 0.110 pg P/l (Obozhin
et al. 1984). The average concentration of phosphorus in the Selenga River water is
0.021 pg P/l, whereas earlier it was 0.013 pg P/1 (Votintsev et al. 1965). The
increase in the nitrogen and phosphorus concentrations in the water affects the
functioning of the river ecosystem: changes in the structure of phytoplankton, an
increase in small centric forms and an abundance of phytoplankton, whose values
are characteristic of eutrophic water bodies (Popovskaya and Tashlikova 2008).

Within the framework of monitoring, significant attention is paid to small rivers
located on the eastern shore of Lake Baikal, which are fed by atmospheric pre-
cipitation. The pH value of snow waters feeding the rivers is 4.6-5.5, and the
minimal ratio of equivalent concentrations of cations to anions (0.60-0.77) is
characteristic of them. This attests to the lack of alkaline and alkaline-earth ions to
neutralise the anion acidity of strong acids (Netsvetaeva et al. 2013). The catchment
areas of these rivers were subject to emissions from the Baikalsk Pulp and Paper
Plant for many years (in December of 2013, this plant was shut down). As the rivers
are fed with acidified precipitation while their waters feature low mineralisation
(30 mg/l) this causes changes in the percentage composition of major ions in the
river waters: a rise in the sulphate content and a decrease in bicarbonate and
calcium (Sorokovikova et al. 2004). A tendency for the total ion content to increase
(by 10-15 %) has been revealed in the water of the rivers.

4 Conclusions

Investigations of the chemical composition of the water of Lake Baikal and its basin
using modern, sophisticated analytical equipment and high-precision methods allow
researchers to obtain reliable results and to make long-term forecasts on the state of
the lake ecosystem. To date, these studies are extremely important in view of global
climate changes and intensifying anthropogenic effects in the region, and have to be
performed under strict state control.

When it comes to the improvement of the modern monitoring system at Lake
Baikal, it is necessary to develop novel approaches to its management. More
attention should be paid to problematic zones which have appeared for the last
decade in the Baikal region. First of all, detailed water monitoring should be
conducted in the littoral area of Lake Baikal, where the coast is being intensively
developed, and near the mouths of large tributaries of the lake, and this system
should include such parameters as monitoring sanitary microbiological character-
istics, nutrients and biota. It is necessary to regularly monitor the dynamics of
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concentration of persistent organic compounds in the air, water, bottom sediments
and biota of the lake. Many of them are mutagenic and carcinogenic, and they are
able to accumulate in the food chains during transfer from one organism to another.
Due to the increase in water transport at the lake and the occurrence of natural oil
seepage in the Baikal ecosystem, it is necessary to monitor oil products and volatile
phenols, especially in the ports and settlements.

To conclude, it is necessary to stress again that at present the concentrations of
pollutants (POPs and heavy metals) in Lake Baikal are low. All these substances
enter the lake in small concentrations which do not directly affect the composition
of the water or biota. Moreover, there is a powerful self-purification process in the
ecosystem of Lake Baikal. The water in the deep part of Lake Baikal remains one of
the cleanest natural waters in the world and can be used for drinking and other
purposes.
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Chapter 4

Microbiological Monitoring
of Lake Baikal

Valentina V. Parfenova, Natalia L. Belkova, Olga S. Pestunova,
Mariya Yu. Suslova and Olga N. Pavlova

Abstract The microbial community is not only a natural component of the
ecosystem of rivers, reservoirs, and lakes, but also one of the main indicators of
their ecological situation. For the public water supply, water reservoirs are often
used which are affected by regular or accidental contamination, which greatly
influences the water quality. Microbial indicators, limiting values of which are set
by the relevant regulatory documents, are defined both for the water supply and for
drinking water resources. We provide an overview of the main regulatory docu-
ments used in the Russian Federation to assess the microbiological quality of water
resources and of methods and results about monitoring of Lake Baikal. Lake Baikal
is a well-known example of an oligotrophic deep-water lake which serves as a
source of drinking water. The microbial communities of Lake Baikal are formed in
the unique extreme environmental conditions determining their metabolism: a low
nutrient content and low average annual temperature in the water column. The
microbiological indicators for the pelagic zone of the lake are quite constant, as was
shown by long-term observations. However, in these ecological conditions the
possibility must be taken into account that the water contains microorganisms
potentially hazardous to human health. Systematic annual results have been
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presented (since 2005) of the microbiological monitoring of coliform bacteria,
thermotolerant coliforms (TTC), coliphages, as well as Pseudomonas, Clostridium
and Enterococcus in Lake Baikal. It is shown that the spatial distribution of
allochthonous organotrophic and opportunistic bacteria is associated with the local
anthropogenic impact: settlements, deltas of the main tributaries or domestic
wastewater discharge. In the deep layers of the pelagic zone of the lake, no groups
of opportunistic bacteria were found. Moreover, as the water depth increased,
changes were found in the structure of the microbial community. Oligotrophic and
psychrotrophic microorganisms were predominant there, while the amount of
organotrophic microorganisms did not exceed the background level. The wide-
spread prevalence of uncultivable bacterial forms in the natural environment and the
ability of pathogenic and opportunistic bacteria to move into an uncultivable state
make them of sanitary significance. It has been demonstrated that new species of
heterotrophic microorganisms can be cultivated when the culture media and culti-
vation conditions are adapted. The experiments show the possible mechanisms of
survival for opportunistic bacteria. During the cultivation of Enterococcus faecalis
in the Baikal water at a low temperature, cells moved into a viable, but uncultivable
state and restored their ability to reproduce after the addition of the nutrient.

Keywords Microbiological monitoring - Lake Baikal - Sanitary rules
Enterococcus - Opportunistic bacteria - Heterotrophic bacteria - Cultivation

1 Bacteriological Criteria of Water Quality Accepted
in the Russian Federation

The hygienic regulations on drinking water quality and the sanitary protection of
water reservoirs in Russia propose strict controls on the direct and indirect influ-
ences of anthropogenic activity, public supply water use, and the discharge of
various kinds of sewage into ponds, reservoirs, and streams. It is regulated by the
Federal Law “On the sanitary-epidemiological welfare of the population” dated
March 30, 1999 Ne 52-FZ (Federal Law 1999). On the basis of the federal law and
the Statement on State Sanitary-epidemiological Regulations, approved by the
Government of the Russian Federation and dated July 24, 2000 Ne 554, the fol-
lowing sanitary-epidemiological rules and regulations (SANPIN) have been
constituted:

— “Hygienic Requirements for Surface Water Protection” SANPIN 2.1.5.980-00
(2000);

— “Drinking Water. Hygienic requirements for water quality of centralized
drinking water supply. Quality control” SANPIN 2.1.4.1074-01 (2002);

— “Hygienic Requirements for Water Quality in Noncentralized Water Supply
Systems. Sanitary Safeguarding of Sources” SANPIN 2.1.4.1175-02 (2003).
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The SANPIN 2.1.5.980-00 sanitary rules (2000) set out hygienic standards for
the composition and properties of water in water reservoirs for two categories of
water consumption. The first category of water consumption includes the water
reservoirs or parts thereof which could be used as a source of drinking water and
household water use, as well as to supply the food industry with water. The second
category includes the use of water reservoirs or parts thereof for recreational water
consumers. Water quality requirements established for the second category of water
consumption also apply to all areas of water reservoirs located within the bound-
aries of settlements. In SANPIN 2.1.4.1175-02 (2003), water quality requirements
are established regarding the quality and properties of the noncentralized water
supply (ground water, the capture of which is carried out by special equipment for
general and individual use). The norms on controlled water quality indicators such
as total coliform bacteria (TCB), thermotolerant coliforms (TTC) and coliphages
are given in this SANPIN.

The discharge of domestic and industrial waste water and the development of
recreational and navigational water use led to the need to increase the number of
hygienic and microbiological parameters that characterize the quality of water, in
order to evaluate it adequately. SANPIN 2.1.4.1074-01 (2002) states that the
microbiological evaluation of the quality of drinking water should be carried out
according to the following sanitary and bacteriological parameters: TTC, TCB, total
bacterial number (TBN), coliphages, and spores of sulfite-reducing clostridia.

Currently, there are several organizations dealing with the standardization of
water: the World Health Organization (WHO), the United States Environmental
Protection Agency (U.S. EPA), the European Community (EC) and the Sanitary
and Epidemiological Service of the Russian Federation. The latter is guided by the
Sanitary-epidemiological Rules and Regulations (SANPIN). Table 1 summarizes
the indicators used by international organizations as criteria for assessing the quality
of water.

The acceptance of SANPIN was a major breakthrough in Russian water quality
control. The regulations were based on the latest findings by Russian scientists and
were in line with the WHO recommendations. In addition to SANPIN, in the
Russian Federation there are guidelines according to which natural water sources
are analyzed. Thus, the rules MUK 4.2.1884-04 “Sanitary-microbiological and

Table 1 Bacteriological indicators of water quality

Indicator WHO U.S. EPA EC SANPIN
Total bacterial number (TBN) - + + +
Total coliform bacteria (TCB) + + + +
Thermotolerant coliforms (TTC) + - + +
Fecal streptococci—Enterococcus cultivation - - + -
Fecal streptococci—Enterococcus PCR detection - + + -
Coliphages - _ - +
Spores of clostridia - - + +
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sanitary-parasitological analysis of water from surface water reservoirs” (2004)
define enterococci as an additional indicator when a new source of centralized water
supply has been chosen. This indicator is used to confirm the origin of fecal con-
tamination in water at water sources and places of recreation. According to the
methodological guidelines RD 52.24.633-2002 “Methodological basis for the cre-
ation and operation of environmental monitoring subsystem recourse freshwater
ecosystems” (2002), the TBN has been proposed as a criteria for assessing
anthropogenic impact on freshwater ecosystems.

2 Microbiological Monitoring of the Water of Lake Baikal

The microorganisms of Lake Baikal have been studied intensively in various fields
of interest: physiological groups of bacteria, their total number and biomass, sea-
sonal dynamics and vertical distribution in the water and bottom sediments
(Kuznetsov 1957; Romanova 1958; Mladova 1971; Maksimova and Maksimov
1989; Lapteva 1990; Namsaraev and Zemskaya 2000). Numerous works have been
carried out to determine the phylogenetic diversity of the microbial communities of
Lake Baikal (Bel’kova et al. 1996; Denisova et al. 1999; Belkova et al. 2003;
Belkova 2004). The investigation of the microorganisms and microbial commu-
nities in the water and bottom sediments of the lake is continuing, with the
involvement of new, modern research methods (Gladkikh et al. 2011; Parfenova
et al. 2013), because the microbial community is one of the key ecosystem indi-
cators in environmental monitoring (Parfenova et al. 2009a).

Lake Baikal are located in Eastern Siberia and is the biggest and deepest
freshwater reservoir in the world. The peculiarities of its physical and chemical
parameters create a unique environment for all living organisms inhabiting it. There
is a low water temperature throughout all the seasons and for almost the entire
breadth of the lake, a low nutrient content and low total mineralization, and oxygen
saturation up to maximum depths (Grachev 2002). In this regard, the lake is of
particular interest from both the scientific and practical sides (in recent years the
lake water has been widely used for bottling drinking water). One of the reasons for
the detailed study of the composition and functioning of microbial communities in
aquatic ecosystems is to study the microorganisms which determine or affect the
quality of water, as freshwater reservoirs are the main sources of drinking water.
Lake Baikal’s microbiological indicators are monitored regularly, with up to 50
sampling stations in different parts of the lake (Fig. 1). One of the most important
indicators of the quality of the Baikal water is the total bacteria number (TBN) in
native samples, found by staining fixed samples with fluorescent dye
4',6-diamidino-2-phenylindole (DAPI) (Fig. 2a, b). It was shown that a seasonal
increase in TBN was observed in surface waters and the littoral area, where the
values increased to 107 cells/mL. In the water column at high depths these values
are more stable and do not exceed 10° cells/mL. In the near-bottom water the TBN
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Legend:
0 sampling site

Fig. 1 Scheme of sampling sites for microbiological monitoring of Lake Baikal water quality

increases insignificantly and is associated with the influence of exchange processes
occurring at the interface of water sediments.

Microorganisms in the aquatic environment are known to play a leading role in
the destruction of organic compounds of different origin. One of the standard
indicators of microbiological monitoring of Lake Baikal water is the enumeration of
organotrophic bacteria. These bacteria react quickly to incoming organic matter.
The temperature in the water column of the lake varies from 2 to 10 °C, with an
average of 3.2 °C (Shimaraev 1978). Taking into account the low water tempera-
ture, it is assumed that there are a large number of psychrotrophic microorganisms
among the autochthonous microbial community of the lake. In addition, low
organic matter content and low mineralization determine the presence of
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Fig. 2 Vertical distribution of microorganisms in the water column of the South Basin of Lake
Baikal (2004-2007): a total bacterial number (7BN), insert—micrographs of microbial scenery,
b total counts of heterotrophic, psychrotrophic and oligotrophic bacteria

oligotrophic microorganisms. Thus, to characterize the organotrophic microbial
community of the lake water, physiological groups such as heterotrophic, psy-
chrotrophic and oligotrophic bacteria are enumerated (Fig. 2b).

The temperature regime of the lake substantially affects the total number and
variety of microorganisms as well as the survival of pathogenic and opportunistic
bacteria. Molecular methods reveal the dominance of non-cultivable forms of
bacteria in the water column of the lake. One of the dominant groups of Baikalian
microorganisms consists of bacteria which are able to switch into an uncultivable
state when adapting to the extreme conditions of the lake (Belkova 2004). Using
alternative approaches for cultivation, new species have been identified for Lake
Baikal. By filtration-acclimatization (Hahn et al. 2004) Kaistobacter sp.,
Rhodopseudomonas sp., Actinotelluria sp. and Arsenicicoccus sp. were isolated
from the deep-water microbial communities. On the other hand, it is known that
both pathogenic and nonpathogenic microorganisms can pass into an uncultivable
state in which the cells do not form colonies on a nutrient agar medium, but remain
viable (Kell et al. 1998; Oliver 2005). Perhaps this is the mechanism which allows
different groups of microorganisms, including opportunistic ones, to survive and
stay alive in Lake Baikal water.

In addition to its essential importance for cultivation, the temperature regime can
be considered as a factor characterizing the possibility of manifestation of the
pathogenic properties of microorganisms. Obviously, the ability of bacteria to
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survive and grow in laboratory conditions at a temperature of 37 °C suggests that
they can survive and remain active in the human body. Investigations of the
optimum temperature for heterotrophic bacteria growth showed that some of them
could be effectively cultivated at 37 °C as well as at low temperatures varying
between 4 and 8 °C. Growth tests at temperatures ranging from 4 to 37 °C were
carried out for 385 strains isolated during different seasons from the Lake Baikal
water on a diluted fish-peptone agar (FPA-10) medium (Table 2).

Table 2 shows that the strains isolated in the summer did not grow at low
temperatures of 4 or 8 °C, demonstrating that mainly mesophilic bacteria grew from
the samples collected during this season. In fall, the fraction of strains with a
capacity to grow at 8 °C increased significantly, while the proportion of strains
growing at 37 °C increased and remained relatively high when the incubation
temperature was varied between 18 and 20 °C. In winter and spring, psychrotol-
erant microorganisms with growth at temperatures ranging from 4 to 20 °C grew
in vitro more actively. At this time, the fraction of strains growing at temperature of
28 and 37 °C decreased 2—3-fold. It was found that in the deep-water column of
Lake Baikal there are bacteria with a capacity to grow at temperatures varying over
a wide range, from 2 to 37 °C. Clearly, it should be noted that this fact has to be
taken into account during integrated environmental monitoring of the lake
ecosystem to assess the water quality of Lake Baikal and define the role of these
microorganisms in the epidemiological situation.

The microbiological contamination of natural waters mainly occurs due to
fecally contaminated wastewater. According to published data, Escherichia coli is
not a good indicator for many characteristics (Carrillo et al. 1985; Meier et al.
1997). Therefore, when assessing the quality of water intended for human con-
sumption, E. coli should not be the only indicator organism determined, but also
fecal enterococci (Fomin 2002). Enterococci are recommended to determine and
confirm the nature of fecal contamination (Facklam et al. 1999). It is the reason for
increasing interest in studying the ecological potential of opportunistic bacteria
detected in the water of Lake Baikal. In sanitary and biological aspects, the spatial
distribution in Lake Baikal and biodiversity of the representatives of the
Enterobacteriaceae family and non-fermented group of bacteria have been studied
(Pavlova et al. 2003; Drucker and Panasyuk 2006). For many years, these
microorganisms were considered clinically insignificant. A reassessment of the
pathogenic role of enterococci contributed to the detection of their virulence factors
(Kayaoglu and Ostavik 2004). In recent years, the role of microorganisms
belonging to the genus Enterococcus increased as they acquired resistance to the
vast majority of available antibiotics and extreme factors such as dryness, UV, low
temperature, more than due to their wide distribution (Gilmore 2002). Moreover, it
was found that they retain their viability and virulence even after the chlorination of
drinking water. At present, interest in these bacteria has increased significantly due
to their role in epidemiological terms. Therefore, the study of the possible per-
manent inflow of opportunistic bacteria into the lake, the species composition of
allochthonous bacteria of the genus Enterococcus, the preservation of their viability
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in the water, and their resistance to antibiotic and chlorination are important to the
Lake Baikal monitoring system.

Studies of the distribution of opportunistic bacteria in Lake Baikal were carried
out between 2004 and 2011. Is was shown that both allochthonous organotrophs
and opportunistic bacteria, including those related to the genera Pseudomonas and
Enterococcus, were confined to settlements, deltas of major tributaries, and the
discharge point of undertreated domestic wastewater, where local anthropogenic
influences were noted (Figs. 3, 4 and 5). A significant number of TCB and TTB
near the shoreline of the south basin of Lake Baikal (Fig. 3) could be associated
with the areas of local significant sources of pollution: the Sludyanka settlement
(railway hub), the city of Baikalsk and the village of Kultuk (Grachev 2002;
Parfenova et al. 2009b). Contamination of the Selenga shallow water and
Barguzinsk Bay, located in the middle basin of Lake Baikal (Figs. 4 and 5), might
be due to the influence of the two main tributaries of the lake—the rivers Selenga
and Barguzin. Because of intensive use of water resources in the basin of these
rivers, there was a change in the composition trend of natural waters and a reduction
in their quality (Drucker et al. 1997).

The same situation was found in the north basin of the lake, where two main
rivers Tuya and Verkhnyaya Angara affected the water quality (Figs. 4 and 5).
Opportunistic bacteria were not found in the pelagic zone of the lake, in the samples
collected from the deep water column, where the predominance of oligotrophic and

-TCB
7 A-TTC

— Coliphages

Fig. 3 Distribution of opportunistic bacteria in the surface water in the south basin of Lake Baikal
near the settlement of Kultuk and the city of Baikalsk (data were collected in 2005)
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Fig. 4 Detection of TCB in the surface waters of Lake Baikal (data were collected in 2011)

psychrotrophic microorganisms was determined, while the content of organotrophic
bacteria did not exceed the natural background (Table 3).

In many cases, there is no need to identify species of enterococci. However,
when assessing the potential risk to humans for a potential source of water con-
sumption, information on the distribution of this type of bacteria in the water
column, as well as their viability properties at different temperatures and resistance
to antibiotic and chlorination, is very important. Different species of enterococci
have been identified in humans, animals and waters, and on plant debris. Most
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Legend:
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were detected
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Fig. 5 Distribution of bacteria belonging to the genus Enferococcus in the surface water of Lake
Baikal (data were collected in 2007)

human and animal waste is distributed in the environment and, therefore, the
environment and water samples often contain enterococci. The presence in water of
the main species E. faecium and E. faecalis is considered an indicator of fecal
contamination (Gilmore 2002), but water samples may also contain enterococci,
whose natural habitats are plants or animals, so the differentiation of the
Enterococcus species is extremely important to monitor water quality. Thus,
identifying the species composition of bacteria of the genus Enterococcus
according to modern taxonomy and by standard microbiological methods is part of
environmental microbiological monitoring of the state of the Lake Baikal
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Legend:
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Fig. 6 Distribution of dominant and epidemiologically important species of genus Enterococcus
in the water of Lake Baikal

ecosystem. During the studied period from 2005 to 2008, 306 strains belonging to
the genus Enterococcus were isolated from Baikal water, 120 of which were
identified at the species level (Fig. 6).

Studies have shown an association of Enferococcus bacteria detection with the
littoral regions of the lake, where there is a local anthropogenic influence
(Parfenova et al. 2010). Significant amounts of the bacteria tested in water samples
collected in the South Baikal might be due to the influence of settlements (Kultuk
and Baikalsk). In the Middle Baikal, the water quality and content of Enterococcus
bacteria is influenced by the rivers Selenga and Barguzin—the largest tributaries of
Lake Baikal. E. faecium, E. avium, E. faecalis, E. mundi, E. hirae, E. durans and
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E. gallinarum were isolated from the areas studied (Fig. 6). Biodiversity studies of
opportunistic bacteria of the genus Enterococcus have shown their higher numbers
and species diversity in the South and Middle Baikal. Seven species were detected
in these areas in contrast to the North Baikal, where only four species of enterococci
were found. The diversity of the bacteria studied in the water of North Baikal is
represented by the species E. faecium, E. faecalis, E. mundtii and E. avium. They
were mainly isolated from the deltas of the northern tributaries of the lake, while
they were not detected in the open waters of Lake Baikal. The most common
species were E. faecalis and E. faecium, isolated from different areas of the lake. E.
faecalis was found in 20 % of the water samples collected in the South Baikal, and
12 % in the Middle. However, the dominant species in these areas was E. faecium,
found in 47 and 26 % of samples, respectively. Therefore, we can assume that the
northern areas of the lake are subject to the lowest anthropogenic influence. Thus,
among all of the strains isolated from the lake waters, 33 % were identified as E.
faecium, 17 % as E. avium, 16 % as E. faecalis, 15 % as E. mundtii, 8 % as E. hirae,
6 % as E. durans and 5 % as E. gallinarum. Mainly they are of fecal origin, and
might be considered specific indicators of water contamination by the feces of
humans, animals and birds.

Currently, one estimate of the degree of negative human impact on aquatic
ecosystems is the resistance of isolated bacteria to antibiotics, and this feature is
used as a marker of anthropogenic influence. In terms of microbial ecology, this
problem is also relevant, since the co-existence of allochthonous and autochthonous
bacteria can cause horizontal gene transference, especially for antibiotic-resistant
genes transferred from allochthonous resistant bacteria to autochthonous bacteria
and vice versa (Moiseenko 1994). As a result, the autochthonous bacteria can
acquire resistance or virulence properties, whereas allochthonous bacteria can
acquire genes which help the bacteria adapt to the extreme environmental condi-
tions of aquatic ecosystems (Lobova 2003). According to MUK 4.2.1890-04 (2004)
particular attention should be paid to the definition of sensitivity and resistance of
microorganisms belonging to the taxonomic groups characterized by a high fre-
quency of dissemination of acquired resistance.

Resistance to different antibiotics was studied for 120 strains isolated from
different areas of Lake Baikal and belonging to the genus Enterococcus: inhibitors
of cell wall synthesis (vancomycin benzylpenicillin), inhibitors of protein and
nucleic acids synthesis (erythromycin, tetracycline, streptomycin, gentamycin),
inhibitors of RNA polymerase (rifampicin) and inhibitors of DNA synthesis of
microbial cells (ciprofloxacin) (Kravchenko et al. 2008). The experiments charac-
terized these microorganisms by antibiotic sensitivity. Thus, among 120 strains,
microorganisms were characterized by high sensitivity to gentamycin (110 strains
—92 %), benzylpenicillin (99 strains—83 %), and vancomycin (100 strains—
83 %). The microorganisms showed an intermediate level of resistance to ery-
thromycin (60 strains—50 %) and ciprofloxacin (41 strains—34 %). The highest
resistance was determined to rifampicin and streptomycin (23 and 22 %, respec-
tively). According to the study, the dominant species E. faecium was characterized
as sensitive to antibiotics, but some of the strains were resistant to aminoglycoside
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antibiotics (streptomycin, gentamicin), benzylpenicillin, and rifampicin. The high-
est number of strains resistant to antibiotics was determined among the species E.
faecium, especially isolated from water samples of the South and Middle Baikal, in
comparison with microorganisms isolated from the North Baikal. They were
resistant to seven antibiotics studied, with the exception of ciprofloxacin.

3 Peculiarities of Survival of Microorganisms in Lake
Baikal

The problem of metabolically active but non-culturable asporogenous bacteria was
discussed in many studies (Panasovets 2007; Roszak and Colwell 1987; Oliver
2005). Uncultivable forms of bacteria are not included in sanitary and epidemio-
logical studies of water, soil and food, as they cannot be detected by standard
microbiological methods (Sokolenko 2006). The widespread occurrence of these
bacterial forms in nature and the ability of pathogenic and opportunistic bacteria to
move into an uncultivable state leads to their social and hygienic significance.

The influence of temperature and the concentration of nutrients are two of the
main factors that determine the survival and the presence of bacteria in aquatic
ecosystems. According to previous studies (Whitesides and Oliver 1997; Oliver
2005), oligotrophy is the main abiotic factor which causes the transition of
microorganisms into the uncultivable state. In this state, bacteria lose the ability to
be cultured on a nutrient medium, but remain viable and exhibit a low level of
metabolic activity (Byrd et al. 1991; Roszak et al. 1984). This strategy to survive
has been described in many gram-negative bacteria (Kell et al. 1998; Oliver 2000a,
b, ¢), but it has only recently been demonstrated that gram-positive species,
including E. faecalis, may enter an uncultivable state. In this state, cells of ente-
rococci are metabolically active and can resume active growth when normal growth
conditions have been restored (Lleo et al. 1998; Signoretto et al. 2000).

For the experiment involving the conversion of heterotrophic microorganisms
into an uncultivable state, strains of asporogenous bacteria were used. They were
obtained by the direct cultivation of aliquots of natural water of Lake Baikal
(Pseudomonas, Acinetobacter), after the acclimatization experiment on viable cells
(Pseudomonas, Arsenicicoccus). It was shown that the low incubation temperature
(4 °C), as well as cultivation without nutrients (in distilled water) leads the cells to
transfer into an uncultivable state. The cells did not form colonies on solid media
after 36 h of incubation. Adding nutrients to the media led to the restoration of the
cells’ ability to grow even after 60 days of incubation in adverse conditions
(Belkova, unpublished data).

Experiments were carried out to study the possible mechanisms by which an
enterococci species—E. faecium—adapts to Baikalian water. It was show that there
was a slight increase in the number of bacterial cells cultured at 4 and 24 °C within
36 h of the cells’ incubation in Baikalian water, after a sharp decline of the cells was
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Fig. 8 Electron micrographs (TEM) of enterococci cells in an experiment on their survival in
Baikalian water: a cultivable cells; b under stress conditions; ¢ cell morphology after revival

detected (Fig. 7). After 12 days’ incubation the cells of E. faecium are no longer
cultivated in the Baikalian water, but the addition of nutrients (medium BHI)
revived bacteria, which passed from an uncultivable state to a cultured one. The
exceptions were the cells of E. faecium cultured at 37 °C, where the reduction in the
cell number was determined immediately after inoculation and their death was
observed during cultivation. The growth of these cells was not renewed even after
nutrients were inoculated into the growth media.

Thus, the important peculiarities of Baikalian microorganisms are their ability to
adapt and exist for a long time at a low temperature with minimum nutrient content,
to fall into an uncultivable state in extreme conditions, and to take on cultivated
forms upon the appearance of nutrients.

Further studies of cell adaptation in an uncultivable state were carried out using
electron microscopy. It was shown that the cell size and the depth of the cell wall
changed under stress conditions. This apparently promotes the survival of the
bacteria at low temperatures and with an insufficient amount of organic matter for
their growth. Electron microscopy has shown that at the beginning of the experi-
ment, enterococci cells were in an intensively dividing state and had a thin cell wall
and coccoid form (Fig. 8a). Under stress conditions, during cell cultivation in
Baikalian water, cell maintenance occurs through the formation of a more dense and
thick cell wall (Fig. 8b, c). This probably gives the bacterial wall extra strength,
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whereby the cells become more resistant to external stress factors. Epifluorescent
microscopy of enterococci in an uncultivable state showed aggregates and cell
clusters. From the literature it is known that cells of gram-negative bacteria in the
transition to an uncultivable state have a coccoid form and vary in size (Catenrich
and Makin 1991; Donelli et al. 1998), and are able to aggregate into clusters
(Donelli et al. 1998).

Microbiological indicators of the pelagic zone of Lake Baikal have been fairly
constant for a long time, according to long-term observations. Nevertheless, we
cannot underestimate the influence of anthropogenic factors on the structure and
composition of the microbial community. The entrance of allochthonous microor-
ganisms, both pathogenic and opportunistic, into the lake ecosystem affects auto-
chthonous microorganisms. This factor is of particular importance nowadays, when
the active development of tourism and tourist and recreational zones on Lake Baikal
has been going on.

4 Conclusions

The deterioration of the freshwater ecosystems has drawn increased attention to the
sanitary requirements for the quality of drinking water and drinking water resour-
ces. The hygienic standardization of the quality of drinking water and sanitary
protection of water reservoirs in the Russian Federation requires strict control of the
direct and indirect impact of anthropogenic activities, domestic use and the dis-
charge of the wastewaters into the ponds and streams, and is regulated by sanitary
and epidemiological rules, norms, regulations, and guidelines.

Monitoring studies on microbiological indicators of Baikal water are conducted
regularly in line with SANPIN standardized indicators and the general character-
istics of aquatic heterotrophic microbial communities. They include enumerations
of the TBN, the counts of heterotrophic, psychrotrophic, and oligotrophic bacteria
and the spatial distribution of opportunistic bacteria, including those belonging to
the genera Pseudomonas, Clostridium and Enterococcus.

Enterococci isolated from different sampling sites of Lake Baikal have been
identified and their resistance to antibiotics tested to evaluate the potential danger of
the water source to human health. Studies have shown the association of bacteria of the
genus Enterococcus with the littoral areas of Lake Baikal, where there is a local
anthropogenic influence. Enterococci of fecal origin have mainly been identified; most
of them have shown antibiotic susceptibility. In general they could be considered
specific indicators of water contamination by the feces of humans, animals and birds.

The temperature conditions of the lake substantially affect the total number and
variety of microorganisms as well as the survival of pathogenic and opportunistic
bacteria. Adaptation of the cultivation methods allows new strains to be isolated
from the water of Lake Baikal. Experiments to transfer cells into an uncultivable
state showed that both autochthonous and opportunistic heterotrophic microor-
ganisms (as an example, E. faecium was used) cultured in the Baikal water and at
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low temperature fell into an uncultivable state, but their ability to divide was
restored with the addition of nutrients. This might be a protective mechanism
contributing to the survival of a variety of bacteria in the Baikal water.

Thus, microbiological monitoring of freshwater reservoirs, which are the main
sources of drinking water, should include comprehensive information on indige-
nous heterotrophic and opportunistic microorganisms: a quantitative assessment of
their diversity and a qualitative description of the composition, structure and
dynamics of their distribution.

Appendix: Sample Preparation and Laboratory Methods

The determination of the total number of cultivable microorganisms (TNCM),
total coliform bacteria (TCB), TTC, coliphages and spores of sulfite-reducing
clostridia was carried out according to the methodological instructions MUK
4.2.1018-01 (2002).

Heterotrophic bacteria isolation from the water of Lake Baikal was performed
in all seasons on the standard hydrological sections (Fig. 1). Water sampling was
conducted using Nansen water samplers and sterile bottles. To account for the total
psychrotrophic, heterotrophic and oligotrophic bacteria counts, cultivation were
carried out on R2A (Sigma-Aldrich, USA), FPA/10 (g/L: nutrient broth—2.0,
bacteriological agar—15.0) and PYA (g/L: peptone—1.0, yeast extract—1.0,
bacteriological agar—15.0) media, respectively (Parfenova et al. 2006). Petri dishes
with R2A medium were incubated at 4 °C, the others at 20-25 °C. Enumerations
were made for heterotrophic and oligotrophic bacteria after 8-10 days of incuba-
tion, and after 12—14 days for psychrotrophic bacteria.

Morphological and biochemical studies were performed for all isolated strains
using gram staining, and studying their morphological, physiological and bio-
chemical characteristics. Further identification of the cultures was carried out using
test systems MMTE-1 MMTE-2, a set of NIB indicators and test systems for the
non-fermenting bacteria Lachema.

For total bacteria number (TBN) enumeration, epifluorescence microscopy
was used. Water samples were filtered through 0.22 pm filters, stained with
4,6-diamino-2-phenylindole (DAPI) and visualized with the Olympus epifluores-
cent microscope (X100).

Analyses of bacteria of the genera Enterococcus and Pseudomonas were
carried out by means of membrane filtration: a volume of water (50, 100 mL) was
passed through a filter with a pore size of 0.45 pm, then plated on selective media.
For enterococci detection, a selected nutrient agar was used containing
2,3,5-trifeniltetrazoliyhlorid and sodium azide (NaN3), which inhibited the growth
of gram-negative bacteria. Bacteria of the genus Enterococcus form red or pink
colonies on this medium. Plates were incubated at 37 °C. For more accurate results,
filters with grown colonies were transferred to a medium containing bile, esculin
and ammonium iron(Il) citrate. Plates were additionally incubated at 44 °C for 2 h.
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Fecal enterococci have the ability to hydrolyze esculin and formed black-colored
colonies. The results of enumeration express the number of colony-forming units
(CFU) per 100 mL of water.

The antibiotic resistance of the strains was studied using the disk diffusion
method for 8 antibiotics: streptomycin, tetracycline, vancomycin, benzylpenicillin,
ciprofloxacin, erythromycin, gentamicin, and rifampicin. Analysis was conducted
according to three groups: sensitive, intermediate and resistant (MUK 4.2.1890-04
2004).

A study of the cell morphology was carried out using transmission
(TEM) microscopy. For TEM, visualization cells were fixed by glutaraldehyde at a
final concentration of 2.5 % (2 h), washed with a phosphate buffer (pH 7.0) and
postfixed with 1 % osmium oxide in a sodium phosphate buffer with potassium
ferricyanide (0.2 %) for 2 h. Dehydration was performed in ethanol series: 30, 40,
50, 70 and 96 %, each for 10 min, then twice for 30 min in anhydrous acetone. The
dehydrated material was impregnated into a mixture of epoxy resin (Araldite 502
Kit SPI USA) and acetone at a ratio of 1:1, then transferred to a Beem™
polypropylene capsule in a fresh mixture of epoxy resins with a catalyzer (250 pl of
DMP-30 to 20 ml of resin) and polymerized at 37 °C (12 h) and at 60 °C (48 h).
The thin sections were obtained on the microtome Ultracut R LEICA (Austria), and
mounted on palladium grids. Samples were contrasted with lead citrate (Reynolds
1963) and washed in 0.02 M NaOH, and in distilled water. The thin sections were
analyzed using a Leo 906E transmission electron microscope (Zeiss, Germany).

For the experiments on the survival of enterococci cells under extreme con-
ditions, two strains of E. faecium were used. The first, E. faecium N8, was isolated in
2005 from the water near the Kultuk settlement, and the second, E. faecium S11, was
isolated in 2006 from the water of the Selenga River delta. Laboratory experiments
were conducted with enriched cultures. Cells were grown in a 50 mL flask con-
taining 30 mL of liquid selective media BHI (Difco) at 37 °C for one day. After
biomass growth, cells were centrifuged and washed with a saline buffer (0.9 %
NaCl). Then, aliquots containing about 1.2 x 107 cells were inoculated into flasks
with 100 mL of the non-sterile Baikalian water and incubated at different temper-
atures: 4, 20, and 37 °C. The control flask contained no bacteria. Enumerations of
bacteria were performed daily by sampling an aliquot of 1 ml of water, which was
plated on selective esculin agar with azide and kanamycin (HiMedia, M510).
Experiments were carried out in triplicate and cells were cultured overnight at 37 °C.
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Chapter 5

Developing the Regional Indicator Indexes
of Zooplankton for Water Quality Class
Determination of Water Bodies in Siberia

Nadezhda Yermolaeva and Serafima Dvurechenskaya

Abstract It is shown that the characteristics of individual species of zooplankton
used to determine the water quality class in Western Siberia differ from those in
Europe. To define a class of water quality in the saprobic indexes, the lists of
indicator organisms were used based on the presence or absence of relevant taxa
and their quantitative ratio. This allowed a water body or its area to be rated in an
appropriate class of water quality. Usually the indicator significance and saprobic
valence of indicator species were found in the tables developed through long-term
research and literature data. These data were evaluated for European water bodies.
However, the values of the indicator significance of individual species depend
substantially on the number of regional factors, which can produce an essential
error in the calculation of the index and saprobity and in the definition of the water
quality class, respectively. In this paper the values of the indicator significance
(s) and indicator weight (J) for 111 species of zooplankton were calculated taking
into account the regional peculiarities of the South of Western Siberia. The
examples of calculation according to Pantle and Buck’s saprobity index using
indexes from the literature on one hand and calculated for the specific region on the
other hand were discussed. It is shown that, using indexes obtained from regional
features of the hydrochemical background of reservoirs and rivers, one can define
the water quality class more exactly. Thus, the use of regional indexes is appro-
priate because it provides a more objective assessment of the state of the ecosystem.
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1 Introduction

Assessing the class of water quality in water bodies is extremely important to
establish the ecological status of the water body as a whole. This problem can be
solved in different ways: by direct chemical analysis or by bioindication techniques.
In certain cases, the methods of bioindication are preferable for a prompt assess-
ment and determination of the state of the water bodies for a sufficiently long time
interval, in contrast to chemical methods, which give the water quality for a specific
moment. As is known, zooplankton organisms allow us to determine both the
effects of instant (snapshot) and chronic water pollution. Because of the expanded
life-cycle of these organisms, their presence in a reservoir characterizes a prolonged
period of time. The biological method of water quality assessment differs in its
efficiency from chemical and bacteriological methods, which identify water pol-
lution only at the time of sampling.

Methods of bioindication have been developed for the various components of
the biota of aquatic ecosystems: phytoplankton, zooplankton, zoobenthos, and
macrophytes. Zooplankton is one of the most sensitive components of the aquatic
ecosystem components, because of its longer life cycle than that of phytoplankton,
but shorter than that of zoobenthos. The zooplankton community, like any
ecosystem community, is characterized by a constant species composition, dynamic
stability, and definite inherent organization. Changes in the conditions of organ-
isms’ existence affect the species composition, quantitative indicators, the ratio of
individual taxonomic groups, and the structure of zooplankton populations. Thus,
zooplankton may serve as a characteristic of the aquatic environment.

The purpose of this work is to determine the indicator properties of zooplank-
tonic organisms for water bodies of the South of Western Siberia and to make a
correction to the definition of a class of water quality.

The most usable index for estimating the degree of water pollution in terms of
zooplankton appears to be the index of Pantle and Buck (S) as modified by
Sladechek (1973). The aim of this method is to compare the results of studies of
water bodies in different areas. To calculate the index, one needs to know the
magnitude of the indicator value of each organism s (degree of confinement of
species to water bodies and its parts with a certain level of organic pollution).

Mostly, the values of the indicator significance s of zooplankton are determined
from published tables developed from European water bodies (Unified Methods
1977; Makrushin 1974a, b). However, this approach, as noted by many authors
(Finogenova and Alimov 1976; Andrushaitis et al. 1981), should be applied with
substantial corrections due to the climatic, hydrological, and hydrochemical con-
ditions of different regions. One also needs to take into account the differences in
the fauna and hydrochemical regimes in European and Siberian water bodies. When
the indexes calculated for the zooplankton of water bodies in the South of Western
Siberia are compared with the widely used tabulated data obtained for water bodies
in Europe, one can find that a number of species of zooplankton differ significantly
in terms of the indicator significance. Thus, the water bodies where bioindication
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methods are used fall in completely different water quality classes. The error in the
class definition of water quality can vary widely, depending on the species com-
position of zooplankton and on the quantity of indicator species. However, more
often, the saprobity index using the tables of indicators generally appears to be
overevaluated compared to the real condition of the water body. Using indexes
obtained from the regional features of reservoirs and rivers, one can define the water
quality class more exactly. Thus, the use of regional indexes is appropriate because
of their more objective assessment of the state of the ecosystem.

At present, much attention is devoted to developing standards for the permissible
impact of different types of negative effects on aquatic ecosystems and schemes for
the complex use and protection of water bodies. These schemes are developed in
order to determine the permissible anthropogenic load on water bodies, to determine
water needs in the future, to ensure protection of water bodies, to ensure the sus-
tainability of ecological systems, and to identify safe levels of contaminants, as well
as other indicators of the impact on water bodies. Guidelines for the development of
both standards and schemes require the actual state of the water body to be deter-
mined. The assessment of this state must be based on calculations of a regional
indicator’s values of the various components of aquatic ecosystems. In this context,
the definition of regional characteristic values of hydrochemical and hydrobiological
parameters is a current problem. In the different countries of Europe, this approach is
implemented in the Water Framework Directive (WFD, “Directive 2000/60/EC”).

Water quality standards established in accordance with physical, chemical,
biological, and other parameters are based on the results of a retrospective analysis
of monitoring of hydrobiological and abiotic (hydrochemical, etc.) parameters. The
definition of a range of regional background values of water bodies must meet the
criteria of ecological welfare of a water body (normal procreation of the main links
of the ecological system). The analysis of the initial information on the water
body’s state includes data on biotic and abiotic characteristics of the water body and
its catchment area. The hydrobiological characteristics (species diversity, the
number of indicator organisms, biomass, production, reproduction rates of aquatic
organisms, the composition and number of specially protected species of aquatic
plants and animals, etc.) are considered as biotic parameters.

Differences in the fauna of Central European and Siberian reservoirs should also
be considered. Finogenova and Alimov (1976) suppose that special studies are
required to develop methods for assessing the features of the fauna of different
regions in accordance with the zoogeographical division of inland waters.
Moreover, it is important to take into account not only zoogeographical but also
geochemical zoning characteristics. The reason is that the background concentra-
tions of a number of chemicals such as nutrients and toxic substances in different
regions may vary significantly. Thus, the study of the elemental chemical com-
position of soils, plants, and water showed that Western Siberia is a complex region
in terms of biogeochemistry (II'in 1973; II’in and Syso 2004). Thus, the average
copper content in the soils of the central and southern regions of the former USSR
is 4.5-10.0 mg/kg, and in the south of Western Siberia it is up to 30.6 mg/kg
(Il’in 1973). Nechayeva (2001) noted the increased values of iron content in the
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forest and forest-steppe landscapes of the Priob region. For Upper Ob, the extre-
mely high content of dissolved iron is confined mainly to the flood period. At the
same time, variation during the year may be due to both natural factors and
anthropogenic pressure (Balykin et al. 2011). The phosphorus content in the
reservoirs of the South of Western Siberia is usually below detection limits,
whereas in the European part of Russia, phosphorus is the defining element in the
eutrophication of water bodies.

The eutrophication of water bodies in the area under consideration is determined
by the accumulation of a number of other nutrients: nitrogen, iron, organic carbon,
etc. In connection with the above-mentioned factors, it is necessary to review the
list of indicator organisms as closely as possible before expanding it to include each
region based on the hydrochemical features of aquatic ecosystems.

2 Materials and Methods

The saprobity valence, indicator weight, and significance (saprobity index) of
zooplankton species calculations were made on the basis of data on 132 lakes in the
Novosibirsk and Altai regions, Northern Kazakhstan, on 10 transects in the
Novosibirsk reservoir, and several small rivers in the South of Western Siberia,
which were collected between 1990 and 2010 (Fig. 1). Photographs given in the
Appendix show some of these water bodies sampled. The results of processing
1236 zooplankton samples were included in the analysis.

Zooplankton samples were collected by straining 50-100 L of water from a
certain depth across the Apshteyn’s net (mesh width 0.065 mm). Each sample of
zooplankton was immediately fixed with 4 % neutral formalin. Zooplankton and
hydrochemical samples were collected at the same sites. Investigations covered all
hydrological seasons: winter, spring, autumn, and summer.

The species composition of zooplankton was determined from fixed samples
using a binocular microscope MBS-9 with a magnification factor of 12-100x.
A more accurate determination was made under the microscope on a glass slide in
an aqueous solution of glycerol at a magnification factor of 400x. The species were
identified using an identification guide.

The quantitative assessment consisted in calculating the number of organisms for
each species in the sample as far as possible by age stages or group size. The
estimation was carried out in a Bogorov chamber. The abundance was then
recalculated per 1 m’.

Samples of water for hydrochemical analysis were taken simultaneously with
hydrobiological samples, at the same sites and analyzed in the laboratory of the
Federal State Agency “VerhneObregionvodhoz” of the Russian Ministry of Natural
Resources using standard methods for analyzing freshwater [List of procedures
included in the State Register of methods of quantitative chemical analysis,
01.02.2009. Part I. Quantitative chemical analysis of water (http://www.fcao.
ru/metodiki-kkha/2-uncategorised/1 14-perechni-metodik-vklyuchennykh-v-reestr-
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pnd-f.html)]. These parameters were biochemical oxygen demand BODs, chemical
oxygen demand COD, dissolved oxygen, pH, and the contents of ammonium, nitrite,
nitrate, and phosphate ions (GOST 17.1.2.04-77 1977).

The method developed by Pantle and Buck is the most convenient one to analyze
the zooplankton community (Sladecek 1973; Makrushin 1974a). The advantage of
this method is to compare results of studies of water bodies of different areas.
Quantitative assessment using the Pantle and Buck method considers the relative
frequency of occurrence of organisms / and the value indicator significance of each
organism s—the degree of confinement of species to water bodies in whole and
separate areas of water bodies with a certain level of organic pollution. Both of these
values & and s are included in the formula for calculating the saprobity index (S).

S (sh)
S = Sh

On the Pantle and Buck scale # = 5 means an extremely high frequency
(dominant), & = 4—high frequency (subdominant), 4 = 3—not frequent; & = 2—
occasional, and h = 1—very rare (single one).

On the basis of hydrochemical parameters, the water quality class was estimated
on a six-grade scale (Oksijuk et al. 1993; GOST 17.1.2.04-77 1977), and each class
was assigned to a certain category of water saprobity according to the value of the
Pantle and Buck index (S) (Table 1).

Water bodies with water quality class 4b—*“heavily polluted” and 5—*“dirty”
were not found and were not discussed in this paper.

There can be some cases when hydrochemical and hydrobiological samples taken
at the same time do not occur in the same class of water quality. In these situations it
is desirable to specify both parameters, as it should be kept in mind that zooplankton
may reflect the maximum impact of volley pollution, whereas a chemical sample
reflects only the quality of the water at the time of sampling. Restructuring the
zooplankton community disturbed due to pollution requires quite a long time.

Indexes of the saprobic valence (a) of zooplanktonic organisms were calculated
using the equation proposed by Shitikov et al. (2003) for benthic organisms. This
equation takes into account the proportions (relative abundance) of species, rather
than simply the fact of their presence or absence, which improves the sensitivity of
the calculated saprobity index.

The sample formed as described above was used to calculate the values of ay,
the saprobic valence of species i in class k. The saprobic valence of a species
according to Zelinka and Marvan (1961) indicates the extent to which it is char-
acteristic of waters with a certain level of saprobity. In the simplest case, this
parameter may be considered proportional to the relative abundance of species i in
samples from biotopes of class k (Shitikov et al. 2003):

_ 103772 Xijk
Zé:l Z;n:kl Xijk ,

Aik
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Fig. 1 Sampling locations

where L is the number of water quality classes (in our case, L = 6), and m is the
number of measurements of k-th type. The resultant matrix with dimensionality
6n (with n being the total number of species per sample) makes it possible to
estimate the role of each species and its occurrence frequency in a water body of a
certain type (Table 2). The sum of valences calculated for each species in all six
zones of water saprobity is 10 grades. We took x;; to be equal to the proportion (%)
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of individuals of ith species from the total number of organisms in the sample. If the
number of individuals (N) was used instead of the proportion (x;; = Ny), the
equation acquired the form proposed by Tsimdin’ (1979). In our case, this form of
the equation was not suitable, because water objects included in the study differed
markedly in terms of the quantitative parameters of zooplankton.

Proceeding from the distribution of saprobic valences a;; in the above zones, we
then calculated the values of indicator significance s and indicator weight
J (Tsimdin’ 1979) for some species and forms of zooplanktonic organisms, namely
for Southern Siberia water bodies (Table 3).

In each of the saprobity zones (from oligosaprobic to polysaprobic) every species of
zooplankton is characterized by some value of indicator significance: in oligosaprobic
1, in B-mesosaprobic 2, in a-mesosaprobic 3, in polysaprobic 4 (Sladechek 1973).

The main zone is considered the one where the index of saprobic valence (a;) in
the resulting matrix is the greatest. If the species is found in a more contaminated
area, the indicator significance (s) increases proportionally to the value of saprobic
valence (a;) for the same species in a contaminated area. For species occurring
outside the main zone, in the less contaminated ones, the indicator significance
(s) decreases (Table 2). For example, at a saprobity valence ratio of 9:1 the indicator
significance changes to 0.1; at a ratio of 8:2 it changes to 0.2. When evaluating the
transition zones (oligo-B-mesosaprobic, B-o-mesosaprobic, etc.) the decrease or
increase in the indicator significance index is of 0.05. At the allocation of 1:8:1 or
2:6:2, the indicator significance does not change (Sladechek 1973; Tsimdin’ 1979).

The indicator weight (J), equal to 5, is a good indicator if all 10 points of
saprobic valence (a;;) are distributed in the same or neighboring saprobity areas at a
ratio of 9:1; J = 4 if the saprobic valence is distributed in two adjacent areas at a
ratio of 8:2; 7:3 or in three zones at a ratio of 1:8:1 (Sladechek 1973). The indicator
is bad if its saprobic valence is uniformly distributed in all the zones, and in the
resulting matrix J is equal to 1.

A comparison of our data with those from the tables for European water bodies
(Unified Methods 1977; Makrushin 1974b ; Tsimdin’ 1979; Naberezhnyj 2010;
Chertoprud and Chertoprud 2010) showed that, in some species such as Alonella
nana, Keratella hiemalis, Cyclops strenuus, and others, they not only differ in value
but also indicate a different class of water quality. This leads to serious errors in the
calculated regional values of the Pantle and Buck index, which may vary widely
depending on the species composition of a given zooplankton cenosis and the
proportion of indicator species in it. In most cases, the saprobity index for Western
Siberian water bodies proves to be overestimated.

3 Results and Discussion

The indexes of indicator significance were calculated exclusively for freshwater
reservoirs [a total water mineralization (TDS) of no more than 1.0 g/dm3]. Under the
conditions of saltish and saline water the saprobity indexes have to be calculated
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specifically, since the growth of mineralization determines the species composition
of zooplankton and indicator species characteristics. When the critical point of
salinity is crossed, the indicator significance of individual species is not represen-
tative, and the water quality is determined only by integral parameters (transparency,
quantitative indicators of individual groups of aquatic organisms, primary produc-
tion, hydrochemical characteristics, etc.).

Here is an example of the index calculation for a hypothetical reservoir, based on
types and the most common species in waters of the South of Western Siberia
(Table 4). The table illustrates the indexes of indicator significance which we obtained
for Western Siberia for a number of species and those indexes taken from the liter-
ature, calculated for European water bodies (Unified Methods 1977; Makrushin
1974b; Tsimdin’ 1979; Naberezhnyj 1984; Chertoprud and Chertoprud 2010).

Let us try to analyze the results of the Pantle and Buck index (S) calculation
using regional saprobity valence indexes obtained for specific regional changes in
comparison with the indexes developed for European water bodies taken from the
published tables (a common occurrence).

If we calculate the Pantle and Buck index based on the indicator significance
values of zooplankton taken from European water bodies, we get S = 1.95. The area
is shown to be B-mesosaprobic, gravitating toward B-a-mesosaprobic. If we calculate
the same characteristics using the regional value s, we have S = 1.48. The area turns
to oligo-B-mesosaprobic. The error appears to be very substantial. This error can
vary widely, depending on the species composition of zooplankton, the species

Table 4 Comparison of the calculated index of indicator significance (s) and the Pantle and Buck
index (S) with literature data

Indicator species of zooplankton Frequency of s* Western 5%
occurrence, h Siberia Europe
Brachionus angularis Gosse 5 1.74 2.50
Filinia longiseta (Ehrenb.) 4 1.25 2.35
Brachionus quadridentatus 2 1.83 2.0
cluniorbicularis Skorikov
Lecane luna (Miiller) 1 1.48 1.55
Alona quadrangularis (Miiller) 3 1.25 1.4
Alona rectangular Sars 2 1.00 1.3
Bosmina longirostris (Miiller) 3 1.53 1.55
Leptodora kindtii (Focke) 1 1.75 1.65
Daphnia longispina Miiller 4 1.58 2.05
Chydorus sphaericus (Miiller) 4 1.28 1.75
Sida crystallina (Miiller) 1 1.50 1.80
Moina macrocopa (Straus) 1 2.15 2.75
Scapholeberis mucronata (Miiller) 1 1.79 2.00
Cyclops strenuus Fisch. 2 1.14 2.25
Eucyclops serrulatus Fisch. 2 1.65 1.85
Pantle and Buck Index (S) 1.48 1.95

*s—index of species indicator significance



5 Developing the Regional Indicator Indexes of Zooplankton ... 177

fraction in the abundance of indicator species, but in general most saprobity indexes
using indicators from the Atlas of Saprobic Organisms (Unified Methods 1977) are
overestimated compared to the real condition of the water body, or section thereof.
When the classes of water quality are compared to those based on hydrochemical
characteristics according to the above saprobity indexes, one can detect the inade-
quacy. According to hydrochemical indexes, the reservoir falls into one class of
water quality and according to hydrobiological ones it falls into another, usually the
worst one. Therefore, for the conditions of the South of Western Siberia and Altai
Krai, reservoirs preferably need the regional values of the indicator species of
zooplankton (Yermolaeva and Dvurechenskaya 2007, 2014; Ermolaeva and
Dvurechenskaya 2013).

The authors have obtained indexes of indicator significance and indicator weight
for 111 species of zooplankton that are recommended for use when calculating the
Pantle and Buck index in aquatic ecosystems of Western Siberia (Table 3).

4 Conclusions

1. Monitoring the quality of freshwater bodies by biological indicators should lead
to a reliable allocation of measurement data into water quality classes.

2. This task is challenging as biological objects may vary and have been adapted to
different regions. Their indicator values may be different in other regions.

3. We developed and tested a procedure for calculating reliable regional saprobity
indexes based on zooplankton analyses in Western Siberia using equations
developed by Shitikov et al. (2003), Zelinka and Marvan (1961), and finally
Pantle and Buck (1955), modified by Sladechek (1973).

4. Our regional indicator values reflect the ecological status of open freshwater
ecosystems better than classifications based on indicator values derived from
tabulated literature data. Hydrochemical data confirmed the adequate quality of
our classifications.

5. The methodology should be tested in other regions where those regional indi-
cator values do not yet exist. It should be underpinned by new multifactorial
statistical approaches (Lischeid 2014).

6. Using indexes obtained from regional features of reservoirs and rivers hydro-
chemical background of, one can define the water quality class more exactly.
Thus, the use of regional indexes is appropriate because it provides a more
objective assessment of the state of the ecosystem.

Appendix: Photographs of Some Water Bodies Sampled

(see that Figs. 2, 3,4, 5, 6 and 7)
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(a)

Fig. 2 Lake Teletskoye is located in the north-east of the Altai Mountains. It is a unique natural
complex of our planet. It is one of the deepest lakes in Russia, ranking second in Russia’s natural
freshwater supply. In 1998 Lake Teletskoye was included in the list of UNESCO World Heritage
sites. It is an oligosaprobic lake (Photo courtesy of Evgenia Zarubina)
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(@)

Fig. 3 Katun’ is the largest river of the Altai Mountains. The Katun’ originates in the glacier on
the Southern slopes of Belukha Mountain. Flowing together with Biya, the Katun’ forms the Ob
River, one of the largest in Siberia. In terms of water quality, the Katun’ river is mainly o--
mesosaprobic (Photo courtesy of Evgenia Zarubina)
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Fig. 4 Abushkan (a) and Bolshoy Kurgan (b) are lakes of the Ob-Irtysh interfluve (Barabinskaya
steppe). They are small saucer-shaped lakes with depths up to 34 m. In terms of water quality
these lakes are from o-f-mesosaprobic to a-mesosaprobic

(a) e

Fig. 5 Small lowland rivers: the Kargat river (a) and Chulym river (b). They are rivers of the
closed flow region of the Ob-Irtysh interfluve. These rivers serve as the main source of Lake
Chany’s water supply. In terms of water quality these rivers are mainly -mesosaprobic
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(b)

Fig. 5 (continued)

Fig. 6 Fadikha is a running-water lake in the lower stream of the Chulym river. In terms of water
quality it is B-mesosaprobic
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Fig. 7 The Novosibirsk reservoir is located on the Ob River in the South of Western Siberia.
Length of the reservoir: 220 km. Water area: 1082 km”. Maximum depth: 25 m. Quality of the
water: 3-mesosaprobic
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Chapter 6

Measuring and Estimating Fluxes

of Carbon, Major and Trace Elements
to the Arctic Ocean

Oleg S. Pokrovsky

Abstract This chapter describes the methods and case studies of element flux
measurements in the Arctic and subarctic rivers, in the Russian boreal and subarctic
zone, along the gradient of permafrost-free terrain to continuous permafrost set-
tings, developed on various lithology and vegetation coverage. The majority of
existing flux measurements is based on a combination of daily discharges from
Russian Hydrological Survey gauging stations with grab samples or year-round
sampling of dissolved and particulate load following the chemical analysis. In this
chapter, a new, geochemical-based perspective on the functioning of aquatic boreal
systems is described which takes into account the role of the following factors on
riverine element fluxes: (1) the specificity of lithological substrate; (2) the impor-
tance of organic and organo-mineral colloidal forms, notably during the spring
flood; (3) the role of permafrost presence within the small and large watersheds; and
(4) the governing role of terrestrial vegetation in element mobilization from rock
substrate to the rivers. This kind of multiple approach allows a first-order prediction
of element fluxes in a scenario of progressive warming in high latitudes. Two novel
dimensions added to the existing knowledge on element transport from the land to
the Arctic Ocean by the Russian boreal and subarctic rivers are (i) evaluation of
colloidal flux of dissolved substances and low molecular weight (LMW) fraction
and (ii) assessing, for the first time, the isotopic signatures of Ca, Mg, Si, and Fe in
several case watersheds of various lithology and permafrost coverage. The results
of this study and available data from the literature demonstrate that, while climate
warming will certainly affect the wintertime element fluxes and speciation, it is
unlikely to change the nature and magnitude of the main fraction of trace elements
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TE flux to the ocean. This fraction of the flux occurs in colloidal form during
several weeks of the spring flood. At the present time, it is not strongly affected by
climate change, or this influence is within the uncertainty of the flux measurements.
Overall, the major changes in the chemical and isotopic nature of riverine fluxes to
the Arctic Ocean from Northern Eurasia in a climate warming scenario are likely to
be linked to the change in the vegetation (species, biomass and geographical
extension), rather than temperature and hydrology. The increase in the depth of the
active layer has an influence of second-order importance on the riverine fluxes
given that the majority of continental flux to the Arctic Ocean is formed on per-
mafrost soils, highly homogeneously over the depth profile.

Keywords Arctics + River discharge - Carbon flux - Element flux - Climate
change

1 Introduction

The importance of boreal and subarctic continental zones in the regulation of both
organic and inorganic carbon cycle on the Earth follows from (1) the high storage of
Core 1n soils, (2) the dominance of humid climate supporting abundant vegetation
and yielding high riverine fluxes of both carbon and nutrients from the land to the
Arctic Ocean, (3) the presence of shallow soils and fresh rocks exposed to the surface
and capable of taking up atmospheric CO, during weathering, and (4) increase in the
physical degradation of rocks due to frost action and freezing cycles. Due to the high
importance of the Arctic Ocean and permafrost-dominated subarctic continental
zones in the carbon cycle on the Earth and the high vulnerability of circumpolar
zones to climate warming, most works conducted have been devoted to the bio-
geochemistry of organic carbon and sediments in large rivers (Gordeev et al. 1996,
2004; Dittmar and Kattner 2003; Gordeev 2006; Magritsky 2010, Holmes et al.
2012), lakes (Pokrovsky et al. 2012a, b; Shirokova et al. 2013a, b; Moiseenko et al.
2013), and soils (Botch et al. 1995; Beilman et al. 2009) of the Russian boreal
circumpolar zone. At the same time, the main factors controlling biogeochemical
cycles of other major and trace elements in the watersheds of the Arctic Ocean and
their response to climate change are only just beginning to be understood (e.g. see
White et al. 2007). The main specificities of the boreal Eurasian high-latitude
watersheds extended over cold and humid zone on the organic-rich soils on poorly
weathered rock substrate, making them drastically different from temperate and
tropical regions, are: (i) extremely high seasonal variability of element concentration
in rivers producing the majority of annual organic carbon (OC) flux and related
metals during 2-3 weeks of the spring flood; (ii) specific poorly humified, fulvic-like
dissolved organic matter of LMW in summer and high molecular weight (HMW) in
spring, and at the same time the presence of old (Pleistocene age) dissolved OC;
(iii) high concentration of dissolved Fe-producing organo-ferric colloids as the main
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vectors of TE transport in surficial fluids; (iv) high abundance, up to 70-80 % of the
watershed area, of glacial or thermokarst lakes capable of controlling the solute
transport from the soil to the river, and (v) abundant coniferous forest of essentially
deciduous Larix spp. throughout Northern Siberia.

Unlike many regions of the world, the Arctic and subarctic zones exhibit extreme
variations in the discharge and chemical elements concentration (Gordeev and
Sidorov 1993; Gordeev et al. 1996; Gordeev 2006; Gislason et al. 1996; Stefansson
and Gislason 2001; Gaillardet et al. 2003; Rember and Trefry 2004; Zakharova et al.
2005; Guay et al. 2010; Bagard et al. 2011; Huser et al. 2011; Prokushkin et al. 2011;
Stedmon et al. 2011; Guo et al. 2012). The quantitative description of these systems
therefore requires an understanding of how weathering rates and riverine fluxes of
major and trace elements as well as their main carrier (OC) vary seasonally.
However, this high seasonality implies significant variations in the source of the
elements in the river flow over the year, which is further accentuated by the high
variability of the depth of the active layer and relevant contribution of mineral soil
weathering processes compared to the leaching of the organic horizon of soils. As
such, the important parameter controlling the chemistry of fluxes in seasonal reso-
lution becomes the relative role of mineral dissolution versus plant litter dissolution
in the rate of chemical denudation and element fluxes from the land to the ocean.
Although, several recent studies have used isotopic techniques in an attempt to
resolve the sources of elements in Eurasian rivers (Reynolds et al. 2006; Engstrom
et al. 2010; Lambelet et al. 2013), the contribution of mineral versus plant litter
remains poorly explained, particularly for boreal watersheds.

The purpose of this chapter is to present the examples of recent estimations of
fluxes in the boreal and subarctic regions of Siberia and European Russia, describe
the high seasonality of these fluxes, evaluate the role of colloidal transport of OC,
major, and trace elements, and give a first-order estimation of the stable isotope
signature of several major elements (Ca, Mg, Si and the main colloidal carrier—Fe)
in boreal Russian rivers draining to the Arctic Ocean.

2 Assessing the River Fluxes in the Boreal and Subarctic
Regions of Siberia and European Russia

The main source of information for calculating the fluxes of dissolved and sus-
pended material from the land to the Arctic Ocean remains, the data collected by the
Russian Hydrometeorological Survey (RHS) at key gauging stations in the fresh-
water zone of almost all major Arctic rivers and many other interland stations using
a standard procedure (Gordeev et al. 1996; Nikanorov et al. 2010a, b; Magritsky
2010). These data comprise the daily discharge (water level) and several (typically
from 5 to 15) measurements of dissolved load. Since, both the sample handling
procedure and the chemical analysis adopted by the RHS differ from those used for
river water sample processing in the academic science these days, a calibration of
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RHS data with independent sampling, filtration, and analysis is often required.
Examples include the assessment of nutrient transport to the Arctic Ocean by
Siberian rivers (Gordeev et al. 1996; Holmes et al. 2000, 2001) and European rivers
(Leonov and Chicherina 2004), and major elements and OC flux measurements in
both permafrost-free (Pokrovsky et al. 2010) and permafrost-bearing regions
(Pokrovsky et al. 2005a, b; Cooper et al. 2005; Frey et al. 2007a, b). While, for the
nutrients, a rigorous procedure of sampling, filtration, storage, and analysis is
mandatory, the dissolved inorganic load (Ca, Mg, Si, Cl, SO4, HCOs3) and the total
organic carbon can be adequately approximated (i.e., within 10-30 %) using
available RHS data.

In this section, we present the methodology of flux calculation and case studies
in both permafrost-bearing and permafrost-free zones of Northern Eurasia. The
study sites are shown on the map of permafrost distribution in the Russian
Federation (Fig. 1). We investigated monolithological (granites, gneisses, carbon-
ates, basalts) and mixed lithological (sedimentary rocks, carbonates, sandstones,
claystones) river basins of both permafrost-free and continuous permafrost zones
(European part of NW Russia, Western and Central Siberia, respectively). For
comparison, discontinuous permafrost sites of the Aldan shield in the Transbaikal
region (granite-gneisses) and the Kamchatka Peninsula (basalts, tuffs and sedi-
mentary rocks) will also be considered. Boreal and subarctic permafrost-free zones
include the Karelia region, located in North-West Russia on the Eastern
Fennoscandian Shield, and the Severnaya Dvina River basin of the Arkhangelsk
region on sedimentary rocks (carbonates, clays). All sites can be considered as
pristine with minimal impact from human activity except long-range atmospheric
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Fig. 1 A map of permafrost distribution in Russia (from Brown et al. 2002) and selected study
sites. The main study sites described in this chapter are outlined in red
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deposition. In the continuous permafrost zone, we selected a basaltic province
located within the Central Siberian Plateau which includes a considerable part of
the basins of the N. Tunguska and Podkamennaya Tunguska rivers, the tributaries
of the Yenisey River.

Available data from systematic surveys by the Hydrometeorological State
Committee of the former USSR Goskomgidromet and later Roskomgidromet,
which were used to estimate the annual water and suspended and dissolved ele-
ments discharge for rivers of the Central Siberia region, are published in the annual
issues of the State Water Cadastre (Hydrological Yearbooks of Yenisey Basins
1954-1975) and further generalized in “Resources of surface waters of the USSR
1973.” The river watershed size varies from 9000—447,000 km?. The data from the
Hydrological Survey include, for each 5 hydrological stations in Central Siberia
(N. Tunguska at Tura, N. Tunguska at Bolshoi Porog, Tembenchi, Eratchimo and
Taimura), the daily water discharge, from 4—11 measurements per year of major
cations, anions, silica, iron, and OC and 15-30 measurements per year of total
suspended matter (SM). Daily discharge values for all rivers studied were obtained
from the stage-discharge rating curve established by the Hydrological Survey for
each gauging station according to International Standards (ISO 1983). Analyses of
solutes and SM performed by the Hydrological Survey are described elsewhere
(Semenov 1977; Soyer and Semenov 1971; Gordeev and Sidorov 1993; Zakharova
et al. 2005).

The concentrations of calcium, magnesium, sodium and potassium, sulfate,
bicarbonate, chloride, and total mineralization demonstrate a strong power depen-
dence on water discharge. Because this dependence is valid over the entire
observation period (we verified it for the decade of 1965-1975), it was used to
estimate the mean multi-annual concentrations. For this purpose, all chemical
analysis data for a given period of observation were used to generate the coefficients
k and n in Eq. 1

Ci=k- -0 (1)

where C; represents the measured ion concentration for a given day of the year, Q; is
the water discharge for this day, and k and n are empirical constants for each river.
For each gauging station, the value of the mean annual water discharge available for
the period of observations (Resources 1973) was used to calculate the mean
multi-year concentration of component (Table Al) using Eq. 1. A similar method
was used to estimate the mean monthly and annual concentrations of elements in
rivers of the Lena Basin (Gordeev and Sidorov 1993) and Transbaikal region
(Zakharova et al. 2005).
The mean multi-year flux of element i (R;) is calculated as

R=C;-W/A 2)

where C;* is the mean multi-year concentration of element i calculated as described
above and corrected for atmospheric input; A stands for the watershed area (km?)
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and W is the multi-year average water discharge (km>/y) for the period considered,
based on the data of the Hydrological Survey Database. The mean multi-year
concentrations were corrected for atmospheric input by subtracting the average
multiannual concentration of elements in the rain measured at the nearest meteo-
rological station in the region. The sea-salt normalized corrections, which use only
Cl concentration in the precipitation according to Négrel et al. (1993), gave similar
results within =15 % uncertainty. Note that the seasonal variations of atmospheric
precipitates (by an order of magnitude) yield significant uncertainty on the C;*
value (i.e., 15 %).

The annual SM fluxes are also available from the USSR Hydrological Survey
database (Resources 1973). The method of SM flux estimation used by the
Hydrological Survey is based on the time interpolation between the values mea-
sured at the main phases of hydrological regime and, more frequently, when the
water level rises (15-30 times per year). For several watersheds, this technique was
compared with the more accurate combined method of chemical flux calculation. In
this method, we used the exponential relation between C and Q (Eq. 1) to calculate
the daily concentration from the daily discharge exclusively for the high-water
periods (spring melt and summer storms). For the low water level period, when both
the discharge and element concentration are more or less constant, the daily con-
centrations were calculated by means of time linear interpolation (Zaslavskaya and
Tikhotskaya 1978). This allowed us to calculate the mean annual discharge-
weighted concentration for each element. Because the water flow during the low
water period on the rivers studied is negligible, the difference in the mean annual
concentration estimation between the two methods does not exceed 20 % for
cations (Ca, Mg) or 8 % for TDS and TDS_c defined as [Ca**] + [Mg**]
+[ Na*] + [K'] + [SiO,] + [SO4*7] + [Fe] and [Ca®*] + [Mg?*] + [Na*] + [K"],
respectively.

As a result of the difficulties in conducting high-resolution geochemical studies
in space and time in these remote and hostile regions, the majority of the available
geochemical information was collected during the easiest time of sampling, the
summer/fall low flow period (Guieu et al. 1996; Huh et al. 1998; Huh and Edmond
1999; Gebhardt et al. 2004). Recently, the fluxes of suspended and conventionally
dissolved (<0.22 pm) major components of the Arctic rivers became available,
thanks to the thorough PARTNERS program (Cooper et al. 2008; Holms et al. 2012
and references therein). In each given watershed, the main method of flux calcu-
lation from year-round chemical measurements is based on regularly sampling
filtered river water and calculating the discharges either from direct gauging station
measurements or from interpolation/extrapolation to/from adjacent gauging sta-
tions. An example of this kind of approach is described below.

Daily discharges for three large Siberian rivers, the N. Tunguska and
Kochechum at Tura, and the Podkamennaya Tunguska at Baikit, were obtained
from the ROSHYDROMET for the period of 2006-2010. Long-term (1939-1995)
monthly discharges of these rivers were obtained from the R-ArcticNet Database
(www.r-arcticnet.sr.unh.edu/v4.0/main.html). For another large Siberian river that
does not have a gauging station (the Kochechum River, KO), the daily and monthly


http://www.r-arcticnet.sr.unh.edu/v4.0/main.html

6 Measuring and Estimating Fluxes of Carbon ... 191

discharges were estimated using data from the TE, assumed to be analog with the
river with a basin with similar geomorphological characteristics and long-term
records of individual flow measurements. In this data set, the KO to TE long-term
annual discharges (29.96 and 7.97 km”, respectively), yielded the ratio 3.76, which
was used to estimate the KO daily discharge from TE data (see Prokushkin et al.
2011 for details).

Historic data for discharges, DIC, and total organic carbon (TOC, the sum of
dissolved and particulate organic carbon) concentrations in NT and TE were col-
lected by the State Service of Hydrometeorology and Environment Monitoring
(USSR) for the period of 1966-1975 (Hydrological Yearbooks of Russian
Hydrological Survey 1954—-1975). First, for a comparative analysis of all five rivers,
the monthly, seasonal, and annual concentrations of DOC and DIC were calculated
as simple averages. Additionally, monthly, seasonal, and annual concentrations of
DOC and DIC have been calculated for the TE, KO (estimated using Tembenchi
river discharge), and NT as flow-weighted means. The calculation of mean annual
concentrations for the Podkamennaya Tunguska River is based on the contribution
of each month to the annual runoff. Then, seasonal and yearly river C loads (mass C
period ') were estimated using the daily load (mass C day™ ') obtained from a time
series of paired river flow and constituent concentration data used to construct a
calibration curve. Finally, the area-normalized DOC and DIC exports with rivers
were expressed per watershed area (g C mZah.

3 Contribution of Different Sources to the Element Fluxes

Apart from the atmospheric depositions, the majority of solutes in the river water
originate from the ground (bedrock dissolution), mostly via underground feeding,
during the winter base flow. In the permafrost region, the ground ice thawing during
the summer (active) period adds solutes to the two main sources of the river’s
dissolved load: mineral weathering in the soil column and plant litter degradation at
the surface of the soil. An example of the annual flux separation into several main
sources is presented in Fig. 2. Precise knowledge of these sources is essential to
predict the response of Arctic ecosystems to global warming as the plant litter
production and degradation respond more rapidly to environmental change than
mineral dissolution.

The crucial parameter for estimating litter impact is the ratio between the export
flux (J) of the elements from degrading litter and the primary production (NPP).
The J/NPP ratio is extremely low for biogenic elements such as P, K, N, C (0.01-
0.02) but may be as high as 0.88 for mineral components in the taiga region
(Bazilevitch 1976). Thus, for TDS_c = Na + K+ Ca + Mg we will consider the
range of J/NPP between 0.1 as for overall detritus production (Vogt et al. 1982;
Schlesinger 1997) and 0.88. Assuming steady-state conditions of forest biomass and
soil thickness and converting to element content in the dry biomass using available
literature data (Pokrovsky et al. 2005a, b; Viers et al. 2013), this yields for Si, Ca,
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Fig. 2 The relative contribution of atmospheric deposition, permafrost melting, underground
feeding, plant litter degradation, and rocks and soil mineral weathering to the total dissolved cation
(Ca + Mg + Na + K) flux of the N. Tunguska River, the largest tributary of the Yenisey River
(Pokrovsky et al. 2005a, b). Note that large uncertainties are associated with flux evaluation, linked
to variations in the element turnover coefficient in the vegetation

Mg, Na, Fe, and Al minimal values of annual fluxes issued from litter degradation
equal to 0.34, 0.17, 0.06, 0.016, 0.09, and 0.1 t/kmz/y, respectively. The maximal
values may be ~9 times higher.

Another potential source of elements in rivers during the warm high-water
season is permafrost thawing. The concentrations of all major elements and DOC in
permafrost ice veins and in ground ice are comparable to or higher than those in soil
porewaters, groundwaters, and rivers (Pokrovsky et al. 2005a, b, 2006). To
approximate the potential impact of permafrost ice thawing on river chemistry, we
have hypothesized that 40 + 20 cm of the soil active layer, containing ~5 % of
ground ice, as follows from available field data on the water content of frozen
samples of deep soil horizons, can thaw during the summer. This gives a value of
TDS_c flux issuing from permafrost melting of 0.5 + 0.15 t/km?/y.

Based on these data, we estimated the relative proportion of various sources
making up the river cationic composition, both on an annual scale and during the
summer/fall (July to October) (Fig. 2). For this, we used multi-annual data of
atmospheric precipitates (75 % occur in August/September) and total riverine fluxes
(Fio) as described previously. We also assumed that the underground input
(Fundeground) 18 constant over the year, but only dominates the river cationic dis-
charge in the winter (November to April). The contribution of salts to summertime
river composition can be approximated by comparing the Cl concentration in rivers
in the summer (i.e., 8.25 mg/L for the Tembenchi River of Central Siberia) and
winter (400-1300 mg/L), which yields a contribution of groundwater to the annual
flux equal to ~1.3 + 0.7 %. Finally, we assumed that the permafrost thawing
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(Fpermafrost) and the litter degradation (Fijye,) occur during the summer/fall (July to
October). Therefore, the overall flux is given as

F tot — F atmosphere +F undeground +F litter + F permafrost +F RW (3)

where FRryw is direct basalt and soil mineral chemical weathering via rock—water
interaction with soil porewater fluids. It can be seen from Fig. 2 that both during the
active period and on the annual scale, the largest uncertainty stems from litter
degradation processes; more precisely, the J/INPP value. The exact contribution of
direct mobilization of elements from the rocks cannot be assessed, but ranges
between 20 and 70 % of the total river TDS_c flux.

4 Seasonality of These Fluxes: Specificity of Boreal
and Subarctic Zone

For practical reasons, it is much easier to initiate year-round sampling for chemical
analysis at an already operating site then to construct and maintain a new gauging
station for daily discharges. However, many former Russian Hydrometerological
Stations do not operate any more, and only a small fraction (from 10 to 20 %) of
them possesses any chemical sampling. Ideally, the best strategy for rigorous flux
assessment would be to organize collaboration with the existing Russian
Hydrological Survey system, organizing regular chemical sampling of dissolved
components (via on-site filtration with disposable filter holders or filters and syr-
inges), and SM via the sedimentation of large volumes of the river water,
decantation, and bottom suspension freezing in the laboratory. When the sampling
analysis is carried out, chemical fluxes are calculated based on hydrological fluxes
measured in parallel, by interpolating between neighboring data points.

An example of the strategy for seasonal flux calculation is described below. The
Central Siberian basaltic plateau, underlain by continuous permafrost and covered
by abundant larch forests, offers a unique natural site to assess the contribution of
different sources of elements to the rivers (Pokrovsky et al. 2005a, b, 2006; Bagard
et al. 2011; Prokushkin et al. 2011). Similar to the non-permafrost zone, the
majority of the OC flux occurs during the freshet, whereas the HCO; flux,
reflecting inorganic CO, consumption during weathering, is similar for the spring
flood and summer base flow, but negligibly small during the winter period (Fig. 3).

The majority of the metal flux (of Fe, Al, other low mobile trace elements)
occurs during the spring flood, which lasts less than a month and contributes up to
60—80 % of the total water discharge to the ocean (Fig. 4). In contrast, the winter
base flow, lasting from October to May and delivering only 10-15 % of the annual
water discharge, still contributes to approximately 35 % of the annual Ca flux. This
is certainly linked to high concentration of Ca and other major components in the
river water during the winter, when Siberian rivers are fed by taliks connected to
groundwater reservoirs of fluids. During this period, the TDS increases to =1 g L™
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Fig. 3 Winter, spring, and summer fluxes of dissolved organic and inorganic carbon (DOC and
DIC, respectively) of the largest tributary of the Yenisey River, 19661975 and 2006-2010. Note
that most carbon exported from the watershed is in organic, not inorganic form. This is a major,
typical feature of all Eurasian Arctic rivers, contrasting with the Yukon and Mackenzie (see
Prokushkin et al. 2011). As a result, many features of carbon transport and element fluxes at the
watershed established for North America might not be applicable to Northern Eurasia
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Fig. 4 Annual breakdown of dissolved organic carbon, Ca, Al, and Fe fluxes on the Kochechumo
River, the largest tributary of the river N. Tunguska (Bagard et al. 2011), courtesy of Marie-Laure
Bagard. The spring flood (photos on the right) is the most important period in terms of dissolved
component transport

The contribution of the spring flood to the annual Ca(HCO3;), flux is around
30 %. During these 2-3 weeks of the freshet, the mineral soil is still frozen and the
sources of solutes in rivers are mostly upper organic-rich soil horizon and degrading
plant litter. The intensity of HCO3;™ leaching in the form of CO, emission from the
plant litter depends on the nature of the organic substrate and the activity of soil
microorganisms. As such, a significant proportion of annual CO, consumption
during weathering should be linked to the plant litter degradation in topsoil organic
layers rather than to direct dissolution of parent rocks in subsoil interstitial solu-
tions. As a result, the main response of the system to climate warming seems to be
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in the change of element uptake flux by roots, which is linked merely to the plant
biomass rather than to the changing soil hydrological or chemical regimes.

Moreover, the annual dissolved carbon flux from the watershed, reflecting the
total CO, consumption by vegetation and chemical weathering, is largely domi-
nated by OC, constituting 80 % of the total C flux on average (Fig. 3). It means that
only 20 % of atmospheric carbon is directly linked to basalt mineral dissolution,
whereas most carbon taken up from the atmosphere is transported by the river to the
ocean in the form of plant litter degradation products. The distinctive feature of
Siberian larch forest, capable of providing an essential part of riverine element
fluxes, is that it is developed on permafrost terrain. Coniferous larch species shed
needles in September, when the element uptake by roots is limited as snow cover
appears and the soil starts to freeze. Since, the aqueous reactivity of plant biomass is
the highest at the very beginning of the reaction (e.g. see Fraysse et al. 2010), the
litter degrades very fast in the late fall and in the next spring during the massive
snow melt. In this period, both the mineral and organic layers of soil, especially the
rooting zone, are still fully frozen. The release of elements from larch needles
happens directly at the site of deposition, under the tree canopy, and continues
further in the river water if, during the high-water level period, the needles are
transported by the meltwater. As a result, compared to temperate or non-permafrost
forests, the amount of recycling of elements from the degrading litter back to the
plants is lower, and, consequently, the fraction of element that can be released into
the river is significantly higher.

It is important to note that most (approx. >85 %) annual trace metal flux in
Central Siberian rivers occurs during freshet, following the OC flux. The transport
of insoluble trace metals in Siberian rivers is linked to Fe and Al as the major
constituents of river organo-mineral colloids (Pokrovsky et al. 2006; Bagard et al.
2011). Given that this flux is mainly formed when the mineral soil is frozen, the
importance of plant litter in providing the majority of dissolved trace metals is
incontestable, as is also supported by mass balance calculations (Pokrovsky et al.
2006). As such, while climate warming will certainly affect the wintertime element
fluxes and speciation, it is unlikely to change the nature and magnitude of the TE
fluxes to the ocean which occurs in colloidal form during several weeks of the
spring flood.

5 Role of Colloidal Transport of Organic Carbon, Major,
and Trace Elements

The boreal aquatic zone is dominated by colloids, the main vectors of the transport
of most trace insoluble and even major elements such as Ca. Compared to the
tropical and temperate zones, colloids in the boreal zone (1) are richer in Fe(IIT) and
(2) contain a higher proportion of low-molecular weight (LMW_; p,) labile
organic matter.
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All boreal and circumpolar regions of both European Russia and Siberia contain
significant amount of OC in the peat soil of the bog zones and as the forest litter of
the highly productive taiga zone. Even in the tundra zone, the river valleys are often
forested; as a result, plant litter decomposition at the watershed, together with bog
zone feeding, is a very important source of dissolved organic carbon in the rivers.
However, depending on the lithology of the underlying rocks and mineral soil
composition, plant-derived contemporary and ancient organic carbon may be
delivered to the rivers in the form of colloids or be retained in soils as thick horizons
of Ca humates and fulvates. Historically, most boreal and subarctic rivers were
investigated in the Scandinavia and Russian European zone. The influence of
glacial deposits in this region on the water—rock interaction in the weathering zone
is very high. The quaternary moraine and till deposits formed after the glacial
erosion of Precambrian granites and granito-gneisses provide a high concentration
of Al (and Fe) in essentially podzol soils. The mobilization of Fe—Al-OM com-
pounds bearing various trace metals from the soils to the river is therefore one of the
major processes determining the colloidal status of boreal waters. Interestingly,
rivers draining the carbonate rocks in the boreal zone rarely have more than
5-7 mg/L of DOC, which is a factor of 2-3 lower than that in silicate-bearing
watersheds. An example of the influence of carbonate (and gypsum) lithology on
colloids and OC fluxes can be found in the analysis of the Severnaya Dvina River,
draining mostly clays and silicate moraine, and its major northern tributary, the
Pinega River, draining carbonate and gypsum rocks (Pokrovsky et al. 2010).

To assess the proportion of colloids, entities between 1 nm (~1 kDa) and
0.22 pm in size, we consider an example from the Severnaya Dvina River. For this
largest European Arctic river, the relative proportion of colloidal (1 kDa—-0.22 pm),
conventionally dissolved (<1 kDa) and suspended (>0.22 um) element fluxes from
the land to the Arctic Ocean has become available (Pokrovsky et al. 2010;
Shevchenko et al. 2010). Ultrafiltration and dialysis, systematically conducted over
all seasons of the year, allowed an integrated assessment of three main pools of
elements delivered to the ocean by this boreal river (Fig. 5).

Note that the majority of insoluble elements (Fe, Al, REEs, Zr, Th) are trans-
ported both as colloidal and suspended fraction, whereas U and OC are delivered
essentially in colloidal form. Divalent metals are equally distributed among <1 kDa,
colloidal, and suspended fractions. The last result is important in view of the
micronutrient supply to the Arctic Ocean, given that the <1 kDa fraction, compa-
rable with the pore size of cellular membranes, may be potentially bioavailable.
A similar distribution of colloidal and dissolved annual fluxes has been observed for
a large tributary of the Yenisey River (Bagard et al. 2011; Prokushkin et al. 2011).
The relative proportion of HMW (colloidal, 1 kDa—0.22 pm) DOC in Central
Siberian rivers exhibited both seasonal and spatial variations. The highest propor-
tion of HMW DOC (60-70 %) is observed during the spring flood period, in
accordance with recent data from another subarctic, but permafrost-free river, the
Severnaya Dvina (Pokrovsky et al. 2010). During the summer base flow, the LMW
(<1 kDa) fraction of the largest Yenisey tributaries constitutes from 60-90 % of
DOC (Prokushkin et al. 2011). To our knowledge, this kind of information covering
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Fig. 5 Histogram of three pools of fluxes for the Severnaya Dvina River (Pokrovsky et al. 2010)

the entire year is not available for other large temperate and tropical rivers.
Therefore, a rigorous comparison of the degree of colloidal transport to the Arctic
Ocean and to the other oceans is at present impossible. However, it can be spec-
ulated that, normalized to its relatively small volume and surface area, the Arctic
Ocean receives by far the highest colloidal element flux from the land, and this
colloidal input occurs during 1-2 months of the spring flood.

The lithology of rocks exposed at the watershed determines to an essential
degree, the colloidal status of TE in surface waters. The commonly established
opinion that the boreal waters are always organic-rich corresponds to the majority
of cases where the watershed lithology is essentially igneous silicate granitic and
basaltic rocks or peatlands over the clastic (silicate) sediment. In these settings, the
retention of Al and Fe humates in soils is relatively small, and the majority of
dissolved OC is indeed transported from the soils to the river. In contrast, in case of
carbonate (Ca-rich) rocks, significant retention of plant-derived OM occurs in the
soil and the waters are much poorer in OC and, consequently, organic colloids.
Carbonate-dominated watersheds are rare in the historically mostly studied boreal
zone (European subarctic) but quite common further to the east (Kyloi river,
Anabar, tributaries of the Lena River draining Neoproterozoic and Cambrian car-
bonates and low reaches of the Lena; some right tributaries of the Yenisey river).
The degree of colloidal transport in a river should increase with an increase in
(1) the proportion of silicate versus carbonate rocks on the watershed, (ii) bog
coverage, (iii) coniferous versus deciduous tree fraction in the vegetation. It is likely
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to decrease with an increase in (i) the proportion of deciduous trees, (ii) permafrost
coverage and thickness of the watershed, (iii) the proportion of lakes, and
(iv) runoff. As a result of the combination of several factors, the net value of the
colloidal flux is a complex function of the watershed parameters. This flux is also
seasonally dependent. For example, forested carbonate watersheds developed on
permafrost-bearing terrain may deliver as much DOC (and as many colloids) during
the spring flood as do the silicate watersheds on a bog-rich watershed on the annual
scale.

Tentatively, all Russian boreal/subarctic rivers can be classified in the order cor-
responding to the degree of colloidal transport, from the west to the east: Onega =
Severnaya Dvina>Kem = Mezen ~ Pechora > Kuloi in the European Arctic Zone. In
Western Siberia, this order is likely to be: Ob ~ Taz ~ Pur ~ Nadym > Pyasina >
Nizhnyaya Taimura. Among the largest rivers of Central and Eastern Siberia, the
colloidal proportion is likely to follow the order Yenisey > Lena >
Olenek > Khatanga ~ Indigirka > Kolyma > > Anabar = Olenek > Yana. This order
does not necessarily follow the average annual DOC concentration and fluxes, as the
colloidal transport of TE depends on the presence of Al, Fe, and the molecular size of
dissolved organics. Note that the majority of the above landscape-based factors
remain to be quantified.

6 Fluxes of Non-traditional Stable Isotopes (Ca, Mg, Si,
Fe) Carried by Boreal Russian Rivers to the Arctic
Ocean

The study of non-traditional stable isotopes, which has become possible only over
the past decade thanks to the progress in ICP MS multi-collector instruments, which
can provide a conceptually new view of Siberian and, more generally, boreal riverine
fluxes in terms of (1) their source, (2) the origin of their seasonal variations, and
(3) their impact on the Arctic Ocean chemical and isotopic composition. Four case
studies are considered below regarding four major contrasting components of dis-
solved (<0.22 pm) river load: Ca, Mg, Si, and Fe. Here, Fe is considered as major
component since it is the main constituent of organo-ferric colloids, the major car-
riers of many trace elements via the rivers to the ocean (Pokrovsky et al. 2012a, b).

6.1 Sr and Ca Isotopes

First, we consider the radiogenic Sr isotopes, allowing us to trace the source of
alkaline earth elements in the river during different seasons. At the large scale, the
radiogenic Sr isotopic variations observed in the Kochechum river water over the
hydrological year (Fig. 6) are explained by variations in the origin of the water
contributing to the river flux because the river is predominantly fed by deep
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Fig. 6 The radiogenic Sr isotopic variations observed in the Kochechum and the N. Tunguska
(Yenisey tributary) water observed over the hydrological year (Bagard et al. 2011), courtesy of
Marie-Laure Bagard

brine-related underground waters during the winter low-water period. These
underground waters reach the river through unfrozen paths in the permafrost created
by the thermal effect of the large water body (Bagard et al. 2011).

The Ca isotopes exhibit quite small variations (£0.3 %o) over the hydrological
year. The winter waters appear to be slightly enriched in *°Ca compared with
spring/summer waters (644/40Ca = 0.60 £ 0.06 %o), and (644/ “Ca=0.77 £0.04 %o,
respectively: Fig. 7). This difference may result either from (i) secondary inorganic
or organic fractionation processes affecting riverine Ca or (ii) differences in the Ca
isotopic composition of the primary source of the dissolved Ca.

As a result, although a significant portion of the riverine Ca could have transited
through the vegetation (Pokrovsky et al. 2005a, b), this process does not appear to
significantly impact the Ca isotopic composition in the Central Siberian rivers. This
conclusion is in agreement with the conclusions by Schmitt et al. (2003) and Tipper
et al. (2008, 2010) for major world rivers.
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Fig. 7 Ca isotopic compositions of Kochechum river waters (the largest tributary of the
N. Tunguska River, the Yenisey tributary) and Kulingdakan stream (a small watershed of
~30,000 km?, a tributary of the Kochechumo river) waters during the year 2007 (Bagard et al.
2013), courtesy of Marie-Laure Bagard

A recent study (Bagard et al. 2013) demonstrated that, during the winter,
80-90 % of the riverine Ca in the Kochechum waters originates from deep brine
inputs from the underlying sedimentary series, whereas during the summer, most of
the Ca originates from the surface and subsurface soil pools. The varying propor-
tions of these two major sources of Ca might explain the riverine Ca isotopic
composition, which shows similar variations over the year. The summer waters
show isotopic compositions similar to the basalts and to the small (~ 25,000 km?
watershed) stream waters, which drain only these basalts, indicating that high
spring/summer §*¥*°Ca values in the Kochechum river waters reflect the weath-
ering of this lithology. This fully confirms the observation made by Tipper et al.
(2010), who showed that rivers draining silicate rocks usually carry the isotopic
signature of the latter. The Kochechum winter waters with low 8*¥*°Ca values
could subsequently carry the imprint of the sedimentary rocks seated underneath the
basaltic floods (Alexeev et al. 2007). This possibility suggests that abiotic sources
predominantly influence the 5***°Ca of Kochechum river waters. It follows that
these source-induced variations remain severely limited (0.17 %o) compared with
the intrinsic 5***°Ca lithological variations, confirming that, in most settings, sig-
nals of this kind may be buffered, similar to the biological signal, and that the river
dissolved 5***°Ca is mainly controlled by the heterogeneity of the lithological
sources, as also suggested by Tipper et al. (2010).
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6.2 Mg Isotopes in Siberian Rivers

The Mg isotopic composition of large rivers (the Kochechum and Nizhnaya
Tunguska rivers, tributaries of the Yenisey River) was recently measured in order to
unravel the different sources of Mg generated by basalt weathering in Central Siberia
under conditions of permafrost and deciduous larch forest (Mavromatis et al. 2014).
During the winter base flow, the dissolved Mg isotope composition of large rivers is
significantly lighter compared to the source basaltic rocks and atmospheric depo-
sition, suggesting a deep underground source such as sedimentary carbonate rocks.
During spring flood and in the summer-fall season, 5°°Mg increases by 0.2-0.3 %o
and approaches the Mg isotope composition of ground vegetation (dwarf shrubs,
mosses) and the soil organic horizon. Overall, riverine waters are 0.6—1.0 %o lighter
than the unaltered bedrock and deep minerals soil horizon.

In winter (October—May), only large rivers could be sampled and, as can be seen
in Fig. 8, they both exhibit significant depletion in “°Mg. At the maximum dis-
charges, during the spring flood (beginning of June), the heavier Mg isotopes
dominate in the dissolved fraction. Considering that the isotopic composition of the
Kuligdakan stream is similar to that of the Kochechum river during the spring flood
(Fig. 8), it can be assumed that the isotopic composition of the dissolved fraction
reflects the Mg-isotope composition of the host rock. The high discharge during this
time of the year almost excludes the formation of secondary phases that alter the
Mg isotope composition of the aqueous phase. Similar processes affect the isotopic
composition of the dissolved fraction in the N. Tunguska river. The observed
difference between the high- and low-flood season is likely the result of deep
underground waters having a longer residence time within the watershed, allowing
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Fig. 8 Evolution of Mg isotopic composition in the two large rivers (Kochechum and N.
Tunguska) and Kulingdakan stream over the course of the hydrological year between September
2007 and August 2009. The solid line represents atmospheric precipitation. Modified after
Mavromatis et al. (2014), courtesy of Vasileios Mavromatis
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a higher degree of interaction between the reacting fluids and the surrounding
sedimentary (carbonate) rocks and, as a result, the precipitation of secondary clay
silicate. Both clay silicates and clays were earlier shown to preferentially take up the
light Mg isotopes, enriching the remaining aqueous phase in **Mg. This scheme
allows us to explain the seasonal behavior of both large rivers examined in this
study.

On the scale of other large Siberian rivers, one may anticipate quite low 8*°Mg
values, close to —1 %o (light Mg) in rivers of the Eastern Siberia (such as the Lena
River) draining Early Phanerozoic and Precambrian carbonate rocks or the rivers of
the European Russian boreal zone (such as the Severnaya Dvina or Pechora)
draining sedimentary rocks. In contrast, rivers draining igneous and effusive rocks
including granites (Aldan, upper reaches of Anabar) and basalts (Kotyi, Kheta) are
likely to bear less negative °°Mg. However, given that the majority of the flux
occurs during the spring high flow, the global value of §°°Mg from Russian boreal
rivers to the Arctic Ocean between —0.5 and —1.5 %o seems to be a reasonable
approximation. Climate warming is unlikely to significantly impact the isotopic
signature of Mg flux in Siberian rivers.

6.3 Features of Si Isotopic Composition

Si isotopic composition has been studied in two large Siberian rivers and a small
permafrost-dominated watershed. In winter (October—-May), only large rivers could
be sampled. They exhibited significant enrichment in heavy isotope with §°°Si
equal to 2.0-2.5 %o and 1.0-1.2 %o for the Kochechum and N. Tunguska rivers,
respectively. At the maximum of discharges, during the spring flood (beginning of
June), light Si isotopes dominated in the dissolved fraction (3*°Si = 0.8 + 0.2 %o for
both large rivers) and the 5°°Si value of the river water approached that of par-
ticulate SM and weathered basalt (0.25 + 0.16 and 0.32 + 0.13 %o, respectively).
Note that the difference of approximately 1.75 %o between the Kochechum and
N. Tunguska measured during the winter low flows almost completely disappears
during the spring flood, thus suggesting the same dominant source of Si in both

systems.
During the frost-free summer/fall season, 5°°Si in large rivers systematically
increases, achieving values close to +1.5 ... +2.0 %o in August. These highly

positive values of dissolved river load are closer to the §°°Si of the larch litter
(1.47 £ 0.14 %o), minerotrophic peat bog waters (2.51 £+ 0.23 %o), and interstitial
waters of the organo-mineral soil horizon representing the suprapermafrost flow of
the Kochechum river watershed (+2.0 ... +2.2 %o).

Continuous year-round measurements of §°°Si in large rivers’ waters allow us to
assess the average discharge-weighted isotopic composition for different seasons
and the integral annual 5°°Si value. The spring melt period exhibits the lightest
average isotopic composition (1.11 and 0.85 %o for the Kochechum and Nizhnyaya
Tunguska rivers, respectively), whereas the heaviest silicon is observed in the
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winter and summer low flow in the Kochechum River (2.18 and 1.97 %o, respec-
tively). Finally, the annual average discharge-weighted isotopic signature is equal to
1.67 + 0.15 %o and 1.08 + 0.10 %o for the Kochechum and N. Tunguska rivers,
respectively.

Using the approach of monthly and seasonal discharge-weighted flux calculation
elaborated for organic and inorganic carbon as described above (Prokushkin et al.
2011), seasonal fluxes of dissolved Si were calculated to assess the average annual
value of Si isotopic composition. The average annual discharge-weighted 5°°Si
values of 1.67 and 1.08 %o found for the Kochechum and N. Tunguska rivers are
comparable with summertime results of grab samples on other larger Arctic rivers,
such as the Lena, Yenisey, Ob, and MacKenzie, which exhibit 53si equal to
1.17 £ 0.13, 2.30 £ 0.09, 1.78 £ 0.14, and 1.36 + 0.19 %o, respectively (Reynolds
et al., unpublished). They are also close to 5°°Si measured in the boreal
permafrost-free Kalix River (+0.7 to +1.5 %o, Engstrom et al. 2010) and in large
tropical rivers (+0.91 £+ 0.09 %o in the Congo, Hughes et al. 2011; 1.51 £ 0.19 %o in
the Ganges-Brahmaputra system, Georg et al. 2009). At the same time, the values of
the Central Siberian rivers are higher than the average of small Icelandic catchments
(0.63 = 0.38 %o, Georg et al. 2007), and Swiss rivers (0.84 £ 0.19 %o, Georg et al.
2006). This difference can be explained by the significantly lower amount of sus-
pended material in Siberian rivers compared to the mountainous Icelandic and
Swiss rivers of high runoff, where enhanced water and sediments discharge
inhibited clay formation which, together with scarcer vegetation, results in lower
8%Si in the waters.

Results obtained on the rivers Kochechum and N. Tunguska point to the
importance of studying riverine isotopic composition during high-water events such
as the spring flood in the boreal zone. For example, considering the summer/fall
period alone, corresponding to the period of “easiest” sampling, may yield up to
1 %o higher 5°°Si than the actual annual discharge-weighted isotopic signature of
dissolved Si flux to the Arctic Ocean.

The environmental and biogeochemical contexts of large Siberian rivers making
them different from the other rivers of the world are as follows: (i) the presence of
very deep underground waters bearing the signature of mineral transformation
reactions occurring under high mineral/fluid ratio; (ii) different depth of the active
layer and significant uptake of light Si isotopes during short vegetative seasons;
(iii) the deciduous character of Larix, producing high amounts of litterfall in a short
period of time; (iv) the significant enrichment of Siberian larches in 0Gi (+1.2 ...
+1.5 %o) and thus significant contrasts between isotopically light mineral and iso-
topically heavy organic pool of solid Si; (v) the seasonal change in the depth of the
active layer and the respective involvement of different soil horizons in Si supply to
the river during the frost-free season, and (vi) pulses of RSM and its interaction
with dissolved Si load during high-flux period in large Siberian rivers. All these
aforementioned factors will exert a tight control on the evolution of the aqueous Si
isotopic composition delivered by Siberian rivers to the Arctic Ocean in a climate
warming scenario. The climate warming in boreal and subarctic regions in the next
20-100 years will result, notably, in (i) an increase in the thaw layer thickness and
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an elongated growing season, (ii) vegetation changes and increased plant produc-
tivity, (iii) amplified winter discharges and annual river runoff, (iv) an intensification
of weathering rates in terrestrial ecosystems, and (v) an increased autochthonous
biological activity. These processes are capable of shifting the overall dissolved
silicon isotope ratio toward both positive and negative values as discussed below.

The increase in the biomass production and the active layer depth during climate
warming should enhance light isotope removal from interstitial soil solutions via
root uptake and secondary mineral formation. Both processes are likely to increase
the concentration of heavy Si isotope in the river water. Similarly, the rise in the
water temperature and the increase in the length of the frost-free period should
provoke an increase in the aquatic macrophyte biomass, and the productivity of
planktonic and periphytic diatoms in the river channel. This will again increase the
concentration of heavy isotopes in large rivers during the summer base flow.

The factors capable of shifting the Si isotopic composition of the river water
toward more negative values than at present are the increase in chemical weathering
linked to permafrost thawing (Tank et al. 2012), including mineral and litterfall
dissolution, and the increase in the river suspended flux. At present, quantitative
estimations of the expected magnitude of each of those isotope-controlling pro-
cesses are lacking and the reconstruction of the exact evolution of the isotopic
composition of the dissolved Si-based solely on the analysis of governing factors is
impossible.

6.4 Fe Isotope Fluxes

There are very few data available on Fe isotope composition in boreal and subarctic
rivers. In a recent study by Ilina et al. (2013), small subarctic streams are reported to
have a significantly heavier isotopic composition compared to previously reported
large temperate and tropical rivers (Beard et al. 2003; Fantle and DePaolo 2004;
Bergquist and Boyle 2006; Escoube et al. 2009). This suggests that the dissolved
load of previously studied large rivers cannot serve as a proxy for Fe isotopic
composition in the river discharge from the land to the Arctic Ocean, and direct
measurements of 8°'Fe in all large Arctic rivers are necessary.

The difference of &°'Fe in the dissolved fraction (<0.22 pm) between different
types of surface waters of Russian Arctic and subarctic rivers reaches 3 %o. This
range is larger than that reported in other natural settings from lower latitudes, such
as lake and river SM for particles in the Aha lake, China (2.0 %o, Song et al. 2011);
the dissolved fraction of Fe-rich Lake Nyos, Cameroon (2.7 %o, Teutsch et al.
2009), and Fe isotopic variation in the Amazon basin (2.25 %o, Bergquist and Boyle
2006). Moreover, the range of isotopic variations in subarctic surface waters of the
Arctic Ocean watershed is significantly larger than that of boreal river and Baltic
Sea SM (0.03, 0.66, and 0.3 %o, Beard et al. 2003, Ingri et al. 2006, and Gelting
et al. 2010, respectively) and a temperate river (from —1.7 to —0.3 %o and
0.55-0.78 %o, Fantle and DePaolo 2004, and Escoube et al. 2009, respectively).
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The trend of isotopic composition change among colloids and particles is similar
between subarctic and temperate rivers and streams (Fig. 9). However, at otherwise
close Fe/C ratios, the absolute values of 3°’Fe are distinctly shifted by —1 %o in the
temperate Senga River (draining podzol soils developed on quaternary sand alluvial
deposits) compared to the subarctic Palojoki River (draining Archean and
Proterozoic acidic and mafic magmatic rocks overlaid by thin podzol soils). It could
be that the difference in lithological substrate and the regime of groundwaters
control the initial isotopic composition of surface waters (<0.2-0.4 pm).
A systematic enrichment of filtrates in the heavy isotope with the decrease in the
size fraction and Fe/C,, ratio strongly suggests that the small size organic-rich
colloids are isotopically heavy and the large size mineral-rich colloids are lighter.
The degree to which this observation can be extended to other boreal rivers and
streams still remains unknown.

Among the various processes responsible for isotopically heavy Fe in
high-latitude water bodies would be the production of Fe isotopically heavy LMW
organic ligands via photoreduction; heterotrophic bacterioplankton respiration; and
phytoplankton metabolism may be different between small subarctic streams and
large temperate rivers. At present, we cannot link these differences to distinct
features of landscape characteristics, stream chemistry, or microbial activity.
However, one can expect that the photoreduction of the subarctic waters should be
more pronounced due to significantly longer periods of solar irradiation at high
latitudes compared to temperate zones.

Moreover, high enrichment by the heavy isotope of LMW fractions (<1-10 kDa)
may add very important constraints on the terrestrial isotopic signature of Fe
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Fig. 9 57 Fe as a function of molar Fe/Cyg ratio (log scale) in filtrates and ultrafiltrates of small
temperate and subarctic rivers (Ilina et al. 2013), courtesy of Svetlana M Ilina. The rectangle
depicting the hypothetical position of the three largest Siberian rivers is based on 0.22 pm-filtered
data on the Ob, Lena, and Yenisey from the PARTNERS database (http://ecosystems.mbl.edu/
partners), all year-round. Fe isotopic measurements are not available in the PARTNERS database,
but extrapolated from the range of Fe/C,, in dissolved fraction and geographic latitudes of the
river basin
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transport to the Arctic Ocean. This small, previously overlooked soluble fraction is:
(1) less likely to coagulate in the estuarine zone and (ii) potentially more
bioavailable for aquatic microorganisms compared to the <0.22 pm fraction usually
considered. Indeed, it has recently been shown that the isotopic fractionation of Fe
during estuarine mixing is negligible (de Jong et al. 2007; Escoube et al. 2009),
even when there is a coagulation of Fe oxy(hydr)oxide (Bergquist and Boyle 2006).
In estuarine mixing experiments, it was also shown that the iron oxyhydroxide
colloids of the river water aggregate into much larger particles, while the organic
colloidal phase remained virtually unaffected (Stolpe and Hassellov 2010). Finally,
it has been recently demonstrated that, along the salinity gradient from 0-15 %o in
the White Sea, the most labile, LMW fraction of Fe increases its concentration by a
factor of 5, whereas the concentration of <0.22 pm fraction decreases followed by
the “classic” coagulation process (Pokrovsky et al. 2014). Therefore, the possibility
is not excluded, the isotopic signature of the most labile and potentially bioavailable
Fe fraction delivered by small coastal rivers and streams to the Arctic Ocean might
be up to +4 %o heavier compared to (1) the silicate terrestrial source material
transported in the form of river SM and (2) conventionally dissolved (<0.22 pm) Fe
pool. The trend shown in Fig. 9 is also consistent with increasingly heavier 8°'Fe
delivered by rivers to the ocean as the latitude increases, as inferred from soil
studies (Poitrasson et al. 2008). The climate warming at high latitudes should
intensify both photoreduction and plankton exometabolite production due to the
water temperature increase; thus, the relative input of isotopically heavy Fe to the
Arctic ocean will further increase in the next decades, thereby providing another,
new tracer of ongoing environmental changes.

The Fe isotopic signatures in other subarctic rivers have not yet been investi-
gated. Unpublished data collected by R. Escoube on the Severnaya Dvina River and
its tributaries in 2007-2008 suggest that 5°'Fe is close to +0.8 ... +0.9 %o during
the spring flood. This is generally consistent with the position of 0.22 pm-filtered
fraction of small subarctic rivers reported by Ilina et al. (2013). The isotopic sig-
nature of Fe flux in other subarctic rivers is at present unknown as no single
measurement of 8 Fe in the rivers of the Arctic ocean basin is available. However,
considering the dependence between the Fe isotopic signature and the Fe/C ratio in
the dissolved fraction, the largest Siberian rivers—the Ob, Yenisey, and Lena—are
likely to have a year average, discharge-weighted 8°’Fe of Fe flux between +1 and
+1.5 %o. This high ratio reflects the relatively low Fe/C ratio in the dissolved
fraction of the largest rivers (compared to smaller, underground-fed rivers) and the
generally temperate to subarctic context of the watershed. The isotopic signature is
likely to progressively increase in the order winter base flow < summer base
flow < spring flood, reflecting the decrease in the Fe/C ratio and the increase in
small-size colloids in this order.
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7 Conclusions

Seasonal aspects of fluxes of carbon and related transport by the rivers to the Arctic
Ocean can only be assessed via systematic, year-round studies. Although the
Russian Hydrological Survey gauging stations still in operation are perfectly suitable
for such an assessment, they require careful sampling and on-site filtration. It is
important to note that the majority (approx. >85 %) of the annual trace metal flux in
Central Siberian rivers occurs during freshet following the OC flux. The transport of
insoluble trace metals in Siberian rivers is linked to Fe and Al as the major con-
stituents of river organo-mineral colloids (Pokrovsky et al. 2006; Bagard et al. 2011).
Given that this flux is mainly formed when the mineral soil is frozen, the importance
of plant litter in providing the majority of dissolved trace metals is incontestable, as
also supported by mass balance calculations (Pokrovsky et al. 2006). As such, while
climate warming will certainly affect the wintertime element fluxes and speciation, it
is unlikely to change the nature and magnitude of the TE fluxes to the ocean which
occurs in colloidal form during several weeks of the spring flood.

During the winter base flow, the dissolved Mg isotope composition of large
rivers is significantly lighter compared to the source basaltic rocks and atmospheric
deposition, suggesting a deep underground source such as sedimentary carbonate
rocks. During the spring flood and in the summer/fall season, 5°°Mg increases by
0.2-0.3 %o and approaches the Mg isotope composition of ground vegetation (dwarf
shrubs, mosses) and the soil organic horizon. Overall riverine waters are 0.6—1.0 %o
lighter than the unaltered bedrock and deep minerals soil horizon.

The majority of climate-affected environmental processes controlling Si trans-
port from the land to the sea may induce an increase in the water-rock ratio in the
watersheds and plant uptake of Si from soil solution. This may decrease the average
discharge of weighted aqueous silica concentration and the 3°°Si value in soil
porewaters and rivers, therefore modifying the isotopic signature of Si fluxes to the
Arctic Ocean.

The importance of the LMW isotopically heavy fraction for Fe transport from
the land to the Arctic Ocean stems from its higher mobility through the estuarine
mixing zone and its potentially high bioavailability. As a result, the small-size,
Fe- and organic carbon-rich coastal rivers and streams may play a very important,
yet underestimated role in the overall Fe chemical and isotopic budget of the Arctic
Ocean.
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