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FOREWORD

Natural lakes and manmade impoundments (reservoirs) represent major features of the terrestrial
hndscap&Naunallakeswerea&wdinanmnberofways,anexamplebeingg]acialmmofmetenesuial
landscapc,rwﬂﬁnginaeaﬁonofde[xessimsinlhelandsmfacewhichmmqumﬂyﬁlledwiﬂlwater.
Some lakes are enormous in size or volume. Indeed, the North American Great Lakes, Lake Baikal in
Rmsia,mdLachictoriainAﬁ'rawnmsilybeseenfrornthespaoemuu]e.lncmnast,smallarﬁﬁcial
]akts(r&ervdxs)waeﬁxstomwmmedwaMymagqpﬁnmﬂyasamemwofhﬁgaﬁonhIEgypg
MesopotamiaandChina.Theﬁrstlargereservoirsbeganopﬁaﬁonorﬂyinﬂle&rlydemdesofﬂlis
oenuny,andhavesimebmmemjxfmnmofmelmdscapemnmypm

Bothmunallakmandresavdrsslmsimilaﬁﬁa,andatmesamelime,mnexhibitmajcrditfemrwin
their hydrology, biology and chemistry. Most of our limnology, as well as our relevant experience in
managing the water quality of lakes, has been developed from studies of natural Iakes in such Iocations as
central Europe and the northcentral United States. In contrast, we know much less about reservoir
ﬁmmbgy.hﬂeﬂmnagmntexpaimgain&ﬁnmn@nﬂhkmhmhmca&s@nexuapdm
and applied uncritically to the management of reservoirs. This situation can readily result in significant
management problems. For example, the ability to selectively withdraw water from different layersin a
reservoir, thereby promoting “shart-circuiting” of inflowing waters, can significantly alter the water quality
of reservoirs. Italsohasimplic:iﬁonsforﬂlcbiology,dlemisuyarxlecosystem structure and function of the
waterbody.

Nannallakwexistmare&ﬂtofnannalpmcesses.Inoontrast,rmervoirsareamiﬁcialwatexbodies,typically
wnslmctedbyhumansbecauseofpmblemsofeithertoomuchort(x)litﬂewater.Foramswbjectto
floods, reservoirs represent features that can safely contain the excessive inflows of walter, thereby ensuring
meydonotdwroyhuman]ifeorpmpenydomsueam.Inaxidorsen‘li-aridlegims,rwervoixsstcxewater
that enters itduringonctimeofmeywrforhumanuses(e.g.,hﬂgaﬁon,dﬂnldng)atalatertime.

Bothnamrallak%wﬂmvoirsateaxbﬁaﬁomsimﬂarpmblemExamplesamwaterpouuﬁonﬁom
municipal and industrial effluents and nonpoint source runoff, eutrophication, acidification and ecosystem
disruption. Information and experiences on the effective management of such problems, therefore, is
e&mﬁdbmﬂnnmximmnbmeﬁchluseofﬂmewa&rmfahumnpmm

A major purpose of this report, dmfme,ismfacﬂitatemisexdlangeofmfoxmaﬁonandexperieme.
Although not exhaustive, this report attempts to provide information and guidance on relevant issues
related to natural lakes and reservoirs, citing case studies to illustrate its major points. It examines such
issues as climate change, acidification and eutrophication, and their impacts on natural lakes and reservoirs.
Itisﬂwhcpeofﬂleauﬂmﬂlatﬂmeexpeﬁencwwillprovideuseﬁﬂinfmnationtoomerindividmlsand
agencies responsible for managing these important waterbodies in a scientifically-sound and
environmentally-sustainable manner. As the “environmental conscience” of the United Nations System,
this is UNEP’s wish as well.

Jor, ge E. I llueca, Assistant Executive Director, Environment Programme



FOREWORD

We have already published six books in the series of Guidelines of Lake Management. These
include, Vol. 1 - Principles of Lake Management, Vol. 2 - Socio-Economic Aspects of Lake
Reservoir Management, Vol. 3 - Lake Shore Management, Vol. 4 - Toxic Substances
Management in Lakes and Reservoirs, Vol. 5 - Management of Lake Acidification, and Vol. 7
- Biomanipulation in Lake and Reservoir Management. This Guideline Book, Vol. 8 - The
World’s Lakes in Crisis, is different from the other books , focusing on major issues of lakes
and reservoirs in the global perspective.

The authors intend to describe issues of impact of global warming on lakes and reservoirs,
acidification of the Scandinavian lakes, main problems in Chinese lakes and their restoration,
environmental problems of Lake Nasser-Nubia, water quantity and quality relationship for
human uses of reservoirs, and the results of survey of the state of world lakes. Those subjects
do not cover other important issues such as contamination off hazardous micro-pollutants of
industrial, agro-chemical, medical and household uses, and protection of biodiversity in
lake/reservoir ecosystems. However, the editors wish to draw public attention to lake and
reservoir problems in the global perspective. People have a tendency to look at their
lake/reservoir problems as local and specific. Their problems are not local and specific, but
very common from a global viewpoint. We are facing all types of common problems such as
global warming impacts. Global warming will lead to a state of instability of conditions of -
both water quantity and quality with lakes and reservoirs. It is very difficult to precisely
predict such unstable conditions and risk of each lake and reservoir in the different continents.

The editors describe their views in dialogue format at the end of this book, which readers may
find useful to begin with to develop an overall view of problems of lakes and reservoirs
around the globe. The editors especially hope that this book will be read by decision makers
of economic and environmental development over fresh water resources. Water quantity and
quality problems are derived from human activities in the catchment area. Water resources
projects should be well coordinated with any land development projects. In this context, this
book may help those decision makers to better understand Chapter 18, “Protection of the
quality and supply of freshwater resources: Application of integrated approaches to the
development, management and use of water resources”, of Agenda 21 of the Rio Conference,
1992.

Sven Erik Jprgensen & Saburo Matsui
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CHAPTER 1

IMPACT OF CLIMATE CHANGE ON LAKES AND
RESERVOIRS

James P. Bruce
1.1 THE GREENHOUSE GASES

After several years of sometimes confusing media attention to climate change, it is probably
useful to recall a few of the basic facts about the Earth’s radiative budget and the changes
being brought about by human activities. The so-called “greenhouse effect” is a natural
phenomenon whereby water vapour and a few radiatively active trace gases, such as CO,, in
the atmosphere permit solar radiation at short wave lengths to reach the earth, but inhibit
some of the long-wave radiation from the earth escaping to space. Without this natural
phenomenon, Earth would be some 33°C colder on average and largely uninhabitable. Human
activities are greatly increasing atmospheric concentrations of greenhouse gases, some that
are effective at wave lengths at which water vapour is transparent. This increasingly inhibits
the terrestrial radiant energy from leaving the atmosphere, and results in warming of the
atmosphere near the Earth’s surface.

The most important of the greenhouse gases, which are augmented by or introduced by
human activities, are: carbon dioxide (CO,) from burning fossil fuels and land use changes;
the chlorofluorocarbons (CFCs), used in spray cans and refrigeration, and which also degrade
the stratospheric ozone layer. Others of significance but of somewhat lesser importance are
methane (CH,), from agriculture, energy activities and dumps; nitrous oxide (N ,0), mainly
from energy sources and fertilizers; and tropospheric ozone (O 5)» mostly arising indirectly
from vehicles and industry. The concentrations of these gases have been growing at
increasingly rapid rates since the beginning of the industrial revolution, and for CFCs, since
they were introduced in the 1950s. They are now increasing at compound rates of about 1/2 %
per year for CO,, about 1% per year for CH, and tropospheric ozone and in the 1980s about
5% per year for the main CFCs. These contaminants are well mixed throughout the global
atmosphere. Their combined radiative effect will be equivalent to a doubling of pre-industrial
CO, concentrations by as early as 2030 if no additional remedial actions are taken by the
world community. These are very rapid changes indeed compared to the long term natural
fluctuations in atmospheric composition of the past several hundred thousand years. They are
expected to produce equally rapid changes in global climate.

*This article was originally written in May 1991.
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Table 1.1 Greenhouse gases and their sources

THE PRINCIPLE GREENHOUSE GASES

GAS CO2 CH‘ CFC-11 CFC-12 NZO
Concentration Pre-industrial 280 0.79 0 0 280
ppmv ppmv ppbv
Present 353 1.72 280 484 310
pprv ppmv pptv Pptv prbv
Lifetime in atmosphere [(84] (50-200) 10 65 130 150
Contribution to
total radiative Per cent 55 15 24(all CFCs) 6

effect 1980-1990

Data from IPCC Working Group I. First Assessment Report 1990.
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Fig. 1.1 Increases in greenhouse gases
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Fig. 1.2 Projections of increases of CO, and CO, equivalent, BaU
1.2 MODELLING GLOBAL WARMING

Such changes are projected by means of General Circulation Models, or Climate System
Models, which simulate mathematically the climate system, atmosphere, oceans, hydrologic
cycle, ice. The Intergovernmental Panel on Climate Change in its Scientific Assessment
volume (1990), identified three of these models as “second generation models”, with much
higher resolution than earlier models, and more sophisticated modelling of ocean-atmosphere
interactions and other processes. These three are the 1989-90 model versions of the Canadian
Climate Centre, Toronto (CCC), the Geophysical Fluid Dynamics Laboratory (GFHI),
Princeton, U.S.A., and the United Kingdom Meteorological Office (UKHI)., These models are
first verified by ensuring that they simulate the present climate reasonably well, and are then
run with a radiative forcing equivalent to a doubled CO, concentration in the atmosphere, and
the system allowed to come to a new equilibrium. The projected increase in global mean
temperature from these experiments is 3.5°C to 4°C using these three models to simulate a
doubled CO, atmosphere. When ocean induced lags are taken into account the IPCC estimates
a 0.2°C to 0.5°C increase per decade over the next century for global mean temperature under
a “business as usual” scenario, i.e. no major controls on greenhouse gas emissions except
those already agreed internationally, to reduce CFCs for protection of the ozone layer.
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Table 1.2 GCM Model Characteristics

Some Differences between Models
2x CO, with Mixed Layer Ocean

Parm Under Optical Special
Diurnal Ocean Ice Properties Applications
Models Resolution Cycle Transport Transport Feedback Data set

First Generation

GFDL (1988) L9, R15 No No No No No
GISS(1984) L9, 8°x10° Yes Yes No No No
NCAR {1984) L8, R15 No No No No No
UKMO (1987) L11, 5°x7.5° Yes Yes No No No
0SU (1988) L2, 4X5 No No No No No

Second Generation

CCC(1989) L10, T32 Yes Yes Yes Yes Yes
{(3.75°%3.75°)

UKMO (12989) 2.5°x2.5°* Yes Yes No No No

GFDL (1989) 19, R30 No Yes No No No

GFDL Geophysical Fluid Dynamics Laboratory
GISS Goddard Institute for Space Studies
NCAR National Center for Atmospheric Research
UKMC United Kingdom Met. Office

osu Oregon State University

cce Canadian Climate Center

It should be noted that these estimates may be conservative since the aggregate of present
national projections of CO, and CH, emission yields a global projection 10-20% higher than
“business as usual”. Also the mathematical climate system models do not take into account all
of the feedbacks in the system, especially the biological ones. The Second World Climate
Conference, Geneva, Nov. 1990, concluded that “it appears likely that as climate warms these
feedbacks will lead to an overall increase rather than decrease in greenhouse gases”. This
means that the greenhouse effect and warming may well be under-estimated by the models.

Sea level is expected to rise by 3-10 cm/decade under the “business as usual” scenario with an
increase of 65 cm plus or minus 35 cm by the end of the coming century. Agreement is not as
close between models, on precipitation changes, although all models show greater global
precipitation (by from 3 to 15%) and increased vigour of the hydrological cycle with rising
temperatures.
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Fig. 1.3 IPCC estimates of global mean temperature increases, BaU
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More specifically, the CCC model output (Boer, et al.) shows an annual global average
increase of over-land precipitation by 0.9%, an increase of evaporation by 3.8%, with average
soil moisture declining by 6.6%, (4.8% Dec-Feb, and 9.1% June-Aug). The geographical
distribution of the changes in precipitation are not very consistent from one model to another,
but for illustration, the CCC output shows Dec.-Feb. precipitation much lower in northern
Mexico and southern U.S.A., in southern Africa and S.E. Asia with increases on the west coast
of North America, western Europe and northern Australia. In the northern hemisphere summer,
projections are for lower precipitation over nearly all of Europe and northern Africa, North
America, central former U.S.S.R. and S. E. Asia with much increased rainfall in the Himalayan
region and the horn of Africa. Illustrative outputs, from the CCC model, show soil moisture
declines in Dec-Feb projected for southeastern North America, for northem South America, for
southern Africa, and for China and south eastern Asia. In June-Aug these moisture deficit areas
persist and are added to by most of central and southern Europe and the former U.S.S.R., and
eastern Australia. Much moister conditions would prevail in India and Bangladesh in summer.

These regional details of the model outputs have a large degree of uncertainty and there are
significant differences in regional projections from model to model. In spite of the difficulty
of taking these projections to a regional scale with confidence, the Intergovernmental Panel
on Climate Change selected 5 regions to examine in greater detail with outputs from all
models. These were:

(1) Central North America (the grain growing mid-West);

(2) Southern Asia (India and Bangladesh);

(3) the Sahel;

(4) Southern Europe and the Mediterranean basin; and

(5) Australia.
The only consistent patterns of soil moisture from model to model were a summer increase by
5 - 10% in Southern Asia, and declines by 15 - 25% in the growing season in Southern
Europe and the Mediterranean, and in Central North America. In the two other regions, the
Sahel and Australia, the estimates of soil moisture changes are not at all consistent.

=

Taken from IPCC Working Group I. First Assessment Report 1990.

Fig. 1.4 Map showing the locations and extents of the five areas selected by IPCC
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1.3 RESPONSE OF HYDROLOGIC SYSTEMS

River flows and lake levels integrate the effects of the hydrologic parameters at work over
various periods, and can magnify to a significant extent the changes in precipitation and
evaporation. For example, Nemec and Schaake used the Sacramento hydrologic simulation
model (with Kite and Waetatu) for the Nzoia River basin in western Kenya, part of the Lake
Victoria system. They found that a 12% increase in evaporation combined with a 25%
decrease in annual precipitation would result in a decrease of 70% in the present average
runoff of 169 mm/yr. These changes of evaporation and precipitation are of a similar order of
magnitude to that suggested by the CCC model output for this area for a doubled Co,
radiative forcing scenario. In another study (McCabe and Ayers) a 15% increase in
precipitation was shown to be needed to offset a 4°C increase in temperature in the Delaware
River basin. Because of the magnifying and integrating effects of runoff and lake levels, the
size of lakes in pre-historic and more recent times has been used as a sensitive indicator of

climatic changes and fluctuations.
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Fig. 1.5 Changes in streamflow as function of changes in precipitation and potential evapotranspiration
- Nzoia River. (Nemec and Schaake 1982)

If this is put in terms of reliable yield of a reservoir, Nemec and Schaake demonstrate that, a
1% change in precipitation produces a 2% change in reliable yield from a reservoir storage.
They also showed that a 1% change in potential evapotranspiration (closely related to air
temperature changes) results in a 0.5% change in reliable yield of a reservoir in a dry area,
and a 1% change in a moist region. So lake and reservoir levels are from 2 to 4 times more
sensitive to precipitation changes as to changes in evaporation. These results also mean that
storage requirements to permit withdrawal of a given proportion of mean annual runoff,
increase rapidly if precipitation decreases and evaporation increases. For example, in a humid
region, a 25% reduction in precipitation requires a 400% increase in storage for a given
sustained withdrawal.



14 OTHER FACTORS

It must be emphasized that climate change is only one factor that will affect the behaviour of
lakes and reservoirs in the future. Cutting of forests and construction of reservoirs result in
increases of streamwater maximum temperatures of a similar order of magnitude to that
which might be induced by the global warming likely to occur by the end of the next century.
The sediment loads of rivers and reservoirs may be increased in some regions by higher
intensity rains of greater frequency in a warmer world, but the dominant factor in controlling
erosion and sedimentation will continue to be the vegetation and management of the soils of
the basin. Lake levels will continue to be influenced by upstream irrigation water withdrawals
or diversions and by direct withdrawals by growing populations. Thus, it is important to place
the changes that may arise from global warming in the context of all of the other changes that
will affect the lakes and reservoirs of the world of the future.

1.5 LAKES AND RESERVOIRS
(a) Lake Levels

In the light of the sensitivity of lake levels to climatic fluctuations it is not surprising that
many of the studies of climate change impacts on lakes have focussed on lake levels. For
large lake systems, the North American (Laurentian) Great Lakes and the Caspian and Aral
Seas have been a focus of much of this work. The Laurentian Great Lakes have a surface area
of 246,000 km?, about 1/3 of the total drainage basin. This very high proportion of lake
surface to land area, results in changes in lake levels that respond directly and quickly to
fluctuations or changes in evaporation or precipitation. More than a decade of work has been
undertaken on potential impacts of global warming on the Great Lakes. Cohen and Allsopp
(1988) and Smith (1991) have summarized the results of these studies. Cohen and Allsopp
conclude that use of the “first generation” Goddard Institute for Space Studies (GISS), GCM,
outputs for a doubled CO, world, indicate that mean lake levels could decline by 0.2 to 0.8
metres, with the flows of interconnecting channels decreasing by up to 20%. The GISS model
output gives a relatively conservative estimate of changes. The more recent CCC model and
most other models show greater temperature changes and lesser precipitation increases or
even decreases in the basin. Croley and Hartmann (1990) indicate much greater declines, with
drops in level from 1951-80 averages of up to 2.5 m for Lake Michigan-Huron based on first
generation GFDL model outputs. However, the direct effects of precipitation and evaporation
changes will be exacerbated by much increased consumptive use of Great Lakes waters, both
for growing urban populations, and for more irrigation as temperatures rise. Taking both
factors into account, warming and consumptive uses, average lake levels would be lower than
the lowest in the 100 year record eight years out or ten. For the climate model outputs giving
the smallest changes, this would result in an increase of 30% in shipping costs, due especially
to reduced drafts in connecting channels and to a loss of 4,000 gigawatt-hours of hydro-power
generation at Canadian plants alone.



Fig. 1.6 Map of Great Lakes basin
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The Aral and Caspian Seas are in regions where the CCC model output suggests significantly
greater soil moisture (and probably runoff) in the period December to February, and
significantly less in summer (June, July and August). This suggests the possibility of greater
annual fluctuations in level and further summer declines. The Aral Sea has dropped some 14
metres over the past 30 years, due mainly to extensive use of waters of influent rivers for
irrigation, but partly to dry climatic conditions. The climate projections reinforce the urgency
of remedial actions.

Lake Chad has similarly shrunk from 23,500 km? in the 1960s to 2,000km? in 1985, with
Sahelian rainfall reduced to 62% of normal (1901-85) in the period 1970-79 and 50% of
normal in 1981 to 1984. Lake Chad levels in the 1980s were some 5 metres lower than a
century earlier. In this region a precipitation decrease of 9 to 24% resulted in a runoff
reduction of 15-59% (Sircoulon, 1987). The second generation GCMs suggest little change
from average precipitation values in this region for a doubled CO, atmosphere. However, the
projected 1-3°C warming would result in even stronger moisture stresses on vegetation and
greater evaporative losses.

Laguna de Bay adjacent to Manila in the Philippines, is the largest freshwater lake in area
(90,000 ha) in Southeast Asia. This relatively shallow lake (average depth 2.8 m), provides
many services to the densely populated region-water supply, fisheries, irrigation, water, hydro
power, industrial source, etc.. The CCC model output with a doubled CO, climate suggests
much lower rainfall in winter and slightly lower in summer. One other second generation
model GFDL High Resolution gives more optimistic results. However, if such decreases in
precipitation do occur, a resulting lowering of lake level could have devastating economic
impacts in the Manila region.

In other areas, mean reservoir levels in the Tennessee Valley Authority’s system were
estimated to drop as much as 9 metres if the GISS model outputs for a doubled CO, were
realized.

In 1991 after three years of drought, and extensive use for agriculture, the waters of Lake
Kinneret (the Sea of Galilee) are now below the level at which water can safely be pumped.
This is in the Mediterranean basin for which IPCC projects significant summer drying with a
2 x CO, atmosphere.

In some regions lake levels may well rise instead of decline. This is especially so in Southern
Asia (5° t0 30° N. - 70° to 105° E.) and in northern North America, where there are consistent
outputs from the various models indicating increased precipitation and soil moisture. For the
Indian sub-continent and adjacent regions, the precipitation increases range from 5 - 15% in
summer with little change in winter. For lakes and reservoirs in the region this suggests
increasingly abundant water supplies for irrigation, energy production, etc., but greater
frequency of damaging floods, shore erosion and flooding of marshlands.

10
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Fig. 1.8 Estimated levels of the Caspian Sea, 1989 - 2020 under varying climate change scenarios: 1 -
stationary climate with man's impact. 2 - model-based anthropogenic change in climate including man's
impact, 3 - map-based anthropogenic change in climate including man's impact, 4 - observed lake level
variations before 1988. (IPCC 1990)

A note of caution must be sounded, however, about expecting too close a correlation between
lake levels and fluctuations of climatic variables. For short term fluctuations in climate, lake
levels may well tend to even out the variations rather than magnify them, depending on the
response time of the lake basin. It is only when long term trends in climate are observed or
considered that “the running integral of net precipitation processes” provided by the lake level
fluctuations becomes a valuable indicator of climatic change (Klemes and Nemec). Rivers
flowing from large lakes or reservoirs tend to exhibit the same kind of long-term “memory”
of the net processes at work.

(b) Water Temperatures and Chemical Budgets

In lakes of temperate regions, the most profound changes will be in the duration and intensity
of summertime thermal stratification, with increased surface water temperatures strengthening
the thermocline between the upper epilimnion, and the hypolimnion. Empirical relations
developed during the International Biological Programme, but strongly biased towards lakes
in the northern hemisphere, show that incident solar radiation is the dominant factor in the
seasonal march of lake surface temperatures. The sensitivity of the climate system models is
not great enough to project with any confidence the changes in cloudiness (high and low
cloud) in a warmer world so projections of lake temperatures in any quantitative way cannot
be undertaken with confidence as this stage.
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However, recent work by Schindler et al., provides a valuable analysis of data from the
Experimental Lakes Area of Northwestern Ontario, Canada. In the 20 years of record, air
temperatures have increased an average of 2°C, the magnitude of average temperature change
projected globally for early in the next century, “a preview for other regions”. This has
resulted in lake temperature increases averaging 2°C. Precipitation and runoff to the lakes also
declined significantly during this period, reducing dramatically the rates of water renewal.
This decrease has resulted in increases in total dissolved N (nitrogen) and in conservative
ions. During the latter part of the 20 year period, increased forest fire incidence in the
watershed, with drier conditions, complicated significantly the chemical inputs to the basins,
changing the optical properties of the lakes with less inflow of coloured organic matter. The
resulting deeper penetration of solar energy, and observed increases in average wind speeds
due to decreased forest cover, caused the thermoclines of the summer - stratified lakes to
deepen. While the ELA region is in the area of projected high temperature increases by all
second generation climate system model experiments with doubled COz, (+6—8°C in winter,
+4—6"C in summer), it is still premature to definitively attribute the observed warming to the
effect of greenhouse gas increases. Nevertheless, the trends are consistent with global
warming projections and the nature of lake responses provide valuable insights about
responses of temperate region lakes.

The longer period of thermal stratification with a warming climate evident in the small lakes
of the ELA region is also expected in large lakes of the temperate zone. For example, Lake
Michigan would experience a stratification season as much as 2 months longer than at
present, and the lake may not fully turn over in winter, with the likely development of a
permanent thermocline below the shallow seasonal thermocline. In all such deeper lakes of
temperate regions the longer stratification season would mean increases in hypolimnetic
dissolved oxygen depletion, with resulting adverse effects on cold-water biotic communities
(see next section). The thermal structures of the lower Great Lakes (Erie and Ontario) in an
exceptionally warm year, 1983, have been examined to help determine the probable impact of
a warmer climate (Schertzer and Sawchuk). These lakes in early spring are characterized bya
“thermal bar” a narrow lateral thermal barrier between warmer coastal waters and colder
offshore waters initially at 4°C or maximum density. The “thermal bar” acts as a barrier to
transport and dispersion of pollutants and other material from shoreline areas to the main
body of the lake (Rodgers). In 1983 the mean air temperature at Toronto’s International
Airport near Lake Ontario was 3°C to 4°C above average for the period December (1982) to
March, and the date of full stratification and disappearance of the 4°C isotherm in the deepest
part of Lake Ontario was some 4 to 5 weeks earlier than normal with earlier dispersion of
near-shore pollutants to the main lake body. This gives some indication of the thermal regime
of the lakes under a doubled CO, scenario, since the CCC model suggests an increase of about
4°C+ in Dec.-Feb. temperatures for the Lake Ontario basin.
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Fig. 1.9 Percentage changes in mean annual runoff by varying precipitation (upper) and potential
evapotranspiration (lower). (Schaake, 1990)
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(c) Lake Water Quality and Biological Effects

Studies of global warming impact on dissolved oxygen in Lake Erie were undertaken through
use of a hydrodynamic-water quality model. With first generation climate model outputs and
doubled CO, values as inputs, it was concluded that the lakes’ central basin would be
stratified for a 2 to 4 months longer period and that both upper and lower layers of the Central
Basin would have less dissolved oxygen, by 1 mg/l average in the upper parts and 1-2 mg/l in
lowest layers. A marked increase in the anoxic area in the bottom waters of the central basin
was also projected, due in part to the increase in the stratified period, but also to increased
biological productivity and microbiological activity in the sediments with higher lake
temperatures overall. Degraded quality of hypolimnetic waters could have markedly adverse
effects on cold water fish and on release of hydrogen sulfide, methane and toxics from the
sediments. In short, global warming will increase the rate of eutrophication of lakes and
TEservoirs,
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Fig. 1.11 Area of central basin of Lake Erie that becomes anoxic under doubled CO, scenarios.
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While these effects in temperate region lakes on fisheries may be negative, there are positive
aspects for fisheries as well. Higher water temperatures result in higher metabolic rates and
shorter egg incubation periods for many fish species (Regier, Holmes and Pauly). In addition
growth rates in both mass and numbers of algae, protozoa, stonefly nymphs, and common
carp are all highly correlated with temperature. With lower rates of water replacement in
regions with lower streamflows in a warmer climate, and the increase in productivity, rates of
eutrophication would accelerate.

There would, of course, be changes in species distribution with cold-water species thriving
closer to the poles and being gradually replaced by warmer water species in temperate zones.
Higher water temperatures also limits the viability of various aquatic populations, for example
egg development of perch and smallmouth bass is seriously inhibited at temperatures above
20°C, and salmon spawning and egg development above 13°C.

The gradual warming of lakes inferred by the global warming projections would also result in
poleward movement of water-borne or water-connected diseases which are temperature
limited. Water is the principal transmission agent for 80% of the diseases of the tropics. For
example, yellow fever transmitted by mosquitoes is highly temperature-dependent. Epidemics
occur only in areas with annual temperatures greater than 20°C. Similarly the snails which
transmit schistosomiasis only survive in water temperatures from 18-35°C. The poleward
spread of warmer water temperatures would similarly spread these diseases and others such as
malaria, hook worm infections and so on.

One factor sometimes overlooked in considering the loading of toxic chemicals and nutrients
to lakes is the contribution of precipitation and dry fall from the atmosphere to the chemical
budget. The 1991 report of the GESAMP (Joint Group of Experts on the Scientific Aspects of
Marine Pollution) addresses the question of climate change and the sea/air exchange of
chemicals. Many of the GESAMP conclusions concerning marine areas and nearly enclosed
seas like the Mediterranean apply as well to lakes, especially larger ones. The report
concludes that in the western Mediterranean nitrogen inputs from the air and the rivers are
approximately equal, and for the North Sea “one third of the nitrogen input is from the
atmosphere, most of it pollution derived”. The micro-nutrient iron is mainly atmosphere-
transported to water systems. Nitrogen oxide emissions are growing rapidly in developing
regions, and could have marked effects on productivity of both freshwater and coastal marine
ecosystems. Earlier work by GESAMP had shown that phosphorous and trace metal (lead,
cadmium and mercury) loadings from the atmosphere to the Mediterranean were greater than
from loadings from riverine sources or direct discharges. Similar results have been found for
the Great Lakes, with the atmosphere being a dominant source of nitrogen, lead, PCB’s and a
significant proportion of the total loadings of phosphorus and many toxic substances.
However, as the GESAMP report points out - future climate change may alter atmospheric
circulation and thus the source regions and transport paths for these atmospheric contributions
to nutrient and toxic chemical balances. Unfortunately, the present state of climate system
modelling does not yet permit prediction of the specific nature of such changes in atmospheric
circulation and pollutant deposition. '

16



Fig. 1.12 Crete trajectories shown on an annual percentage basis for west, northwest, northeast and
southeast sectors. (GESAMP)
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(d) Effects on Ice Regimes

Lakes freeze from the top down because the heaviest water is at 4°C and the lighter surface
water in prolonged cold spells is at 0°C. During the winter, lake ice and snow prevent oxygen
regeneration from the atmosphere, almost eliminate inflow and outflow and disrupt
photosynthesis. Very prolonged ice-covered periods result in oxygen depletion and at times
anoxic conditions with resulting releases of hydrogen sulfide, methane, CO, and ammonia
from the decomposition processes in the sediments. Winter anoxia will be much less prevalent
at a given latitude with a warmer climate and shorter ice-bound seasons.

In the Experimental Lakes Area in northwestern Ontario, the ice free season increased by
about 20 days with the 2°C warming of climate from 1970-90, mainly due to earlier spring
break-up. In the Great Lakes the average maximum ice cover with a doubled CO, climate is
projected to drop to 0% from the present 33 to 72%, except for shaliower Lake Erie where the
average maximum would decrease from 90% cover to 50% (Sanderson). In addition to the
water quality benefits, these changes would be of major advantage to the shipping industry. In
time, it would mean a major reduction in ice cover over a period of one to three months
duration (Smith).

1.6 IMPLICATIONS FOR LAKE MANAGEMENT AND PUBLIC POLICIES

It is clear from this short review of literature on impacts of climate change on lakes and
reservoirs, that both adverse and beneficial effects will occur. Management strategies should
be directed at capitalizing on the benefits, and minimizing the adverse effects. At this stage of
development of predictions of climate change due to increasing greenhouse gas
concentrations, major uncertainties exist, especially at a regional level on the geographical
scale which directly affects lake and reservoir basins. This does not mean that no adaptive
strategies can be developed.

Those especially important for lake and reservoir management can include:

(i) Building greater resiliency into design and operation of reservoir systems. The work of
Klemes and others, published by WMO as a contribution to the World Climate
Programme, provides some valuable guidance on how this could be done.

(ii) Developing effective preparedness plans for dealing with natural disasters, high water
and floods, low waters and droughts. Such plans need to be strengthened in many
countries. The U.N.’s International Decade for Natural Disaster Reduction (IDNDR -
1990-9) provides a valuable framework for international coordination of these activities.

(iii) Reducing pollution discharges directly to lakes and inflowing river systems to counteract
the effects of accelerating eutrophication. In addition, the large percentage of some
nutrients, acidic and toxic substance which are transported by the atmosphere into lakes,
sometimes over long distances, dictates that nations move as quickly as possible to

18



(v *12 “19[pUTYOS) "PAYSISNEM GET e AU UI YoTe JO pus oY1 1e adop moug () *(Sul] paysep) ANSIOAIp JO Xaput suosdurtg pue (Julf prjos)
uoseas 9a13-901 9y ur uoruwiids o ut sseworq uonjuejdolAyd o3e1say (3f) “uoseas 3a13-201 a1 ut Ydop surpoounoy) afeIsAy (f) "uolels [est3o[oroalows
] UOSMBY 18 punoid 2A0qe W (3] PIINSEIW UOSEIS 994-901 oY) ul peads puim 98eI0Ay () "UOSEas 921J-901 U3 UT SSUIpeal oSIp WYooas adelaay
(H) "(NAL) N POA[OSSIp [¢101 JO SUONERUIZUCD PAIY3Iom-oUmoA [enuue uesjy (D) 1D Pue ‘BN ‘Y ‘S Ul POAISSqO 210M SISEALOUT ITIUILS "GET e
Ut S1EJIAS PUE B)) JO SUOHENUSOUOD POYSIom-oum{oA [enuue ueapy () (SUE] Paysep oyl ¢|) 9e] o) 0] SWN [EMIUSI Jojem pue (SUT] PI[Os) paysIafem
6£T e Ay Wwox Jjourd [enuuy () ‘uolels axe] uosmey oy 18 uonendiosld ernuuy () “6€7 4T 10§ pouad 90g-901 oy Jo uonem(y () poued
AMUD IO SUOSEIS J9IJ-901 J0J amyeraduis) UBSWI JY3 ST SUI] PIYSEp [BIUOZLIOY Y], “UOSEIS 207-20I o) wioy sarmereduio) Jo sueawr s1oeuuoo auyf paddel
ayJ, “reak 9[3uls B JOJ UOSEDS 301J-901 A} W someradwa) 1ajem Appuow jo joid e st saxds a1 Jo yoeq “pouad say-201 oy Surmp gz 9xe Jo omeraduws)
ayje| 98e1oae pajosLIco-auM{OA () ‘6EC 9T JO PAYSIGEA S11 UT uonels [eor3o[010a1aw a)e] uosmey je armerodural Ire fenuue uespy (V) ‘8861
ysnoloyr L6 10 6961 WOL ‘OLEIUQ WANSIMYLIOU ‘Baly soxer] [eiuouredxy oy 18 2[qelrea [ed130[0lq pue ‘[eorwiayo ‘TedrsAyd jo sp1oosy €171 “Si4

J8OA
1008 169t SL9L 6981 18384 1891 7113 8938 1094 1831 a€ek 6981 Lest 1e8l SisL 698}
S 8
9 6
L ot
] 1
1 > rie 1tz
AR
(un) \edop moug (v svoworq uoppradoriug {w) tpdep supoouoy) {snoyuny) pocdo putm
ve ork
L8 add
B
(14 0Z2 2
ey 092
H b 9 vow
00¢
(w) poog () oL {yBuw) suo) sofeyy
=18 ‘ 4
009 s6l § L2
o :
502 oL
o Ty v
a o] v
. siz 8, s

{uav) vopmdpory {04ep) votcos oayooy {04) aunymiedwicy ey (0.) wnipiodwes iy

19



comprehensive international agreements to reduce the pollution burden from the
atmosphere to aquatic systems.

(iv) Employing existing and novel technologies for more efficient use of water for irrigation
especially in developing countries in semi-arid zones (SWCC).

(v) Supporting monitoring and research programmes to measure and understand climate, the
factors that affect it and the impacts of climate variability and change. It is critically
important that better assessments be made of climate changes and impacts on natural and
economic systems, especially lakes, reservoirs and rivers.

(vi) Of special importance, internationally, in connection with lakes and reservoirs, is support
of the Global Energy and Water Cycle Experiment (GEWEX) of the World Climate
Research Program (WMO and ICSU). Only with strong international support of the
WCRP and major projects such as GEWEX will predictions of future climate be made
more useful in projections of water resources and their quality.

Finally, preventive measures to slow the rate of increase of greenhouse gases are urgently
needed and all countries are urged to support the negotiation of a global convention on
climate change now underway. The Ministerial statement from 137 countries at the Second
World Climate Conference provides for some initial commitments by industrialized countries
to a stabilization or reduction of CO, emissions. The statement also recognizes the needs of
developing countries for financial and technological assistance to move from net deforestation
to net afforestation, and to satisfy energy needs with low-emission pathways. These agreed or
inferred commitments can form a sound initial basis for an international convention.

The Earth is already committed to a significant amount of global warming through past
increases in greenhouse gas concentrations due to human activities. It will take major
international efforts to prevent an equivalent radiative forcing of a doubled CO, concentration
or less within the next four decades. However, without that effort, the world is eventually
committed to changes much greater than discussed above, and at rates at which natural
systems will not readily adapt. Reasonable stewardship of our small planet requires action
now to reduce greenhouse gas emissions and to increase vegetative sinks of carbon dioxide.
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CHAPTER 2

ACIDIFICATION OF THE SCANDINAVIAN LAKES

Sven Erik Jgrgensen
2.1 INTRODUCTION

More than 80% of the European lakes can be found on the Scandinavian Peninsula and in
Finland. They are all of glacial origin and represent a wide spectrum of lakes with respect to
depth and area.

Two unfortunate factors, however, threaten many of these beautiful lakes:

1. With the exception of Denmark and the southern part of Sweden, named Skéne, the
ground and surface water in Scandinavia is very soft and has, therefore, a low buffer
capacity.

2. The dominant wind direction in Europe is from the Southwest which implies that the acid
air pollutants (sulphur dioxide and nitrogen oxides) from the most heavily industrialized
area of Europe, Germany, Benelux and Southern England is transported to Scandinavia.

Current examinations of the status of the lakes in Norway and Sweden have revealed that
several thousands of lakes with an area of more than 10 ha have a pH of less than 5.0 and
hundreds of lakes have a pH close to or even less than 4.0, It is estimated that Sweden has
85,000 lakes, of which 4,000 lakes are classified as seriously acidified (pH < 5.0). 18,000
lakes are acidified during some critical periods, such as snow melt. The water retention time
plays, of course, an important role. The largest lakes with the highest retention time have
generally not yet been acidified to the same extent as the smaller lakes with short retention
time. As many of the largest lakes in Europe are situated in this region, we may only have
seen the “tip of the iceberg” and may expect that the problem will get much worse in the
coming decades, if the air pollution is not reduced significantly in the most industrialized
areas of Europe. Fortunately, measures have been taken in most Western European countries
to reduce the emissions of acid pollutants. The emission of sulfur has been reduced since 1980
by more than 50%. Model results have, however, shown that further reduction is required if
the adverse effects of acid rains are to be eliminated.

The low pH value of the lake water implies the occurrence of several adverse effects which
have been widely observed in many of the Scandinavian lakes:

1. Carbon dioxide is toxic to fish. The ratio of carbon dioxide to hydrogen carbonate is
increasing with decreasing pH.
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2. Formation of free carbon dioxide will take place at low pH. This may cause such low
concentrations of inorganic carbon that carbon may be the limiting nutrient. Unnatural
oligotrophy has been observed in many Scandinavian lakes.

3. The fertility of fish and zooplankton eggs is highly dependent on pH. A significantly
lower fertility is observed at pH below 4.5-5.0.,

Extreme low zooplankton and fish abundance and diversity due to points 1 and 2 have
therefore been observed in the acidified Scandinavian lakes.

4. All biological processes have a pH-optimum, which is usually in the range 6-8. It implies
that algae growth, microbiological decomposition, nitrification and denitrification all will
decrease in acidic water. As a consequence, the cyclical rates of nutrients have been
reduced significantly in many acidified lakes.

5. The release of heavy metal ions from soil and sediment increases very rapidly with
decreasing pH. Heavy metal hydroxides have very little solubility product, which implies
that most heavy metal ions are precipitated at pH 7.5 or above. As most heavy metal ions
are highly toxic, increased concentrations of heavy metals have undesirable adverse
effects. There are many cases of abnormally high concentrations of heavy metal ions in
Scandinavian lakes.

This chapter is concerned with the effect of low pH in the Scandinavian lakes caused by acid
rain due to anthropogenic emissions of acid gases. The following sections are concemed with
various types of observed effects due to low pH. The second section is concerned with the
water chemistry. The third section deals with phytoplankton and macrophytes - the primary
producers, while section four is devoted to zooplankton. Section five looks at the effects on
planktivorous and carnivorous fish and section six on amphibian and riparian fauna. Section
seven, the final section, deals with the effects on the entire ecosystems. All the components -
chemical as well as biological - are inter-related. The effects on fish will also have an indirect
effect on zooplankton and phytoplankton and even the composition of the water, It is
therefore necessary to summarize all the effects and add the indirect effects to get the effects
on the entire system.

2.2 OBSERVED EFFECTS ON LAKE WATER CHEMISTRY

A low pH implies that hydrogen carbonate is converted into free CO,, which is toxic to fish
and other animals, as respiration is controlled by the difference between CO, concentration in
the blood and the environment.

The processes involved can be described by the following chemical equations:

+H* +H*
CO,* ——> HCO* ——>H,0 + CO, 6h)

3
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Particularly low pH-values may be observed after the melting of snow, because the acid
accumulated during the winter will be dissolved in the snow water and neutralization due to
the contact with the soil is reduced, as the retention time of the water is short and the soil is
still frozen. As water has the highest specific gravity at 3.96°C, the very acid water originated
from melting of snow will replace the surface water, where pH will be particularly low during
the spring time,

The trends observed in many Scandinavian lakes illustrate how fast the acidification process
is progressing, as shown in Table 2.1.

The chemical composition of acid surface waters in Scandinavia is a high sulfate
concentration (= 150 mg/l). Sulphate becomes one of the most dominant anion and replace
hydrogen carbonate which is released to the atmosphere according to equation (1).

The solubility of most metal ions increases with decreasing pH; see Fig. 2.1. Elevated
concentrations of many metal ions particularly aluminium-, iron- and manganese ions, but
also more toxic ions such as cadmium-, copper-, zinc- and mercury ions are therefore
observed. The free ions-are generally more toxic to aquatic organisms than complex ions. As
the formations of most complex ions are decreasing with decreasing pH, the toxicity of most
metals will furthermore increase with decreasing pH. The speciation of the metal ions are
dependent on pH, as shown in Table 2.2, reproduced from McDonald et al. (1989).

Table 2.1 Acidification of soft-water lakes in Scandinavia and North America

PH PpPH Average
No. of Early Recent change
Region lakes measurements measurements ApH/year

Scandinavia

Central Norway 10 7.3 = 0.8 (1941) 5.8 # 0.7 (1975) -0.05
West coast of Sweden 6 6.6 + 0.2 (1933-35) 5.4 + 0.8 (1971) -0.03
8 6.8 + 0.2 (1942-49) 5.6 £ 0.9 (1971) -0.04
West central Sweden 5 6.3 + 0.3 (1937-48) 4.7 £ 0.2 (1973) ~0.06
South central Sweden 5 6.2 + 0.2 (1933-48) 5.5 £ 0.7 (1973) -0.03
Southernmost Sweden 51 6.76 = 0.14(1935) 6.23 + 0.44(1971) -0.015

Aluminium compounds are ubiquitous in geological and biological material. It is always in
the trivalent state and forms very stable complexes with a variety of inorganic and organic
material. Below pH 5.0 the form AP** increases progressively and at pH 4.0 it is the major ion
present (Stumm and Morgan, 1996). Fig. 2.2 shows the activities of soluble inorganic
aluminium species in relation to pH. The overall solubility of aluminium is indicated on the
Figure. As seen the lowest solubility (107-) is obtained at pH close to 6.0, while the solubility
at pH 4.0 is approximately 3,000 times higher. The diagram also shows that at pH-values
above 5.0 the soluble hydroxo complexes have higher concentrations than the trivalent ion,
AP*. The primary effect of aluminium on fish is to disturb sodium regulation mechanisms at
the fish gill. The present knowledge indicates that the trivalent ion and the hydroxo
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complexes have a significant effect on the sodium balance of fish already at low
concentrations: 50-70 ug /1.

A pH
7.0
99% of the measurements
are in this area
6.0
5.0
4.5
>
0 100 20C =

Labile Al, pg/l

Fig. 2.1 Relationship of measured pH and labile aluminium in an extensive lake data set (from 1000
Norwegian lakes) (after Henriksen et al., 1987).

Slightly higher concentrations may reduce growth (Sadler and Lynam, 1988), impair
calcification and result in reproductive damage. The LC-50 value for most fish species is 7.3
mg/l. Complex aluminium forms, other than hydroxo complexes, are not toxic in the relevant
concentrations. Invertebrate species are also much less sensitive to aluminium, although
similar effects on the sodium balance have been observed on crustaceans.

The concentration in natural fresh waters of aluminium is usually very low, in the range of a
few p.p.m. Drainage waters from deforested areas or acid waters (pH < 5.0) have, however,
often elevated aluminium concentrations, mainly consisting of Al3+ or complexes with
hydroxides, fluoride or sulfate

Table 2.2 Major species of metal ions as function of pH

Metal pH 7.5 pH 5.0 pH 4.0
Aluminium AL (OH) ~ ALOH, ALl(OH),* Al
Cadmium cd?**, cdos* ca* ca?
Copper cu®, cuco, cu? cu?*
Iron Fe (OH) %, Fe (OH) ~ Fe (OH),’ Fe (OH),“
Lead PbCO, , PbOH* Pb** Pp**
Manganese Mn?* Mn?* Mn?*
Nickel Ni%* Ni?% NiZ*
Zinc zZn?*, 2ZnOH* zZn?* Zn?*
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Debate continues as to which aluminium species are toxic. There is some evidence from
laboratory studies that AI(OH)* at pH between 5.0 and 6.0 is the most toxic component for
fish, while AI(OH)4- has been correlated with toxicity to algae (Helliwell et al., 1983).

Increased accumulation of mercury and cadmium is observed in acidic lakes (Johansson,
1981). Mercury is found in the form of methyl mercury ions in acid lakes, while mercury in
neutral and alkaline lakes is found as dimethyl mercury. The latter has a higher vapor pressure
and has therefore a smaller retention time in fresh waters than the methyl mercury ions, which
in addition is more easily bioaccumulated in fish.

pH
3.0 5.0 7.0 9.0
0 B>
-2 A X
T N < The sum of the concentrations of
S AON)2HN . aluminium species in solution
5 -4 N N
-
5
-8
-10
42 N ( Al(OH)2+
S
-14
v

Fig. 2.2 The concentrations of soluble inorganic aluminium species in relation to pH. The sum of the
concentrations of aluminium species in solution is shown.

Henriksen and Wright (1978) have examined the concentrations of the series of heavy metal
ions (Zn, Pb, Cu, Cd) in Norwegian lakes and found that the acidic lakes generally have
higher concentrations. It has not been stated whether the higher concentrations are due to
direct deposition or drainage waters.

2.3 OBSERVED EFFECTS ON PRIMARY PRODUCERS

pH increases generally with eutrophication due to uptake of hydrogen carbonate ions by
photosynthesis. Long-term reductions of pH may force lakes into an increasingly more
oligotrophic state. See Fig. 2.3. The explanation is that either carbon may be removed as
carbon dioxide at pH below 5.0 and carbon therefore becomes the limiting nutrient, or that
phosphate is reduced due to precipitation by the elevated concentrations of aluminium- and
iron ions by lower pH. The allocation of diatoms is found to be highly dependent on pH. Five
well-defined groups are used in this relation:
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acidobiontic, occurring at pH < 7.0, maximal at pH < 5.5.
acidophilic, occur at pH < 7.0

indifferent, occur equally at circum neutral pH
alkaliphilic, occur at pH > 7.0

alkali biontic occur at pH > 7.0
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Fig. 2.3 pH and transparency of Lake Sora Skarsjgn in Sweden are plotted versus time. The observed
trends in pH and transparency are characteristics for many lakes that have been acidified during the last
2-4 decades.

It is possible to state the approximate pH (by +/- 0.25 units) by determination of the relative
occurrence of the five groups. This relationship has been used extensively to reconstruct pH
history from sediment core (Howells, 1982).
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Fig. 2.4 The number of phytoplankton species observed in Swedish lakes versus pH of the lake water
according to Johansson and Nyberg (1981).
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A decreased pH implies a reduction in the number of phytoplankton species present in the
lake. Fewer and fewer species are adapted to the acidity, as pH decreases. Fig. 2.4 shows the
number of observed species in Swedish lakes plotted versus pH (Johansson and Nyberg,
1981). There is some evidence that diatoms seem to be favoured by low pH relative to other
phytoplankton species. Analysis of the data may reveal that influences other than pH may
play a part in determining the survival of diatoms at relatively low pH.

An early manifestation of acidification in Swedish waters was the abundance of underwater
Sphagnum moss in lakes of pH below 5.0, where it replaced Lobelia-Isoetes communities,
which is characteristic for oligotrophic lakes at pH above 5.5. This shift in the composition of
the macrophyte community reinforces the acidification, as Sphagnum generates hydrogen ions
by ion exchange with calcium ions. The diversity of macrophytes declines, as does the
diversity of phytoplankton, with increased acidity. An examination in the English Lake
District has shown, that lakes with some alkalinity have about twice the number of species of
acidic lakes (Stokoe, 1983). Several unpublished data indicate that these observations are
consistent with what is found in the Scandinavian lakes.

2.4 OBSERVED EFFECTS ON ZOOPLANKTON AND AQUATIC INVERTEBRATES

The differences between acidic and neutral lakes are mostly a replacement of species and a
pronounced decrease of the species diversity; see Fig. 2.5. Several studies of Daphnia species
indicate that cladoceran species are generally sensitive to acute acid conditions. The
cladoceran Bosmina is characteristic of acidic lakes, replacing the Daphnia species neutral
waters. Copepods are somewhat less sensitive than cladocerans. They are usually
representative of acidic waters (Brett, 1989).

20 A Number of zooplankton species

10

4.0 5.0 6.0 7.0 8.0

©
o

Fig. 2.5 Number of zooplankton species in Swedish Lakes according to pH. The results are from a
comprehensive examination of 84 lakes in Sweden.
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Effects on zooplankton physiology are reduced filtering, haemoglobin loss, reduced oxygen
and sodium uptake and gill tissue damage. The long term effects are reduced brood size and
reproductive capacity, and delayed reproduction.

In contrast to fish, invertebrates are usually able to tolerate acid exposure of a day or two.
Macro invertebrates are among the most commonly monitored groups of lakes, as they are
used as “biotic” indicators of the health of lakes and streams. In lakes with moderate
alkalinity and pH above 6.0, the fauna is usually rich in total species and often seasonally
abundant. In lakes below 5.6, however, some taxa are absent or scarce. This is particularly
noticeable in regard to may-flies, crustaceans and molluscs (Sutcliffe, 1983). The observed
distribution of various classes of aquatic species through the range of pH in Swedish lakes is
shown in Fig. 2.6. Clearly some species are absent because of a specific deficiency of calcium
in low alkalinity streams, such as molluscs, which require calcium for shell formation.

pH range in which habitats were found

7.0 6.0 5.0

snails

clams

Gammarus

crayfish

<
<€
<
<
< mayflies >
<
<7
q
g

stoneflies

beetles

chironomids

caddisilies

Fig. 2.6 The distribution of various classes of aquatic species versus the pH range.
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Some specific investigations show that the following species have very poor survival below
pH 5.2: Gammarus lacustric, Gammarus pulex, Asellus aquaticus, and astacus astacus; see
Okland and Okland (1980), Hargeby and Petersen (1988) and Appelberg (1981).

In contrast, some insect larvae show a wide range of tolerance. It has been found that some
insect larvae can survive even at pH 3.5 for long periods. Although some may-fly species are
sensitive to acidity, other insect larvae (dragonfly, damsel-fly, caddis fly and stone fly larvae)
are typically well represented in acidic waters.

Low acidity affects invertebrates through several toxic mechanisms, such as reduced gas
exchange, impaired calcium metabolism, element deficiencies and toxic effects of aluminium
ions; see Herrmann (1987).

2.5 OBSERVED EFFECTS ON FISH

Decreasing pH has a striking effect on the fish population, as demonstrated in Tables 2.3 and
2.4. Rainbow trouts are not found at pH < 5.5, chars and lake trouts not below pH 5.0 and
brown trouts, pikes and perch are hardly found at pH < 4.5.

At extremely low pH values all young fish disappear completely (Almer et al. 1974).
Nevertheless, spawning and fertilized eggs have been observed even at low pH values, so it
seems that the development of eggs may be disturbed by high activity of hydrogen ions in the
aquatic environment. This is illustrated in Fig. 2.7, where the percentage of hatched eggs is
plotted against pH value.

The period from fertilization to hatching also tends to be prolonged at low pH values, as
shown in Fig. 2.8. These observations are also in accordance with the trends in occurrence of
fish species; see Table 2.5, which clearly shows that it is the reproduction that suffers from
the low pH.

Table 2.3 Fish status for 1679 lakes in Southern Norway grouped according to pH

No. of % of % of % of

lakes in lakes with lakes with lakes with

pH pH range no fish sparse populations good populations
" <45 111 73 25 2

4.5-4.17 245 53 41 6

4.7-5.0 375 38 41 21

5.0-5.5 353 25 40 35

5.5-6.0 164 8 36 56

> 6.0 431 1 13 86

As seen from the above mentioned results the relationship between, on the one side, the fish
population and, on the other side, the pH is not completely unambiguous. Chester (1986)
suggests, that the effect on the fish population is indirect. Chester mentions the positive
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influence of the calcium ion concentration on the fish populations, as calcium ion
concentration has a strong influence on the LC-50-value of ammonia for fish. Another
important indirect effect is due to the lower complexation of heavy metals by low pH, causing

a higher uptake of toxic heavy metal ions by fish. This is shown for mercury in Fig. 2.9.

Table 2.4 Trout population and pH in 260 Norwegian lakes"”

pH
No. of lakes 4.00-4.50 4.51-5.00 5.01-5.50 2 5.51
Population No. % No. % No. % No. %
33 Empty 3 9.1 17 51.5 7 21.2 6 18.2
87 Sparse population 2 2.3 15 17.2 21.2 24.1 49 56.3
82 Good population = = 9 11 14 17.1 59 72
58 Over-populated - = 3 5.2 13 22.4 42 72.3
260 total 5 1.9 44 16.9 55 21.2 156 60

" Results are based on an examination carried out by Jensen and Snevik (1972).
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Fig. 2.7 % eggs hatched according to pH. Total number of eggs reared 253-274.
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Fig. 2.8 Eggs hatched during the first 96h after fertilization as percentage of total number of hatched

eggs according to pH; see Fig. 2.7,
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Fig. 2.9 Effect of pH on the mercury content of fish. Exposure to 1.5 ppm Hg from H gCl, solutions.

Table 2.5 Occurrence of fish species before acidification and species found during 1973 in some
Swedish lakes

Earlier species Species Species

forming permanent found re~producing
Lake stocks 1973 1973
Bredvatten Pe Pi E (E)
Lysevatten Pe Pi R E Pe (E) Pe
Gardsjdn v Pe Pi R T C E Pe Pi E Pe
Orvattnet Pe St M Pe Pe
Stensjén Pe Pi R St M Pe Pi R Pe Pi
Skitjarn Pe Pi R L Pe Pi R L Pe Pi

Pe=perch (Perca fluviatilis), Pi=pike (Esox lucius), E=eel (Anguilla
vulgaris), R=roach (Leuciscus rutilus), T=tench (Tinca tinca), C=Crucian carp
(Carassius carassius), St=Brown trout (Salmo trutta), L=Lake whitefish
(Coregonus albula), M=Minnow (Phoxinus phoxinus).

A characteristic of damaged fish populations in acidified lakes is, however, not just the
absence of fish, but that the structure of the population is anomalous. In a healthy population,
numbers in their first year are such that the recruitment class is usually high; most natural loss
occurs during this early stage. In the following year, survival is generally good and each year
class prior to migration or spawning will be represented in the population, In acidic lakes, in
contrast, annual classes are sometimes entirely absent, or grossly depleted; see also Table 2.5.
Often a few older and larger fish are found, possibly the remnants of populations present
before the acidification.
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Acidity is clearly a crucial factor in determination of fish populations and fishery in lakes.
Table 2.6 summarizes the observations of pH on fish populations (Alabaster and Lloyd,
1980). However, it is clear from the discussion in this section and the previous sections that
there are several factors, including indirect effects, to account for simultaneously which
makes the entire problem very complex. It may nevertheless be concluded that a low pH has a
pronounced negative effect on fish populations due at least to a reduced hatching efficiency
and due to a higher uptake by the fish of heavy metals.

Table 2.6 Effects of pH values on fish (Alabaster and Lloyd, 1980)

pH~range Effect
3.0 - 3.5 Unlikely that any fish can survive more than a few hours
3.5 - 4.0 Lethal to salmonoids. Some other fish species might survive in this range,

presumably after a period of acclimation to slightly higher pH )
4.0 - 4.5 Harmful to salmonoids, bream, goldfish and carp, although the resistance
to this pH increases with the size and age
4.5 - 5.0 Likely“to be harmful to eggs and fry of salmonoids. Harmful also to adult
salmonoids and carp at low calcium, sodium and/or chloride concentration
5.0 - 6.0 Unlikely to be harmful, unless concentration of free o, is greater than
20 mg 17! or the water contains freshly precipitated Fe (OH),

6.0 - 6.5 Harmless unless concentration of free CO, > 100 mg 17!

2.6 OBSERVED EFFECTS ON AMPHIBIAN AND RIPARIAN FAUNA

Different species of amphibians exhibit a wide range of sensitivity to acidic water.
Experimental studies have demonstrated response to acidity and particularly to the associated
high aluminium levels. The common toad, Bufo bufo, showed some mortality in the presence
of aluminium at pH 4.5 or lower. Similar results were obtained for three species of frogs with
a lethal pH level at about 3.5.

Effects are particularly seen at the egg hatching stage, while the larvae become progressively
more tolerant and the adults of these species are found in waters of a wide range of acidity up
to even pH 3.0.

Two species of salamander, Ambystoma spp., showed reduced breeding success in acidic
waters.

The question of ecological significance of inability to hatch amphibian species is strongly
related to the pronounced seasonal nature of egg production during the spring snow-melt
period, which means that hazards are high under all circumstances. However, embryos that
hatch and develop to the tadpole stage are evidently resistant to acid conditions, although still
highly susceptible to predators.
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Riparian birds have been identified to be at risk from acidification, either directly or indirectly
through other biological changes. Some species, such as dippers, are totally dependent on the
adjacent aquatic ecosystem as a food source. It has been shown that dippers decline in
numbers parallel to an increase in acidity in a group of streams over the past 30 years
(Ormerod, 1985). In contrast, the grey wag-tail does not show this relationship, because it
does not feed on aquatic insects. This led to the hypothesis that aluminium residues in the
prey organisms were the cause for the reduced number (Nyholm, 1981). However, this has
not been supported by analytical evidence (Otto and Svenson, 1983).

Lack of fish seems a more plausible explanation for the absence or scarcity of fish-eating
birds than the aluminium ‘concentration in fish. The reaction of some duck species illustrates
the complexity of the problem. They have shown to benefit from low pH, probably due to the
reduced competition from fish in acid lakes.

Two main factors can explain the reduced bird population at the shore line of acidic lakes: the
increased concentration of toxic metal ions in the water and the reduced numbers of fish.

Concern has also been expressed regarding the effect of acidification on mammals,
particularly otters. The depletion of otters seems, however, more related to the loss of habitat
than to any other factors.

2.7 OBSERVED EFFECTS ON THE LAKE ECOSYSTEM

Lakes play a significant role as a buffer on physical, chemical and biological factors in the
entire catchment area.

Acidification of lakes implies a pronounced reduction in the biodiversity of the lake
ecosystem. Numerous investigations have revealed a relationship between the pH of lake
water and the diversity index; see for instance Likens et al. (1977) and Okland and Okland
(1980).

It can be concluded that lake ecosystems become poorer in dynamics as well as in diversity -
in quality as well as in quantity. It is, therefore, understandable that acidification is considered
one of the most serious pollution problems in the Scandinavian countries, where acidification
is a threat to aquatic ecosystems.

Another clear effect of acidification is a significantly slower turn over rate due to reduced
rates of practically all biological processes. The effect is pronounced as can be seen in Figs.
2.10 and 2.11.

Experimental studies in some Scandinavian lakes indicate that glucose utilization was reduced
at low pH. A marked seasonal and year-by-year variation in glucose cycling was found in
Swedish lakes. Field studies have shown that respiration was reduced to about 10% of that at
pH 7.2. All in all slower turn over rates of carbon, nitrogen and phosphorus should be

35



expected as a consequence of lower pH. As the ability of the ecosystem to resist changes - the
ecological buffer capacity - is correlated to the flow rates, ecosystems will be expected to be
more vulnerable at lower pH (Jgrgensen, 1994).
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Fig. 2.10 The relative decomposition rate of cellulose plotted versus pH. The maximum decomposition
rate is the pH range of 5.0 -6.0.
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Fig. 2.11 Growth of a fungus, Merasmius graminum, as a function of pH.
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2.8 SUMMARY AND CONCLUDING REMARKS

Scandinavia suffers from acidification of lakes due to low pH- buffer capacity of the lake
water and due to the emission of acidic gases mainly from the most heavily industrialized
regions of Europe. Several thousands of beautiful lakes in this most untouched nature of
Europe show a wide spectrum of adverse effects due to pH values below 5.0. The most
pronounced observed effects can be summarized in the following points:

1. Low or no alkalinity of lake water. Change of anion composition from hydrogen carbonate
to sulphate;

2. Reduced biodiversity of all species;
3. Elevated concentrations of heavy metals in lake water and biota; and
4. Slower turn over rates, causing reduced ecological buffer capacities.

As seen from this list of adverse effects which is in no way exhausting, the effects of acid rain
change entirely the ecosystems to biologically poor and more vulnerable ecosystems which
from an environmental point of view is completely unacceptable. Measures have been taken
to reduce the emission of acidic gases, but all models of acidified lakes show that a further
reduction is absolutely necessary to change the direction of the adverse effects for most of the
lakes. Liming is used widely in Scandinavian countries to reduce the effects (see the
Guidelines of Lake Management, Volume 5, Management of Lake Acidification), but it is
costly. If lake acidification continues inexorably and include also the larger lakes which have
been spared up to now due to their long water retention time, the application of liming will be
prohibitively expensive. In other words, there is only one solution to the problem: reduced
emission of acidic gases.
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CHAPTER 3

MAIN PROBLEMS FACING ENDANGERED CHINESE
LAKES WITH SOME SUGGESTED PRINCIPLES FOR
THEIR RESTORATION AND SOME EXAMPLES

Yan Jingsong & Zhang Yushu
3.1 A BRIEF ACCOUNT OF CHINESE LAKES

China is rich in lakes. According to our statistics, although some natural Chinese lakes
vanished and most of the others have reduced their areas and volumes to a greater or lesser
extent during the last three decennia, there are about 24,000 natural lakes including 107 big
lakes, each with an area of more than 100 km?, 450 middle-sized lakes with areas between 10
and 100 km?, 1,577 little lakes with areas between 1 to 10 km? and many very small lakes
with areas of less than 1 km? (Table 3.1). Besides temporary lakes, the total water storage of
lakes with areas of more than 1 km? is about 7,088 billion m* including 2,600.5 billion m® of
fresh water, based on the mean annual water level of each of these lakes. In addition to natural
lakes, about 86,000 artificial lakes (reservoirs) with 4,100 billions m* of total storage capacity
have been built in China. Although the total area of lakes occupies a small fraction (only
about 0.8%) of Chinese territory, they are of great importance to the environmental system
and to natural resources, and provide many services and commodities to people. For example
these lakes abound with a great amount of diverse resources such as water, water power,
aquatic life and products, flats with many species of hydrophyte and mesocole, minerals,
landscapes, microclimates etc.. Most Chinese lakes are used by humans for many purposes
including fishing, transportation, irrigation, industrial water supplies, hydroelectric
development, receiving and self-purification of wastewater effluent and improving water
quality, and making recreational attractions by using the lake’s aesthetic and heritage value.
Besides their importance for human use, these lakes have intrinsic ecological and
environmental values. They store water, thereby helping to regulate the runoff volume and
dredge of floodwater and moderate the effects of floods, water logging and drought
resistance, and recharge ground water aquifers. Lakes provide habitats for aquatic and
semiaquatic plants and animals which in turn provide food for many terrestrial animals,
thereby preserving and adding to the diversity of the landscape. They moderate temperature
and affect the microclimate of the surroundings. They also contribute to the regeneration
cycle of materials, such as nitrogen, phosphorus, carbon, sulphur, etc., and their stability at
regional and even global levels,
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Table 3.1 The number and area of Chinese lakes with each area more than 1 km?

Type Number Area (km?)
outflow 69 22180.6
Big inflow 43 2780%.0
(>100 km?) temporal 7 6132.0
total - 107 56121.6
outflow 162 5146.9
Middle inflow 255 9261.9
(between 10 - 100km?) temporal 33 1104.2
total 450 15513.0
outflow 827 2506.4
Little inflow 405 2553.5
(between 1.0 - 10.0km?)- temporal 345 1002.8
total 1577 6062.7
Total 2134 77697.3

3.2 SOCIAL-ECONOMIC-NATURAL COMPLEX LAKE ECOSYSTEMS (SENCLE)

3.2.1 Meaning: This is the basis and first step for solving the problems facing endangered
lakes and, for reasonable and sustainable use as well as conservation of lakes, for recognizing
the characteristics of modern lakes. As we know, lakes were originally one of the natural
ecosystems. Recently, most lakes differ from the traditional natural lake ecosystem in that
they are more or less acted on and affected by human activities. The major problems facing
endangered lakes, such as hydrologic and related physical changes; eutrophication;
degradation of water quality; reduction or loss of some original ecological, economic or
social functions; destruction of some lake ecosystems, etc., are complex ones which are all
concerned directly or indirectly with social and economic conditions, and the natural
ecological environment on which humans rely. Although the social, economic and natural
systems are different in their characters, having their own structures and developmental rules,
the existence and development of each of them are conditioned by the structures and
functions of the others, so it is obvious that the above complex problems are not only a
natural one, nor solely economic or social ones separately, but are problems of the
social-economic-natural complex. Most modern lakes are Social-Economic-Natural Complex
Lakes Ecosystems (SENCLEs), belonging to a social-economic-natural complex ecosystem
(Ma & Wang, 1984).

3.2.2 Structure and Functions of SENCLEs

A SENCLE may be considered as an organic entity or system integratively composed of three
layers (subsystems) with crisscross relationships among them (Fig. 3.1). The core is human
beings, including the organization, technology, and culture, comprising laws, strategies,
customs and traditions for management and utilization of lakes. This is the controlling part of
SENCLES, and may be called the Eco-core. The second layer is the direct environment of
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human activities within a SENCLE, including the geographic, biological and artificial
environment, which is the fundamental medium for human activities and is called the
Eco-base. The third layer is the external environment of SENCLEs, including source, store,
and sink, which is the external supporting system of SENCLEs and called the Eco-pool (Liu
et al., 1986; Ma & Wang, 1989). These three layers are interacting upon one other. There are
two borders in SENCLEs which are different from that of the traditional natural ecosystem.
The inner border, i.e. the border of the eco-base, has a specific spatial location, but the area it
encloses is not a complete functional entity, because it belongs to the open system which
exchanges substances, energy and information with the surroundings, and belongs to a
dissipative structure far from the state of thermodynamic equilibrium which may generate
negative entropy and make an interruption or eddy in the straight-line progression towards
entropy, with diversion routes away from the eutrophic ends of life. It is a necessary condition
for existence and development of a dissipative structure that negative entropy is generated by
energy and material transfer. The coincident effect of energy dissipation is the internal force
for ecosystems to produce ordered structures, and the entropy generation of the coincident
effect is negative. Therefore it depends on support from the external environment for most of
its materials, energy, information, capital and people flows. While the outer border has no
specific location, it only represents the scope of effects from those sources, sinks and stores
which are related to the inner eco-base. Its functions may be represented by an octahedron in
Fig. 3.2. The vertices H (Human being), P (production), L (living), R (resources), E
(environment) and N (nature) represent the control, production, living, supply, acceptance and
reduction/regeneration functions respectively. They can be classified into three groups:

 EEE— control

‘Social functions :— production ——
E living !
|
|

Natural — supply ————— Economic functions Natural
functions | acceptance —

i

reduction

These three kinds of function depend on each other and comprise the complicated SENCLE
relationships: the relationships of promotion, restraint, adaptation, and reformation between
man and nature; human resources relationships through the action of exploitation, utilization,
processing, and storing resources, and human relationships of competition, symbiosis,
enslavement and submission in living and production activities. The succession of a SENCLE
is the result of interaction of natural succession and human exploitation. There are two kinds
of effective factor: one is the leading factor; the other is the limiting factor. When the leading
factor prevails, various human activities lose no time in making use of the favourable
ecological niche and the system grows in an almost exponential way. At this time, the main
goal is to gain high speed and efficiency, and the process is characterized by competition
behaviour, struggling for the leading factors. With the rapid occupation of an ecological
niche, some scarce ecological factors gradually turn into limiting ones, thus the growth speed
is hindered and the process becomes a threshold type. At this time, the main goal is to
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maintain the stability of the development, and the process is characterized by symbiosis
behaviour compromising with the limiting factors. However, a SENCLE has the tendency of
transforming its environment and breaking the restriction of a limiting factor actively, through
changing the dominant species, alteration of the inner structure, improving the environmental
conditions and so on. Thus the carrying and buffering capacities are enlarged. The old
limiting factors will therefore become leading factors and new limiting factors will emerge
(Ma & Wang 1989).

Eco-base™ £ vironment

Surrounding

—>~Eco-pool

Fig. 3.1 The structure of the Social - Economic - Natural Complex Ecosystem (SENCLE), a system that
describes the overall goal of ecological engineering in China (after Ma and Wang, 1989).

P:Production
L: Living
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Fig. 3.2 The function of SENCLE.
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3.3 GENERAL PROBLEMS FACING ENDANGERED CHINESE LAKES

Many surveys and assessments of conditions in Chinese lakes have been made. Based on
these results, including our researches, the general problems facing endangered Chinese lakes
are summarized as follows:

3.3.1 Hydrologic and Related Physical Changes: In the early 1950s, China had a total of
about 24,800 natural lakes and 83,400 km? of lake areas including 80,645 km? of lake areas
and more than 7,658 billions m® of water storage in 2,848 lakes with areas of more than 1
km?. In only 30 years from the 1950s to the 1980s, 543 big and middle-sized natural lakes and
many little ones with areas of less than 1 km? had vanished, and most of the others had
decreased in their areas and depths to a greater or lesser extent. 11,585 km? of total lake area
and more than 570 billions m® of regulating storage, including 8,858 km? of water area and
more than 568 billions m* of storage of big and middle-sized lakes, were lost. Among these
the most seriously destroyed regions are in the catchment of the middle reaches of
Changjiang River and the arid and semiarid areas in North-west China.

The main causal stresses on the decrease of the areas of Chinese lakes and water storage, and
the disappearance of some lakes, are mainly the imbalance of the water and/or silt budget and
excessive reclamation,

3.3.1.1 Water Imbalance in Lakes

The imbalance of water budget in lakes. This is common in the arid and semiarid regions in
the Qinghai-Tibet Plateau and the Mongolia-xinjiang Plateau where the mean annual
precipitation is below 250 mm/a in arid regions and 250-400 m/a in semiarid regions. The
water imbalance in a lake is aggravated by over-use of the surface water or of groundwater in
the lake’s water sources, thus decreasing inflow into the lake; and/or an over-increase in the
outflow from a lake, which causes the water output to be greater than water input, resulting in
drawdown of the water level and decrease of lake areas and storage. For example, in Lake
Qinghaihu, the largest inland lake in China, 383 km? of water areas and 308 billion m* of
storage were lost in the last 20 years (from 4,583 km? and 1,050 billions m® in 1957 to 4,200
km? and 742 billions m® in 1981) because, mainly, the inflow into the lake was decreased.
The water imbalance in the lake was aggravated by the great increase in the scale and amount
of irrigation for grassland and agricultural fields in the catchment of this lake. In Caidamu
Basin, Qinghai Plateau, the water area of Dulan lake decreased to 20.8 km? in 1972 from 34.6

- km? in 1958, and Caikia lake had dried and become a part of a desert, because many water
diversion works were built in their upstream region. In Sinkiang Uighur Autonomous Region,
there were 9,700 km? of water area in 52 middle lakes with areas of more than 5 km? in
1950s, but 2,628 km? of them were lost from the 1950s to the 1980s. Lakes Luobupo, and
Taitema, with original water areas of 3,006 km? and 88 km?, had dried up since 1964 and
1972 respectively, because of the agricultural reclamation and many water conversion works
in their catchment and upstream area, developed since 1957.

43



Another typical example is that of Lake Erhai situated in Yunnan-kweichow Plateau. In 1972
a hydroelectric station, which used about 7 billion m* of water discharge per year from the
lake, was built in its outlet stream. The great increase in the amount of discharge from the
lake resulted in 2.73 m of water level drawdown, and 3.64% of the water area and 23.8% of
the storage had been reduced by 1982 compared to the mean annual lowest statistical data
from 1951 to 1971. These changes had caused a series of chain reactions. For example the
drawdown of the lake’s water level increased the gradient of the inlet streams, drew down the
erosion basis in the inlet streams, and aggravated the scouring on the inlet streams by the
inflow, especially in floods. This change resulted in more than 15 km of inlet stream being
scoured and the river bed being cut down; many piers of some bridges in this inlet stream
sank. This also increased the difficulty of drawing water from the lake to the farmlands, and
caused a sharp fall in groundwater level in the area near the lake. Therefore, 1,093 wells
changed, including 502 wells which dried up, 479 wells that became semi-dried, and 112 that
were polluted. Drawing water from the wells for living therefore became difficult, which
affected 91,000 people and 16,000 livestock in the lake’s surroundings. The decrease of water
storage in this lake reduced its heat storage and its effect in regulating the microclimate. Since
1982, the frostless season in the surroundings of Lake Erhai has reduced by 9.5 days and the
weather became abnormal compared to that in the period from 1971 to 1982. These changes
affected also the community composition and their habitats in this lake. The original littoral
area and most of the sub-littoral area became dry, where it was originally abundant with
aquatic vegetation. For example Potamogeton pectinatus, and Najas major vanished or were
decreased. Most of the original profunda area became shallow in water depth, and was
colonised by many species of submerged plants, such as, Potamogeton nacthanus, Hydrilla
varticillata, Ceratophyllum denersum, etc.. The total area of submerged vegetation enlarged
to 2/3 of the area of whole lake, which promoted the lake becoming swampy but favoured the
growth and fertility of some herbivorous fish and those fish which spawn in aquatic plants,
such as crucian carp and common carp. These became the dominant species of fishstock and
their annual output has increased to 80-100 tons since 1982. Meanwhile the original dominant
native species of fish, such as Schizopyge takiensis, which needs to migrate to the inlet
streams of the lake for spawning and laying its eggs on the gravelly bed of the river, and
Puntius exigua, which spawns in the gravelly beaches in the littoral area of the lake,
decreased more and more and tended to extinction, because their original optimal spawning
ground was destroyed by the drawdown of the water level.

3.3.1.2 Silt Imbalance in Lakes

Another of the main causal stresses on the reduction of lake water area and storage in Chinese
lakes occurs when the input of silt is more than the output silt discharge of a lake. A great
amount of siltation has occurred in some Chinese lakes because of the inadequate erosion
control in agricultural, forestry and mining activities. This problem is common in those lakes
situated in the catchment of the middle reaches of the Changjiang River. The mean annual silt
discharge at Yichang Section at the beginning point of the middle reaches of Changjiang
River was about 5.7 billion tons, and most of this was discharged to and deposited in some
lakes in the river drainage area. For example, the mean annual input and output of silt
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discharge to and from Lake Dongtinhu were 207,550,000 and 55,000,000 tons, and their
mean annual sedimentation rate and accumulation were 3.7 cm and 152,250,000 tons
respectively. This resulted in the sediment depth on the lake bed being raised 2 m in mean
and 8 m at its highest in its east region, 2 m (mean) 6 m (highest) in its south region, and 4.5
m (mean) and 8 m (highest) in its west region. The sedimentation not only resulted directly in
reduction of water areas and storage, and raised the lake bed and water level, but also
promoted the development of lake beaches including flat shoals, sand bars, fresh meadows
and deltas. The expanding mean annual area of lake beach was about 40 km? in the lake. The
rapid development of the lake beaches provided a natural condition favouring reclamation
from the lake which will further decrease the water area and storage in a lake (Sun, 1983).
The mean annual silt discharge input to, output from, and siltation in Lake Poyanghu were
21.085, 10.406 and 10.679 million tons respectively during 1952 to 1984. The deposition area
was mainly distributed in the inlets of five inlet streams of the lake where the lake surface
suddenly enlarges and the flow rate drops down quickly, so that deltas were formed and
expanded. After the deltas increased to a certain height, they were usually reacclimated and
enclosed by reclamation dams. Then, the height of the lake bed outside the reclamation dam
came to increase continually by new siltation, which resulted in the area outside the
reclamation dam becoming higher than that inside the dam, so that the new, expanding part
outside the old dam were reclaimed and enclosed by new reclamation dams. This was
repeated time and again. The enlarged and expanded delta and reclamation district made the
inlets of these rivers stretch continually towards the centre of the lake. For example, the inlets
of the West, Middle, South and North Branches of Ganjiang River had stretched 7, 7, 12, and
11 km respectively from their original positions towards the centre of lake from 1949 to 1984.
The mean annual sedimentation rate was 25 mm in the region near the inlet of Ganjiang
River, and 69 mm in the region near the inlet of Fuhe River. The sedimentation formed a
“natural dam and with bird’s toe stretched to the downstream in the lake along two sides of
the principle channel in the lake” (Zhang, 1989).

3.3.1.3 Excessive Reclamation from Lake

Reclamation from lakes is one of the main artificial conditions aggravating the reduction of
water areas and storage of lakes. During the 1950s to the 1980s, in order to solve the problem
of food insufficiency in China, and putting undue emphasis on the strategy of “Grain
production must be taken as the key link in agriculture”, a total of more than 13,000 km? of
area were reclaimed from lakes in the whole country. This aggravated the reduction of water
area and storage of many Chinese lakes. For example, 1933.3 km? of area were reclaimed in
Lake Dongtinhu from 1949 to 1985. This added to sedimentation and resulted in 1,659 km? of
water area and 94 billion m® of storage reduction: 4,350 km? and 268 billion m® in 1949
decreased to 20,091 km? and 174 billion m® in 1985. This occupied 38.1% of the water area
and 35.1% of the storage of this lake in 1949, In Jianghan Plane close by and relative to the
middle Reaches of Changjiang River, there were 1,052 lakes with 13,000 km? of lake area,
including 4,707.5 km? in 609 lakes with areas greater than 0. 5 km? at the end of the 1950s. A
total of more than 6,000 km? of area were reclaimed in these lakes from the 1950s to the early
years of the 1980s. Among them, about 300 lakes completely vanished and the water areas of
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the middle and big lakes were decreased by 2,051 km? In Poyanghu Lake 1,212.3 km? of lake
area were reclaimed from 1949 to the 1970s, 10,679,000 tons of mean annual sedimentation
resulted in 1,168 km? of water area and 75 billion m® of storage, occupying 26.6% of its
original water area (4,390 km? in 1954) and 23.3% of its original storage (336 billion m® in
1954) being lost. In the drainage basin of Lake Taihu, 33.8% (239 of the original number of
708 lakes) in this region were reclaimed from 1949 to 1985. Among them, 165 lakes, with
their 161 km? of water areas, completely vanished. In the catchment of Huanhe River a total
of 1,125.13 km? of area was reclaimed in six large and middle lakes, besides the reclamation
from many little lakes in this region.

Reclamation from lakes not only directly reduces their areas and storage, but also causes a
series of environmental changes and impacts on many social, economic and natural
functions.

The main transient beneficial results from reclamation in lakes are that:

More than 13,000 km? of land, including about 10,000 km? of farmland, were gained by
reclamation from lakes in China, which greatly increased crop production. Some reclamation
districts where there are still waterlogged depressions are usually used as controllable
intensive fish culture ponds, increasing output of aquatic products. In addition, reclamation
can destroy the habitats of Oncomelania hupensis, a kind of freshwater snail which is the.
intermediate host of blood flux, so that reclamation from some lakes can favour elimination
by Oncomelania and prevent schistosomiasis. For example, 60,000 ha of grass swamp and
reed marsh, the breeding ground of Oncomelania in Poyanghu Lake, was reclaimed, which
resulted in 65.2% of the total area of the breeding ground of this intermediate host of blood
flux being eliminated, reducing by 2/3 the scope of the schistosomiasis infectious area in this
region and reducing considerably the incidence of schistosomiasis in the region of Poyanghu
Lake. However, besides the transient beneficial results from reclamation mentioned above, a
series of damages are brought by reclamation from lakes.

Control of changes of morphology of the lake basin and increase of load for flood and
water logged farmland control

Lake beaches are usually situated in the upper part of a lake and commonly the high siltation
area. This forms flat shoals with a low (about 0.1%) slope. After these are reclaimed, the
flood cannot overflow and siltation stops in the reclamation districts, because the reclamation
dam or coffer dam severs their connections with the open water of the lake, and/or that of the
streams and rivers with the lake. The lake beaches and beds outside a coffer dam or
reclamation dam are continually and gradually raised by siltation with the passing of time.
Therefore, because the height of the surroundings outside the reclamation district is higher
than the dams, the efficiency of the sluiceways and sluice gates of the water conservancy
facility for draining flood water and for waterlog control in the reclamation district and
downstream of the lake is reduced or even lost. This problem is common and obvious in Lake
Taihu, Poyanghu, Dongtinhu and Hongtzehu. For example, in Lake Hongtzehu the height of
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fields in 42% of the area of six reclamation districts built in the 1950s, 54.9% of the area of
25 reclamation districts build in the 1960s, and 67.9% of 34 reclamation districts built in the
1970s has come under the regulated water leaving this lake. Therefore most of these
reclamation districts are frequently in flood and waterlogged, and increase the load for flood
and waterlogging control.

Upsetting the original schema of the water system and changing the hydrological regime
of some lakes

Many Chinese lakes connected with rivers, streams, other lakes and ponds in their drainage
basin, form a “water net” region with a complex hydrological regime, which gives many
benefits of water conservancy for regulating flood discharge, water level, and waterlogging
control.

Reclamation from lakes not only decreased the regulation capability or storage of many lakes,
but also raised the water level and changed the hydrological regime in some regional sectors,
because the reclamation dams and districts narrowed or blocked the water passages of inflow
and outflow rivers of the lake, thus upsetting the original schema of the water system and
changing the hydrological regime in some regional sectors. For example, reclamation resulted
in the area of East Lake Taihu, which was originally the principal passage and area of flood
discharge, reducing its area to 163 km? in the 1980s from 265 km? in 1916; the width of one
of its main discharge sections near Yaojiachuang Village, narrowed to 0.2 km in the 1980s
from 6 km in 1916; from 84 outflow rivers in the early years of the 1950s, streams and
ditches decreased to >10 in the 1980s; the mean and maximum discharge at Guohjinkou, one
of the main outlets in Lake Taihu, reduced to 13.7 and 89.9 m*/sec in the 1980s from 25.5 and
172 m>%/sec in the 1950s. Another example is that the number of inlet streams from Yuanjiang
River to Lake Dongtinhu was 10 in 1958, but only one of them remained in 1974, mainly due
to reclamation. Based on calculation and estimation, the water level at Chenglinji, in the main
outlet of Dongtinhu Lake, should have risen by 30 cm when 1000 km? of lake area were
reclaimed. However the water level has risen 49 cm since 1949. In 1980, in Lake Dongtinhu,
the maximal total discharge from all inflow rivers reached 74,063 m® /sec, which was similar
to the median water level in past years, but the water level of the flood peak in this year was
higher than that in historically similar years, attaining the third highest flood water level since
1949, and exceeding the warning water level. The period of its flood retention lengthened to
46 days. This abnormally high peak flood water level occurred in a year of median water
level mainly due to reclamation from lake.

Accelerating Sediment Rate and Rising Lake Bed Result in More Difficult Navigation
through Lakes

Because the lake area was reduced by reclamation from the lake, the sedimentation rate and
rate of rising of the lake bed were faster for the same sediment discharge as in the past. This
resulted in most of the navigated lanes in the lake being swallowed up and being too narrow
for navigation. For example, the length of all usable navigated lanes in Lake Poyanghu
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reduced to 400 km in the 1980s from 1,359 km in 1953, because the lake bed rose due to
reclamation. As a result most of the freight transport had to trans-ship by land, which greatly
increased transport expenses and lengthened the turnover time of freight transport, hampering
the growth and development of the economy in this region.

3.3.2 Destruction and Loss of Most of the Littoral Zones and Meadows in Lakes

Again, reclamation from lakes injured usually valuable littoral zones and meadows. Most of
the littoral areas in many Chinese lakes have been reclaimed for terrestrial agriculture and the
construction of towns, villages, fish ponds and highways. For example, from the 1950s to the
1980s, about 5,700, 3,600 and 1,936 ha of littoral zone were lost in Lakes Taihu, Gehu, and
Taohu, occupying 80%, 90%, and 97% of their original littoral areas respectively. About
5,000 ha of meadows, occupying 30% of their original areas in 1954, were reclaimed in
Poyanghu Lake. This resulted in a series of negative impacts on the environment, fishery,
animal husbandry and recreation in these lakes.

Reduction or Loss of Swamping and Feeding Ground of Fishes

Most littoral zones and meadows are abundant in hydrophytes, emergent and submergent
vegetation in lakes, and are the optimal spawning grounds for some fish, such as common
carp and crucian carp, which lay sticky eggs attached to some aquatic macrophytes. They are
also feeding grounds which not only provide much eatable grass for herbivorous fish and
water fowl, but also provide habitats for the proliferation and growth of many invertebrates,
such as snails, shrimps, aquatic earthworms and insects, which in turn provide food for some
carnivorous fish. Destruction and loss of the littoral zone and meadows in some lakes
destroys or reduces the spawning and feeding grounds of fish, thus decreasing their
production and changing the composition of some fish stocks. For example, the spawning
ground of common carp and crucian carp in Lake Poyanghu reduced to 14 sites and less than
10,000 ha in the 1980s, from 55 sites and 25,000 ha., thus greatly decreasing the production
of fishery in this lake. The predominant species of fish stock in Lake Taihu have been
replaced by some species of ice fish (Neosalax oligodontis, N. tangkahkeii taihuensis) and the
anchovy (Coilia brachygnathus, C. ectenes Taihuensis) which inhabit open water, due to the
loss of the littoral zone in this lake. Loss or reduction of littoral zones and meadows in some
lakes has an impact on waterbirds because the habitat, including the feeding and spawning
grounds of many waterbirds and the overwintering grounds of some migratory birds,
including some endangered species, have been destroyed or lost. For example, the waterbirds
in Honghu Lake had decreased to 39 species, belonging to 9 families, and 8 orders, in the
1980s from 51 species belonging to 18 families and 9 orders in the1960s; the predominant
species has changed from the wild goose (Anser indicus, A. Anser, A. fabatis and A.
cygnodies) in the 1960s to Fulica atra and Capella gallinago in the 1980s; the mean annual
amount of hunted waterbirds reduced to 13,000 tons in 1979-1980 from 33,000 tons in
1958-1960. Many middle-sized lakes in the catchment of Taihu Lake and in the northern
region of Jiangsu Province had an abundance of wild ducks and ducklike swimmers, because
they were the overwintering grounds of these birds. The bag of these wild ducks was one of
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the native products and a source of economic income for local people. But, after the littoral
zones and meadows were reduced and lost in these lakes, the number and species of wild
ducks decreased to too few to represent a commodity.

Acceleration of Eutrophication

Littoral zones and meadows in lakes are important transition zones (Jgrgensen, 1990) which
can promote deposition of suspended solids and remove organic and inorganic material from
water that flows through them. The rational harvesting and utilization of vegetation in littoral
zones and meadows is a main pathway of transformation and transportation of substances,
especially nutrients including N, P, C, S, etc., from lake to surroundings. This can contribute
to the purification of the water and to the material balance in a lake. The decrease in
macrophyte production due to reclamation, as well as excessive harvest of microphytes in
lakes, reduces the amount of nutrients removed from the lake, thus reducing the amount of
transformed and transported nutrient through macrophytes, and increasing that through
phytoplankton, which promotes the increase of phytoplankton production and standing crop
and decreases transparency and compensation depth. Therefore, a portion of the original
photic zone becomes a dysphonic zone where submergent plants can no longer grow, because
this changed portion lacks enough solar flux for photosynthesis. The harvest of phytoplankton
is more difficult than that of macrophytes, and their turnover time is usually shorter than that
of macrophytes, so that the nutrients increase further and promote the increase of
phytoplankton production and standing crop, and further decrease the transparency and
compensation depth, forming a vicious cycle. Such a process is repeated again and again
resulting in accelerated eutrophication. Finally, all the macrophytes completely perish in the
lake. The lake becomes a phytoplankton responding type from a macrophyte responding type.
Such a problem and process has occurred in many middle-sized and little Chinese lakes.

Decline of Supply of Fodder, Fuel, Fertilizer and Raw Materials for Some Industries
and Sideline Production

Many harvested tender macrophytes from littoral zones and meadows are usually used as
fodder for cultured fish, domestic fowl, sheep, pigs and oxes; some of them, such as reeds,
wild rice and cattail, can be used as raw materials for making paper and weaving straw mats
and cattail bags; they are also a main source of fuel and organic fertilizer for people in the
surroundings of the lake. Reduction or loss of production and harvestable amounts of
macrophytes with the decrease or loss of littoral zones and meadows not only reduces the
amount of nutrients removed from the lake, but also causes the people living near the lake
trouble in obtaining fodder, fuel, organic fertilizer and the raw materials for some industries
and sideline production. This occurred in Lake Baiyangdine, Dongtinhu, Poyanghu, and
many lakes in the Northern region of Jiangsu Province.

3.3.3 Degradation of Water Quality in Some Chinese Lakes
Degradation of water quality is one of the common problems facing endangered Chinese

49



lakes. Their main manifestations are eutrophication, salinization and acidification.
3.3.3.1 Eutrophication

Although eutrophication is a phenomenon of the natural developmental process of lake
evolution, the speed and scope of lake eutrophication induced by human activities is now
accelerating. For example, based on surveys on eutrophication for 34 Chinese lakes during
1978-1984 (Wang et al., 1989) eutrophic and hypereutrophic lakes occupied 26.5% of the
total number of surveyed lakes and 1.503% of the total lake area surveyed (Table 3.2). This
result shows that the speed of organic pollution and eutrophication in little and middle-sized -
lakes is faster than that in big lakes; and that the degree of pollution in urban and suburban
lakes is more serious than that in common lakes.

Among the integrated impacts leading to eutrophication are external causes, such as excessive
nutrients and organic matter from municipal and industrial wastewater, which go beyond the
lake’s buffering capacity and self-purification capability; reclamation, and some water
conservancy projects, etc.; and internal causes, such as changes of the lake’s ecosystem
structure and function, resulting in a decrease of buffering capacity and self-purification
capability, destruction of the original optimal material balance, etc.. Internal causes are the
basis of eutrophication of a lake, and external causes are the conditions of eutrophication. The
external causes operate through the internal causes.

Table 3.2 Trophic state of 34 Chinese lakes survived in 1978-1984

oligo-meso- meso- meso- eutro- hyper-
Trophic state eutrophic trophic eutrophic phic eutrophic
Number of lake 7 8 10 7 2
Percentage of 20.6 23.5 29.4 20.6 1.5
Total number
surveyed lakes
Area of Lake (km?) 5,870.8 3912.5 9,134.1 66.55 7.31
Percentage of 24.2 36.7 37.6 1.5 0.003

total area of
surveyed lake (%)

Pollution Sources and State

According to incomplete statistics from 34 Chinese lakes (Wang et al., 1989), the mean daily
wastewater discharged from point pollution sources made up 74.5-98.9% of each lake’s
pollution sources. Their total amount is about 5,646,100 tons/day, 7.05% of the total daily
discharge of all municipal and industrial wastewater of China. Among the point pollution
sources, 619,000 tons/day of wastewater from urban and suburban areas and factories around
the lakes flowed directly into these lakes, 11% of the total amount from all point pollution
sources; 5,027,100 tons/day of municipal and industrial wastewater was discharged into these
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lakes through their inlet streams and rivers, 89% of the total amount from all point pollution
sources. This shows that in general the inlet streams and rivers are the main point pollution
sources. Based on the input of organic matter, the nonpoint pollution sources only make up
3.1 to 7% of each lake’s pollution sources. This shows the pollutants in these surveyed lakes,
especially in urban and suburban lakes, come mainly from point pollution sources. Pollution
sources without fixed sites, such as ships and boats sailing over the lake, tourists, and fodder
for fish culture, do not in general play an important role as pollution sources, except in a few
touring lakes or lakes used for intensive culture of fish.

Table 3.3 Nutrient salts sources in three urban lakes

sources of nutrients salts

Municipal Discharge from Precipi-
Kind of Total wastewater catchment tation
nutrient
Lake salts t/a t/a % t/a % t/a %
Donghu ™~ 747.81 517.24 89.17 158.74 21.30 53.47 7.15
in Wuhan TP 66.93 42.65 63.72 17.0 25.40 1.17 1.75
Xuanwuhu TN . 83.11 70.32 84.60 8.7 10.50 0.59 0.70
in Nanjing TP 12.89 11.50 86.50 0.8 6.20 0.53 4.20
Moguhu TN 652.04 341.91 52.44 8.89 1.36 1.36 3.56
7.01 0.17

in Xinjiang TP 49.18 28.52 50.02 3.45 7.01

The nutrient salt sources in most of these surviving lakes, especially in some urban and
suburban lakes, mainly came from municipal wastewater, including domestic and industrial
wastewater. For example, in three eutrophic lakes, 52.44-88.50% of nitrogen sources and
50.2- 86.5% of phosphorus sources came from municipal wastewater (Table 3.3).

High Nitrogen Concentration in Some Lakes

The nitrogen content in most suburban and urban little lakes, and a few big and middle-sized
lakes, were high. Based on surveys of 9 suburban lakes (Jin et al., 1990), the mean annual
NH,-N concentration ranged from 0.262 mg/l, and in approximately 80% of the surveyed
lakes was over 1 mg/l, especially for Lake Moshuihu in Wuhan City, where the NH,-N
content reached as high as 17.849 mg/l, about 90% of TN. The NO,-N contents in these lakes
were also high, ranging from 0.045 to 0.393 mg/l, and in about 60% of these lakes was over
or approximately 0.10 mg/l. The NO,-N contents of these lakes were different, one half of
them less than 0.3 mg/l, some more than 1 mg/l in Lake Xuanwuhu in Nanjing, Xihu Lake in
Hangzhou, and Lake Gantanghu in Jioujiang. The TN contents of these lakes ranged from
2.2-20.82 mg/l. Approximately 50% of these lakes had TN contents more than 4 mg/l, 4 times
that in big lakes. In a few big lakes, such as Lake Chaohu, Nansihu, and Wulansuhai, the
nitrogen content was high. The NH,-N contents were 0.951, 1.423 and 1.508 mg/l
respectively. The NO,-N contents were 0.059, 0.048 and 0.015 mg/1 respectively. The NO,-N
contents had a peak value of 1.291 mg/l in Chaohu Lake. In these urban and suburban little
lakes, the ratio of inorganic nitrogen to total nitrogen was generally more than 60%, which
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favoured promoting plant growth and production, and aggravated eutrophication, of these
lakes. The ratios of NO,-N/TN, NO,-N/TN and NH,-N/TN were generally less than 5%, 50%,
and more than 60% respectively in most of these lakes, and the NH,-N contents were usually
more than the NO,-N content, showing that these lakes were seriously polluted by urban
sewage, and were mainly in the denitrification state, aggravating eutrophication and decline
of water quality.

High Phosphorus Contents in Some Lakes

The phosphorus contents of surveyed urban and suburban little lakes were generally higher
than those in most of the big and middle-sized lakes. The TP contents ranged from
0.089-1.028 mg/1 and their mean value was about 4 times of that in middle and big lakes. The
highest TP contents were 1.028 and 0.967 mg/l in Lake Moshuihu in Wuhan City and
Xuanwuhu in Nanjing City. Their inorganic soluble phosphorus ranged from 0.023-0.181
PO,-P mg/l; that of approximately 80% of these lakes was over 0.05 mg/l. The highest PO,-P
contents were 0.122 and 0.181 mg/l in Lake Moshuihu and Xuanwuhu. This shows that the
phosphorus accumulation was serious. Both of these lakes had developed to a hypertrophic
state, where the chlorophyll concentration in the lake water reached as high as 215.75 and
168.14 mg/l. The ratios of PO;P/TP in all the surveyed suburban lakes were over 10%,
reflecting a glut of phosphorus related to the input of municipal sewage.

Decline of the Self Purification Capability in Some Lakes

The self purification capability and buffering capacity in some lakes have declined so that the
optimal structures and functions of the lake ecosystems were disturbed or destroyed. For
example, besides the destruction and decrease or loss of microphytes in some lakes the self-
purification capability and buffering capacity mentioned above also reduced. Continuous and
gradual loss of self-purification capability and buffering capacity also resulted from changes
of some of the consumers in lake ecosystems, such as silver carp and bighead carp, which are
migratory fish and mainly feed on plankton and organic detritus. These decreased or
disappeared in some lakes, because their migration pathways between these lakes and rivers
were hindered or stopped by water conservancy facilities and/or reclamation; the snails which
mainly fed on sessile and sedimental algae decreased or disappeared in some lakes because of
over-catching or over-utilization. This resulted in some links and pathways of the food web
for transfer, transformation and recycling of some nutrients being weakened or stopped.
Excessive increase of herbivorous animals such as grass carp, crabs and crayfish in some
lakes by stocking caused similar effects to destruction of microphytes, because the vegetation
was over-caten by them, inducing a series of chain reactions and decreasing the transfer,
transformation and recycling of nutrients.

3.3.2 Salinization of Some Lakes

Salinization in lakes is a prominent problem in the arid and semiarid regions in China.
Although this was mainly influenced by the arid and semiarid climate, which made the
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evaporation from lake surfaces exceed the precipitation on the lake surface thus concentrating
the lake water, some human activities which decrease the compensation water of the lake
could aggravate the salinity of these lakes. For example, the salinity of Lake Boston, a large
influent-effluent lake in a semiarid region of Xinjiang Uigher Autonomous Region, was 0.3
g/l in the early years of the 1950s. After the 1950s the water for irrigation from the catchment
of the lake was increased with the enlargement of irrigated fields from 2-3 billion m® /a in
the1950s to more than 20 billion m? /a. In addition, the irrigated return water, with a high
concentration of salt, was discharged into the lake. Therefore, the salinity of this lake water
increased to 1.8 g/l in the 1980s, and the lake became a slightly salt water lake from a
freshwater lake. In a manner similar to this lake, according to our institute survey, the salinity,
pH value, and contents of K* + Na*, SO,", and CI' were increasing, while the content of
HCO," was decreasing in two series of connected lakes, Lake Jili and Lake Bulantuo in
Xinjiang Region because the inflow from the main inlet river was decreasing with the
enlargement of the fields and the increase of water for irrigation in the catchment of the inlet
river, from 8.03 billion m*a in the 1950s to 6.60 billion m® /a in the 1970s. In particular, in
1984, a sluice gate was established in the outlet of Lake Jili to control its outflow which is
also the inflow to Lake Bulantuo from this lake. This has usually caused the inflow of Lake
Bulantuo to be stopped since 1974. Based on calculations and forecasts, the area and storage
of Lake Bulantuo should decrease to 265 km? and 3.63 billion m® and its salinity should
increase to 57.85 g/l in 2000 from 753 km?, 60.2 billion m® and 3.35 g/l in 1987, if its inflow,
precipitation and evaporation do not greatly change during the period of calculation.

3.3.4 Decrease of Community Diversity

Because of the impact of hydrological and related physical changes and decline of water
quality on the habitat and living conditions of some species of organism, in addition to over-
fishing and hunting, and/or excessive harvesting and utilization of some plants and
inappropriate introduction of exotic species, the community composition changed and
diversity decreased in some lakes. For example, because the migration pathway between
some lakes and rivers was stopped or separated, some migratory fishes, such as Eels
(Anguilla japonica), hila herring (Macrura reevesii), black carp, grass carp, silver carp,
bighead carp and crab (Eriocheir sinensis) disappeared in some lakes. Many species of fish
which originally lived in Lake Boston disappeared because of inappropriate introduction of
the exotic carnivorous species Red perch (Perca fluviatilus). Excessive stocking of grass carp
resulted in the elimination of most of the aquatic vegetation in some lakes. Hydrological and
related physical changes made two species of local fish become endangered species in Lake
Erhai. Destruction of the littoral zone in some lakes decreased the number of species and
abundance of waterbirds and migratory birds including some species endangered in Asia or
the world.

As shown by Jgrgensen and Mitsch (1989), “Chemical and biological diversity contribute to
the buffering capacities of ecosystem. The more possibilities the ecosystem possesses, the
higher its buffering capacity. This is especially true for the buffering capacities related to the
function of the ecosystem.” The decrease of biological diversity should weaken buffering
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capacities and self-purification capability.

34 PRINCIPLES, METHODS AND MEASURES FOR SUSTAINABLE
UTILIZATION, PROTECTION AND RESTORATION OF THE LAKES

Based on the main problems facing endangered lakes and their causes, the lessons from
failures and from successful experiences in protection, sustaining utilization and restoration
of the lakes, some principles, methods and measures for conservation and restoration of lakes
are summarized and suggested for discussion with readers.

3.4.1 Holism Principle

It is a common lesson in the protection, sustained exploitation and utilization of lakes to
violate or neglect the holism of a SENCLE. Each of the different organizations related to the
management, exploitation and utilization of a lake, such as that of fishery, supply and
drainage water, water conservancy, reclamation, agricultural irrigation, shipping or tourist
trade, protection, etc., usually takes its own selfish course and violates or neglects the other
functions in a lake, and lack the holistic and systematic viewpoint. Activities which are self-
absorbed and do not consider the general interest result in many contradictions between part
and whole, one part and another part, nature and economics, present and future. Many
examples of this have been mentioned in 3.1-3 above. Therefore, it is important to take the
holistic and systematic viewpoint as a guideline to the utilization and protection of a lake.
Although the main objectives and functions of various lakes or of a single lake may be
different in period, it'is necessary that unified planning, with due consideration for all,
ensures the main aims along with rational development of other functions. As is known to all,
SENCLEs are like any system, showing interdependency, interconnectedness, interinhibition,
and causal multiplicities (interactive loops) among the components of its structures and
functions, and between both structures and functions. The appearance, action, function,
dynamics and change of every component in the system can always be affected more or less
by other components or elements, without exception, and is always the result of the causality
effects of two or more different components, and collective effects of a SENCLE.

Under the guideline of holism, some structures and functions which disturb the whole and/or
future interest in a lake should be regulated. In short, in order to maintain the holism of a
SENCLE, coordination of management efforts is needed. One of the better methods to
implement the holism principle in the integrative design, management, exploitation and
utilization of a lake may be system engineering, modelling an optimization model as the basis
of determining the strategies, designs and applications about the SENCLE, based upon
quantitative research on the dynamics of the functional flow between eco-base and eco-pool;
and on the cybernetic relationships between the eco-core and eco-base.

3.4.2 Harmony and Balance Principle
Many of the examples mentioned above have shown that disharmony and imbalance usually
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cause the various problems facing endangered Chinese lakes. The harmony and balance
between the eco-base and the eco-pore, the eco-core and eco-base, and within the eco-base of
a SENCLE are the foundation and guarantee of its healthy and stable development. For stable
and harmonious existence of a lake ecosystem there always exist certain limiting factors as
well as a negative feedback mechanisms to restrict its development, and certain leading
factors as well as positive feedback mechanisms to promote its development. In a stable and
harmonious lake ecosystem or SENCLE, the positive and negative mechanisms balance. The
negative feedback function dominates over the positive feedback functions. Any quantitative
growth of structure which does not conform to the overall functions is not allowed. All
manufacturers should put first the utility of their products instead of their quantity. Therefore,
while regulating a lake ecosystem of SENCLE for protection, exploitation and utilization, or
restoration, special attention must be paid to the dynamics of the leading and limiting factors,
and to the position and intensity of the positive and negative feedback loops, by analyses and
measures suitable to local social, economic and natural conditions. The methods can be
divided into two major categories as follows:

3.4.2.1 Control and/or Regulation of the Eco-pool of a SENCLE

In a SENCLE, the forcing function or the input to and output from the eco-base (a lake
ecosystem) are the external variables. When these are optimal and harmonious with the eco-
base, they are supporting factors and conditions for the healthy existence and stable
development of a lake ecosystem. Therefore, it is a necessary condition for protection and
sustainable utilization of a lake to maintain the optimal forcing functions; otherwise, if they
are too much or too little, they could destroy the lake ecosystem or SENCLE. It is therefore a
necessary condition for the restoration of the lake ecosystem to regulate the forcing functions
or the input to and /or output from the lake.

3.4.2.1.1 Regulation of Nutrient Input for Control of Eutrophication

High nutrient loading can promote lake eutrophication and the formation of algae blooms.
The general way to reduce nutrient loading of lakes is to eliminate or reduce nutrient and
organic matter input into them from their watersheds. This can be accomplished by several
measures as follows:

Interception and diversion of sewage: In general, wastewater effluent is rarely diverted out
of watersheds because of the difficulty of finding an alternative site, but a few diversions in
urban and suburban lakes have occurred. In Lake Xihu (West Lake), Hongzhou, 67.4% of
municipal wastewater effluent in its watershed has been diverted from the lake to a sewage
treatment plant since 1982. The interception and diversion of wastewater reduced the artificial
loads of 71.3% of N and 73.9% of P and the increased COD load. This prevented further
worsening of water quality in this lake, but the lake remained eutrophic because abundant
nutrient and organic matter stored in benthic deposits and bottom clay were continuously
released to the lake water.

55



This measure had also been applied in Lake Xuanwuhu, Nanjing and Lake Donghu (East
Lake), Wuchang by- the last year of the 1980s. The result of the diversion was similar to that
in Lake Xihu.

Detention basin: This has been used in many lakes in the Jianghan Plain for impounding
storm water runoff (urban and agricultural). After the water had been retained for a long time
to allow settling of particulate materials, the organic matter and phosphorus concentration and
the amount of these discharged into lakes should reduce, because much of the organic matter,
phosphorus and some other contaminants in runoff water are associated with suspended
particulate matter. Detention basins are effective as a low-cost, low-maintenance treatment
system for reduction of nutrient and other contaminants. This measure may be carried out to
suit local conditions.

Pre-reservoir detention reservoirs are a variation on the same idea. A total of 97 pre-reservoir
reservoirs have been constructed on natural streams upstream from their entry to Lake
Baiyuandin, the biggest lake in North China. These reservoirs intercepted and related about
31.5 billion m*® of water a year, including municipal sewage and industrial and agricultural
waste water. Such reservoirs contribute to reducing the amount of silt, nutrients and other
contaminants input to the lake, but they also decrease the annual inflow to the lake because
these were excessive.

Treatment of municipal and industrial wastewater in the Lake watersheds: Wastewater
treatment plants or workshops are used to purify municipal sewage and/or industrial
wastewater by a series of physical, biochemical and artificial chemomechanical treatment
processes. These measures are being applied in some lake watersheds. Although they result in
higher efficiency of purification of wastewater and reduction of input of pollutants to the
lakes they usually need great investment and complex equipment, as well as some
consumption of electric power or other technological energy. Therefore, it is usually difficult
to use them widely in extensive lake watersheds for controlling the nutrient and other
pollutants put into lakes, especially in under-developed regions of developing countries,
because of the limitations of investment, technology and energy sources.

Ecological engineering measures for treatment and utilization of wastewater are being applied
in some lake watersheds. In general, these measures need lower investment, and they are
solar-based systems, and so need little or no technological energy, and most of the equipment
is supplied by nature (Yan & Ma, 1991). These measures have been applied in a few parts of
several lake watersheds for treating municipal or industrial wastewater. For example,
ecological engineering has been applied to purifying industrial wastewater containing high
concentrations of organic matter (COD more than 10630 mg/l; BOD, more than 3950 mg/l;
TSS more then 5,300 mg/1), nitrogen (TN more then 1035 mg/l; NH,-N 12.5-54.2 mg/) and
phosphorus (PO,-P 80-90 mg/l) from a silk reeling mill in Danyun County, a part of the Lake
Taihu watershed (Yan et al., 1993). The large quantities of protein and fat in the wastewater
were first reclaimed using biochemical methods. The retrieved protein and fat were used as
the raw material for producing fine fodder for pigs, domestic fowl and cultured fish. A semi-
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artificial aquatic ecosystem in a wastewater discharge canal, consisting mainly of hydroponic
cultivation of vegetables (i.e., spinach and celery) and water hyacinth was used to further
purify the wastewater to meet discharge standards. The purification rates were 95.7%, 92.6%,
96.6%, 86.6%, 79.8% and 88.7% for TSS, BODS, COD, TN, NHS-N and PO P respectively.
The vegetables produced are used for human consumption. The harvested water hyacinths are
used as green fodder for ducks, geese, and cultured fish. This kind of ecological engineering
has also been used in Zhangde City, a part of the Lake Dongtinhu watershed, for treatment of
the municipal sewage from all of the old city region since 1989.

Treatment of inflow streams of lakes: In general, the inflow streams are usually the major
point pollution sources in most lakes, as mentioned above. Therefore, one of the important
measures for reduction of nutrient or pollution loads is to purify the inflow streams and
decrease the concentration of nutrients or other pollutants in the inflow stream water. One
suitable measure is to divert the water of these streams into natural or semi-artificial wetlands
depending on local conditions, then discharge these to the lake after the nutrients are absorbed
and transformed by the wetlands. Because this measure is limited by geographical conditions,
it cannot be universally applied. Ecological engineering for treatment and utilization of
polluted water can also be used in some lake inflow streams. For example, ecological
engineering in Fomenting River, a major inflow stream of Lake Dushuhu, Suzhou has been
operating continuously for more than 10 years (Yan 1987; Ma & Yan, 1989; Yan & Zhang,
1992). Since 1983, less than 3 ha (in the years before 1987) to more 10 ha (in the years after
1988) of water hyacinth (from May to November every year) and Azolla (from September to
next May every year) were planted in a section of this stream 2386 m in length. The annual
output of these plants was from less than 6,000 tons (before 1987) to approximately 20,000
tons (after 1988). A great amount of nutrients and pollutants, including 500 to 2,000 tons of
organic matter, 65 to 200 tons of nitrogen, 4 to 13 tons of phosphorus and 3 to 10 tons of
sulphur per year were transformed and removed from this stream with the harvest of these
plants. This ecological engineering not only decreased the concentration of nutrients, thus
reducing the nutrients load of Lake Dushu, but also provided a great amount of low cost,
good quality green fodder of cultured fish, domestic fowl and pigs, and greatly increased the
economic interests of Lufu Fishery Farm. This was also the reason why the ecological
engineering could be continued and sustained.

3.4.2.1.2 Dilution and Flushing by Diversion

Dilution and flushing is a procedure to lower water column nutrients in a lake, especially
phosphorus concentration, and to increase the water transparency and wash out algae cells, by
adding clean water. By 1986, a diversion line 3.137 km in length, including a tunnel of 1.605
km from Qingtang River to Lake Xihu and with a maximum diversion capability of 300,000
m3/d, was constructed for dilution and flushing of the contaminated water of the lake.
Although the ability of water diversion has not yet fully been used because of some
temporary conditions, the water diversion has operated for a score to scores of days each year
since 1986. For example, in 1988, the water conversion continued for 57 days and added
13.12 million m® of water to the lake over the year, about 47.7% of the total input of water to
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this lake, and 1.1 times its volume. The result measured 15 days after diversion, in December
1988, compared with the initial data before diversion showed that the lake’s flushing rate was
increased and the rate of reduction of TP concentration was 21.6 to 83.1% in five different
areas of the lake. However the phosphorus concentration gradually rose and was restored to
its original level after diversion stopped. It was only temporarily effective to control water
column phosphorus concentration. The phytoplankton increased to 192 species in 1988 from
118 species in 1981 before diversion, its mean density decreased to 58.72 million ind./L in
December 1988 after dilution from 209.26 million ind./L. in November 1987 before diversion,
but it rose to 157.96 million ind./L in January 1989, soon after diversion stopped. The
diversion did not markedly improve the transparency in this lake, because the increased
flushing promoted resuspension of sediments and increased the release of nutrients stored in
the benthic deposits (Lu et al., 1992).

The application of this measure is usually limited by the quantity and quality of the water
sources for diversion, so that it can only be used with suitable local conditions. In addition,
the contaminated water flushed from the lake to another place may induce or aggravate
pollution there.

3.4.2.1.3 Treatment of Agricultural Runoff in Lake Catchments

Agricultural runoff in lake catchments is usually a major nonpoint pollution source of a lake.
Its treatment is important to control or eliminate nonpoint sources of pollution. There are two
objectives and pathways to achieve this: runoff control and nutrient loss control in the
watershed of the lake.

Runoff Controls by Free or Minimum Tillage: This measure not only saves labour but also
decreases losses of soil, nutrients, and other contaminants from agricultural land. Free tillage
has been tried in the catchments of some lakes, such as the suburban and rural area of Suzhou,
where it is still in the development stage. The effectiveness in preventing nutrient export,
technical feasibility, social acceptability, and economic benefits vary widely among the
practices and are being summarized by some Chinese agriculture research institutes.

Crop Rotation: This is a part of Chinese traditional measures of agriculture. Crop rotation
not only utilizes time and trophic niches as fully as possible (Yan & Zhang, 1992), but can
also contribute to preventing water and nutrient losses because fields are covered by plants in
all or most seasons in a year, which can reduce the losses of soil, nutrients and water. This
measure has been widely applied in most regions of China including many lakes’ catchments
and has had some effect in controlling nonpoint nutrient sources in some lakes.

Terraces: The terraced field is a kind of farmland composed of many levelled fields
constructed along the contour lines of sloping ground in hilly or mountainous regions.
Terraces can change the degree of topographic slope, and give play to the functions of
retaining water and intercepting silt, preventing soil and water erosion, and change of volume
and peak flow. In order to control agricultural runoff in lake catchments, the construction of
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terraces on sloping ground with steep slopes is one of the usable and effective measures for
runoff control. This measure has been used to protect water and soil in the watersheds of
some lakes which are rich in sloping ground.

Nutrient Loss Control in Lake Catchments: Nutrient loss in the catchment of some lakes is
very serious and is another cause of nutrient loads of lakes. Several measures for controlling
nutrient losses have been used.

Rational Fertilizer Application: An excessive amount of fertilizer application is an
important cause of nutrient loss. For example, the mean annual amount of applied chemical
fertilizer in farmlands of the watershed of Lake Taihu was 1,545 kg/ha in 1979, which was
660 kg/ha higher than that in the whole of Jiangsu Province and greatly exceeded the
absorbable and utilizable amount of plants cultivated in that farmland. The amount of lost
fertilizer from these fields was 53% of that applied. Based on calculation, the amount of lost
fertilizer in the whole catchment of Lake Taihu was about 100,000 tons a year during the
1970s before 1978, and most of this was brought into lakes through runoff. Therefore,
rational decrease of the amount of fertilizer applied, based on the different backgrounds of
nutrients in various soils and areas, as well as the amount of nutrient absorbable and utilizable
by various cultivated crops is a usable and effective measure for nutrient loss control.

Some traditional Chinese agricultural measures can contribute to nutrient loss control, such as
timing and frequency of fertilizer application, crop interplanting, intercropping, and rotation
with legumes or other green manure, composting, and storing manure during winter. These
measures have been extensively applied in the catchments of some lakes to reduce nonpoint
nutrient sources.

3.4.2.1.4 Water and Soil Conservation

Excessive silt discharge to lakes because of water and soil losses in their catchments is one of
the main causes of hydrological and related physical changes as well as eutrophication. For
the solution to this problem, water and soil conservation is a basic and necessary pathway. In
China, great efforts towards water and soil conservation are being made. A series of laws and
decrees about protection of forests, pastures, water sources, etc., have been made and are
being enacted. Especially, great reforestation and afforestation projects for improving
regional environments, including the catchments of many lakes, are being carried out. For
example, in order to solve severe soil erosion and flooding in the catchment of upper and
middle Changjiang River, where soil and water losses and silt discharge and deposit in the
lakes in the catchment of the river has increased, a programme in Changjiang River Shelter-
Forest system was designed to increase the forested area of this region by 20 million ha over a
30- to 40-year period. In 1990, this programme was implemented in 39 counties and 90,000
ha of forest were planted. The implementation expanded to 93 counties in 1991 (Office of
Environmental Protection of Chinese Ministry of Forestry, 1991). When the first stage of this
program is complemented, 6.7 million ha of forest area will have been planted before 1999
and will greatly decrease the silt discharge into and deposit in lakes in this region.
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3.4.2.1.5 Combining Conservation with Rational Catch and Harvest in Lakes

Organisms in lakes are a kind of renewable resource; they can grow and reproduce. Harvest
and catching are forcing functions, and are also a link and pathway of output of material from
the lakes. Over-fishing and/or over-harvest could induce changes or destruction of the
community composition, material balance and a series of lock reactions. So it is important for
lake conservation to protect the organisms in a lake. However the population growth curve
shows that the growth rate of a population decreases with the increase of its density. If the
organisms in a lake are only protected without rational use to adjust their density by removal
from the lake, the density of the population will reach carrying capacity. This not only may
reduce bio-production and transfer and transformation of substances in the lake, but can also
cause secondary pollution by partial decomposition and accumulation of organismal remains.
For example, in Lake Quinghaihu, Naked carp (Gymnocyprins prezewaskii), was one of the
predominant species of fish in the lake, but its growth rate and population production were
very low, because the population density of this fish was very high and attained its critical
standing crop (CSC) as a result of conservation by long-term closed fishing in the lake before
1957. This caused intraspecies self-regulation of this fish population under high population
density, namely negative feedback was dominant, the age of sexual maturity was delayed, the
mean amount of spawn of each fish and the growth rate decreased. Since 1958, when this fish
has been exploited, although the total standing crop and density of this fish population has
decreased gradually, the annual production of its population increased gradually as the sexual
maturity age of most individuals has increased, and the mean amount of their spawned eggs
and growth rate has increased gradually by intraspecies self-regulation under low density of
population (Zhang & Cheng, 1980). Another example is in Lake Gehu where, because of the
closed harvest of aquatic plants for a long time, and inhibited stocking of herbivorous fishes,
the aquatic vegetation, especially the submerged plants, grew luxuriantly and filled the whole
lake. This not only promoted swamping and blocked navigation in the lake, but also caused
secondary pollution by their remains: every winter and early spring, when most of the
vegetation in the lake cannot grow, the COD, BOD and soluble humus and nutrient
concentration in the lake water greatly increased, and the dissolved oxygen concentration
decreased.

Thus, in order to conserve a lake, the protection of aquatic macrophytes and fish should be
combined with their rational use. An example of the combination of conservation with
rational use of aquatic vegetation is the East bay of Lake Taihu. This bay is 13,507 ha in area
of which 13,334 ha is aquatic macrophytes, including 9,334 ha of submerged vegetation,
3,467 ha of wide rice (Zizania latifolia) and 533 ha of reeds. Their total production is about
567,800 tons in fresh weight per year. A total of 278,000 tons of aquatic vegetation, or about
49% of the annual production of these plants in this bay, were harvested and removed from
this lake every year, to be used as green fodder for cultured fish in the ponds, domestic fowl
and pigs, and some raw material for building and fuel. This is equivalent to 917 tons of
nitrogen and 137 tons of phosphorus removed from this bay. In addition, about 270,900
tons/a of aquatic vegetation or about 48% of the annual total production of aquatic
macrophytes in the bay, were grazed by stocked fish in the lake. This contributed to the
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material balance and eutrophication control, Although this bay is situated downstream and
receives a great amount of contaminated water, the COD, TN, TP, soluble nutrients
concentration and phytoplankton biomass and production in this bay is less than that in all
other areas of the lake. This result proved that the combination of rational harvesting and the
use of macrophytes with conservation can contribute to improving water quality and material
balance as well as providing economic benefits (Yan & Zhang, 1984).

When the quantity of substances put into the lake, such as nutrients, silt or water, is greater
than the lake’s output and buffering capacities, the superfluous substance takes the form of
waste or pollutants accumulated in the lake or discharged to its surrounding. This causes eco-
imbalance and environmental pollution or destroys the structure and function of the lake
ecosystem. This phenomenon is called ecological stagnancy. On the other hand, if the
quantity of substance output from a lake exceeds that of input to it, this causes resource
exhaustion, decrease of bio-production, transformation and regeneration of some renewable
resources, and material imbalance. These phenomena can be used to measure the level of
ecological stagnancy or exhaustion. When the ratio is more than 1 it means that ecological
stagnancy is present, so some measures should be taken or improved to speed up and increase
the output of the superfluous substance and/or to delay and decrease the input of this
substance. If the ratio is less than 1, ecological exhaustion is present, so some measures
should be taken to increase the input of this substance and/or decrease its output. This is the
theoretical basis of rational harvest and catching.

3.4.2.1.6 Product Modification

Modification of some products, such as pesticides, laundry detergents, fertilizers etc., has
been an effective and successful method for control of pollution sources in many countries
including the USA (Maki et al., 1984). These experiences are being learned by China. For
example, since the 1980s, a legislative ban of the production and use of organic chloride
pesticides has been enacted in the whole of China. This is reducing the input of and pollution
by organic chlorides in lakes. Decrees banning phosphate or requiring lower levels of
phosphates in laundry detergents have been enacted in many Chinese provinces. The
application of slow release fertilizers is spreading. These modification of some products are
also one of the measures for control of forcing functions of lakes.

3.4.2.2 Control and/or Regulation of the Eco-base of SENCLEs

The activities in the eco-base of a SENCLE, namely in the lake ecosystem, is the basis of the
dynamics, change and development of a SENCLE. According to Chinese philosophy and
ecological theory, the fundamental causality of development, including the dynamics and
change of an ecosystem or an object, is internal to the object or ecosystem. It lies in
contradiction within an ecosystem or a thing itself. This internal contradiction exists in every
ecosystem or every single thing, in its motion and development; within an ecosystem or
inside an object is the fundamental cause of its development, while its interrelations and
interactions with other external factors or things are secondary causes, i.e. external causes are
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the conditions of change and internal causes are the basis of change. External causes operate
through internal causes. From this viewpoint, the relative stability and change of an
ecosystem is mainly determined by the structure and function of the ecosystem, namely by
the internal causes; the forcing functions, or external causes, such as input and output of
material and energy are also conditions of relative stability and change (Yan & Ma, 1991).

3.4.2.2.1 Returning Reclamation Districts to Lakes

In order to adjust the destroyed physical structure and function of a lake, besides limitation
and control of new reclamation to maintain the whole interests of a lake or a region, some of
the reclamation districts which have seriously destroyed the coordination among the many
functions in a lake or a region should be returned to the lake in a planned way and in
accordance with the actual situation. Some suggested standards for the reclamation districts
required for returning to the lake are that: any reclamation districts are under the stipulated
water level; seriously interrupt the flood discharge or inflow; occupied the main spawning
ground of dominant species of fishes in the lake; and the input including material and
financial resources, and labours in the reclamation district is more than the output. Based on
the needs for water conservation, the ratio (S, /S_ ) of the lake surfaces (S) after reclamation
districts have returned to the lake to its catchment area (S) should reach 8-15%. Since the
1980s, a few reclamation districts have returned or are returning to some lakes in China, but
this needs to extend further.

3.4.2.2.2 Sediment Removal

Full-scale sediment removal in a lake can not only adjust or improve some of the internal
physical structure and functions of a lake ecosystera, such as increasing lake depth, increasing
volume and regulating storage, but can also control internal loading because loading from
phosphorus and nitrogen is greatest from the most recent phosphorus and nitrogen-rich
surfacial layer. On the other hand, the dredging procedure is usually a gigantic project which
costs too much, and needs provision of an adequate containment area for the sediments. So
this procedure is only suitable for application in some little lakes or in a few parts of some
middle-sized lakes.

In the early years of the 1950s, approximately the whole area of the bottom of Lake
Xuanwuhu, Nanjing and Xihu, Hangzhou was dredged up. Just after the accomplishment of
this dredge project, the mean lake depth in both lakes increased to about 3 m from just over 1
m before the dredge, and the lake water cleared. But this condition was only maintained for a
few years. The mean lake depth decreased to less 2 m in the 1960s from about 3 m, and the
two lakes became eutrophic and hypereutrophic. This can be compared with the effects of a
part dredge project in Lake Xihu in the 1070s, more than 900 years ago, organized and
directed by Su Dongbo (1037-1101), a mayor of Hangzhou City in the Son Dynasty. Based
on historical records, it was similar to the recent dredge project in that the mean lake depth of
Lake Xihu deepened to about 3 m from just over 1, but it differed from the recent dredge
project in the time of maintaining its effects. The lake depth only just decreased to less than 2 m
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from about 3 m in approximately 300 years. Why was the time of maintaining the dredge
effect of the recent dredge project much shorter than that in the Son Dynasty? The inference
is that, besides a little difference of silt discharge between recent times and in the Son
Dynasty, the difference of community composition in the lake after the recent dredge and in
the Son Dynasty may be the principal cause. According to the historical record, there were
still abundant aquatic macrophytes in Lake Xihu soon after the dredge in the Son Dynasty,
because the dredge at that time completely depended on labour by handworkers with low
work effects. Only small pieces of the bottom were dredged one after another over a longer
time. Therefore, although the benthos in the dredged area had to be destroyed the benthos in
the part of the bottom that was not dredged had time and a chance to transfer, grow and
reproduce in the new dredge area. So the benthos, including many aquatic macrophytes and
benthic animals, was restored in the whole lake soon after the dredge. Harvesting of these
macrophytes and fishing were continued for a long period. The recent dredge used a dredger
with a higher work effect. Therefore, all regions of the bottom of the lake were quickly
dredged in a shorter time. The benthos of the whole lake were completely removed in a short
time and did not have enough time to restore themselves. After 40 years, aquatic macrophytes
and snails have not restored themselves in most regions of this lake. The disappearance of this
benthos and a series of lock reactions induced by the dredge resulted in the loss of many
important links of the original food chain and web, changing the pathways of substance
transfer, transformation, and cycling in the lake, stopping the route of output by harvest and
utilization of macrophytes, reducing the catch of fish and snails, and promoting the
production of phytoplankton in the lake. The turnover rate of phytoplankton is very high, so
that their great production and standing crop increased more and more. Because the harvest of
phytoplankton is difficult, besides the little phytoplankton discharged out of the lake, most of
it remained in the lake and formed an important internal suspended load source. This
accelerated the sedimentation and increased the sediment accumulation.
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CHAPTER 4

ENVIRONMENTAL PROBLEMS OF
LARGE CENTRAL ASTAN LAKES

Genady N. Golubev

In the middle of the Euro-asian continent there is the largest closed area in the world with a
territory of four million square kilometers. The rivers within this area usually end up in quite
a number of closed lakes. Two of them are so large that they are traditionally called seas. The
largest lakes are: Caspian Sea, Aral Sea, Lake Balkhash and Lake Issyk-Kul. Approximate
morphometric data on them up to about 1970 are given below.

Lake name Lake area, in km? Maximum depth, inm
CaspianSea 370,000 1025
Aral Sea 64,500 68
Balkhash 18,200 26
Issyk-Kul 6,300 702

The main feature of any closed area is that all the precipitation falling on it eventually
evaporates from the area. The river run-off originating from the precipitation comes down to
the terminal lakes or marshes and evaporates from them. The closed lakes are very sensitive
to the changes in their water balance quickly reacting to them by altering their main
morphometric parameters which manifests in the changes of the water level. Dissolved salts
content in the lakes’ water also quickly reacts to the water balance changes. The
morphometric and geochemical variations cause many other ecological changes.

The natural variations of climate are the main reason for the alterations in the water balances
of both terminal lakes and their basins. Besides, economic activity plays an ever increasing
role there because if the consumptive use of water increases in the basin, less water comes to
the terminal lake. Closed areas are characteristic of arid and semi-arid regions where the main
use of water is for irrigation purposes which tends to grow reducing the inflow of river waters
into the terminal lakes. Both development of irrigation in lake basins and, in particular, the
reduction of lakes lead to serious socio-economic problems of environmental origin. In
Central Asia significance of the climatic and anthropogenic factors change from place to
place as can be seen from the review below.

The classic and disastrous example of the behaviour of the closed lake and the associated
environmental implications is the story of the Aral Sea. The larger part of this chapter is
devoted to the discussion of the Aral Sea case.
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The Aral Sea receives only two rivers, Amudarya and Syrdarya, Some rivers like the
Zerafshan, Tedzhen and Murgab, do not reach Amudarya anymore, but did so in some periods
in history. Irrigation canals including possibly the largest in the world Karakum Canal stem
from the two main river reducing their run-off downstream. Aral Sea serves as the main (but
not the only) collector of waters in this large area.

The surface of the region gravitated to the Aral Sea is about 2 million square kilometers.
Approximately 70% of this territory belongs to what used to be the USSR. It is divided
between five new independent States, Kazakhstan, Kirgizstan, Tadjikistan, Turkmenistan and
Uzbekistan and the rest is Afghanistan and Iran.

While the population around and near the lake shores is over 3 million, its basin contains no
less than 32 million inhabitants. Most of the population lives in areas of the middle reaches of
the rivers where they come out from the mountains. It is an area of ancient civilizations with
millennia of irrigation, the oldest one being dated back to 6,000 years B.C. By the middle of
this century the irrigated area in the Aral Sea basin was about 5 million hectares.

The Aral Sea is situated in a very arid region with annual precipitation of about 100
millimeters. In the strip between the plains and the mountains precipitation is between 400
and 500 mm and in the mountains, which is the zone of the river run-off formation, it is
higher exceeding at some points 2000 mm. Total amount of precipitation in the Aral Sea basin
is about 500 km® a year. The river run-off is about 120 km®. Out of this amount Syrdarya and
Amudarya carry from the mountains approximately 110 km?®. The groundwater resources of
acceptable quality which are not connected hydraulically with the river run-off are about 45
km? a year.

In historic times variations of the meteorologic and hydrologic conditions in the basin were
quite large and, as a result, there were pronounced changes in the state of the Aral Sea.

The water level varied within 20 m, so as it was sometime much higher and sometime lower
than at present. Rise and fall of the civilisations in the basin related to development or decline
or irrigation and, hence, also influenced the state of the lake.

During the century before 1960, about half of the Amudarya and Syrdarya run-off was used
for irrigation and lost for natural evapotranspiration in the middle and lower reaches of the
rivers. The other half flowed into the Aral Sea. The water level was oscillating within 2-3 m.
The area of the Aral Sea was 66,000 km? (excluding the islands). The volume of water was
1,066 km®. The maximum depth was 69 m, and the average depth, 16 m. The salinity of water
was about 10 g/L. These data are commonly used now as a reference point when discussing
the state of the lake.

At the end of the 1950s and the beginning of the 1960s, the leadership of the USSR made a
decision on an extensive development of irrigation in the Aral Sea basin. During 1950s

through to the 1970s, it was believed that the irrigation may become the main remedy in
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solving many agricultural and socio-economic problems. Central Asia had a prominent place
in this technological fix. It was expected that the expansion of the irrigated lands would bring
a drastic increase in cotton production with the subsequent increment on textile and related
products. It was planned that a part of the cotton production would be exported bringing hard
currency into the country. It was also expected that the region would be then the main source
of fruits and vegetables for the whole country. It was thought that production of rice and meat
would go up, satisfying the demand of the region. And last, but not least, all those
developments would provide enough jobs for a rapidly growing population of the region.

In short, the expansion of irrigation in Central Asia should have brought prosperity both to the
region and to the country as a whole. It was clear to the water resources experts and, through
them, to the rulers that one of the main side effects would be deterioration of the Aral Sea.
But it was deemed a small sacrifice to the shiny development prospects. Every water expert in
the country knew a saying of a famous Russian climatologist A.I. Voeykov published in 1908,
that the Aral Sea is a mistake of Nature because waters collected from the mighty mountain
systems go finally to a sparsely populated depression and evaporate there. And the common
thought was that mistakes of Nature could and should be corrected. Thus the technological fix
has been combined with the narrow, sectoral support from science. Even if a comprehensive
impact assessment of the development plans for the region had ever been made, it never
became known either to the government or to the public. Besides, the role of the latter at that
time was to applaud and not to participate in the decision making.

Since the decision on the massive development of irrigation has been made, the investments
in agriculture, including irrigation, have increased drastically. For instance, in Uzbekistan, the
most populated of the five Central Asian Republics of USSR, in the period from 1961 through
to 1985, the investments in agriculture were about 45 billion roubles. Out of this amount at
least 24 billion roubles were spent on irrigation and related activities. With the prevailing
official exchange rates, these figures correspond to 64 and 34 billion US dollars. It would not
be a big exaggeration to say that the investments in agriculture in the basin of the Aral Sea
over the last 30 years were close to 100 billion roubles, moreover half of it went into
irrigation. The area of irrigated lands in the Aral Sea basin has increased from 5 million to
almost 8 million hectares now.

The consumption of water was and still is excessive because of the lack of interest in
economising it. The irrigation canals are mostly unlined. The largest one is the Karakum
Canal taking about 10-12 km?® of water a year from the Amudarya River westward. It goes in
many places through a sandy desert. But even where the lining was envisaged it usually has
not been made because the builders after having dug a part of the conduit filled it promptly
with water without putting the lining and reported on the work accomplished as it were in
accordance with the design. Additional benefits for the advanced accomplishment of the
construction quotas and the illegally saved materials going to the black market were the
premiums for the corruption. More lining has been put, however, in the canals built more
recently.
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Efficiency of the irrigation systems is between 0.55 and 0.65 due to the seepage from the
unlined distributing canals and a predominantly furrow method of watering. Water
consumption by crops exceeds that which is necessary by 150-200%. About 17-18,000 m? of
water is spent on average per hectare of cotton (Oreshkin, 1990) and between 25,000 m® and
55,000 m? is used for a hectare of rice (Glazovsky, 1990).

In the Amudarya and Syrdarya River basins a part of the water once used for irrigation returns
into the river and can be used again. Even keeping this in mind, one can see that the
development of new irrigated lands with an area of 3 million hectares would take all the water
resources available by 1960 in the Aral Sea basin. With the 17,000 cubic meters per hectare,
the additional water consumption would be at least 51 km® a year. Taking average efficiency
of the irrigation systems as 0.6, one can obtain the amount of water used by new irrigated
areas as 85 km® per year. If we add some unknown but considerable volume lost from the
main irrigation canals we could come to the figure of water consumed by the new irrigation
developments. Apparently, this figure is close to 100 km® a year. For comparison, before 1960
the average amount of water coming annually into the Aral Sea was about 55 km?,

Thus even keeping in mind that the irrigation returned water coming back to rivers or canals
are used again, no considerable inflow to the Aral Sea could be expected under the
circumstances. In fact, the inflow went down to 11 km® by 1975, and to zero by 1980. In the
1980s the rivers did not reach the Aral Sea every year, and when it occurred the inflow did
not exceed a few cubic kilometers. There was a similar decrease in the 1990s, with some flow
into the sea during a few wet years. During the last three decades the precipitation in the basin
was below average, so that about 20% of the inflow reduction was caused by the oscillations
of climate while the main factor was the human activity in the basin. As a result, the Sea has
been shrinking since the beginning of 1960s while the concentration of dissolved salts has
been increasing.

Year Water level Area Volume Salt content .
ma.s.l 000 km? km?® g/l
1960 533 67.9 1,090 10.0
1965 52.5 63.9 1,030 10.5
1970 51.6 60.4 970 11.1
1975 494 57.2 840 13.7
1980 46.2 52.5 670 16.5
1985 42,0 444 470 235
1990 39.0 38.0 300 29.0

The former lake bottom is salty desert or solonchaks and serves as a source of salts spread out
by wind. The rest of the Aral Sea is on the brink of being divided in a more deep western part
and a more spacious shallow eastern part. The North-Eastern part, so called the Little Sea, is
also practically separated.

70



Drastic changes have occurred in the hydrographic networks in the basin of the Aral Sea. A
good part of the water infiltrated into the soil in the irrigation systems and conduits appears in
many newly formed lakes and marshes situated in the desert. Sarykamysh Lake is the largest
one collecting water north-west of the lower reach of Amudarya River. It has an area of 3,000
km? and a volume of 26 km?. The dissolved salts content of its water is at present 12-13 g/l.
Another lake, Arnasai, is correspondingly 1,800-2,400 km?, 12-20 km?® and 4-13 g/l. The
Arnasai Lake collects water from the middle reach of the left bank of the Syrdarya River. In
the irrigated areas a new, ample network of the irrigation and drainage canals has been
formed. The level of ground water has gone up drastically in many places due to the seepage
causing widespread waterlogging. There, the salinization of soils is a real and big problem.
Along the rivers, the ground water level has gone down due to the drop of the river water
levels. The deltas of the two principal rivers have completely changed their regime and
mostly dried up. Consequently, the unique ecosystems of the river valleys and the deltas have
disappeared, and many endemic species are under the threat of extinction.

Because of the agricultural returned waters, the salinity in the Syrdarya and Amudarya
progressively increases downstream. In the lower reaches of Syrdarya the average salts
content has changed from 0.8 g/1 in 1960 to 2.8 g/l in 1985 and in Amudarya it has gone up to
1.7 g/l. Hence, though the rivers are currently the main source of water supply there, its
quality does not meet the standards. In addition, the level of fertilizers application on the
irrigated lands there exceeded 10-15 times the average for the whole of the USSR and a part
of the fertilizers leaches down into the rivers. And even more, the level of pesticides
application used to be the highest in the world with the subsequent implications to the water
quality in both the rivers and the Aral Sea. In the lower reaches of Amudarya, 118,000 tonnes
of pesticides were used during the last two decades, or about 10 kilograms per person per
year.

The hydrological consequences (hydrographic features, water resources and their quality) of
the development strategy adopted 30 years ago could have been predicted and many of them
were. Many other, mostly environmental, effects were more difficult to foresee. An
aboriginous, to large extent endemic, fish fauna was adapted to the brackish water of the Sea
because the fish has evolved from the freshwater species. It could survive 13 g/l but the
higher salinity has killed all the fish. The fishery as the main occupation of the population
around the lake has gone, along with the annual catch of 44,000 tonnes of rare and valuable
fish. People there have lost their main source of income.

Large changes have occurred in the environment. The direction, intensity and composition of
the salts transport have modified considerably. The expansion of irrigation has led to the
increase of the salts movement mostly with the drainage run-off. N. Glazovsky (1990) has
calculated that the salts transport in the Aral Sea basin has increased about two times and is
now 118 million tonnes a year. During the last three decades a huge amount of three billion
tonnes of salts were removed within the basin. Of this volume, 60% have accumulated in the
nearby ecosystems, in small new lakes and marshes, 27% have gone to the two large new
lakes, Sarykamysh and Arnasai, and only 13% came to the Aral Sea. Moreover, the transport
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of sodium, chlorine, sulfate and magnesium has increased much more than that of the other
main ions like calcium or carbonate.

Wind erosion of the former bottom of the Aral Sea has increased greatly, from 50 to 360% in
different points around the lake. The salts transport goes along with it taking away between
1,000 and 10,000 t/km? per annum. For the whole former lake bottom it comes to 40-150
million tonnes a year (Glazovsky, 1990).

Transport of salts with the drainage water, the wind and the groundwater together with the
raise of the groundwater level leads to the progressive salinization of soils. Soils with a
medium or high degree of salinization occupy from 35 to 80% of the irrigated areas in the
Central Asia. The land losses due to water management activities there have reached 1 million
hectares (Rozanov, 1984).

The environmental degradation, namely unacceptable drinking water quality, high salt
contents of the air and, apparently, high level of the pesticides residues in the agricultural
produce make direct impacts on the state of human health in the Aral Sea basin. The worst
situation is where the above factors make the most unfavorable combination, that is in the
lower reaches of the two rivers and around the lake.

In the lower reaches of Syrdarya River the morbidity has increased 20 times over the last 20
years. The infant mortality in a number of districts exceeds 110 per 1000, that is three times
more than the average for the former USSR and comparable with the figures for the least
developed countries. The number of cancer cases in Karakalpakya (the lower reaches of
Amudarya) is 7 times the all former USSR level. Over 90% of the population there suffer
from anaemia, the number being 60 times more than the average for the USSR. In
Karakalpakya 46% of women have genetic disorders of different kind and in its capital,
Nukus, the breast milk of all the 35 mothers sampled was unsuitable for feeding. Clearly, the
area close to the lake is in a state of environmental catastrophe and the whole of the Aral Sea
basin is not much better. The water level of the Aral Sea is, therefore, an indicator of the
difficult socio-economic situation in its whole basin.

But perhaps, the pitiful state of the human health and the environment is compensated by
remarkable achievements in the economy of the region? Not at all. The plans to convert the
whole of Central Asia into the blossoming garden have failed. On the contrary, the region has
been converted into an area of cotton monoculture. The production quotas of cotton have kept
increasing over the years, though the export expectations were not fulfilled and even some
cotton of good quality had to be imported to mix with local cotton in order to produce textiles.
Though it has not been made public yet, there are indications that the important user of the
local cotton was the military-industrial complex producing a solid fuel for missiles,
gunpowder and alike. As in many other regions and cases, the decades-long military
orientation of the country has brought disaster to that potentially rich area.

The yields and the total harvest of cotton were rising through the 1960s and 1970s having
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almost doubled, but from 1980 they are in decline due to the salinization of soils and the
monoculture. The quality of the cotton produced is in general low.

Pesticides indiscriminately used and spread from the air over both the fields and the villages
have had pronounced impacts on the health of the population. The earnings from the cotton, if
there were any, were not used wisely enough in the development of such social amenities as
education and medical services. In addition, the students were forced to spend about two
months collecting cotton at the expense of the quality of their education. Not much has
changed there since the central Asian countries got their independence. Due to economic
difficulties application of pesticides and fertilizers decreased, positively affecting the
environmental quality.

The region has a very high rate of population, in the country but no new good lands supplied
with enough water is available anymore. The development of irrigation could not absorb the
growing population and unemployment is high. Tensions between the neighboring nations
grow. In a number of places the national boundaries drawn in 1920s do not adequately reflect
the realities, and any border change may lead to ethnic confrontations. The management of a
large, multinational lake basin under these conditions is not a simple task.

And yet, it is obvious now that the development strategy of the Aral Sea basin adopted thirty
years ago, was wrong. It has led to environmental catastrophe, maybe the largest in the world.
The strategy has proved to be unsustainable. A new development strategy for the Aral Sea
basin is urgently needed.

The most urgent problem is an expeditious improvement of the environment for the
population of the Aral Sea basin, in particular in the areas situated close to the lake. The water
supply there is of the highest priority. Major water conveying pipelines transporting water of
acceptable quality have been built. About 300 desalinating installations have been put into
operation. These actions have brought water supply for over half a million people. Some
improvements were made in the health service of the population. The use of aircraft to spread
the most toxic pesticides is more restrained than before. The immediate actions like those
mentioned above can alleviate somehow the life of the people there but would not solve the
crisis.

The crisis can be solved only if the strategy of development is changed. A comprehensive,
long-term programme of the land-and-water resources management should be one of the
cornerstones of the strategy. It should contain such elements as dropping low.productivity
lands from irrigation, increase of efficiency of the irrigation systems, drastic reduction of
water applied for a unit of cropland, diversification of crops and liquidation of the cotton
monoculture, optimal use of fertilizers and pesticides, transition to the integrated pest
management systems.

73



However, the strategy must go well beyond the modern land-and-water management
programme. It should go to the roots of the catastrophe addressing principal social and
economic problems such as population control, a balanced ratio between the demand and
supply of cotton, an appropriate structure for crop and livestock production, development of
the agricultural extension services, conversion of industry from military production and
considerable improvement of the social amenities including education at all levels and
medical services. Much care should be devoted to cooperation among the nations of the
region as the only basis for the lasting, sustainable development of the rich territory of Central
Asia, and where the Aral Sea basin has the central position.

It has been mentioned above that the deterioration of the Aral Sea is an indicator of the deep
troubles developed in its basin. A special programme to save the Aral Sea will not reach a
desirable objective while a long-term sustainable development strategy for the basin, if
successful, would bring as a side effect a stabilization and even a rise in the water level of the
lake. An international cooperation among the states of the basin is necessary condition for the
successful solution of the problem.

Currently, however, a sustainable development programme for the Central Asian States is
nowhere in sight. The social situation continues to deteriorate, and the water level of the Aral
Sea keeps dropping. To stabilize it at the present level, one needs an inflow of about 35 km?® a
year. It is possible and even economically feasible to save this amount of water by
implementing a part of the land-and-water management programme mentioned above. To stop
irrigating 15% of the lowest productivity lands would save about 20 km® of water. Control of
the water seepage from the canals and more efficient watering of crops would bring at least 20
km® more. One has to emphasize, however, that the technological actions must go along with
the careful analysis of the socio-economic implications of such actions.

A very complex environmental catastrophe occurred in the Aral Sea and its basin is the lesson
to be learned world-wide.

Lake Balkhash is a large and shallow lake in the south-east of Kazakhstan at 340m a.s.l. Its
area is around 18,000 square kilometers and the mean depth is only 6 meters. The western
part of the lake where the main tributary, the Ili River, comes in, is with fresh water, while the
eastern part has brackish water with salinity of about 5 g/l. The upper part of the Ili basin
belongs to China.

In the middle reaches of the Ili River there is Kapchagai Dam with a.water reservoir.
Withdrawals for irrigation both in the Chinese and the Kazakh parts of the basin together with
the evaporation losses from the water reservoir are important factors in the decrease of the
water inflow into the lake. The consequences are similar to those for the Aral Sea, such as
desiccation and deterioration of the river deltas, drop of the lake level and shrinkage of the
lake area, increase of the water salinity, etc.. The environmental deterioration, though, has not
progressed as far as that of the Aral Sea.
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While the other large lakes discussed in this paper are situated at low altitude, the Issyk-Kul
Lake is in Tian-Shan Mountains at about 1,600m a.s.l. and is surrounded by ice-capped ridges
of 3,000m and more above the lake level. The water is brackish with salinity of about 6 g/1.
Transparency of water is the highest measured in the USSR and its colour is an intense blue.
There is no doubt that this very large lake (6,300 km?) is one of the most beautiful in the
world.

Variations of the water level of the lake depend, first of all, on the regime of precipitation on
the basin and the lake. From 1910 to 1969 the lake level fell by 3.3 m though some smaller
ups and downs have been observed during that time. From 1969 onwards, there was a
continuation of the drop followed in the recent years by some increase of the water level.
Human activity is developed mainly around the lake shore. The main consumer of water is
irrigation which is developed in the Central and Western parts of the lake valley while the
Eastern part has enough precipitation for rain-fed agriculture. It is doubtful that the
withdrawals for irrigation play a considerable part in the regime of the lake.

1960 1970 1980 1990

Fig. 4.1 Aral Sea - the Water level and Salinity

The main environmental problems are associated with somewhat chaotic development of the
basin. Rapid expansion of tourism is not accompanied by proper sanitation facilities. Some
industry and agricultural activities also increase the water pollution. The shame is that the
lake was used for a number of years as a navy test area and, hence, it was forbidden to address
properly the environmental issues there. In spite of a large water volume (1,700 km®) the
water pollution is spreading, being mainly in the coastal areas spoiling the beauty of the lake.
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The Caspian Sea is the largest lake in the world. Its area is about 400,000 km?, the volume of
water is almost 80,000 cubic kilometers and the maximum depth exceeds 1,000 m. The water
level is at an altitude of minus 26-28 meters. The basin of the Sea is 3.1 million km?2.

In the Caspian Sea basin there is the larger part of the population of Russia. Over half of the
country's energy is produced there, as well as a considerable part of the industrial and
agricultural production. The lake itself is a source of fish including such valuable species as
sturgeon. The Caspian Sea is the main, almost exclusive producer of caviar in the world. The
navigation over the Sea and its principal tributary, River Volga is quite developed. There are
rich oil fields both beneath water and near the shores.

The Caspian Sea can be divided into three main parts. The deepest southern part contains two
thirds of the Sea volume. The middle part has about one third and the volume of the northern
part with the depths not exceeding 10-25 m is about 1% of the total volume. Salinity of water
changes from 13-14 g/l in the South to 1-2 g/l in the North where the main tributaries, the
Volga and Ural Rivers, come into the Sea. Due to the shallowness of the northern part, the
oscillations of the Sea level cause noticeable changes in the position of the shores.

The oscillations of the water level of this gigantic closed lake are quite considerable. There is
much evidence of the large water level fluctuations in the historic past. During the five
decades from 1880 to 1930, the level went down by about half a meter. A very drastic drop in
the water level occurred from 1932 to 1945, when it fell by 1.85m. This trend continued and

~ by 1956, the water level dropped a half meter more. The area of the lake decreased by 37,000
km?, mainly at the expense of the shallow northern part of the Sea. The pronounced changes
in the configuration of the shores could be very visible even on small scale maps.

The drop in the water level brought many impacts on the economy and ecology. All ports had
to be adjusted to the lower water level. The navigation canal in the Volga delta had to be
dredged constantly. The fish spawning grounds reduced causing loss in the fish production.
Salty deserts appeared in place of the lake bottom.

Between 1956 and 1978, the water level almost stabilized going down by about 0.3 m more
and reaching a point below minus 28.5 m. All sectors of the economy adjusted to the new,
low water level. There was, though, one major point of concern: a slight further drop of the
water level by, say, 50-100 cm would dry out the main fish spawning grounds. That was the
kind of a natural threshold below which a large and a valuable ecosystem of the Northern
Caspian would virtually disappear. :

The drastic drop of the water level was mainly ascribed to the expanding economic activities
in the basin consuming ever more water. In 1973 the total water consumption in the basin was
29 km® a year or almost 10% of the total river run-off inflow and was undoubtedly to grow. It
was believed that the regime of the water level and of the Caspian Sea water balance was
practically completely caused by the economic activity in its basin (Shiklomanov, 1976). The
forecasts gave a further considerable drop of the water level so that the Sea would be facing a
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major problem. Large-scale water transfers into the Caspian basin appeared among the main
national water management plans (Golubev and Biswas, 1979).

However, the forecast proved to be wrong. Since the end of the 1970s the water level started
to grow quickly exceeding the lowest level by about 1.5 meters. By 1996, the level was close
to minus 26 m. Apparently, the main reason for the growth was improved water balance of the
basin. The economy has to adjust again to the higher and still increasing water level. All the
navigational facilities must be rearranged. Protection of the cities and other settlements are on
the agenda as well as protection of railways and roads. Exploitation of the oil fields is also a
problem.

Obviously, a stable water level of the Caspian Sea, no matter whether high or low, is the most
convenient.
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Fig. 4.2 Caspian Sea - the Water Level

Much field studies on the Caspian Sea, some of them quite detailed, have been done during
the last few decades when the lake was in different stages of its evolution. The result of these
studies are very valuable now: the Caspian, due to the considerable water level increase, can
serve as a large scale model to understand the natural processes and implications of the world-
wide sea level rise connected to climate change.

To sum up, the closed areas have special set up of environmental problems where changes in
the lakes serve as a good indicator of the natural and socio-economic processes in the basin.
However, due to the individuality of each lake and its basin the resultant problems are quite
different from place to place. The study of the closed lakes and their basin in the world seems
to be a promising area of further international research.
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