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Management of the Ecosystems of the Black Sea:
Alternative Strategies for the Control of Water and

Nutrient Inputs

1. INTRODUCTION

1.1. Historical overview

The earliest description of the Black Sea is in the legendary Voyage of the

Argonauts which is supposed to have occurred about 3,200 years ago. Jason and

his crew of heroes sailed aboard the Argo to Coichis on the southeastern Black Sea

coast to gain the Golden Fleece. In more prosaic terms, the Greek cruise which was

made about that time was designed for, and succeeded in, the theft of sheepskins

that placer miners used to floor sluice boxes in order to trap fine-grained gold

The Greeks called the Black Sea 0 Pontos Euxeinos, the "passage kindly

to guests," probably because its coastal currents carried their ships north to trade

for grain, fish, and furs from what is now the Crimea, Russia, and the Ukraine,

and its strong central current flowed south to carry the mariners home. Also the

northeasterly winds blew regularly in the summer to help ships back to southern

ports. The modern name is a translation of Karadeniz, the name given the sea by

the Turks, who feared its stormy expanse

As the Greeks moved north into the Black Sea seeking grain, furs, metals, and

trade they founded many cities on the shores of the sea. Around 660 B.C., Byzan-

tium (Constantinople, Istanbul) was built and the city soon grew rich by exacting
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tolls from passing vessels and exporting the grain of southern Russia (Scythia) to

Greece. By 350 B.C. half of Athens' grain came from the vicinity of the Sea of

Azov

From antiquity until the present day two facts have shaped much of the his-

tory of The Black Sea. Firstly, control of the city on the Bosporus means control

of the Black Sea, known consecutively as Byzantium, Constantinople, and Istanbul

under the respective hegemony of the Greeks and Romans, the Byzantine Empire,

and the Ottoman Turks. Napoleon called this strategic port "the key of Europe."

Secondly. the fertile lands to the north of the Black Sea have been the major prize in

the area for which many wars have been fought throughout history by Rome, Russia,

Turkey, Austria, Hungary, the Mongols, Tatars, Cossacks, Rumanians, Bulgarians,

British and French, among others. This region today comprises the Ukraine, South-

ern Russia, Moldova. and Rumania. It is a land drained by some of the largest

rivers in Europe, the Danube, Dniester, Dnieper, Bug, Don, and Kuban Rivers

(Figure 1.1).

USSR

ROMM

/cf

-
1

TURKEY

FIGURE 1.1. General map of area of interest.

Source: ref. 1.
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As the economy of the region diversifies with the disintegration of central

planning, the pressures upon the environment can also be expected to change. It is

the primary objective of this work to make the case that through proper assessment

of the state of the aquatic environment, and its relation to the economy of the

region, resource management and economic planning can be reconciled to produce

a sustainable and productive future for this integral part of region's economy and

environment.

The subject of how this land and these rivers have been used for economic

development is at the heart of the present state of the Black Sea marine environment.

The land to the north of the Black Sea is today densely populated and exploited

intensively both agriculturally and industrially. For the greater part of this century

it has come under the Aegis of the Soviet Union either as territory of the U.S.S.R.

or territory of nations in the Soviet Bloc. During this time huge demographic and

economic changes have occurred in this region. A transition from a rural population

of peasants to an urban industrial population and the industrialization of agriculture

took place. In 1926 the urban share of the USSR population was 18% 2 In 1985

it was 65%. Thus today, the complex river-estuarine system which drains this area

is intensively utilized for a variety of purposes, including irrigation for agricultural

land, a waste repository for industrial and sewage effluent, transportation, boating,

and recreational usage, commercial fishing, and hydroelectric generation This

massive growth in these uses of water, has understandably changed the ecology of

aquatic systems, often drastically.

The drainage basins of the major rivers emptying into the Black Sea all lie

within an area which has been economically administered as a centralized economy

for most of this century. Central planning was a vital part of the Soviet economic

system, based on article ten of the constitution which defined the national economy



of the USSR as a public enterprise based on the Socialist ownership of all means

of production, including the land ". Since its introduction in 1928, the system of

central planning produced not only successes, but also failures. Some of the most

serious failures resulted not so much from mistakes and miscalculations as from

conscious trade offs made by economic planners and their political bosses. Economic

policies throughout the area have been largely coordinated under Communism, and

management techniques employed throughout the former Comecon for the allocation

of riverine resources as factors in agricultural and industrial production were similar.

The Soviet Union disintegrated in 1990 and the area has been subsequently

undergoing large scale breakdown of the centrally planned economies of the Soviet

era. From this current period of incoherent economic organization, new market

based economies are expected to emerge in the nation states formed upon the demise

of the Soviet system.

This process is a difficult one. Some idea of the distance that these economies

have to come to compete with the western market driven system can be gained from

this almost true parable of Soviet era economics, which describes "na skiad" -working

to supply the storehouse rather than the market 2

There is a Soviet town with two factories; the Marx Hemp Fiber
Factory and the Lenin Rope Factory. For many years, the two socialist
enterprises have fulfilled and over-fulfilled their production plans earning
high honors and medals. Mysteriously, there has never been any rope to
buy in the town's stores.

The mystery was finally solved when glasnost revealed that all rope
produced by the Lenin Rope Factory has been shipped to the Marx Hemp
Fiber Factory to be used there as raw material for making hemp fibers. It
is hoped that perestroika would reverse this peculiar production process,
but first it must overcome the resistance of conservatives at both plants
who argue that it is easier to make hemp fibers by unweaving rope, and
make rope (to be) used for this purpose, regardless of its quality.

Meanwhile, "there is still no rope to be found in the town's
stores... ."
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1.2. Oceanographic regime

The Black Sea is the world's largest inland water body and is almost totally

isolated from the ocean. The narrow and shallow Bosporus strait provides the only

water exchange with the Mediterranean. In some respects, the Black Sea can be

viewed as the world's largest estuary.

The Black Sea is an elliptical basin with an area of 423,000km2 and a volume

of 534, 000km3; it is located in an east west intermontane depression between two

alpine fold belts It is likely to have been a fresh or slightly brackish lake during

the late pleistocene. With the melting of glacial ice and the consequent rise in sea

level at the start of the Holocene, marine waters began to flow through the Bosporus

beneath the fresher outflow from the Black Sea

The deep water of the Black Sea has a higher salinity due to the inflow of

Mediterranean water which enters through the Bosporus 6 Less saline Black Sea

surface water is carried into the Sea of Marmara at the surface, while underlying

bottom water from the Sea of Marmara, which is originally from the Mediterranean

is carried in the opposite direction, towards the Black Sea '.

Water leaves the surface by net evaporation and by outflow through the

Bosporus 2 The deep water has a higher salinity due to the mixing of the in-flowing

Mediterranean water which enters through the Bosporus with water in the shallow

brackish layer. The depth of the halocline reflects a balance between freshwater

and seawater inflows. This density gradient inhibits mixing and is the origin of the

stability of the anoxic (oxygen- hydrogen sulfide) interface 6

Long term fluctuations in salinity, oxygen content and marine life of the Black

Sea are largely controlled by the water exchange with the Mediterranean through

the oddly shaped Bosporus-Marmara-Dardanelles waterway 8



The hydraulic head driving the upper flow through the Bosporus has been

greatly reduced since the 1950s as a result of the diversion of freshwater away from

the sea, for industrial and agricultural uses. This has had far reaching consequences,

particularly in the highly productive shallow areas of the northwest shelf (NWS),

and the Sea of Azov. The health of these areas is crucial to the survival of the fish

stocks of the Black Sea as a whole as they comprise the bulk of the major nursery

grounds of the sea.

1.3. Biology

Distribution of life in the Mediterranean and Black Seas is closely linked with

the dissimilarities in physical and chemical properties in the two basins. Of more

than 6000 Mediterranean animal species only 1500 are found in the Black Sea and

only 200 in the Sea of Azov. Native pontic and relict communities in the Black Sea

are much less diverse than communities in the Mediterranean. All groups of Black

Sea fauna also exhibit peculiar morphological composition and physiological cycles

compared to the same groups in the Mediterranean

Primary productivity in the Black Sea is large, being about the same as the

most prolific neritic belts of the ocean Relative to the eastern Mediterranean pro-

ductivity in the Black Sea is two orders of magnitude greater. However, the upper

life sustaining layer is remarkably patchy. The bulk of marine life is concentrated

near the coast, over the sea shelf. The most productive areas are the North West

Shelf (NWS) and the Sea of Azov. Because of large quantities of nutrient salts found

in the photosynthetic zone, the Sea of Azov has outstanding biological production.

Both basins are recipients of major river flow entering the Black Sea. Regions in

close proximity to river mouths e.g. the NWS and the Sea of Azov, are highly sus-



7

ceptible to changes in river flows and the input of man-made effluent. These regions

have already started to change in response to man-induced modifications of river

runoff and corresponding changes have occurred in their thermo-haline structure,

circulation patterns, chemical composition, and composition and quantity of life

It has also been noted that the microbial and planktonic population of the Black

Sea has changed since new Mediterranean species have acclimatized in the Black

Sea 5,10

The results of changing river flows and increased nutrient inputs have been

eutrophication and consequent oxygen depletion. These in turn have altered the

make-up of populations of higher organisms such as fish, in the Black Sea. In

a matter of 25-30 years, the Northwestern Black Sea has been converted from a

diverse ecosystem supporting highly productive fisheries to a eutrophic plankton

culture . The eutrophication has dramatically altered the base of the marine food

chain encouraging the development of mono- specific dense blooms of nanoplankton

(and occasionally algae). Higher trophic levels have also been modified withvast ex-

plosive blooms of the zooplanktonic Noctiluca miliaris, the opportunistic predatory

ctenophore Mnerniopsis leidyi, and the jellyfish Aurelia aurita

The decline of fish in the Black Sea has not been confined to just predom-

inantly coastal species. Black Sea mackerel, scad, bonito and bluefish stocks have

all disappeared. The only remaining fish resource in the Black Sea are anchovy and

less abundant sprat. It is thought that the destruction of coastal feeding grounds

and their inaccessibility due to low oxygen levels are the causes of these declines

rather than overfishing.

In the case of some countries such as Romania, for example, with only 240

km of coastline, the loss of fisheries and amenities is an important socioeconomic

problem. The Romanian fishing fleet is currently laid up except for a limited Atlantic



fishery, but 1.5 to 2 million tourists still visit the beaches annually as there is no

alternative. Certainly the potential for attracting foreign tourists is not strong. The

economic consequences to Ukrainian fisheries and tourism is probably proportionally

greater although the Crimean coastline is still not visibly affected The amenity

value of the Black Sea area as a whole ha.s diminished. The sea is now green or

brown on the Crimean coast and beaches tend to smell of decaying organic matter.

1.4. Flow Reduction

The Black Sea drainage basin covers a vast area of the European Continent

and drains a large part of Turkey, Bulgaria, Romania, Ukraine, Russian Federation,

Georgia, Hungary, Czechoslovakia, Yugoslavia, Austria, and Germany and even

receives minor inputs from Byelorussia, Switzerland and Albania (Figure 1.2)

With respect to the rivers draining into the Black Sea the most influential part of

the centrally planned economy has been the installation of hydropower capacity,

which was seen as a prerequisite for further industrialization, urbanization, and

modernization of agriculture. Impressive production figures, hid the fact that use

of fuels and electricity were notoriously wasteful, partially because of artificially low

prices. Hydropower produces more than 20% of electric power in the former Soviet

Union.

The major reduction of river flow from the northern slope of the Black Sea

began with the development of post-war Soviet water management projects. Start-

ing in the 1950s numerous reservoirs were built on rivers to produce hydroelectric

power. By the early 1970s evaporation had increased many times due to the large

surface area of the storage lakes behind the dams Freshwater was additionally be-



ing irretrievably lost due to a rapid growth of industrial, agricultural and municipal

water consumption.

The shallow north-western shelf which is less than 200 m deep receives the

discharge of two of Europe's largest rivers, the Danube and the Dnieper as well as

the smaller Dniester. The eastern Black sea receives water from the Don and the

Kuban which discharge their waters through the Sea of Azov, which has an area of

38, 000 km2 and a total volume of 320 km3 . Some 42.7% of this area is only 5-10 m

deep There are numerous smaller rivers draining from the southern and eastern

coasts

1.5. Changes in Nutrient load

The dams and irrigation projects not only decreased water flow, but also

indirectly intensified water quality problems. Agricultural runoff and seepage from

irrigation conduits, carrying large quantities of fertilizers, pesticides and organic

wash-outs from the cropland disrupted food webs in receiving basins causing drastic

changes in nutrient and biogenic supply to estuaries and coastal waters.

Changes in river flow and increased levels of pollution have reduced photo-

synthetic efficiency and this, in turn, has resulted in decreased fish and shellfish

productivity. The overloading of river systems with industrial and sewage wastes

has seriously depleted oxygen supplies Sufficient historical data exist to demon-

strate that there has been an enormous increase in the nutrient load to the Black

Sea in the last twenty five years

Increased nutrient load delivered to the sea by the rivers has resulted in low-

ering the amount of dissolved oxygen to levels where radical changes in the fauna of

the shelf seas have occurred. Anaerobic decay in the bottom waters produces toxins
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such as hydrogen suiphide, that in turn kill benthic biota which provides additional

benthic biomass for degradation which increases the rate of decomposition by sapro-

phytic microflora and fauna. The removal of the aerobic benthos has consequences

that affect organisms that use this habitat for breeding, and feeding, including many

of the fish species of the Black Sea as a whole. This in turn affects the biota of the

open sea, where the action of these fish as prey or predator is altered as population

dynamics change.

1.6. Vertical density structure changes

Vertical density gradients in the water column of the northern shelf seas

increased after introduction of the large scale scheme of river flow- control because

of the powerful intrusion of saltwater into estuarine regions. The reduction in the

freshwater pressure head has allowed the penetration of halocline further inshore.

This Black Sea bottom water is anoxic and destroys benthic aerobic ecosystems.

The situation is worsened by occasional storm surges, when the oxygen de-

pleted layer is brought ashore onto the most densely populated bottom areas

Figure 1.3 shows the formerly productive areas on the NWS. Figure 1.4 shows the

same area that now suffers from anthropogenically induced anoxia and hypoxia

1.7. Summary

Ultimately, less water is reaching the Black Sea and the quality of this water

has deteriorated The combined effects of river flow reduction, reduced oxygen

input, increased nutrient input, are eutrophication and hypoxia. In conjunction with

horizontal halocline migration this has meant the destruction of the aerobic benthos

over wide areas of the Sea of Azov and the NWS. The loss of feeding and spawning
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grounds has in turn radically changed the fish biomass of these areas, and in turn

ecological interactions for the sea as a whole. These changes in the environment

of the Black Sea are having important social and economic consequences, including

the loss of fisheries and tourism.



FIGURE 1.2. Black Sea Drainage Basins.

Source: ref. 7.
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2. ANTHROPOGENIC CAUSES OF CHANGES IN THE DYNAMIC
STRUCTURE OF THE BLACK SEA

Since the 1950s large scale water management schemes have been incremen-

tally reducing the input of river waters to the Black sea. Many authors have observed

the fact that this reduction in input is causing changes in the oceanographic pro-

cesses 1,2,3,4,5 It has also been noted that there is potential for further changes,

perhaps of a more drastic nature, whose consequences have only been guessed at

Much detailed research has been undertaken to describe various elements of the

circulation of the Black sea, however little has been done to quantify and model

the system as a whole, incorporating this detailed research with respect to dynamic

changes in the system.

In order to predict the responses of the Black sea to historical and continuing

current anthropogenic reduction of freshwater on a very large scale, it will be neces-

sary to have a quantitative knowledge of how the entire system operates, rather than

just analytical description of discrete oceanographic processes. Only when informa-

tion of this nature is established, will it be possible to consider whether management

schemes to restore, or mitigate reduced freshwater input are warranted, and if they

are, what influx level would be optimal.

This chapter attempts to quantitatively validate the various estimates of

water and salt fluxes that have been made with respect to processes in the Black

sea as a whole. A schematic model of water and salt conservation is presented, at

two levels of complexity. At the first level (dealt with in section 2.1), water and salt

conservation are applied to the sea as a whole. At the second level (dealt with in

section 2.2) the sea is divided into two discrete water masses with quantified fluxes



17

leaving and entering two boxes with differing salinities. It is assumed that river

reduction is compensated by increased Bosporus inflow. The salinity of the boxes

are forecasted over time under different river reduction scenarios.

2.1. Water and Salt Conservation for the Black Sea as a whole

The Black Sea is a system for which all inputs and outputs could be quan-

titatively described. However, large discrepancies exist between various recorded

measurements, which makes the selection of data for such modelling difficult. Esti-

mates of inputs and outputs are selected which permit the conservation of volume

fluxes. These inputs and outputs are described in detail below.

INPUTS

1:Rivers (water and salt)

2:Bosphorus inflow (water and salt)

3:Precipitation (water)

2.1.1. Rivers

OUTPUTS

4:Evaporation (water)

5 :Bosphorus outflow

(water and salt)

The Black Sea drainage basin covers a vast area of the European Continent

and drains a large part of Turkey, Bulgaria, Romania, Ukraine, Russian Federation,

Georgia, Hungary, Czechoslovakia, the former Yugoslavia, Austria, and Germany

and even receives minor inputs from Byelorussia, Switzerland and Albania

The shallow northwestern shelf which is less than 200 m deep receives the

discharge of two of Europe's largest rivers, the Danube and the Dnieper as well as
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the smaller Dniester. The eastern Black sea receives water from the Don and the

Kuban which discharge their waters through the shallow sea of Azov. There are

numerous smaller rivers draining from the southern and eastern coasts

The construction of dams on major rivers has resulted in a substantial net

decrease in runoff to the Black Sea as water is consumed by agriculture and industry,

eventually being lost to evaporation before entering the sea Estimates of flow are

given in Table 2.1, and Figure 2.1, describing natural, pre-dam flow and reduced

flow during recent decades Salinity in incoming rivers has been observed to rise

from 0.5 ppt precontrol to 1.0 ppt post control '. This increase in river salinity has

occured as more salt is leached from the soils by irrigation water and the water table

has risen behind the dams.
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FIGURE 2.1. River inputs at natural and current levels.

Source: ref. 9.

2.1.2. Bosporus Input

One of the distinct characteristics of the strait of Istanbul (Bosporus) is a

two layer current and density distribution. Less saline Black Sea surface water is



TABLE 2.1. River flows under natural and modified conditions

Estimates of River Input to the Black Sea in km/yr

River Natural 1971-5 1981-5 991-2000
Flow Flow Flow Projected flow

Don 27.9 22.6 20.4 15.9

Kuban 3.4 &2 6.8 4.7

Dnieper 53.5 40.7 25.7 5.5

Dniestcr 9.3 7.4 5.6 3.5

Danube 205.0 205.0 196.0 196.0

Southern 43.0 43.0 -t3.0 43.0
Rivers

TOTAL 352 326.9 2975 2S0.7

Source: ref. 9.

19

carried into the sea of Marmara at the surface, while underlying bottom water from

the sea of Marmara, which is originally from the Mediterranean is carried in the

opposite direction, towards the Black Sea (see Figure 2.1). Mediterranean water,

whose higher salinity is due to the excess of evaporation over precipitation and

runoff in the vlediterranean basin, flow as an undercurrent to the Black Sea, mixing

along the way with Black Sea water, and seeks its own density level 6 The only

exit where sub-halocline waters can flow out of the Marmara Sea is through the

Bosporus strait. Estimates of the Bosporus input range from older calculations

(180 km3/yr 190 km3/vr 8) to the more recent figure of 312 km3/yr This last

figure is considered most reliable and is used in the calculations which follow.
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2.1.3. Precipitation

Precipitation is defined as the amount of rainfall that falls annually directly

into the sea. It does not include precipitation falling in river catchment areas.

Rainwater is assumed to have a salinity of 0 ppt . Estimates range from

328 km3/yr 10 to 119 km3/yr These varying estimates have led to widely differing

results of steady state conservation models. It has been convincingly argued that the

figure of 300 km3/yr is the most robust estimate, as it alone can be corroborated by

using three separate databases of primary data, namely: short-term coastal rainfall

observations; long-term coastal rainfall observations; and annual rainfall distribution

data for the surface of the Black Sea from the 1950 Morskoi Atlas An annual rate

of 300 km3/yr is used in the calculations which follow.

2.1.4. Evaporation

The amount of water removed per year by evaporation from the Black Sea

is estimated as 350 km3/yr 332 km3/yr 12, 354 km3/yr 10,13,14, and

353 km3/yr An evaporation rate of 354 km3/yr is used in the calculations wich

follow.

2.1.5. Bosporus Output

The only way salt can be lost from the Black Sea is via the Bosporus outflow.

The outgoing flow is caused by the excess of river and precipitation inputs over

evaporation output. This excess gives rise to a head of water between the northern

and southern sides of the Bosporus. The head of the Black sea above the sea of
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Marmara is currently 35 cm 15 The most recent estimate of the outflow through

the Bosporus is 612 km3/yr

Bottom water salinity has a value of 38.0-38.5 at the entrance to the sea of

Marmara and 35.5-36.5 in the northern part of the strait at the Black Sea exit. As

a result of entrainment of the upper flow into the lower one, the salinity of the lower

flow drops as it passes through the Bosporus towards the Black Sea. The value of

34.87 is the long run average of measured inflow salinity of the lower flow as it enters

the Black Sea, and is used here

2.1.6. Salt and Water Balance

A method to explore the evolution of the Black Sea chemistry is the formu-

lation and solution of a conservation model, starting with one that deals with the

major components, i.e. water and salt Equation 1 is not set equal to zero as it

can not be assumed to be in steady state.

Equation 1: (WmSm + WrSr) (WbSb) = net salt balance

Equation 2: (W7 + Wr + W) (Wb + Wev) = 0

where:

Wm = Mediterranean inflow = 312 km3/yr

Sm = Mediterranean salinity= 34.87 ppt

Wr = River input = 352 km3/yr (1950),

280.7 km3/yr (1990)

Sr = River salinity = 0.5 ppt (1950),

1 ppt (1990)

Wb = Bosporus outflow = 612 km3/yr

= Outflow salinity = 17.79 ppt
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= Precipitation = 300 km3/yr

W= Evaporation = 354 km/yr

This model assumes that volume is conserved to preserve eustatic sea level

by an increase in Wm commensurate with the decrease in W. It is assumed that Wb

does not change because the barotropic pressure gradient (sea level difference of 0.33

m) across the Bosporus is formed by north wind set up and/or the eustatic sea level

of less dense Black Sea water being higher than that of the denser mediterranean

water. This means that the Bosporus outflow (Wb) is independent of river input,

and will not respond directly to river flow reduction. Rather the incoming Bosporus

inflow (Wm) would compensate river input to conserve the volume of the Black Sea

basin at its eustatic level.

It must be added that these assumptions represent a simplification of the

responses of inputs to change in river input which remain largely unknown. These

assumptions have been made in order to close the system to verify extant input

estimates.

2.1.7. Results

Under natural river flow these equations show a slow salinization of 168

million tonnes of salt added per year (a trend that is consistent with the geological

record 14) and a near total conservation of volume.

However under current conditions of reduced river input, the model predicts

that salinization speeds up to 2760 million tons of salt per year, sixteen times more

than under natural river input. Bosporus inflow increases by 71.3 km3 of volume to

compensate for the equivalent volume of river water lost. The increase in salt is due



to a higher input of leached salt in river water. The loss of volume from the Black

Sea is due to a reduction of the surplus of precipitation and runoff over evaporation.

If the river input is reduced by 71.3 km3/yr in order to conserve total vol-

ume another input must compensate this loss. Assuming that precipitation, evap-

oration and Bosporus outflow (as driven largely by atmospheric forcing) are con-

stant, Bosporus inflow must increase. The new Bosporus inflow would increase to

383.3 km3/yr from 312 km3/yr.

In comparison with another estimate of increased mediterranean input the

results of this model are similar. Murray et al (1990) 1 noted that salinity in the

center of the western gyre was observed to be 0.1 ppt higher in 1988 than 1969. The

integrated salinity difference times the volume of the upper 200 m is equivalent to

an additional influx of Med. water of about 20 km3/yr since 1969 Using the river

flow reduction figures from Table 2.1, and assuming that Bosporus inflow alone must

compensate reduced river volume, the average additional influx from 1969-1988 is

equal to approximately 36 km3/yr.

2.2. Conservation of Water and Salt in the Black Sea: a Box Model

Before introducing mixing into the model, it is necessary to differentiate

between the water masses of the Black Sea. The division of the Sea into two boxes

is a gross simplification. There a several water masses and exchange processes that

occur in the Black Sea. These masses are described in section 2.2.1. Section 2.2.2

deals with how they interact.
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2.2.1. Water masses

The Black sea is composed of many layers, from top to bottom they are: the

surface mixed layer; the seasonal thermocline; the cold intermediate layer (GIL);

the sub-oxic zone; the horizontally advective deep layer; and the bottom pooi (Fig-

ure 2.2).

2.2.1.1. Upper layers

The upper 200 m of the Black Sea water column can be divided into several

sub-layers in descending order: 1)the mixed layer, 2)the seasonal thermocline, 3)the

cold intermediate layer, and 4)the permanent halocline. The strong vertical gra-

dients in the seasonal thermocline and in the permanent halocline reduce vertical

exchange. Thus, both the seasonal thermocline and the permanent halocline shield

the GIL from severe mixing with the layers above and below. As a result this layer

persists throughout the year at a depth of 50-70 m

2.2.1.2. Surface Mixed Layer

The surface mixed layer has a relatively low salinity that varies from 17.5 to

18.5 ppt depending on the season and the proximity to river input. The temperature

varies seasonally in the surface layer due to solar heating and decreases with depth

to a minimum located approximately at a depth of 50 m in the central basin and as

deep as 100 m near the margins



FIGURE 2.2. Salinity profile of the Black Sea.

Source: ref. 5.
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2.2.1.8. The Seasonal Thermocline

Observational data show that the seasonal temperature signal penetrates only

a very shallow layer, not more than 80 m, because the strong stratification in the

halocline reduces vertical exchange. This explains why the thermal atmosphere-sea

interaction in the Black sea is less intense than in other ocean regions 16

2.2.1.. The Cold Intermediate Layer (CIL)

Tolmazin 1985 summarized evidence that the water in the CIL originates in

an area of intense cooling in the northwestern shelf region and spreads horizontally

throughout the Black Sea on an isopycnal surface. Deep water upwells to the surface

and is then cooled and removed from the atmospheric contact to form CIL. The CIL

is then entrained with the Bosphorus inflow to become the inflow into the deep Black

Sea, through the permanent pycnocline

The temperature minimum identifiable throughout the Black Sea has been

called the cold intermediate layer. The isopycnal surfaces above 300 m are dome

shaped and shallower in the central parts of the Black Sea reflecting the gyre like

circulation.

The 8°C isothermal surfaces are the commonly accepted upper and lower

boundaries of the CIL The average salinity value of 19.1 is used for CIL water in

the calculations (from Tolmazin average salinity profile 5).

The reduction in river input means that the winter cooling affects saltier

water than prior to river flow reduction. Saltier water is denser than fresher, and

thus sinks earlier, in effect increasing the amount of cooling of water that occurs

over the winter period. Thus under conditions of reduced river flow the volume and

salinity of the CIL should increase.



2.2.1.5. The Permanent Halocline

The GIL and the waters below it make up the permanent halocline which

separates the surface water from the deep water For the purposes of this paper

its boundaries are taken to be on average 95 m (Salinity S = 20.4) and 150 m (S=

21.1).

As the halocline is crossed from top to bottom, a transition in the gaseous

content of the water occurs. Oxygenated and sulfidic waters do not overlap and are

separated by the so called sub-oxic zone. This zone more or less coincides with the

halocline. The upper and lower boundaries of the oxic/anoxic interface as defined

as (Dissolved Oxygen) DO< 2OpM and H25< 5uM, lie between the isopycnal

surfaces of (density) at = 15.4 ± 0.1 and at = 16.2 ± 0.5 The confinement of

the sub-oxic zone between fixed density levels, of course, does not mean that this

layer remains constant at the same depths throughout the entire basin. The 15.4

surface varies from 70 to 125 m and the 16.2 surface from 120 to 165 m. The zone

is shallower in the cyclonic regions and deeper in the anticyclonic regions., with

the most pronounced variations taking place along the rim current encircling the

periphery of the basin. The average thickness is 52 ± 7 m 8

2.2.1.6. Lower Layers

Below the halocline lies the deep waters of the Black Sea. A brief description

follows.



2.2.1.7. Anoxic Deep Water

In the deep water the vertical salinity and potential temperature gradients

are small, but both properties increase continuously to maximum values of about

S = 22.33 ppt and 8.904°C at the bottom. The homogenous layer from 400-900 m

represented the main horizontally advective deep water of Bosporus origin The

prominent feature below 900 m is a homogenous bottom layer

2.2.2. Circulation

The water masses of the Black Sea interact in complex ways. How they, and

the various inputs to the sea affect each other is discussed below.

2.2.2.1. Mediterranean plume

The Black Sea is anoxic because of its strong vertical salinity stratification.

The deep water has a higher salinity due to the inflow of Mediterranean water which

enters through the Bosphorus. The depth of the halocline reflects a balance between

freshwater and seawater inflows. This density gradient inhibits mixing and is the

origin of the stability of the anoxic (oxygen-hydrogen sulfide) interface'. The strong

vertical gradients in the seasonal thermocline and in the permanent halocline reduce

vertical exchange.

The Mediterranean inflow issuing from the Bosphorus evolves in a unique way

as it descends into the Black Sea basin. After leaving the Bosphorus, the Mediter-

ranean Water first flows over a sill located within a narrow bottom channel, some

3-4 km northeast of the Bosphorus exit. It is steered, first to the northeast, then

to the northwest by the bottom channel, and later forms a thin sheet of anomalous
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water spreading across the flat shelf. Where the flow is confined to the channel it

has a thickness of about 10 m. When it reaches the flat region its thickness de-

creases to 2-3 m. By mixing with the overlying CIL, the temperature of the core

decreases from 14.5 at the northern end of the Bosporus to about 80C at the shelf

break. Similarly, the salinity in the core declines from about 37 ppt to a minimum

of 22.8 ppt. As a result of the depth of the sill and the adjoining shelf region, the

Mediterranean water discharged from the Bosporus comes into direct contact with

the GIL and the entrainment resulting from turbulent flows determines the shelf

mixing between the two water masses. The initially warm and salty mediterranean

water is thus transformed into the type of water found sinking along the slope which

is differentiated from ambient waters by a cold anomaly 18

The major uncertainty for understanding the ventilation of the Black Sea

is with regard to the degree of entrainment by the Mediterranean plume and its

depth of injection. Significant entrainment must occur to modify the high salinity

Bosporus input. The inflow must entrain cold surface water or near surface water

to form Black Sea bottom water. It has been estimated using a salinity balance

that the ratio of entrained water to new inflow was 4:1. The pulse like input of

Chernobyl cesium isotopes has been used to show that ventilation of the upper

layers occurs by the lateral injection of a 1:10 mixture of in-flowing Mediterranean

and GIL waters The entrainment process is thought to occur near the Bosphorus

followed by isopycnal transport. After entrainment the Bosphorus inflow may not

necessarily sink to the bottom. Instead it may sink to an intermediate depth dictated

by the conditions of interior stability and buoyancy flux and spread horizontally on

the isopycnal surface appropriate to its density 18

The entrainment ratio (F) used in this paper is F = 6.6158:1, which satisfies

the conservation of salt and volume equations before river input reduction
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The North West Shelf (NWS) and the formation of the GIL

The NWS is comprised of the embayment north of the 450 N latitude. It

has an area of 48,000 km2 and a volume of 1, 150 km3 and an average depth of 23.7

m The three major rivers empty their waters into the NWS are: the Danube, the

Dniester, and the Dnieper. River flows affect current fields only in the vicinity of the

river mouths and do not play a significant role in the overall circulation. It has been

demonstrated that the wind induced transport exceeds the amount of freshwater

influx.

The dynamically important feature with respect to the formation of the GIL

is a north-south funnel like depression in the center of the NWS region Shallow

water effects, abundance of fresh water entering the NWS in the form of three

effluents, different seasonal flow patterns and relatively free water exchange with

the open sea make the thermohaline structure of the NWS different from the rest

of the Black sea The NWS has a much smaller heat capacity than the deep

basin, being a shallow water body This leads to abrupt temperature fluctuations

throughout the year and to marked vertical gradients of the properties in the warm

season The surfacing of cool bottom water under certain wind conditions through

the north-south funnel is important for this highly biologically productive region.

The shallow depth of the area causes distinct vertical gradients and well developed

near bottom turbulence This, in turn, converts the pycnocline into a very sharp

discontinuity layer, which inhibits mixing between the bottom and surface layers.

Both layers are usually well mixed vertically, the upper one due to wind waves, and

the lower by turbulence

With the onset of fall cooling, the convective overturn deepens the discon-

tinuity layer simultaneously reducing the vertical temperature (density) gradients.
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Further cooling spreads to the very sea bed, and the entire NWS becomes a source

of cold water for the intermediate layer of the entire sea. In winter the NWS is

perfectly mixed from the surface to the sea bed due to intense cooling and convec-

tion. In the pre-control period, spring was marked by floods from rivers and rapid

warming of the upper strata of the NWS. The spring-summer property distribution

changed after the series of storage lakes on the rivers became operational, effectively

removing the spring freshet.

It is clear that the ongoing steady reduction of river runoff will affect the

GIL which is formed in the NWS region. On the shelf the vertical salinity gradients

will apparently decrease, particularly in winter, and hence more intense convective

overturning will be the most likely outcome. The flow of cold water within the GIL

may be noticeably intensified with further reduction in river flow, but increasing

turbulent mixing may disperse this layer faster than it does now This water is

a source of saline water entering the upper box from the halocline region. As this

volume grows, so does the salt input to the upper box.

2.2.2.3. Basin scale circulation

The link between interior stratification and boundary layer transports im-

plies a vertical recirculation for the Black Sea. It is suggested that entrainment or

detrainment from the GIL adjacent to the southwest shelf and slope region could be

the major mechanism driving the recirculation in the upper parts of the basin 18

Even without lateral inputs boundary mixing hypotheses could account for recir-

culation near the pycnocline. A non zero net Ekman pumping generated by wind

stress distribution in the closed domain of the Black Sea can also lead to vertical

interior motions compensated by boundary flows 18
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It has been hypothesized that the basin scale vertical circulation driven by

the Bosporus inflow and its shelf/slope continuation could account for most of the

mixing across the halocline and also between the oxic and anoxic waters 18

In the central region density increases causing the isopycnal lines to close

and form so called halistatic circles. The patterns of dynamical topography are

geometrically similar, indicating the existence of two cyclonic gyres in the western

and eastern regions. It has been demonstrated that the intensity of the currents

decreases with depth and that they change direction in deep layers This is

possible if the slope of isopycnals changes sign 16 Vertical velocities are upward in

the central parts of the sea, and downward between the main Black Sea current and

the coast 16

Hydrogen sulfide produced in the bottom and deep layers is transported into

the surface layers by vertical motions and turbulent exchange, where it is oxidized.

If vertical fluxes change, then the rate of oxidation of hydrogen sulfide would also

change.

2.2.3. Box model

A model is presented below which describes the water masses and fluxes

described above. It is an adaptation of Boudreau and Leblond's model to incorporate

more complexity 2O The interactions of the various water masses described above

are graphically represented in Figure 2.3.

The simplest form for such a model is to displace the original water with

in-flowing Mediterranean water without allowing for any mixing between the layers

separated by the halocline 2o The fixed steady state two box model of Fonselius

(1974) constitutes the minimum mathematical description of the Black Sea that
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retains a representation of its internal structure 20 His upper box is the "low

salinity" surface water to a depth of 150 m, while the lower box is the saltier deep

water. Water is input to the upper layer by river runoff and to the lower layer by

flow of salty Mediterranean water as the bottom portion of a two layer flow through

the Bosporus. Water leaves the surface box by net evaporation and by outflow

through the Bosporus. The exchange of water between the two is calculated by

balancing known salt inputs and outputs. The separation of the top and bottom

boxes is based on the existence of a strong pycnocline. The depth of this feature

has migrated upward with time as dense Mediterranean water flowed into the basin

displacing existing fresher water 2

It is assumed that this process stabilized at some time in the past and that the

volume and salinity of the upper box (surface to depth Z = 95 m); and the volume of

the lower box (Z=150 to the bottom) are constant under unmodified water balance

conditions. The net inward salt flux to the sea from equation 1 (168 x 106 tonnes/yr

) is assumed to enter the lower box.

The upper low salinity box is defined as that water found between Z = 0 and

Z = 95 m and comprises the upper layers including the surface mixed layer and the

GIL. The upper box is separated from the lower box by the permanent halocline,

from Z = 95 to Z = 150 m. The lower box is defined as the water from Z 150 m

to the bottom (at about Z = 2200 m).

For the purpose of analyzing the changes in the ecosystems of the Black Sea,

the evolution of physical and chemical processes in the upper box are of most imme-

diate interest, as this is the only part where sufficient oxygen exists to allow higher

biological activity. However, changes in the upper box are a function of processes oc-

curring in the lower box as well as other inputs, thus both boxes are included in the

model. Changes in these ecosystems of this water mass affect and impact economic
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and social activities with relevance to fisheries, aquaculture, seaweed harvesting,

recreational activities, and tourism.

The following is a list of terms used in the equations that follow:

Wm = Mediterranean inflow

(into lower box)

Sm = Mediterranean salinity

(into lower box, ex Bosporus)

W River input

(into upper box)

Sr = River salinity

(into upper box)

Wb = Bosporus outflow

Sb = Outflow salinity

(from upper box, exiting Black Sea)

W = Precipitation

(into upper box)

W= Evaporation

We = GIL entrainment

S, = Salinity of lower box

= Salinity of GIL (upper box)

S = upwelled water salinity

Before After

River River

Reduction Reduction

312 km3/yr 383.3 km3/yr

= 34.87 ppt

= 352 km3/yr 280.7 km3/yr

= 0.5 ppt

= 612 km3/yr

= 17.79 ppt

= 300 km3/yr

= 354 km3/yr

= Wm*[F]

= 22.3 ppt

= 19.1 ppt

= 21.lppt

(S at Z=150 m)
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W,, = upwelled water = 2355.6 km3/yr 2893.9 km3/yr

= Volume lower box = 499294.5 km3

V = Volume upper box = 34705.78 km3

The salt balances (conservation of salt) for the boxes are:

Equation 3 : (WflSU + WrSr) (WbSb + WeSe) = Net salt flux for upper box

Equation 4 : (WmSm + WeSe) WS = Net salt flux for lower box

Mediterranean inflow is not included in equation 3 as it goes into the lower box.

The volume balance for the upper box is: Equation 5: (W + Wr + W) (Wb + Wev)

= Net volume flux

If the volume of the two boxes is to be conserved then the volume which enters the

lower box must be balanced by the volume that leaves it. Thus:

Equation 6 : W = Wm + We

These equations are combined to form an overall prediction of the salinities

of the upper and lower boxes and the water upwelled from the lower to upper boxes

at the end of one year of mixing processes, using the following equations:

(Subscript "1" denotes year end, subscipt "0" denotes year start)

Lower box

Upper box

S1 {(SxOVx)+(Wm+(WmF))}Su+(WrSr)(WbSb){(WmF)SxO)}/Vx

Upwelled water

S,1 = S0 + (S S0)

Using fortran programming, year end salinities are used as the initial salinities

for successive years, allowing the model to run over an infinite number of years. In

this way it is possible to predict the long term salinity trends for both boxes. The



purpose for this is to detect whether the difference between the salinity of the boxes

may decrease significantly. If this decrease were expected to occur it could have

important consequences for the distribution of dissolved gases of the sea. In this

way it is attempted to validate or negate the the possibility of "overturn" of the

Black Sea. Results of model runs under various conditions of river flow and over

different time periods are shown in the following figures:

Figure 2.4. Long-run salinity under natural and modified river flow, n = 10,000

yrs.

Figure 2.5. Short-run salinity under natural and modified river flow, n = 100

yrs.

2.2.4. Results

Assuming that before anthropogenic changes occurred in the water balance

of the Sea, volume and salt content of the upper box was conserved, a value of

We/Wm = 6.6158 gives no net salt flux into or out of the upper box (i.e. equation 3

= 0). The new Bosporus inflow hypothesized in section 2.1 is 383.3 km3/yr. Using

this value and the reduced river flow input of 280.7 km3/yr this gives a net salt flux

into the upper box of approximately 2.5x109 tonnes per year. As salt is introduced

into the upper box it will affect the tendency of upper box water to mix with the

water in the lower box.

2.2.5. Summary

For the purposes of describing the physical changes in the upper box it is

necessary to account for the direct effects of river input reduction and the secondary
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effects that occur. These secondary effects take place as the other inputs change in

order to preserve sea level.

The effects described by the model are summarized below:

. River flow is decreased

. The volume and salinity of CIL increase as a consequence of less river flow

. The Bosporus inward flow increases to conserve total volume

. The amount of CIL entrained by the Bosporus inflow is increased as more

mediterranean water flows towards the lower box

The exchange between the boxes increases to conserve the volume of the boxes

. The upper box becomes saltier

. The halocline is not removed, or seriously weakened, over time

The indications that the above statements may be true are the following:

1. Tolmazin 1991 suggests that CIL water formed during the last 10-20 years

with a higher salinity than in the past, perhaps due to annual or decadal scale

variations in climate and river runoff 2 The reduction of river runoff may

decrease the vertical salinity gradients, particularly in winter, and more intense

convective overturning will be the most likely outcome This convective

overturn is the source of the GIL, and as it increases so will the GIL.

2. Bryantsev et al.(1988) state that investigators have independently, and with

different data, arrived at the conclusion that there is a stable positive trend

in mean annual and summer salinity values in the 75 200 m layer 17 This is

the region of the lower part of the GIL and the upper part of the halocline.



3. Murray et al.found that salinity in the center of the western gyre was observed

to be 0.1 ppt higher in 1988 than 1969

4. Fashchuk and Ayzatullin 1986 have suggested that a recent decrease in fresh-

water input is causing a vertical smoothing of the salinity gradient 21

5. It has been suggested that there may have recently been an upward displace-

ment of the constant density (isopycnal) surfaces due to an increase in salinity

at a given potential temperature

It is clear that changes have occurred in the temperature and salinity rela-

tionships in the upper 200 m of the Black Sea. If the changes are due to diversion

of freshwater input we should expect a further unidirectional increase in the vertical

salinity gradient with consequences regarding the distribution of oxygen and sulfide

that may be difficult to predict '.

2.3. Conclusion

It has been postulated that increased surface salinity will lead to intensifi-

cation of vertical water exchange 2 However according to the results of the model

presented, the salinities of the surface and sub-halocline water masses will increase

in tandem, with negligible change in the difference between the salinities. Thus, the

stability of the halocline should not be affected by the reduction of river input. This

is important in regard to decisions for water menagement. According to the results

of the model, no benefits will accrue to the stability of the physical conditions of

the Black Sea from restoring water input to pre-control levels.

As the oxygenated upper layers of the Black Sea become saltier from the bot-

torn up this reduces the habitat of native stenohaline (intolerant of changing salinity)



species which inhabit the upper layers of the sea. In response to the shrinkage of

suitable habitat and the encroachment of more salt tolerant mediterranean species,

it is to be expected that serious changes in the species composition and ecology of

these waters will occur. The impacts of these changes are already being felt in the

fisheries of the Black Sea, and biodiversity has been observed to be on the

decline

There is a lack of reliable observed data on which predictions of future

changes can be made. Specifically accurate measurements of river input and its

rate of change are lacking, along with basin wide vertical velocities of both geo-

strophic and bottom flushing origin. Also lacking are long term current and flux

measurements at the Bosporus. Observation of the basin-wide density structure

of the sea over annual time scales, is scanty and insufficient to permit accurate

modelling of the changes happening to the physical structure of the Black Sea.

Without such data, it will not be possible to put time scales on statements

like the following from Tolmazin (1991), which nicely sums up the processes that

many suspect will occur:

Following a stable decrease in river flow the salinity of the upper
layer will increase provided circulation patterns do not change consider-
ably. This, in turn, will increase the depth of winter convective overturn,
and mixing mechanisms will start to aerate the deep water masses. The
H2Szone will start to shrink from above. At the same time the hydraulic
head in the Bosporus will make the upper southbound flow less stable
and persistent than now, and existing retardation of the lower current
from above will be eased. One can expect that large volumes of Mediter-
ranean water will be injected into the major currents. These effects will
further diminish the H2Slayer from below. Existing trends in the Black
Sea habitats indicate that these developments will be detrimental to
environmental conditions in the most productive areas of the sea. 2
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3. ANTHROPOGENIC CAUSES OF CHANGES IN THE ECOLOGY
OF THE BIOLOGICALLY PRODUCTIVE SHELF REGIONS, THE

NORTH WEST SHELF (NWS) AND THE SEA OF AZOV

The Black Sea is a basin with steep sides except on its northern shores. The

only parts of the sea where an extensive area of water shallower than 200m exists,

are the NWS and the Sea of Azov (Figure 3.1). These two areas are by far the most

productive areas of the sea. They are also the receiving areas for the majority of

the river water to the Black Sea. Historically the Sea of Azov received 11%, and

the NWS 76% of the total river input to the Black Sea '. The local importance of

this river flow for these areas, in connection with ecological disruptions that have

occurred because of recent reduction in flow, is discussed below.

The two areas are dealt with separately as they are dissimilar in many ways.

They are also geographically separated by the Crimean peninsula (Figure 3.1).

3.1. Sea of Azov, a general description

The Sea of Azov is a very shallow body of water, with a surface area of

38, 000 km2 and a total volume of 320 km3. The eastern part of the Sea of Azov is

greatly diluted by the Don and Kuban rivers. It is connected to the Black Sea by

the narrow and shallow strait of Kerch 2 (Figure 3.1).

The physical, chemical, and biological characteristics of the Sea of Azov are

governed by river runoff, in combination with temperature and wind . During this

century, (the period for which measurements are available) temperature and wind

conditions have remained relatively unchanged (beyond seasonal and inter-annual

variability) while river input has been steadily reduced from a total annual volume



of 41.3 km3/yr to a current volume of 20.6 km3/yr by the construction of dams and

extraction of river water outside the drainage basins of the Sea of Azov.

FIGURE 3.1. Map of North Black Sea Area.

The Sea of Azov is one of the most highly productive water bodies of the

world. Before regulation of the Don and Kuban rivers, the fish harvest reached

8 tonnes per km2 with favorable salinity of Azov waters. In recent decades, the

structure and dynamics of the ecological system of the Sea of Azov have changed

substantially as a result of reduction in the volume of river flow. The primary change

in the sea's structure has been the intrusion of saltier Black Sea water into the Sea

of Azov to conserve volume as river input decreased. Disruption of the biological

regime in the water body caused changes in its ecology '. The share of Black Sea

species of low nutritional value in the species composition of the sea has grown

Under these continuing trends in hydrological conditions, increased salinity may be
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expected and as a consequence, continued penetration of marine species into the

Sea of Azov

3.1.1. Salinity

One of the most important factors in the formation of biological productivity

in the Sea of Azov is its salinity. This is because the solubility of dissolved organic

matter is inversely proportional to salinity 2 At higher salinity levels, dissolved

organic matter flocculates out of the water column creating what is known as a

turbidity maximum. In most estuaries this is a linear phenomenon perpendicular

to a strong horizontal salinity gradient. In the Sea of Azov the horizontal salinity

gradient is very weak compared to other estuaries. Consequently the turbidity

maximum affects a larger area. Rising salinity has had directly damaging effects

upon stenohaline (intolerant of salinity fluctuations) species of the sea, including

the valuable sturgeon species 6 Under natural conditions, before the construction

of the Volga-Don canal (1949) which is filled by Don water 2, and regulation of the

Don river by Tsimliansk Reservoir (1952), the annual mean flow of river waters into

the Sea of Azov averaged around 41 km3, and average salinity was 10.6 ppt The

long term variation in river input has been characterized by trends in flow reduction

from river regulation and, in some periods, climatically caused reductions in flow.

At the end of the low river input period 1969-76 caused by low rainfall, river flow

averaged 25.8 km3/yr and salinity in the sea had risen to 13.8 Further extraction

of river water has since lowered flow to 20.6 km3/yr.

The salinization of the Sea of Azov led directly and indirectly to a series of

disruptions in its ecosystem. Black Sea species "immigrated", including microalgae,

zooplankton and benthic animals and fishes. In winter months, cases have been



recorded of large scale mortality of sturgeons, and the large scale reproduction of

cold loving medusae Aurelia aurita and Rhizostoma pulmo was observed. A good

forage base and favorable temperature regime allowed coelenterates to occupy the

entire Azov Sea

Since 1967, because of low surface runoff, frequent storms and heavy fresh-

water withdrawals, the salty Black Sea water has formed a steady tongue of en-

hanced salinity occupying the central part of the Sea of Azov 2 This high-salinity

pooi may wander in the bottom layer frequently entering the Gulf of Taganrog 2

Higher salinity has increased the precipitation of active dissolved organic nitrogen

and phosphorous compounds from the water column, decelerating the major bio-

chemical cycles 2 These nutrients accumulate on the bottom where their uptake

results in benthic hypoxia.

Even before salinity increases bottom water easily lost its oxygen content as

it was consumed by benthic organisms 2 Since salinity has increased the flux of

precipitated nutrients to the benthos should increase the consumption of oxygen

even further, as the benthic microflora biomass increases to utilize these nutrients 6

This increased oxygen consumption readily depletes the oxygen content to a level

where anaerobic microorganisms begin to dominate. Along with CO2, an anaerobic

benthos produces H2Sas a product of respiration. This H2Sis readily oxidized by

oxygen, thus depleting the oxygen content of the water overlying the bottom layer.

These processes may explain the occurrence of widespread hypoxia (low dissolved

oxygen) and anoxia (absence of dissolved oxygen) in the waters of the Sea of Azov.

Oxygen deficient waters have been observed to cover 22, 000 km2 of the sea 2 This

area comprises 58% of the entire area of the sea. As a direct result of the anthro-

pogenic changes forced on the Sea of Azov, the production of biomass decreased to

13-20 million tonnes from a prior level of 34 million tonnes Similarly fisheries



have declined drastically. Fisheries statistics are shown over a 55 year period in

Table 3.1.

As evident from Table 3.1, fisheries have seriously declined. The species listed

in the table are all brackish water species except herring which comes into brackish

water for breeding purposes. As brackish water species they are to a greater or lesser

extent intolerant of saline conditions. Added to the increasing salinity problems

these species have faced, is the fact that due to the lowering of oxygen content in

a large part of the Sea of Azov, their access to those areas has been diminished, if

not eliminated because as oxygen respiring organisms they cannot respire in oxygen

depleted waters.

3.1.2. Salt balance

The primary form of ecological disruption has been salinity related. A simple

salt balance using Tolmazin's 1991 figures 1 is presented in Table 3.2. It is shown

that input from the Black Sea has risen from 32 to 52.7 km3/yr (assuming that wind-

forced outflow remains unchanged). This means that a 372.6 million tonnes of salt

enters the sea each year today than did before reduction in river flow. This will result

in an increase in salinity of roughly 1.05 times the previous years salinity if current

conditions remain constant. Such an increase will make the average salinities of the

upper layer of the Black Sea and of the Sea Azov approach each other before the turn

of the new century. Tolmazin 1985 estimated that without substantial rehabilitation

efforts, the brackish water habitat of the Sea of Azov would be completely destroyed

after 7-10 years 2 Current salinity data is not available but from the salt model

projections and from Tolmazin's prediction it seems probable that the Sea of Azov is
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either close' to being or already has been transformed from a brackish water system

to a saltier regime, similar to the Black Sea.

TABLE 3.1. Historical fisheries landings from the Sea of Azov

Annual Catches in the Sea of Azov 1921-35 (tonnes)

Pike Viinba
Period Perch Bream Sturgeon Shamaya Herring Caviar

1921-36 24460 44610 2950 488 5200 200

1948-52 9640 7610 1570 467 630 100

1954-61 1990 2990 430 90 380 10

1962-63 1310 1950 440 45 49

1973-75 --- 320 150

Source: ref. 6.

3.1.3. Resource Management Options

The decline of commercial fishing has had serious economic consequences for

the region 2 It has been estimated that at one time 40,000 people were employed

directly in fishing and the fishery was worth $630 million/year in regional revenue at

1976 prices 2 This translates to more than $1500 million/yr at 1994 prices assuming

an inflation rate of 5% per annum.

Several authors have dealt with the salinization of the Black Sea and some

have proposed various measures which would maintain the salinity at a level where

biomass production could be restored and yet allow some water extraction to con-

tinue. It remains to be demonstrated whether fisheries decline is related to salinity
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changes alone. Overfishing and pollution probably also play important roles. Sev-

eral authors have demonstrated that it the construction of flow regulating dams at

Kerch strait would regulate salinity at 10-11 ppt if only 12 km3 were withdrawn an-

nually from the Don and Kuban 8 This construction would permit navigation and

fish migration, and maintain salinity at optimal levels for biological productivity.

In Chapter 4 the fate of extracted water from the Don and Kuban are discussed,

and some options are examined in Chapter 6 as to how flow could be restored to

an annual flux of 29.3 km3/yr (natural flow minus 12 km3/yr), consistent with the

constraints of their system design to restore ecological health and fisheries in the

Sea of Azov.

3.2. North West Shelf (NWS), a general description

The NWS is comprised of embayment north of the 45th latitude with an

area of 48, 000 km2, a volume of 1, 150 km3, and an average depth of 23.7 m. The

western coast is relatively straight, the eastern coast is very irregular, with several

prominent sandy islands and lagoons deeply entrenching inland. Three major rivers

empty their waters into the NWS, the Danube, Dniester, and Dnieper (Figure 3.1).

The yearly average rate of water exchange of the NWS with the open sea across the

45th parallel has been estimated at between 1.6 and 2.2 x 105m3/s '. For the entire

NWS, wind induced transport exceeds the amount of fresh water influx. This leads

to offshore water transport being composed of river water mixed with water that is

drawn onshore by wind.

During suitable conditions this process leads to the formation of the CIL as

previously discussed in section 2.22.
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TABLE 3.2. Salt fluxes to and from the Sea of Azov

Salt balance for the Sea of Azov before, and after river flow reduction.
Salt flaxes in millions of tonnes/yr, water fluxes in cubic kin/yr. salinity(S) in ppt.

River P-E Out(water) In(water) (salt) S

Before 41.3 -19 54.3 32 576 10.6

After 20.6 -19 54.3 52.7 948.6 13.8

Source: ref. 1.

Due to the effect of reduced river flow the NWS receives significantly less

fresh water than forty years ago. This reduced river input carries a far greater load

of pollutants today than before the advent of modern industry, intensive agriculture,

and urbanization of the populations in the drainage basins of the rivers in the 1950s.

This increased pollution load includes high levels of pollutants of industrial, urban

and agricultural origin.

Arguably, the most damaging component of this pollution in terms of the

ecological changes that have occurred in the area is the nutrient load delivered to

the shelf. Nutrients, it is argued here, have the most important effect because of

their disruptive action on the ecology of this biologically productive region. Due to

the nature of tile circulation patterns of the waters of the shelf these have resulted

in the emergence of eutrophication, and benthic hypoxia and anoxia.
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3.2.1. Eutrophication, hypoxia, and anoxia

The ecological changes which have occurred on the NWS area of the Black

Sea in recent decades can be directly attributed to the reduction in river discharge

and the increase in nutrients delivered to the area by the river water 1,2,9 The

explanation for the effects of these changes is to be found in the nature of the

circulation of the waters of the shelf region.

Water is driven offshore from the NWS by wind forcing. The volume of this

offshore transport is far in excess of the river discharge to the area. It has been

estimated that total transport through the 46th parallel is about 350 km3/yr of

which 290 km3 was wind forced This offshore transport is composed of river

water and a larger proportion of upwelled Black Sea water. As the proportion of

river water in this volume is reduced the sea water proportion must increase in order

to satisfy the effects of unchanged wind forcing. This means that more sea water

penetrates further inshore than used to be the case raising the salinity of nearshore

waters.

The reduction in river flow has resulted in a reduction in the rate of advection

of river water past the shelf areas. This means that substances in river water are

advected more slowly across the shelf including nutrients. Thus, a situation exists

where elevated amounts of nutrients in river water are spending longer over the

shelf. Biological productivity in the area has responded by the increased uptake of

these nutrients by primary producers (phytoplankton) in the water column

The enhanced production of phytoplankton in a nutrient-rich environment

at sea is known as a bloom. Blooms, usually prevalent in nutrient rich shelf regions

have been noted to occur with increasing frequency and magnitude on the NWS in

recent decades.
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Phytoplankton blooms develop as follows. After an initial acclimatization

period of the organisms to the environmental conditions, population of the species

most suited to exploit the availability of light and nutrients increases exponentially

until such time as the uptake of a nutrient depletes the availability of that nutrient,

effectively altering the environmental conditions. During this period of exponen-

tial and static population change large numbers of unicellular planktonic algae are

present in the water column. This large photosynthetic biomass shades the wa-

ter beneath effectively reducing the levels of photosynthesis that may occur on the

bottom, where attached macroalgal forms suffer. On the NWS previously highly

productive and extensive beds of the red alga Phyllophora nervosa, known as "Zer-

nov's Field" (Figure 3.2 ). have declined drastically as a result of reduction in light

energy incident on the bottom. This has been caused in part by increased primary

production and in part by elevated turbidity levels caused by bottom trawling for

sprat (this practice has been discontinued) 6

When the depletion of an essential nutrient becomes limiting for the phyto-

plankton biomass, the population dies en masse. The unicellular algae then burst

or are torn open by grazers in the water column, or sink slowly towards the bottom.

At the end of a bloom period the amount of dead phytoplankton usually far exceeds

the ability of grazers to eat them, so the vast majority of cells end up sinking to

the bottom. The concentration of dead biomass both in the water column and on

the bottom provides an unusually large food source for bacteria. These organisms

undergo their own "bloom" population dynamics as adequate food becomes avail-

able. However, the bacteria, unlike the photosynthetic algae are net consumers of

oxygen. This leads to a depletion of dissolved oxygen in the water, especially near

the bottom where the food source is concentrated. As their biomass increases they

themselves eventually become limited by the scarcity of oxygen, and are replaced
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at the feast by anaerobic bacteria. These organisms use electron- donors other than

oxygen for respiration and thus are not limited by the scarcity of oxygen. However

the dominant anaerobic bacteria in marine systems are sulphur reducing, and the

product of their respiration, the sulfide anion, is readily oxidized by oxygen. Thus

the respiration of anaerobes leads to further reduction in dissolved oxygen.

The attached multicellular inhabitants of the benthos are aerobic organisms,

some of which are facultative anaerobes (e.g. mussels). However their ability to

respire anaerobically is only short term as they perform catabolic processes during

anaerobic respiration. Prolonged periods of anaerobiosis will deplete their energy

reserves and lead to death. Organisms such as the mussel Mytilu.s galloprovincialis

have been effectively removed from large areas of the shelf as a result of the above

processes 1,2 (Figure 3.3) . The absence of the mussel beds has also effectively

removed a major grazer of phytoplankton from the shelf. It has been demonstrated

that the turbidity of water overlying mussel beds is significantly less than that of

water higher in the water column, due to the filtering out of suspended matter by the

mussels o. When this grazing pressure is removed it enhances the flux of particulate

organic matter to the benthos thus further reinforcing oxygen depletion.

Burrowing organisms that inhabit the benthos are similarly affected by oxy-

gen depletion, and a reduction in their presence in the bottom also has reinforcing

effects on the ecological changes in the benthos. These animals mix oxygen-bearing

water into the upper layer of sediment by disturbing the bottom, a process called

bioturbation. The sediment is quickly depleted of oxygen by bacterial respiration

if bioturbation is absent. Also, if oxygen rich water returns to an area where bur-

rowing organisms have been formerly eliminated, oxygen will not penetrate into the

sediment until the area has been recolonised by the burrowers. This means that

the anaerobes in the sediment will continue to produce oxygen-depleting sulfide ion
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until they are eliminated by the presence of oxygen in the sediment. Thus, it should

take considerable time, possibly years, for an area of the bottom affected by anoxia

or hypoxia to recover after the return of oxygenated waters to the benthos.

3.2.2. Phosphorous balance on the NWS

In order to illustrate the increase in nutrients on the NWS over the last few

decades a box model is constructed for phosphorous (P). The amount of the nutrient

available for biosynthesis is a function of fluxes into and out of the box, as defined

as the NWS embayment north of the 45th parallel. Inward fluxes are rivers, onshore

transport and a regenerated flux from the sediment. Outward fluxes are offshore

transport of dissolved P, and regenerated P (offshore minus inward fluxes).

Table 3.3 shows estimates of these fluxes before and after river flow reduction

and nutrient load increase.

As can be seen from Table 3.3, before river reduction and increased nutrient

load, the net phosphorous flux was negative. This is because the incoming nutrients

were partially converted to biological tissues (fish, mussels, macrophytes etc.) on

the shelf, and thus there is a deficit between incoming and outgoing phosphorous.

The fate of this tissue is not accounted for in the budget. It was either transported

offshore, harvested or buried.

After the changes in flow and nutrient regime, regenerated P shows a positive

balance. This is because, as a consequence of the increase in anoxic and hypoxic bot-

tom waters on the shelf, recycling of phosphorous from the decaying phytoplankton

and particulate organic matter becomes a new input of phosphorous to the system

over the short term, and the incorporation of into the biological tissues of higher

life forms is effectively halted.
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Figure 3.3 shows a schematic representation of the ecological relationships

on the NWS both before and after river reduction. This is not meant to be an

exhaustive view of all the linkages and interactions of organisms, rather it seeks to

show how some of the major pathways of energy transfer between organisms have

been changed by the changes in river input to the region.

TABLE 3.3. Phosphorous budget for the North West Shelf

Phosphorous Budget for the NWS (000 tonneslyr)

River P P Onshore P offshore P Regenerated

Before 13390 1191 10100 -4481

After 65000 1450 75750 9300

Source: Calculated from data in ref. 6

3.2.3. Resource management options

Unlike the Sea of Azov which is connected to the Black Sea by a narrow strait,

the NWS has a large interface with the sea. Thus the option of isolating this water

mass in order to manage the inputs and outputs is not a realistic option. In Chapter

6 several discrete elements of a management scheme that would artificially force the

system towards its highly productive former ecological make-up without restoring

river flow-, are presented. These include methods to reduce nutrient loading in river

water, and using artificially maintained biological vectors on the shelf to remove



nutrients from the system. Solutions to the problems of the NWS are more complex

than those of the Sea of Azov and consequently management of the system will be

also more complex.
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FIGURE 3.2. Zernovs field.

Source: ref. 5.
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4. ECONOMIC SECTORS CONSUMING WATER

4.1. Dam-related consumption

Benefits accrued to discrete sectors under the Soviet system as direct result of

extracting water irretrievably from the Black Sea drainage complex. These sectors

are agriculture, electric power, river transportation, and heavy industry. They were

and still are responsible for the loss in the volume of water discharged to the Black

Sea. The removal of waste was also an important function of rivers under the Soviet

system. Waste removal is the source of the nutrients discussed in chapter 3, and the

source of health threatening and toxic pollution.

Each of these sectors and the externalities their activities created, are dis-

cussed below.

4.2. Agriculture related consumption

4.2.1. Agriculture

After the 1917 revolution the feudal system of agriculture was replaced by

collective agriculture. The main purpose of collectivizing agriculture was to ensure

that it supplied industry with the resources for rapid industrialization In the

period 1929-53 this was successfully achieved in so far as sufficient basic wage goods

(food) and industrial goods (cotton) enabled a very rapid process of industrialization

to take place '. It failed, in that by 1953, the year of Stalin's death, the entire

Soviet population was only just above subsistence level Because of the poor level

of output, high prices on the free (collective farm) market, and the need to provide
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state investment for agriculture, collectivisation did not lead to an increased net

transfer of resources from agriculture to industry After 1953, output increased

significantly during the period of "destalinization" By 1979 the Soviet Union

had ceased to be a country threatened by famine However, in the 1980s, despite

impressive production, Soviet agriculture remained costly, requiring massive inputs

of land, labor and investment The high costs result from two realities. Firstly they

are a function of the adverse natural conditions. In the former USSR, where rainfall

is heavy, soils are generally poor, and where soils are rich, rainfall is inadequate

This was a major factor in the decision to manage water resources on a large scale

(Figure 4.1). The second reality is the nature of the social contract between the

state and the agricultural workforce. Under the communist system management

decisions were forced upon farmers by the state and the rewards for their labour

were low 2

Soviet Agriculture was deeply dependent on state support The newly

emerged states of the former Soviet Union have inherited an enormous burden of

agricultural subsidy. Much emphasis is placed by Western lending institutions on

the need to end the subsidization of what is a highly inefficient economic sector

It has been estimated that the inefficiency of the state run agricultural sector

in the former USSR was such that the 3% of agricultural land in private hands

produced about 50% of total agricultural output Labor productivity in the USSR

in 1980 was 15.44 (no dimensions in reference) as compared with 285.06 (sic) in

the US. Agricultural growth, when it occurred came from an increased use of factor

inputs not from technological change In 1984-1986 average grain yield of cropland

in the USSR was 35% of that in the US and only 55% of that in Poland 2 Nearly

half of the arable land was under serious threat from wind and water erosion 2



Where it was irrigated or reclaimed, the job was so badly done that close to one

third of the acreage became unusable and another large portion was put in danger 2

In Ukraine's Donetsk oblast (an area drained by the Don river), an area where

heavy industry and agriculture uneasily coexisted, the region's chief physician found

in 1990 that only 4 of 432 farms produced "healthy" produce or were inhabited by

"healthy" farmers 2

The former USSR will have to go through substantial change if it is to be

competitive in the same markets as the western nations. This necessity for reform

of agriculture may provide an opportunity to use inputs more efficiently, which may

entail reallocating the inputs formerly used in agriculture into other sectors. These

inputs include water which is provided to agriculture in large part by irrigation.

FIGURE 4.1. 1951 map of proposed water management schemes.

Source: ref. 1 (ch. 5).
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4.2.2. Irrigation

The means by which agriculture is responsible for water consumption is irri-

gation. Irrigation introduces water over a large land area in order to provide water

for plant growth in areas where natural soil water content is insufficient. A sec-

ondary result of this process is that the air-water interface is greatly increased in

area, leading to an increase in evaporation and transpiration. Evaporated water is

irretrievably lost from the drainage basin.

The geography of the USSR was such that the areas to the north of the Black

Sea were favored for agricultural expansion because of their good soils and high in-

solation. However the region suffers a lack of sufficient rainfall to sustain intensive

agriculture. The water which irrigated the large expansion in agriculture was ex-

tracted from the rivers of the region which are supplied with water from northern or

mountainous watersheds. By irrigating arid areas the actual evaporation from the

land was raised to a level either close to or at maximum potential evaporation 6

This resulted in a sizeable irretrievable loss of water from the area. Losses due to

irrigation are estimated at 56% of the total anthropogenic losses of water input to

the Black Sea (Table 4.1).

In the USSR irrigation has brought water to 51 millon acres 2 This task of

irrigation was the responsibility of The Ministry of Land Reclamation and Water

Resources until 1990 1,2,4 This giant government agency was notoriously inefficient 2

In 1988 fully 14% of the land the ministry had irrigated required restorative work,

and 4% of that portion was useless because of flooding 2 In 1990, a Soviet expert on

hydraulic engineering found that nearly one third of the 50 million acres reclaimed

since 1970 was unusable, crop yields on two out three of the 86 million acres with



hydraulic land reclamation (drainage) systems were consistently too low to justify

actual outlays or meet projected potential 2

Irrigation has caused soil erosion on a large scale. In 1989 it was found that

one quarter of cultivated land in the USSR was in need of anti-erosion devices 2 The

erosion affecting this land was due to both wind and water, but the contribution of

irrigation water to this erosion should be considerable.

In 1991, 4, 000 km2 (3.4%) of fertile Black Earth land in the Kuban was

inundated by irrigation wasting valuable land and water 2 If, for example, this land

were flooded to an average depth of 0.5m, 2 km3 of water would be needed to cover

it alone.

4.3. Power related consumption

4.3.1. Electric Power

The electric power system of the former Soviet Union consists of eleven re-

gional electric grids that interconnect to form one large Unified Power System (UPS)

(Figure 4.2). The grids that cover the area of the Black Sea drainage are the South

grid and a tiny portion of the North Caucusus grid (Figure 4.2). Capacity of the

South grid is 51 gigawatts with average daily demand ranging from a maximum

of 88% to a minimum of 61% Hydropower makes up 9% of the capacity of the

grid '

Energy output of the USSR increased until 1988. This growth was not

sustainable and took an enormous toll on the economy. During the eleventh five

year plan of 1981-1985 energy investment consumed 90% of the total industrial in-

vestment growth increment, leaving other industries with essentially no investment

growth The emphasis during the 1980s was investment in nuclear energy Public
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opposition to nuclear power was given voice by glasnost and fueled by the accident

at the Chernobyl nuclear station in 1986 The tangible results of public opposition

to nuclear power and other problems with electric power (including hydropower)

construction were that actual installed capacity fell short of plan target by two

thirds in 1989 2 Oil and gas face sharply rising production costs, nuclear and hy-

dropower face public opposition, and coal faces transportation, power transmission

and environmental problems. New energy solutions are needed.

The most promising means by which electric power capacity may grow in

the former Soviet union are coal gassification, natural gas, and wind power 2,7

Huge untapped coal reserves in Siberia could be turned into relatively clean energy

by gassification 2 Expanding natural gas production could conceivably make up a

large part of the domestic energy deficit. Many parts of the former USSR, including

the region to the north of the Black Sea are suitable for wind power generation

(Figure 4.3) 7.

All of these potential power generation sectors would require large invest-

ments in infrastructure. Coal gassification technology has not been developed in

the former USSR. The expense of changing coal and oil burners to gas, or replac-

ing them with new ones is financially impossible for countries which are chronically

short of capital. Indeed the demand for foreign currency is such that during the

1980s, sales of natural gas abroad amounted to 13% of total energy output 2 This

export gas if used at home could significantly allay power shortages. Adequate wind

power technology is not available in the former USSR

There is a paradox in the situation where the former USSR, which is well

endowed with energy reserves, cannot supply its power needs. The former Soviet

Union contains 38% of the world's reserves of natural gas 2 In 1990, it produced

more oil and gas than any other country, and was third in coal output after the



US and China 2 Much of the problem stems from wastefulness. A Soviet power

industry official conceded in 1990 that "we could save a third of the power generated,

an estimated 900 million tons of standard fuel equivalent by 1995" 2 For comparison,

the total contribution of hydropower to the former USSR power system is 70 million

tonnes of standard fuel equivalent 2

Two major problems stand in the way of improving efficiency in the power

systems. Firstly, power shortages force existing capacity to operate continuously,

allowing little or no down time to repair, update, or replace machinery. Twelve

per cent of all generating capacity has completely exhausted its service life but

continues to operate 2 Secondly, there is not sufficient available capital to finance

such investment. Without steady power output and huge strides in energy efficiency,

the economies of the former USSR states will be crippled, and standards of living,

already depressed will plummet further 2

4.3.2. Reservoirs

The use of water for hydroelectric power generation requires a gravitational

head to drive turbines. This head of water is maximized in both magnitude and

useful period of flow, by the construction of dams. Water is held back by the dams,

increasing the head and the volume of water that may flow through the turbines.

These enormous reserves of freshwater cover large areas of land. Thus, the surface

area of the air-water interface is greatly increased by the creation of reservoirs. This

leads to increased evaporation, and consequently irretrievable water losses from

drainage basins. For example, at this latitude open water loses approximately twice

as much more to evaporation than grassland 6



TABLE 4.1. Irretrievable anthropogenic water losses from rivers entering the Black

Sea

Irretrievable Water Consumption in Black Sea River Systems

River Natural Present Water Irrigation Other
Flow Flow Flow Loss Consumption Consumption

Don 27.9 15.9 12 5 7

Kuban 13.4 6.2 7.2 3 4.2

Total 1 41.3 22.1 19.2 8 11.2

Dniepr 53.5 15.5 38 22.1 15.9

Dniestr 9.3 3.5 5.8 3.4 2.4

Total 2 62.8 19 43.8 25.5 18.3

Danube 205 196 9 7 2

Grand 309.1 237.1 72 40.5 31.5
Total

(numbers in italics are extrapolated)

Source: ref. 9.

In the drainage areas of the northern shores of the Black Sea, river valleys are

wide and flat. This leads to a much smaller ratio of volume: surface area than is the

case in more mountainous regions of the globe. It also means a higher evaporation

to volume ratio, since evaporation is proportional to surface area.

The inter-annual variability of annual flow volume, and intra-annual tempo-

ral distribution of flow of rivers in this area varies considerably between rivers. The

river exhibiting the most variation is the Don 8 Irrigation needs have historically

had first priority on water consumption. This means that in order to maintain

reservoir volume on the Don for irrigation in years of low flow. hydroelectric wa-

ter discharge from the lower reservoirs must be minimized. This results in a large
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reduction in electric output, while evaporation from the reservoirs continues to re-

move water irretrievably from the system, in proportion to the increase in surface

area. This may be seen by comparing the average annual electric output: capacity

ratio of hydropower stations on rivers with low and high inter-annual variation in

flow, Tsymliansk on the Don (3500kW.hr/kW) and Dneproges on the Dniepr (5600

kW.hr/kW) '. The power station on the river with low variation produces 1.6 times

more electricity per capacity than the station on the river with highly variable flow.

Reservoirs cover large areas of land that cannot be used for other purposes.

In the flat country to the north of the Black sea this is particularly true. Some

2848 km2 is permanently flooded by waters backed up behind dams on the Don

and Kuban (2.4% of the area of the fertile steppes of the region), and 7163 km2 are

flooded by dams on the Dnieper and Dniester rivers '. Due to design decisions to

maximize hydraulic head, not all the water covering this land is useful for power

generation or irrigation. All water below the level of the turbines must be conserved

within the basin. It is only water above this level that can be used. This means that

large proportions of the volumes of reservoirs are effectively useless. For example

the useful volume to total volume ratio for Tsimliansk reservoir on the Don is 0.48.

In other words the useful volume is less than half.

Data for reservoirs on the northern slope of the drainage to the Black Sea

is given in Table 4.2. Some idea of the relative efficiency of the hydropower gen-

erating stations may be gleaned from comparing the capacity/output (C/O), and

output/inflow (0/I) ratios shown in Table 4.2.
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4.4. River Transportation

Part of the original justification to alter the rivers of the USSR on a large

scale was to increase the navigability of inland waterways. The construction of

canals connecting river systems has presumably increased seepage from these arti-

ficial waterways. It has proven impossible to find data reflecting the magnitude of

this water loss. Similarly data on the volume of river transportation in the former

USSR is unavailable.

4.5. Industry

As part of the industrial expansion of the region under the communist system,

new water consuming industries came into being, like oil refineries, shipbuilding,

non-ferrous and steel metallurgy, coal extraction, and synthetic materials '. In 1970

water consumption for industrial purposes reached 90 km3/yr or 40% of total water

consumption in the country About 10% of this water was irretrievably lost in

technological processes Extrapolated estimates of current industrial water loss

are given in Table 4.1.

4.6. Waste Removal

Rivers have been used worldwide as vectors to remove undesirable by prod-

ucts of industry and agriculture. In the western democracies, the nature of property

rights has allowed a partial redress of the damage that this pollution has caused, on

the basis of the onus being on the polluter to pay for environmental damage caused

as a result of polluting activity. In the USSR, however, the state owned everything,

so that the property rights of the polluted resources and the polluting activity were
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TABLE 4.2. Reservoir and hydropower data

Reservoir Data

1 2 3 4 5 6 7 8 9

Lake Total Useful U/T Inflow U/I Capac.Output 0/C 0/I

(River) Vol. Vol. % Annual % /1000

(TI (U) (I) (U/I) (C) (0)

3 3 3 GWO)/ kWH! C.I
Units

) MW yr kM k3

Krasnodar 3.1 2.9 94 11 26.4 NA NA
(Kuban)
Tsys1. 23.9 11.5 48 22 52.3 200 700 3.5 31.8
(Don)
Kiev 3.7 1.2 32 33.1 3.6 350 635 5.5 19.1
(Dnie2er)
Kanev 2.6 0.33 12 43.9 0.8 420 823 5.0 18.7
(Dnieper
Kremenchu13.5 9.0 66 48.4 18.6 625 1506 4.1 31.1
)Dnieper)
Dneprodz 2.4 0.52 21 50.6 1 352 1250 3.5 24.7
)Dnieper)
Dneproçe 3.3 0.46 14 51.6 0.9 650 3640 5.6 70.5
)Dneper)
expansiOn 1478 4240 2.8 80
Kakhovka 18 6.8 38 51.9 13.1 351 1420 4.0 27.3
(Dnieper(
Dubossary 1.7 0.9 52 8 11.2 50 300 6.0 37.5
(Dniester)
Mogilyov 2.4 1.2 50 6 20 702 830 1.1 37.5
)Dniester)

Source: ref. 4.9.

held by one entity. Thus, there was no incentive for the polluter to stop polluting,

unlike the situatio in the West.

Under the communist system pollution occurred at what would be an utterly

unbelievable level in the West. In the context of the river systems of the northern

slope of the Black Sea the sources of water pollution were agriculture, industry and

domestic waste. In terms of their effects water pollutants may be divided up into:

1. toxic to humans;

2. toxic to the aquatic environment;
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3. eutrophying (nutrients).

All of these classes of pollutants are present in excessive amounts in many

former USSR river waters. Figure 4.3 shows the comparison of pollution entering

the Black Sea with that entering the Mediterranean.

4.6.1. River Pollution toxic to humans

To compensate for the inefficiency of their farming practices, Soviets resorted

to the massive but untutored use of toxic agricultural chemicals 2 Fertilizers, fungi-

cides, pesticides, and herbicides contributed only marginally to increased output (4

to5%).

Out of 400 pesticides whose use was permitted only about 60 were controlled

on any significant scale, 120 were simply beyond the control capacity of the reg-

ulatory agencies . Usage peaked in 1987, a year when "about 30% of foodstuffs,

and 42% of baby-food, contained a concentration of pesticides dangerous to human

health" 2

The almost total lack of treatment of urban waste-water in the former USSR

has had serious health consequences. The occurrence of epidemics from water borne

pathogens that have been eliminated in the West is high. Cholera outbreaks occurred

in Odessa, Nikolaev, Stavropol and Rostov-on- Don in 1990 2,5 As the volume of

discharges of Soviet waste-water rose nearly five times in the twenty years after 1970,

so did the incidence of parasitic diseases, many of them carried in the water 2

Water contamination has significantly impacted the tourism sector on the

coast of the Black Sea. Water that is unsafe for swimming makes beach- side holidays

somewhat unattractive. The highest level of bacteria infested surface water - 71% of

samples was recorded in Georgia (now Abkhazia) in 1989 2 Its inhabitants and the
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tourists who flocked to Georgia's Black Sea beaches also suffered the highest rate of

digestive ailments in the Soviet Union, almost double the 1989 average . Only 18%

of waste water in Georgia's main port of Batumi received any purifying treatment 2

In order to redress the pollution and contamination of river and sea- water

from urban sources a huge investment in water treatment facilities will be necessary.

4.6.2. Toxic to aquatic systems

Poisons were not only overused, they were also frequently ineffective 2 Only

15% of all Soviet state and collective farms had technical personnel on their payrolls

even theoretically competent in the use of agricultural chemicals . It has been

estimated that only 10% of all insecticides actually controlled the pests they were

meant to attack. The remainder (90%) conservatively put at 200,000 tonnes per

year went to no purpose . "The truth is, we don't exterminate the bugs, we drown

them." 2

The fate of these excess chemicals is to be transported in runoff to rivers and

eventually the sea, where they poison the aquatic and marine fauna, and in many

cases, such as DDT, bio-accumulate.

The accumulation of toxins and heavy metals in aquatic and marine biological

tissues precludes their use for direct and indirect (fish-meal) consumption. Therefore

any remedial efforts to restore aquatic and marine systems to economic productivity

(fisheries) must be preceded or at the very least accompanied by efforts to improve

the nutritional value of fish, i.e reduce their toxicity. This means that a primary

step in restoring the ecosystems of the Black Sea will be tackling toxic pollutants

that accumulate in biological tissues, such as pesticides and heavy metals.
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4.6.3. Eutrophying nutrients

In the Krushchev era, crop rotation was replaced by heavy chemical fertilizer

use, a switch that starved the soil of natural nutrients 2 Application techniques

for chemical fertilizer remained primitive, and their improper application resulted

in large amounts of the artificial nutrients being carried by runoff "into reservoirs

and then show up as blue green algae and all manner of impurities that destroy all

living things in the Volga, Dnieper, Don and other rivers" . Mishandling of organic

fertilizer was also very serious. Just in the non-Black earth zone the volume of

compost and manure piling up around livestock sheds and poisoning ponds, lakes,

and rivers, rose from 53 million tons in 1965 to 112 million tonnes in 1985 2

The effects of nutrient loading have previously been discussed in Chapter 3.

4.7. Summary

Agriculture, Industry, Electric power, River transportation all consume wa-

ter from the drainage systems of the northern shore of the Black Sea. All of these

sectors with the possible exception of river transportation have been operating in

a highly inefficient manner . Within all of these sectors there is ample opportu-

nity for reducing water consumption through optimizing efficient operations, and

decommissioning inefficient ones.

The level of productivity that will be competitive for the post-Soviet

economies also raises the possibility of significant reduction in production while

maintaining productivity. This downsizing of operations may also provide an op-

portunity to conserve water in the drainage basins.

As is evident from the above analyses of the different sectors, rationaliza-

tion is both possible and necessary. If such rationalization is undertaken with the



potential benefits of improved aquatic environments in mind, these environments

can be brought on stream into the economy as newly productive, primarily in the

sectors of fisheries and tourism. These potential benefits are discussed in Chapter

5. There are other benefits that will accrue to the emerging nations directly, and to

the rest of the world indirectly: decreased degradation of the global environment;

and improved quality of life for the residents of the region. Both of these may be

important for the future of the region and its relations to the rest of the world both

economically and politically.
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5. BUILDING WORKABLE FRAMEWORKS TO ADDRESS THE
PROBLEMS OF WATER CONSUMPTION AND POLLUTION

BASED ON ECONOMIC AND POLITICAL REALITIES

5.1. Economic Background

Beginning in the middle of this century, a conscious effort was made by

the Soviet government to harness the forces of nature in order to facilitate the

construction of a modern industrialized society. The following is a quote from a

propaganda pamphlet published in 1951.

A new stage in the inspired constructive endeavor of the Soviet peo-
ple has been opened up by the great civil developments begun at the
initiative of Joseph Stalin, the leader of the peoples. These are the hy-
droelectric power projects on the Volga, the Amu Darya, the Dnieper
and the Don rivers, and the irrigation schemes in the trans-Volga area,
the Caspian and Don steppes, in the southern districts of the Ukraine
and the northern districts of the Crimea. The Soviet government are
doing everything possible to transform nature, to do away with deserts,
to attain a further big rise in agricultural productivity, and increase the
country's power resources

In Chapter 3, the ecological impacts of artificial reduction in river flow and

increases in nutrient loading of waters discharging to the NWS and the Sea of Azov

were discussed. The main results in both areas that affect the human populations

of these areas have been reductions in biological productivity and as a consequence

diminished economic activities whose foundations are the impacted biological re-

sources. However, the rivers play important roles in a much wider arena as factors

in production for the economy of the region as shown in Chapter 4.

Any assessment of efforts to redress the biological decline caused by the

condition of the rivers must take into account what non-biological assets may be

gained and lost by so doing. The root causes of these disruptions to the shelf systems



are the demands that have been placed on the rivers of the region as resources in

themselves.

An integral part of the post-war Soviet economic expansion program was

the exploitation of the river system of the USSR to provide electricity, irrigation,

transportation, and waste disposal as factors of production in the planned modern

industrial society that was to be built on the ruins of feudal Russia and the wasteland

left by the Great Patriotic War (WWII).

As a result of efforts to achieve this goal, rivers became an integral and vital

part of the economy. Dams were built in great number and by the 1960s the river

systems draining to the Black Sea with the exception of the Danube were being

exploited to a degree that would permit the maximum benefit to a society whose

primary demand on those systems was maximizing the output of electric power,

irrigation water, transportation, and waste removal.

By and large these concessions were successfully wrung from nature in the

short term in the region of the Black Sea. It can be seen from a comparison of

ex ante and ex post evaluations of the benefits of water management that the ex

ante forecasts were generally realistic, for example the forecasted output of the

Kakhovka hydroelectric station made in 1951 (1200,000,000 kWh/yr) 1 is less than

current average annual production (1420,000,000 kWh/yr) 2

However water management resulted in some unexpected problems that in-

creased in importance with time. Efforts to transform nature resulted in catastrophic

failure in some areas (e.g. Amu Darya irrigation has led to a shrinking of the Aral

Sea and environmental disaster) 2 In the Black Sea area water management policies

have also led to environmental problems, which, if not as catastrophic as those of

the Aral Sea, are certainly very serious.



Raising water tables removed a lot of land from production 2 Evaporation

from storage lakes and irrigated land removed water from the river systems, nega-

tively impacting the power generation capacity of the hydropower system. Intensive

use of fertilizers on irrigated land, and the wastes from a growing urban industrial

population introduced an enormous load of nutrients into river water 2 The cumu-

lative effect of nutrient loading on the rivers was eutrophication of the storage lakes

and eventually the end member of the system, the Black Sea.

5.2. Political Background

Today, the society that created the agro-industrial complex in the lands to

the north of the Black Sea has collapsed upon itself. It can be argued that the

aggregate of the negative feedback from inefficient centralized management policies

ended the possibility of continued economic growth. With respect to the subject

matter of this work, that translates to the following hypothesis. The net benefits

generated by the harnessing of the Black Sea drainage system are currently exceeded

by the net costs to society of exploiting the rivers under current conditions.

The basis for this statement is that the economies of the emerging nations

in question, Russia, Ukraine (including semi-autonomous Crimea), Moldova, Ru-

mania, and Bulgaria are at present dysfunctional. The water dependent sectors of

these economies are not functioning in an efficient manner (discussed in Chapter 4).

There is apprehension about the combined effects of a long immersion of a formerly

large and inefficient economy in transition to equilibrating market forces, and the

concurrent fragmentation of that economy into smaller national economies. The

societies of these nations may become fragmented under the strain, possibly even

becoming anarchic.



To preempt this possibility, these nations are attempting under the influential

advice of the capital-rich western democracies, to impose some order on the emer-

gence of market economies by implementing policies which are collectively known as

"market reforms". To put this another way, these nations are attempting to rebuild

their dysfunctional economies by courting the global market economy, and specifi-

cally its capital. It may be apparent to western observers that they have no choice,

but it should be remembered that there exists a significant body of opinion in these

countries that does not agree. This is hardly surprising as for most of this century

they were citizens of a modern society, in what appeared to be a state of sustainable

economic growth. There are those who are not convinced that a centrally planned

system is necessarily doomed. These people, who included for example Mikhail S.

Gorbachev before the collapse of the USSR 2, would prefer to reform the system

from within, rather than destroy it first. In the period of the late 1980s this policy

was embodied in the slogans perestroika (restructuring) and uskorenie (speeding up

the pace of economic development)

Today market reformers are in tenuous political control in Ukraine Rus-

sia and Rumania. Leaders in Bulgaria and Moldova 6 may be forced to accept

reform also. The reformers are either eliciting or receiving large transfers of capital

from western nations and financial institutions to pay for the restructuring of their

infrastructure and economic activities so that their countries may compete within

an international free market system.

It is possible to compare the process of aid transfer to these countries to the

process within the European Union (EU). As a country joins the EU it receives

large sums of aid for several years. This aid is split into two definitions; structural

funds and cohesion funds. Structural funds are monies invested in infra-structural

development in order to equalize the efficiency of transportation, roads, railways,



airports, ports, telecommunications, etc. The purpose of this investment is reap

benefits in the greater ease of commercial transactions in an economic sphere where

infrastructure is efficient and equally distributed geographically. These benefits

accrue to the investor (the EU) indirectly and over the long term. In contrast,

cohesion funds are monies provided to the new member nation in order to streamline

fiscal policies, ensure state liquidity and stabilize currency exchange rates

The aid transfers currently under way to the former USSR states fall into

the category of cohesion funds. The apparent desire of investing institutions is to

stabilize currency first and then worry about encouraging efficiency. As this goal

is achieved and the currencies of these states become convertible, the need for the

provision of structural funds will become more acute. Decisions will then be made

on how structural funds may be procured and this will in turn depend on proposals

for how they should be spent. Section 5.5 discusses some specific mechanisms for

the allocation and adaptive management of structural funds. Section 5.6 deals with

possible avenues of finance procurement.

As part of the restructuring program the Black Sea countries will inevitably,

sooner or later, have to address the problems of their rivers. These mighty factors

of production must also be brought into the new economy. Previously politically

unimportant issues such as water quality and recreational value will become more

important as these nations compete in the international tourist market, a lucrative

source of foreign currency. With the decentralization and scaling down of former

Soviet distant water fishing fleets, these countries will come to value the fisheries

resources inside their own, new exclusive economic zones in a new light, especially

as resources with a potential to earn export revenue. The potential for a change in

the value of agriculture without large state subsidies will have direct effects on the

demands for irrigation water. Similarly the energy demands of reformed industry will



significantly affect the demand for, and value of, electricity generated by hydropower.

The integration of competing power generation sources (natural gas,wind energy)

into the new energy market may also impact the river system 7,8 Finally, the

emergence of civil liberties in a previousl-y highly controlled society has resulted in

a growing demand for a cleaner, healthier environment by the populations of these

countries The political impacts of this groundswell of environmental opinion has

been demonstrated in western Europe. It is becoming increasingly evident in the

former Soviet Union 8

5.3. Political Realities of the Current Transitional Period

From the narrow perspective of rehabilitating the ecology of the Black Sea,

the obvious recommendation for change would be to restructure river systems in

order to artificially reproduce pre-development biological productivity levels and

cycles. As demonstrated in Chapter 2, restoration of river flow to natural, pre-

development levels will not necessarily restore salinity to pre-development levels.

The biological changes discussed in Chapter 3 will not be reversed by a restoration

of salinity, in any case, because of the change that has occurred in the assemblage

of inhabiting species.

Taken from the broader, and infinitely more complex viewpoint of the tran-

sition of a centrally planned socio-economic system, to one where market efficiency

is supposed to invalidate elements of central planning, restoration of river systems

for purely ecological reasons is not realistic. Rather some optimal combination of

the old system with modifications consistent with today's established goal of market

economy, is the only feasible road other than laissez-faire.



Given the enormous changes that these countries have to undertake, allowing

the surviving power structures of the old Soviet "Apparat" to dictate policy (laissez-

faire), is not an option, especially against the backdrop of the calls for "reforms"

heard from the financiers of the West. If some element of reform planning is not

forthcoming from these nations, they will have difficulty in obtaining either cohesion

or structural aid.

A good example of this delicate balance is Ukraine where the laissez- faire

policies of Leonid Kravchuk caused the nation to be treated as "the economic bas-

ket case of ex-Soviet Union" Under its new leadership of Leonid Kuchma, who

is democratically attempting to implement planned reform, the Ukraine has been

successful in eliciting large sums of aid by several western nations The obvious

inference is that "reformers" qualify for western financial aid, and others do not.

If too many "market reform" planning decisions are taken too quickly, the

stability of society is threatened as the population suffers from social and economic

hardship. These nations are in the unenviable position of consciously trying to

modify (i.e. plan) their economies in such a way that the emergence of market

economics does not reduce their societies to anarchy.

Any proposals to optimize the use of resources, including the rivers, must be

made in this complex context, rather than one where the pursuit of market efficiency

is paramount, at least in the short term.

Sustainable reform of these nations must include the river systems. Lack

of reform will only lead to a worsening of the situation with results further nega-

tively impacting agriculture, industry, public health and the environment. Tolmazin

(1985) summed up the future for an unchanged water policy in the then still extant

USSR.

Soviet political leaders have perhaps only 10-12 years until they face a
major domestic issue: the restructuring of the country's drainage system,



a program that will divert Soviet resources and manpower from military
programs. Otherwise they will have to drastically curtail their economic
expansion, which will mean a virtual end of the Soviet system. 2

When these lines were written, the need for change was glaringly apparent

but its implementation unforeseeable. Today the processes of change are underway.

It is assumed here that the processes of change are pursuing a goal of eventual

integration into an enlarged European Economic Community. This assumption is

consistent with current efforts towards a market economic system based on free

trade which is the direction that these countries appear to be moving. To achieve a

future integration into modern Europe, the nations of the former USSR have a long

way to go. The procedures of change are obviously still only being worked out.

How this climate of change affects the water resources of this region will have

important consequences. The idea is proposed here that long term planning for the

future of water resources of the region, with a goal of improved health of natural

aquatic and marine systems is entirely consistent with the aim of integration into a

greater European economic sphere. As was pointed out in chapter 4, management

of water resources will have to change drastically, with or without the goal of envi-

ronmental health, for reasons of the efficiency requirements of economic activity in

a market economy.

5.4. Benefits of attempting to restore the natural productivity of aquatic
and marine ecosystems

By integrating the goal of both short and long-term environmental health

into future water resources planning, additional benefits should be forthcoming for

the region's economy, its inhabitants, and on a larger scale, to Europe and the world

as a whole in terms of foregone environmental degradation.
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These potential benefits are:

1. Improved public health and reduced health expenditure,

2. Enhancing the opportunity for tourism and recreation earnings,

3. Restoring fisheries production,

4. Generating political capital both nationally and internationally by carrying

out environmentally responsible policies,

5. Greater regional stability resulting from the necessarily cooperative nature of

efforts to alleviate pollution that crosses borders.

Benefits 1,4, and 5 should be particularly relevant in the short term. Each

of these potential benefits is examined in section 5.4

5.4.1. Improved public health and reduced health expenditure

The health of the population of the former Soviet Union is generally very

poor. The causes of poor health are various, but ill health caused by water pollution

is high. An indication of this is the fact that the mean age of death for Soviets who

succumbed to contagious disease or parasites was 37.3 years for males and 26.9 for

females compared to 73.2 and 75.9 years, respectively, for French men and women 8

Every fourth sample of drinking water is dangerous to health because of its chemical

content, every fifth because of its bacteriological content. Epidemiologists blamed

polluted water for one fourth of all Soviet intestinal infections in the 1980s 8 has

been estimated that the lack of sanitary-epidemiological well being was costing the

state about 33 million rubles a year in 1991 8



If water quality were improved to a level where water-borne pathogens and

poisons did not exceed environmental standards equivalent to those respected in the

EU and US, this health care figure could be radically reduced. Significant economic

benefits would be created by the improvement of the sanitary conditions of water

resources.

Barber Conable, president of the World bank in 1990, while pledging support

for "reform and development" in former Soviet states said

Economic progress is a pyrrhic victory for those who cannot breathe, or
drink the water, or avoid toxic assaults on their well-being. Action on
the environmental front cannot be postponed to some future date when
the economic crisis has been overcome

5.4.2. Tourism Potential

The Black Sea coast has a long history as a tourist destination. The resorts of

the Crimea and the Sochi regions are world reknown. The entire coast represents a

scarce resource in a heavily populated European continent, with its warm water and

sunny climate. With severe congestion facing the Mediterranean resorts, potential

expansion of tourism into the Black Sea area is significant if basic needs of tourists

are met, including a clean, and sanitary environment. If an adequate clean up is

achieved the potential for the transfer of tourist dollars to the region is enormous.

The Black Sea countries have similar qualities to offer as Spain (Figure 5.1).

In the same vein as Spain they may be able to generate significant income from

tourism. Sand, surf, and sun tourism is established in Bulgaria, Rumania, the

Ukraine (Crimea), and Trans-caucasus (Abkhazia and Russia) Potential exists

for sailing, wildlife (Danube Delta), walking (footpaths are still common in eastern

Europe), and cultural tourism (historic cities, castles, monasteries)



The current potential earnings of the region can be illustrated by a compari-

son with the development of tourism on the Spanish coast since the 1950s. Spain is

used as a comparison because its tourism industry is based on characteristics which

riparian Black Sea countries share. These include a sunny climate, warm water,

beaches, varied terrain close to the coast, mountain areas, and cultural centers.

In Spain tourism grew from 0.7 million visitors spending $20 million in 1950

to 52 million visitors spending $18,593 million in 1990 The 1990 figure represents

9% of GNP, at a time when agriculture contributed 4.5% of GNP . Employment

in the tourist sector was 1.4 million people in 1990, accounting for 11.2% of the

population

Black Sea countries generate tourist revenue which is orders of magnitude

less than that in Spain. In Rumania in 1985 it was $182 million ($5) per Tourist

Night Equivalent (TNE) o. In Bulgaria it was $343 million in the same year ($13

per TNE) 10

All the above-mentioned potential tourist activities except cultural tourism

are directly dependent on a prerequisite level of environmental health, and even

the last is subject to an assurance of safe drinking water. In order to take advan-

tage of the capacity for tourism, these countries will have to address environmental

problems

5.4.3. Fisheries potential

The demise of the USSR has meant that the direct provision of fish protein

from distant water fishing fleets to the population has come to an end. The newly

emerged nations assume the responsibility to provide market access to this important



food source to their citizens. In order to achieve this, development of fisheries inside

their territorial waters and exclusive economic zones would seem the logical course.

Historically the Black Sea fisheries were highly productive. Black Sea nations

stand to benefit from any restoration of this protein source in terms of both of food

sufficiency, and export for high value marine fisheries products, such as caviar (from

sturgeon) and agar (from Phyllophora nervosa).

5.4.4. Political capital and economic trade

The processes of improving environmental conditions in the region will help

to satisfy both the demands of citizens for a cleaner and healthier living environ-

ment, and the stipulations insisted on by western nations for increased economic

partnership.

The state of the environment has become politically important in the ex-

USSR. Many elected representatives run on tickets that strongly convey the need

for environmental policy change. Environmental protest has closed many industrial

operations and can be expected to continue to do so 8 The Ukrainian parliament

voted to declare Ukraine a nuclear free zone on November 17, 1994 Worries about

the quality of the environment are important in the former USSR. In a 1990 survey of

96,000 Soviet citizens in 850 cities and towns, 54% were recorded as unhappy about

local environmental conditions, 20% partly content and just 8% fully satisfied. When

asked the source of their worries, 81% cited air pollution, 73% mentioned unsafe

drinking water and 71% said they were bothered by radiation dangers 8

Greater trade with western Europe will largely depend on the acceptability

of produce on the basis of EU standards for consumption inside the EU. Without

radical improvements in environmental legislation, many products, and especially
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food will be refused access to western European markets. While export markets are

barred to the produce of the region on the basis of unacceptable quality and safety,

this will affect the level of foreign capital that is prepared to invest in the region.

If any or all of the emerging nations contemplate eventual integration into a

European Economic Community, they will have to agree to undertake reforms that

will bring legislation and executed policy into line with the standards of the EU. By

engaging in a cleaner, more efficient use of the water resources draining to the Black

Sea, the riparian nations will give a clear signal and demonstration of their desire

and ability to conform to the environmental quality standards of Western Europe.

5.5. Management

By tackling the problems created by current usage of the river systems drain-

ing to the Black Sea, the riparian nations stand to benefit from improvements in

public health, fisheries, and tourism revenues. The improvement of environmental

conditions that would be necessary will create a body of goodwill in the electorates

for governments that embark on such policies. The attraction for much needed for-

eign capital investment will be enhanced by governments which are seen to be be-

having responsibly in long-term environmental and therefore public interests. Trade

opportunities and volume should greatly increase when products can be certified

as safe. International cooperation between Black Sea countries on environmental

issues, will provide a partial raison d'etre for economic integration, potentially eas-

ing the formation of supra-national economic groupings and defusing international

conflict over unequal resource allocation since the break-up of the USSR.
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All these results would be beneficial if they could be realised. To actually set

about achieving them in the political and economic realities of these countries is a

highly complicated task.

5.5.1. International Conflict and Resource Allocation

The splintering of the enormous centrally planned economic unit that was

the USSR has created new resource abundances and scarcities in the new countries.

Ukraine is suffering from a severe energy crisis and has to rely on imports of oil and

gas from Russia. Crimea relies on water from the Ukraine 12 Large movements of

people such as the return of the Tatars to Crimea from Uzbekistan and the antipathy

of Ukrainians and other ethnic groups to Russians in their countries are placing

severe strain on society under conditions where there are often either not enough

resources to go around or they are perceived to be misallocated 12 These social and

economic issues are not separate but intertwined, for example 1) in Crimea where a

just solution to the Crimean Tatar problem is a prerequisite to potential economic

growth and 2) in Ukraine where resolution of the ownership of the Black Sea

fleet is of crucial importance to relations with Russia 12

5.5.2. Regional top-down and bottom-up management and invest-
ment policy

Any management strategy that hopes to be successful in efficently generating

sustainable growth in this region must take account of two realities:

1. The tendency of many user groups to claim rights and ownership over resources

that were previously held in common;



2. The fact that national boundaries do not correspond to areas enclosing ade-

quately allocated primary resources including water, land, energy, coastline,

and climate.

It is proposed that the first reality may be accounted for in management by

mandating development "from the bottom up" 12 This means that any infrastruc-

tural development which will consume these primary resources must be consistent

with the goals of a usergroup. Their organised and expressed interest then mandates

the evaluation of economic and environmental impacts 12 This is the management

basis used by the EU structural fund LEADER ( Liaison Entre Actions du Devel-

oppement de l'Environnement Rurale) at present to promote regional bottom-up

development inside the EU

The second reality may be addressed by managing the analyses of the impact

of development both actual and potential upon a resource, on the basis of a regional

"top down" approach, where the region is defined as that area endowed with or

reliant upon the resource in question, independent of political borders 13

These analyses would specifically involve the trading off of the costs and

benefits of each development mandated from the bottom up. The costs would include

the investment required and the negative environmental impact resulting, and the

benefits would include the net revenue and regional income generated, along with any

positive environmental impact resulting. These could be described as Cost-Benefit

Analyses. An important additional analytical task is required, which is the capacity

of the various resources on a regional scale (where region refers to that just defined)

to assimilate the impacts or provide the inputs necessary for the sustainability of

the development in question.



5.6. Management Regions

It is proposed here that the following are some resource regions which would

benefit from the top down analytical functions just described. These would be coor-

dinated by an independent international authority under the auspices of the World

Bank, or of Council for Security and Cooperation in Europe (CSCE) or perhaps the

EU. This overall body would coordinate finance, investment, and development and

be constrained by the advice of investors and the needs of the various management

bodies listed below to fulfil their sustainability mandate.

5.6.1. Black Sea Water and Nutrient Inputs

The entire Black Sea drainage system could be jointly monitored and man-

aged to maximise environmental health of the sea in the long term. By addressing

the issues of water and nutrient inputs on this scale it might be possible to effi-

ciently implement adaptive management changes consistent with sustainable eco-

nomic goals.

The primary responsibilities of such a supranational cooperative manage-

ment council would be 1) to coordinate management and conduct analyses ofwater

extraction, and seasonality of flow, and 2) to address and prioritise pollution control

on spatial and temporal scales.

5.6.2. North Shore Power Planning

The generation, uses and consumption of power are inextricably linked to

water in countries adjacent to the Black sea (see Chapter 4). An adaptable and

planned approach on a regional, supranational scale will be necessary to success-
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fully transform this vast hydropower network to sustainability in the new market

economy.

A North Shore Power Planning Council would coordinate water consumption

for power uses, prioritise consumption levels on a spatial and temporal basis and

allocate generation capacity to hydro, nuclear, thermal (oil, coal, gas), and wind

sectors. The North-West Power Planning Council in the US might serve as a useful

model for such an entity.

5.6.3. Crimean Natural Resources

The Crimean peninsula presents many unique and emerging problems, which

are functions of its unique climate and its search for greater autonomy. With respect

to the tourism, agriculture, and Black Sea coastal fisheries industries, and the net

flows of water, energy, population and foodstuffs inwards, Crimea differs from the

other countries in many ways 12

As independence evolves, certain tradeoffs will have to be made with Crimea's

new neighbours. The suitability of the area for windpower may for example provide

an opportunity for the Crimea to export energy to energy- starved Ukraine in return

for essential water supplies from the Crimean canal.

The influx of returning Tatars to the area creates a need for an expanding

economy that might be partially met by expanding tourism, fruit agriculture, and

coastal fisheries. Tourism and coastal fisheries development will require a special

effort to control pollution in the area.

The main task of such a body would be to establish the least cost maximum

benefit combination of land, water, power, labour, and coastal resources. It would



pay special attention to the import-export balance of resource consumption with its

neighbours.

5.6.4. Azov Sea

The Sea of Azov presents a unique fisheries resource with complex environ-

mental problems which are international in origin. The seabed is underlain by vast

petroleum reserves 12 It is also a unique ecosystem in itself.

Russia, Ukraine, and Crimea all have historical claims as resource users.

Perhaps the best way to allocate user rights, environmental responsibilities and de-

velopment potential would be through an international management body which

would tradeoff the uses of the interconnected resources of the sea with the goal of

sustainable environmental and fisheries recovery and equitable economic opportuni-

ties. It is proposed that the top-down-bottom up approach using structural funds

as an incentive to participation would be highly suitable for application in the case

of the Azov sea.

5.6.5. Dniepr-Dniestr water quality

The issue of water quality and its health and environment consequences is

acute for these Ukrainian rivers. It is proposed that management and civil invest-

ment decisions for pollution control be made in the context of the drainage basins

discharging to the NWS excluding the Danube.

Such a body could prioritise and allocate structural investment in sewage,

agricultural and industrial effluent treatments and educational programs to effi-

ciently control pollution. It would not control water uses (hydro). It could provide
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investment incentives to polluting industries (including agriculture) to reduce poi-

lution. The top-down-bottom-up approach would be valid in this case.

5.6.6. Danube

The Danube being by far the largest river draining to the Black Sea should be

internationally managed with respect to pollution. Several bodies exist at present

including a UN body. However, these bodies have little power to enforce their recom-

mendations. It would greatly assist pollution control if a supranational cooperative

council were set up to spatially and temporally prioritise, and disburse structural

funds. The framework could work similarly to that mentioned in section 5.6.5.

5.6.7. Coasts

The development of tourism as a large potential revenue source will greatly

depend on the quality of the coastal environment being offerred as a commodity.

The mobile nature of coastal pollution will necessitate a coast wide cooperative

effort to curb and control this problem.

Secondly the allocation, marketing, and development of the coast could be

managed on a regional scale with the goal of sustainability. Again the incentive of

structural investment and the framework of top-down- bottom up would both be

valid.

Due to the geographic and international separation of Black Sea coasts it is

proposed that two overall coastal management bodies be set up. One for the South

and East coasts stretching from Kerch east, south and west to the Bosporus (Russia

and Turkey). The second would stretch north of the Bosporus (Turkey, Bulgaria,

Romania, Ukraine and back to Kerch.



5.7. Finance sources

Any efforts to address the environmental problems of the Black Sea area will

cost large sums of money. The return on the sums invested in remediation efforts

and infrastructure will be largely in terms of benefits to society, at least in the

short term. This makes such investment unattractive to venture capital. Various

mechanisms have been devised to overcome this difficulty with respect to countries

with financial and environmental problems. These are outlined below.

5.7.1. International benefits of environmental restoration

The gross mismanagement of our planet has much to do with an
unequal distribution of the benefits of development (leaving) close to
a billion to live in poverty and squalor, a situation that leaves them
little choice but to go on undermining the conditions of life itself, the
environment and the natural resource base -(Gro Harlem Brundtland,
World Commission on Environment and Development) 14

The environmental damage that can ensue from the existence of poverty is

most evident in the case of the developing countries burdened with severe debt

servicing obligations and dependent on a narrow range of exports to earn foreign

exchange to meet these obligations. Their pressured circumstances incline policy

makers to de-emphasise environmental consequences that can be felt only over the

long term 14,

5.7.2. Debt

The World Bank defines certain countries as "problem debtors." These are

countries whose debt to commercial banks exceeds $20 billion. With a total debt

of $155 billion, Eastern European countries, including the former Soviet Union, are

included to this group of so-called "problem debtors." The former USSR (Russia



and Ukraine) have the largest debt with $98 billion outstanding (1994) 4. Bulgaria

owed $13.6 billion at that time, Romania 8.8 billion These debts certainly amount

to "pressured circumstances." The debt to export ratios in 1994 were 45 (Russia

and Ukraine), 78 (Romania), and 126 (Bulgaria) 15

The debt burden has become much more of an issue for countries in the former

Soviet Bloc since the demise of the centrally planned economic system. Countries

need capital to finance the momentous change towards market based economics.

In order to achieve this the privatization of former state industries is proceeding

wholesale, and further credit is being actively sought. The process undergone by

developing countries with large debts is described below by Malcolm Miller, formerly

World Bank Executive Director.

Struggling countries may welcome foreign investors even when such
investments are lured by the promise of environmental standards that
are less stringent and that can be financially justified only on the basis
export of pollution intensive products. Since the onset of the interna-
tional debt crisis in 1982, debtor countries have been pressed to commit
themselves to undertake structural adjustment as a condition for the
creditors agreeing to add unpaid interest to the debt and, on occasion
come forth with additional loans. One unintended result of the usual
conditionality associated with these Structural Adjustment Loans is a
reduction in the budgetary allocations to programmes involving the en-
vironment such as waste disposal, water and air pollution control and
other environmental protective measures. 14

All of the above is true of the areas bordering the northern shore of the

Black Sea. However, what is also true of this region is that the environment as a

whole, including the aquatic and marine environments is already in a severe state

of ecological disequilibrium as has been discussed above. It is evident that these

ecosystems can absorb little further environmental degradation without becoming

completely dysfunctional, yet given the example of other developing countries within

the global market economy, this economically mandated environmental degradation

is precisely what is to be expected.
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5.7.3. Debt/equity swaps

The basic transaction involved in a debt/equity swap is the conversion of

a non-performing foreign bank loan into an equity investment in the borrowing

country. Because the loan is non-performing or otherwise impaired in its servicing,

the originating bank may be willing to sell it at a discount just to dispose of it. Since

debt/equity swaps differ according to each country's situation and broad economic

strategy, and since they have not been accepted widely by debtor governments,

each swap involves significant negotiation and somewhat unique terms. Even so the

market for these swaps grew to a volume of over $10 billion per year by 1988 and

remains at that order of magnitude through 1992 16 The bulk of these transactions

have occurred with respect to Latin American countries.

The principle of debt/equity swaps could be used in order to finance the

above proposals for environmental management. Equity in agribusiness, fishing,

electricity generation, and tourism ventures could be offered at discount rates to

financial institutions in return for cancelling debt. These new shareholders could

then be expected to invest in these sectors in order to maximize their own future

profits.

5.7.4. Debt rescheduling, swaps, and payment

Under optimal conditions, debt management should be incorporated into

a coherent debt strategy covering past outstanding debt and the future external

financing of the country concerned. The most urgent tasks for eastern Europe

are 1) transformation into a market economy, 2) stabilisation of the economic and

political situation by achieving a modest economic recovery and 3) financing these

processes 15
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Debt management methods can be grouped into the following categories 15:

1. Destructive = write off, default (debt and/or interest),

rescheduling

2. Semiconstructive = debt/equity, debt/nature, debt/infrastructure,

debt/bonds, debt/development swaps, and debt

buy-backs.

3. Constructive = full service of the debt

Full service is not an option for most of the countries around the Black Sea

as may be inferred from their debt/export ratios. From an economic policy stance

they should avoid write-off, rescheduling, and default because that will discourage

capital inflow. This leaves the option of swaps.

If a country gives up a part of its infrastructure, industry or resources in

return for debt forgiveness it might help their situation substantially more than the

loss of ownership would cost them. This means that a successful western expert

in a particular sector would buy up the equity being swapped and would then

aggressively manage it with all their proven western expertise and competitive edge.

This should generate increased revenues from underperforming industries and sectors

that would far exceed the face value of the equity/stake initially given up. In addition

such swaps would encourage further inward investment.

The following are particular sectors which this author expects might be suit-

able candidates for debt/equity swaps.
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5.7.5. Potential benefits of swaps for particular industries

5.7.5.1. Power

Hydropower swaps could be investigated with BPA (Bonneville Power Ad-

ministration) for Ukraine and Russia. The proven adaptive capacity of BPA to

administer hydropower in a changing environment may make them highly qualified

to cooperate in the Black Sea area.

The Tsymliansk reservoir would be a good candidate for a debt/nature swap.

It may provide sizeable benefits by its destruction in terms of the productivity of

the Sea of Azov.

The suitability of the Crimea for windpower generation may provide potential

to swap suitable land against debt. This could be offerred to California operators.

5.7.5. . Fishing

The potential of the Sea of Azov and the Black Sea as lucrative fishing

grounds is enormous in the long term. A combination of debt/nature for the de-

struction of Tsymliansk, debt/resource for oil under the Sea of Azov, debt/equity for

fisheries potential, and debt/development for the salinity management of the Azov

Sea (see section 6.1), could be offerred to either Norway or Canada. Both of these

countries have immense experience in fisheries, oil, and international development.

The current capital surplus in certain sectors (oil in Norway, fish in both) due to a

decline in domestic operations may find potential investment opportunities in this

area.



5.7.5.3. Seaweed

The existing seaweeed processing industry in Crimea is experiencing raw

material shortages and management difficulties. The opportunity for expansion of

this industry using artificial culture techniques may prove highly attractive (see

section 6.3). This would make seaweed production and processing a potentially

attractive investment for Californian, Taiwanese, Filipino, or Japanese investors as

part of debt/equity and debt/nature swaps.

5.7.5.4. Mussels

The small mussel culture industry in the Crimea could be greatly expanded

(see section 6.3). Mussel culture worldwide is a booming business which is beginning

to experience space limitations on supply. Thus this sector may provide investment

potential for New Zealand, French, Italian, Spanish, Portuguese, or Irish operators

as part of debt/equity and debt/nature swaps

5.7.5.5. Tourism

Sun, surf, and sand tourism is very space limited in Europe. If the Black Sea

environment were safe enough and clean enough it would almost certainly be a highly

attractive option for tourism developers. To this end debt/equity swaps in conjunc-

tion with structural environmental investment could attract Spanish, Portuguese,

French, Italian, Israeli, Greek, Cypriot, Croatian, Italian and French investors.
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5.7.5.6. Agriculture

The potential of agriculture to attract western agro-industrial investment

may be worth investigating as part of debt/equity in conjunction with structural

pollution control investment. This may apply to all countries around the Black Sea.

5.7.5.7. Coal

The huge coal complexes of the Donbass region of the Ukraine are antiquated

and inefficient. To make them pay is a work of enormous scale. However other

countries with experience in this process may be interested such as Belgium and the

UK. As part of debt/equity and debt/nature to mitigate air and water pollution

this package should be investigated because of the scale of the labour employed and

the extent of the pollution currently generated.
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FIGURE 5.1. Map of coastal tourist areas, Spain, Black Sea.
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6. OUTLINE OF PROPOSED RESTORATIVE MEASURES FOR
THE RIVER-SEA SYSTEMS OF THE BLACK SEA REGION

This chapter is a summary of various proposed measures that this study and

other work have identified as having large scale potential to lead toward environmen-

tal and economic improvement of the Black Sea region with respect to river resources

(Figure 6.1). It is proposed that the top down criteria for regional management give

priority to detailed analyses of development bearing the following themes in mind,

and use an adaptive approach to their implementation.

6.1. Azov water flow restoration (Russia)

In chapter 3 the salinity management of the Sea of Azov was briefly discussed

in the context of partial restoration of river flow and constriction of the exchange

of the sea with the Black Sea proper. This option is discussed further below. The

idea is that salinity of the Sea of Azov may be restored to natural levels to allow

fisheries productivity to partiallydo the same.

There are two prerequisites to achieving this goal. Firstly engineering work

must be undertaken and secondly water management of the Don and Kuban rivers

must be changed so that 29.3 km3 of water may be allowed to enter the Sea of Azov

each year.

In order to achieve maximum sustainable revenue from fisheries, productivity

must be maximized. The periodicity of the spring freshet must be allowed to occur

earlier in the year than is possible under present conditions, to inundate sufficient
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wetland for fish reproduction habitat This will also impact the water management

of the rivers in question.

,rwVW
C9lN1

FIGURE 6.1. Map showing location of proposed measures.

1. Mussel & algae culture

2. Azov management

3. Riparian harvest

6.1.1. Construction of causeways at Kerch Strait

In order to constrict the exchange of seawater through the strait of Kerch

as proposed by Lagutin and Tolmazin 2 it would be necessary to build 8 km of

causeways in water with average depth of 10 m (Figure 6.2). These causeways

would restrict the penetration of seawater through the strait while not impeding

fish and ship passage through the strait 2,3
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6.1.2. Retrieval of water diverted to Agriculture

In Chapter 4 the process of extracting river water for irrigation was discussed.

It was shown that irrigation is hugely wasteful of water resources, even resulting in

agricultural land being inundated. In order to restore the salinity of the Sea of Azov

to achieve a partial restoration of historically very productive fisheries, 9.2 km3/yr

of extracted water must be redirected into the sea. Agricultural consumption from

the Don and Kuban rivers is currently 8 km3/yr. By rationalizing the inefficiencies

of the irrigation infrastructure water can be conserved. Also, the choice of crops

with a lower water demand would result in water savings. Both these goals could be

achieved by raising the cost of irrigation water. The current extraction of 8 km3/yr

could thus be significantly reduced.

It is proposed here that the quantity of water to be retrieved from agriculture

should be equal to the difference between the total required retrieval (9.2 km3/yr)

and the amount retrieved by down-scaling the hydropower network. This is con-

sistent with the continuing trend to switch away from thirsty crops towards less

water intensive forage land use (Ukraine) As water becomes subject to market

forces, along with other commodities, the demands of efficiency will necessitate the

curtailing of wastage.

6.1.3. Retrieval of water from Hydropower network

Russia is a net exporter of energy, particularly natural gas. Even with the

current shortage of power, the ability of Russia to meet her own energy needs is

incontrovertible. Through rationalizing energy production and transmission infras-

tructure, large savings can be achieved both in terms of energy and revenue Part of

this rationalization shall inevitably concern hydropower. The Don river hydropower
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station at Tsymliansk exhibits inefficiency as shown in Chapter 4. This is due to

necessity to compensate for the large natural inter-annual fluctuation in river flow

by reducing output to conserve reservoir volume.

This state of affairs begs the question of whether the removal of the Tsym-

liansk reservoir would produce net benefits or losses. In order to restore the salinity

of the Azov, water must be redirected from the hydropower network, as irrigation

alone cannot provide the required amount of redirected water. Tsymliansk appears

to be the most inefficient part of the network in the Azov drainage area (Ecocide).

If the dam were removed, losses of water through evaporation from its enormous

storage reservoir would be eliminated.

The power output that would be lost would be the equivalent of 7 km2 of

land under windpower, a power generation source which has been shown to be highly

suitable for the area 6 The most up to date California wind power facilities can

produce 100 million kWH/yr from 72 machines of 0.5 MW capacity on 1 km2 of

land with favourable wind conditions 6

The use of windpower in arid Crimea, where conditions are particularly suit-

able, would provide a suitable trade balance of Crimean energy for water from

energy-starved Ukraine, helping to address a thorny political issue The energy

demands imposed by a growing population of returning Tatars and the prospect

of an expanding energy-hungry tourist industry on the south and west coasts also

provide incentives for alternative power development.

6.1.4. Recovery of Fisheries

By returning the salinity of the Sea of Azov to the natural level of 10.14 ppt

fisheries may be partially restored to their previously high productivity. The change
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in salinity over time under this management scheme is shown in Figure 6.3. Table 6.1

shows the expected productivity of the Sea of Azov as a function of salinity

6.2. Reduction of River pollution (Ukraine, Moldova, Rumania, Bulgaria,
Russia)

The ecological recovery of the previously productive shelf areas of the Black

Sea (Excluding Azov Sea) depends largely upon the reduction in pollution reaching

the sea, as discussed in Chapter 3. This pollution has various sources. Reduction

proposals are discussed below with respect to each.

TABLE 6.1. Forecast of fisheries change with proposed management
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6.2.1. Agricultural pollution

Fertilizer and agrochemical use was discussed in Chapter 4 and shown to be

inefficient and wasteful. As part. of the general removal of sudsidy from the agri-

cultural sector, increased prices for these substances will lead to reduced waste and

indiscriminate use. The poor safety standards of Soviet foodstuffs (Chapter 4) must.
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FIGURE 6.2. Kerch causeway.

Source: ref. 3.
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FIGURE 6.3. Forecast of Azov average salinity change with proposed manage-
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Year 0 = commencement of Azov management.
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also be remedied and this will also lead to a more rational use of agrochemicals. The

introduction of pollution standards for agriculture should eliminate the problems of

leaching of manure and compost 8

In Cuba, a country which was part of the Comecon, the current lack of

access to agrochemicals has necessitated the use of biological fertilizing organisms

and biological pest control, produced in situ by the farmer. This has resulted in

nearly all production of crops is being "organic", that is free of chemical residue

In Western Europe, there is a high premium paid for organic produce, and thus

a significant market opportunity may exist for Eastern Europe to export organic

produce to the west while contributing to the recovery of their environment. This

would also be good politics. The Cuban experience has demonstrated the suitability

of collectively operated farming systems for conversion to this type of operation.

That fact, in conjunction with the historical exchange of expertise, technology, and

personnel that was common between Comecon countries, may make organic farming

a pragmatic option for Black Sea countries.

6.2.2. Urban Waste water Treatment

A large proportion of urban wastes in eastern Europe directly enters rivers

and the sea untreated. This results in health problems, and ecological problems in

the rivers and sea. The cost of installing wastewater treatment facilities in such a

densely populated region is enormous, but the cost of not doing so may be greater

as was discussed in Chapter 4. The cost of installing new water and sewer systems

on the 18750 miles of pipe in the Russian republic were reported as completely worn

out in 1987 could cost 100 billion rubles (1987) 6 The high incidence of water-

related public health in the ex USSR has been linked to untreated urban waste
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water (Chapter 4). The impact of unsafe drinking and swimming water on tourism,

and potential tourism revenue, is also large. Rebuilding or building adequate water

treatment facilities would be a fitting use for structural aid, possibly only slightly

behind the decommission of nuclear facilities in terms of priority. The decommis-

sioning of nuclear facilities is currently largely funded by the west.

6.2.3. Regulation of industrial effluent

Under the Soviet system, industrial polluters had little or no responsibility

for the externalities created by their polluting activities. Under any market system

which hopes to approach a quality of life for its citizens equivalent to that enjoyed in

the western democracies, these externalities must be internalized onto the balance

sheets of the polluters. Various control mechanisms exist to achieve this, all involving

enforceable government regulations. The adoption of safe minimum standards and,

possibly, tradeable pollution rights will be necessary to alleviate the considerable

degradation caused by industrial pollution in the ex USSR. The implementation

of these control mechanisms could be encouraged by their linkage to the future

procurement of western aid.

6.2.4. Harvest of riparian vegetation

The vector by which most eutrophying nutrients are delivered to the shelf

regions of the Black Sea is river-water. River-water in itself provides an environment

where nutrients may be converted to vegetable matter. The riparian vegetation

which lines the banks of rivers and especially lakes uses these water-borne nutrients

as substrates for growth, effectively storing them through their growing season until

they are returned to the water when these plants die. This biomass represents an
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accessible concentrated mass of nutrients which could be removed from the system by

harvesting 8 These plants, especially the abundant Phragmites are vascular plants,

high in cellulose, and thus suitable for paper manufacture. They could also be used

as a substrate for ensilation (production of winter feed silage for agriculture) 10 By

being used to produce silage, they substitute for grass crops which need intensive

fertilization. If harvested in this way, nutrients would be removed from river water

at a greater rate, as growth increases with decreasing space competition between

the riparian plants, and less fertilizer needs to be applied to the production of grass

crops. This process could be subsidized by structural funds and also linked to to

future fund transfer to provide incentive.

6.3. Artificial biological management of NWS: Proposed methods to re-
duce hypoxia as caused by bloom die-off

The area of the Black Sea which receives the large majority of river input is

the NWS. This is also an area that has suffered a major reduction in biodiversity

due to oxygen depletion. As discussed in Chapter 3 this has occurred as a result of

increased nutrient input to the area and reduction in river discharge volume.

As a consequence of the elevated abundance of nutrients delivered to the

shelf mono-specific blooms of phytoplankton and their predators have radically al-

tered the ecology of this area. As these blooms increase in abundance they become

limited when the demands of their biomass for a nutrient or micronutrient exceed

the availability of that nutrient. When this event occurs the biomass of the bloom

dies off en masse, and settles out of the water column.

The NWS has an area of 48, 000 km2, and a volume of 1, 150 km3. With this

large surface to volume ratio the mass of dead bloom phytoplankton settling to the
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benthos could be expected to be large. The resultant hypoxia occurs as this biomass

is anaerobically degraded.

If the biomass of phytoplankton blooms could be prevented from exceeding

the critical mass above which nutrient limitation results in die off, the benthic hy-

poxia resulting from that die-off could be avoided. Phytoplankton mass in healthy

nutrient-rich areas of the ocean is naturally reduced by filter feeders. The continual

filtration of the illuminated waters of the coastal ocean where the majority of phyto-

plankton growth occurs ensures that the full balanced array of nutrients needed by a

diverse phytoplankton assemblage is not depleted by the dominance of one or a few

species. What has occurred on the NWS is an interruption of this cycle as caused

by a combination of nutrient superabundance and a serious depletion of the ben-

thic filter-feeders due to oxygen deficiency in benthic waters resulting from bloom

die-off It has been shown that the LT50 (Lethal exposure time for 50% of a popu-

lation) for it Mytilus provincialis under anoxic conditions is about 15 days This

species has declined sharply on the NWS. Also, anoxia generally results in severe

reductions in the distribution and abundance of commercially important fin-fish 12

It is proposed that the establishment of artificially enhanced levels of grazing

pressure that would be insensitive to the anoxic and hypoxic conditions on the shelf

benthos, could interrupt this cycle of positive feedback and reduce the occurrence

and intensity of the mono-specific blooms. The pseudofaeces and faeces produced

by the filter feeders would alter the benthos only in the immediate vicinity of their

deployment.
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6.3.1. Mussel culture

Recent advances in shellfish aquaculture technology now permit the large

scale production of shellfish in the water column in the open sea at economical cost.

Being artificially suspended in the water column, i.e away from the bottom, shellfish

are not be susceptible to the effects of benthic hypoxia. The relevant technology

has been developed by IFREMER, the French national marine research institute at

Sete 13, among others. It involves the deployment of ropes in the water column to

which algae or shellfish are attached. Suitable filter-feeding bivalve species for this

method of culture include mussels of the species Mytilus galloprovincialis, which is

native to the area. These mussels breed twice yearly in the area, thus a source of spat

is assured at low cost 14 An aquaculture industry based on mussels already exists

on a small scale on the eastern coast of the NWS 15 These mussels appear relatively

unaffected by the deteriorating conditions in the area, although an imbalance in the

ratio of the sexes has been noticed and has been explained as a response to poor

oxygen conditions However with managed broodstock this imbalance could be

easily overcome.

Mussels have filtration rates of 2 to 5 litres per hour depending on turbidity

and temperature, with an average of 4 litres per hour 17 In addition to removing

large amounts of phytoplankton and particulate organic matter 10, mussels remove

40 60% of bacteria from their marine environment, while only 2 6% of the

bacteria filtered by the mussels accumulates in faeces and pseudofaeces 18 Thus,

owing to their ecological flexibility and high filtration activity, mussels can make

a significant positive contribution to the removal of bacterial pollution from sea

water in inshore ecosystems of the Black Sea 18 as well as significantly reducing

phytoplankton biomass.
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A volume equivalent to the entire volume (1, 150 km3) of the NWS could be

completely filtered approximately 3 times per year by 1 square kilometer of intensive

mussel farming.

1 mussel/0.025 kg * 13 t/line * 200 lines / km2 = 1.04*lOSmussels/ km2

1.04*108 mussels/ km2 * 4 L / mussel/hr

1.15*1012 l/NWS / 4.16*108 L / hr

= 4.16*108 L / hr

= 2764 hrs(approx. 3 times/year)

Considerable grazing pressure could be established in this way. By using this

or equivalent low cost technology it would be possible to maintain the bivalves at a

depth that is shallower than the intrusion of anoxic waters during storm surge, and

seasonal benthic hypoxia. The rich grazing potential of the shelf region for filter

feeders could also be of direct economic benefit to the region.

Mussels for human consumption command wholesale prices of up to FF4000/

tonne in France 19 If all produce could be sold at French prices this would earn

FF10,000,000/yr. The approximate capital cost of 200 long lines is approximately

FF2,000,000 at current prices ( FF7000/line in 1986) 13 This would allow a capital

pay-back in the first year. Although it is perhaps over- optimistic to expect Western

European prices for all product, the example serves to illustrate the potential prof-

itability of developing such an industry. Other local uses for product exist. In the

former USSR mussels are used as a source of provitamin D3 , and as an ingredient

in poultry feed 2O

The creation of a profitable aquaculture and processing sector based on mus-

sels could provide employment, tax revenue, and in addition assist in improving

environmental benefits on the NWS with downstream benefits in tourism and fish-

eries.
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6.3.2. Algal culture

Prior to the ecological degradation of the NWS an important Phyllophora

nervosa harvesting industry existed there. Phyllophora is used industrially as a raw

material in the production of the microbial substrate agar, and carotenoid pigments.

The reintroduction of a large biomass of macroalgae would reduce the available

nutrients for the blooms.

Using similar technology to that used for mussels, algae could be maintained

in oxygenated water by flotation, and thus contribute to the depletion of the surplus

of nutrients on the NWS. Macroalgae have a high requirement for these nutrients.

The Redfleld ratio for Phyllophora is unavailable in the literature. The ratio for

green algae which may be comparable is used here to demonstrate nutrient uptake.

Chiorophycean macroalgae (green) have a particularly high uptake rate for N and

P. For example U. lactuca utilizes an average of 96 mmol (1.3g) N/m2/day 21 The

Redfleld Ratio for this species is 35:1 22 so by extrapolation P uptake is 3 mmol

(0.093 g) P/m2/day.

1 m2 Ulva/m rope*3000 m rp/line*200 lns./ km2 = 600,000m2 Ulva/ km2

600,000m2 Ulva*1.3 g/m2/day*365 days/yr = 285 t N removed / yr

600,000m2 Ulva*0.093 g/m2/day*365 days/yr 23 = 20 t P removed / yr

Species that have been proposed for culture in the region include Cytoseira

spp. and Gracilaria verrucosa. Gracilaria and Cytoseira can be used in agar produc-

tion 23 By establishing increased nutrient uptake by farming seaweed and removing

it from the system at a profit, two goals could be achieved, generating wealth, and

improving the environmental conditions of the NWS.
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6.3.3. Black Sea Fisheries recovery (excluding Sea of Azov)

The fisheries of the Black Sea have changed through the course of this century

in both composition of the catch and quantity (Figure 6.4). As with all fisheries the

ecological interactions are complex and it is not always possible to attribute changes

to a particular environmental forcing event, or trend.

However, it is known that the occurrence of hypoxia and anoxia on the shelf

areas has reduced the access of fish to important feeding and breeding grounds. The

occurrence of large numbers of exotic planktivorous species, such as the jellyfish

Aurelia aurita and sea-gooseberry (Ctenophore) Mnemiopsis leidyi has seriously

reduced the size of the year-classes of species with planktonic eggs (e.g. horse

mackerel) 2 Irresponsible fishing practices may also have adversely affected fisheries.

It is to be expected that increasing salinity may have negatively impacted

some native species, and created niches for new exotics. As has been shown in

Chapter 2, the salinity trend for the Black Sea is expected to continue to increase,

but there is no basis to foresee a catastrophic turnover which would kill all aerobic

biota in the sea. In addition, even with a restoration of river flow, salinity levels

would not return to pre-management levels and thus no apparent salinity related

benefit in fisheries would foreseeably occur as a result of restoring river flow.

The only environmental trend which is known to have deleterious effects on

fisheries and which appears economically and realistically reversible is the anoxia

and hypoxia of the NWS. This could be achieved by the methods outlined above.
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FIGURE 6.4. Historical fisheries landings in the Black Sea.

1. Percentage of sprat & anchovy in total catch.

2. Total biomass of Aurelia aurita reaches 1 million tonnes.

3. End of mackerel fishery in NWS.

4. End of bonito fishery in NWS.

5. End of bluefish fishery in NWS.

6. Total biomass of Aurelia aurita reaches 300 to 500 million tonnes.

7. Mneiniopsis leidyi first observed in Black Sea.

8. Percentage of sprat & anchovy in total catch

9. Biomass of Mnerniopsis leidyi reaches 700 million tonnes

Source: ref. 10 (ch. 1).



123

6.4. REFERENCES

1: Volovik S.P. et a! 1993, "Hydrobiology and Dynamics of Fishing in the Sea of
Azov", in:Studies and Reviews, General Fisheries Council for the Mediter-
ranean, FAQ, Rome.

2: Tolmazin D. 1985, "Economic impact on the Riverine-Estuarine Environment of
the USSR: the Black Sea Basin" GeoJournal, 11 (2), 137-152.

3: Lagutin B.L.& Tolmazin D.M. 1965, "on the theoretical solution of the prob-
lem of artificial regulation of water exchange through Kerch strait", Soviet
Hydrology, 3 , selected papers, 302-4.

4: Martinot E 1992, "Wind-Generated Electric Power in the Former Soviet Re-
publics: Geographical Prospects", Post Soviet Geography, 32 , #4, 219-236.

5: Cashman S. 1994, PC, Economics of windpower.

6: Feshbach M. & Friendly A. 1992, "Ecocide in the USSR, Health and Nature
under Siege" Basic Books, Harper Collins NYC.

7: NPR (National Public Radio) 1994, "Organic farming in Cuba", in: "Living on
Earth", 11/18/94.

8: Yakubovskiy I.M et a! 1989, "Importance of Shallow Waters of the Dnieper
Reservoirs in the Processes of Water Purification", Hydrobiol. j., 25 (3),
16-19.

9: Losovskaya G.V.,1987, "Benthic Biocoenoses of the Northwestern Black Sea under
Conditions (of) Anthropogenic Influence" Hydrobiol. j., 23 (1), 22-26.

10: Nesterova D.A.,1987, "Characteristics of Phytoplankton Succession in the
Northwest Black Sea" Hydrobiol. j., 23 (1), 16-21.



124

11: Pihi L. et a! 1992, "Hypoxia-induced structural changes in the diet of bottom-
feeding fish and crustacea" Marine Biology, 112 , 349-361.

12: Pillay T. 1990, "Aquaculture, Principles and Practices" Fishing news books.

13: Zolotnitskii A. F. et al, 1990, "Individual Fecundity and Value of Generative Pro-
duction of the Black Sea Mussel Mytilus galloprovincialis" Biologiya Morya,
6 , 24-30.

14: Zolonotskii A.F., 1990, "Ecology of Filter Feeding of the Mussel Mytilus gallo-
provincialis in the Black Sea" Biologia Morya, 5 , 26-31.

15: Kudinskii O.Y., 1989, "Sex Realization in the Mussels Mytilus galloprovincialis
in the Northwestern Part of the Black Sea" Biologia Morya, 5 , 43-48.

16: Bussani M. 1983, "Guida Pratica di Mitilicoltora" Edradigicole, Bologna Italia.

17: Zaitsev Yu. P et al 1988, "Evaluation of Anthropogenic Influence on Neuston
in Coastal Zones of the Sea" Biologiya Morya, b2, 56-60.

18: Brian Ottway, 1993 PC, Aquaculture expert, EU.

19: Ivanov A.I. et al 1987, "Cultivation and Processing of Black Sea Mussels for
Feed", Biologiya Morya, 1 , 52-56.

20: Magnusson et al 1994, "A model for the calculation of nutrient uptake capacity
of seaweeds in cultivation" Botanica Marina, 37 (2), 115-125.

21: Atkinson M. et al 1983, "C:N:P ratios of marine benthic plants" Limnology and
Oceanography, b28, #3, 568-575.

22: Zaitsev Yu.P. et a! 1990, "The Danube as the Principal Source of Eutrophication
of the Black Sea" Hydrobiol. j., 25 (4), 18-20.



7. CONCLUSION

7.1. Overview
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The Black Sea area is in a state of ecological and economic dysfunctionality.

The newly emerged post Soviet nations have an opportunity to deal with these

realities. There are many aspects of various related and independent factors that

have led to the current situation. This thesis has attempted to identify, and partially

quantify these factors, and to illustrate what linkages exist between them.

In Chapter 2 it has been shown that turnover of the Black Sea is not expected

to occur. With a forecasted stable stratification of the Black Sea continuing, there

is no basis upon which to justify restoration of the Black Sea salinity regime. This is

because whatever ecological changes might appear reversible by this process, appear

irreversible, at least in the short term, because of the effects of other independent

changes, particularly the appearance of exotic species that have irreversibly altered

the food webs of the sea. Even if restoration of the biology of the 1950s were possible,

it would not be justifiable on the basis of the benefits exceeding the enormous costs

of restoring rivers to natural flow regime.

However, restorative efforts other than restoration of river flow to the Black

sea do appear justifiable. The benefits of cleaning up the NWS of the Black Sea

in terms of public health, tourism and fisheries productivity seem to sufficiently

outweigh the costs. Restoration of natural salinity levels in the Sea of Azov could

also be beneficial option in terms of the increase in the economic value of fisheries.

Both these recommendations should be subject to an in depth cost -benefit analysis.
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7.2. Research needs identified during this work

Much of the work involved in the execution of this thesis fails to come up

with concrete conclusions because of a serious paucity of accurate data and analytical

frameworks. The work would have been much easier and more fruitful if I had access

to reliable hydrologic, oceanographic, atmospheric, biological, pollution, fisheries,

and economic data sets. This is an obvious, and probably common complaint. Below

are identified, on a chapter by chapter basis, the research topics that would upon

execution contribute significantly towards strengthening or annulling the tentative

conclusions arrived at in this work.

7.2.1. Chapter 2

1) In the model presented various variables were treated as constant. The

most controversial of these, in my view, is the volume of transport out of the Black

Sea through the Bosporus. To verify whether this flow is constant over time it will

be necessary to investigate the following forcing mechanisms which may drive or

impede the flow:

. Wind setup creating a slope down southward through the Bosporus,

Density differential between the upper layers of the Marmara and Black seas,

Gravity flow driven by the excess of inputs less all other outputs.

2) A new stable stratification is predicted under all conditions examined by

model runs. However there may be a possibility that stratification of low/high

salinity layers and the oxic/anoxic layers do not coincide under all conditions. The

existence and position of the transition zone between the oxic and anoxic zones is a
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function of the rates of oxygen transport from the top and hydrogen sulfide transport

from the bottom layer. If the current equilibrium between these rates is altered then

one can expect a expansion of one zone accompanied by a contraction of the other.

Which is which depends on the nature of the change in the equilibrium. This could

be investigated by modelling the sea for conservation of oxygen.

7.2.2. Chapter 3

The occurrence of hypoxia on the NWS is a function of nutrient availabil-

ity, oxygen, atmospheric forcing, biomass,and river flow. It should be possible to

model when and where hypoxia will occur on the shelf by a box model conserving

oxygen. This would allow management decisions to be made to optimize the inputs

to the shelf with respect to hypoxia. This could permit the estimation of how much

macroalgal uptake and phytoplankton removal was needed in any given year to avoid

the spread of benthic hypoxia and its concurrent damage. It would also assist in the

calculation of levels of investment needed to put in place the required maricultural

infrastructure, and the economic viability of such ventures.

7.2.3. Chapter 4

1) Future irrigation needs on a country to country basis must be forecasted

in order to permit the optimization of water use in agriculture. Without this it

will be impossible to know how much water may be released to shelf regions in the

spring time to alleviate hypoxia. The forecast should cover options where agriculture

contracts after subsidies are lifted and where irrigation water prices rise as a function

of scarcity.
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2) The demand for electric power needs to be estimated for all countries

so that substitution of various generating sectors can occur efficiently. Options

should include a sharp decrease in demand as industrial sectors disappear and a

compensation for the extra power saved through modernization of transmission and

consuming technology.

3) The cost of installing urban water treatment facilities in all urban areas

needs to be calculated with all possible speed, for each state. The savings expected

as a result of decreased health expense when people have clean water to drink and

live beside should also be computed. In this way an estimate can be put on the

amount of structural aid needed to perform the task of cleaning up urban water

pollution.

4) Legislative options for the enforcement of pollution regulations should be

examined to discover which is the most suitable mechanism for each country to

control industrial and agricultural polluters.

7.2.4. Chapter 5

An evaluation of the benefits of tourism to each country in terms of trade bal-

ance, employment, investment opportunities for capital, and trickle down economic

benefits would add great weight to any argument for environmental cleanup.

7.2.5. Chapter 6

1) The benefits of restoring the fisheries of the Sea of Azov need to be cal-

culated in order to demonstrate the excess of revenue over cost of restoration. This

could be easily done if realistic current prices for the fish species of the sea were

available.
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2) In depth financial analysis is necessary with respect to the proposed aqua-

cultural projects included as part of the restoration of the NWS. The level of prof-

itability or loss for each sector needs to be forecast in order to quantify the structural

aid needed to undertake these projects and whether or not they are justifiable on

economic grounds.

3) The competitiveness of riparian vegetation as a substrate for paper and

silage needs evaluation. Although it does not need delignification as wood does, the

harvesting cost may be expensive, making paper produced by this process uncom-

petitive. Silage produced from cellulose bearing plants will not be competitive with

sugar-rich grass silage. However the benefits from reduced grass fertilization may

outweigh this. All these factors affecting the harvest of riparian vegetation need to

be evaluated.

I sincerely hope that both scientific and economic studies will be undertaken

with all speed in order to discover management options to halt the tragic decline of

the sea, its coast, and rivers. May it be that one day it will be restored to its once

beautiful condition
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