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Abstract 

For arid-region lakes,.management conflicts are likely to occur between quantity and quality of water 
supplied: increasing quantity of water supply can lead to water quality deterioration. Such contlicts can 
best be resolved within an effective management program based on awareness and cooperation at all 
levels of water management from policy makers to experts. We propose a general framework for 
designing effective water resource management programs for lakes based on concrete definitions of 
management criteria such as water quality. The proposed system requires close interaction between 
policy makers, water resource managers, water suppliers and users, hydrological engineers and limno- 
logists. The significance of mathematical modeling as a self-organizing tool of the management 
program is emphasized, especially with regards to designing limnological investigations directed toward 
lake management. We illustrate the application of this approach to water resource management in arid- 
region lakes (Lake Kinneret, Israel and Lake Sevan, Armenia), where artificial variability of lake mor- 
phometry due to water use is a forcing function affecting water quality. 

1. Introduction 

The necessity for proper management of natural water resources has long been recogniz- 
ed by limnologists, aquatic engineers, and various governmental and private agencies. 
However, the meaning of management, as well as its objectives differ widely depending on 
the type and use of the resource and on the point of view of the managers. Very often one 
can read, even within limnological literature, about the necessity of “optimal”, “rational” or 
“sustainable” use of water resources with no definition of these terms offered. Moreover, 
“water quality”, the primary parameter of interest with which management success is often 
judged, is typically poorly defined. 

Concrete definition of these terms is foremost in the development of sound scientific back- 
ground directed toward establishment of sound management programs for lake ecosystems. 
Successful lake management requires close interaction between water policy makers, mana- 
gers, users, engineers and limnologists. In addition, a successful lake management program 
must include definitions of the objectives and mechanisms of water use, and the standards 
with which water quality will be monitored. Moreover, a quantifiable cost-benefit analysis 
built into the management program could prove beneficial. Such an approach has been devel- 
oped for aquatic ecosystems (McKEE, 1952; ODUM, 1971 ; WARREN, 1971), though its appli- 
cations have only been recent and concentrated in North America (e.g., GOLDMAN, 1988; 
HENNESSEY, 1994). 

Because most lakes of the world are found in exorheic regions (HUTCHINSON, 1957), they 
share the commonality that the supply for water generally exceeds the demand. However, a 
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specific problem emerges with respect to lake management in arid regions, especially when 
water resources are principal limiting factors for economic development in the region - 
demand can and often exceeds supply. In such situations in which domestic and agricultu- 
ral consumption generally predominate over other water uses, water managers usually in- 
crease water supply by increasing the “turnover rate” of the respective water resource. In 
practice, the water turnover rate of a lake is increased (water residence time is reduced) by 
enhancing outflows to augment the needs of consumption. Because inflows to the lake are 
restrained by climatological conditions and cannot be simultaneously increased, enhanced 
outflows generally lead to increased seasonal and annual fluctuations in lake water levels 
and long-term reductions in mean lake water levels. Potentially associated with these mor- 
phological changes of a lake is the subsequent deterioration of the quality of water supplied 
from the lake (MICKLIN, 1988; PARPAROV, 1990; ALADIN and WILLIAMS, 1993). Hence the 
possibility of an inverse relationship between the quantity and quality of water supplied from 
a given lake suggests the need for a concrete management scheme directed toward opti- 
mizing water use in which both quantity and quality of water are maximized concurrently. 

The objectives of the present communication are: 1) to propose a general framework for 
designing effective arid-region lake management programs, 2) to discuss various methodo- 
logical problems specific to the management of arid-region lakes, and 3) to empirically 
explore potential relationships between the quantity of water supplied from a given lake and 
the quality of that water. We aim to stimulate improved communication between water 
resource managers, water suppliers and consumers, hydrological engineers, and limnologists 
with the goal of improving water management programs particularly in water-limited re- 
gions. Throughout this essay we will rely on the examples provided by Lake Sevan 
(Armenia) and Lake Kinneret (Israel), both of which are natural lakes and serve as primary 
water storage and supply reservoirs within their respective regions. 

2. Descriptions of Lake Kinneret and Lake Sevan 

Lake Kinneret (Israel) and Lake Sevan (Armenia) are systematically-monitored and well- 
studied lakes. Limnological parameters of these lakes (Table 1) and problems related with 
using their waters are similar in many aspects. Both lakes are suitated in semi-arid regions 
and are principal sources of freshwater for their countries. 

Lake Kinneret, the largest freshwater lake in the Middle East, is situated ca. 210 m below 
sea level in the northern part of the Afro-Syrian Rift Valley (Fig. la). Lake Kinneret is a 
warm monomictic lake, with winter homeothermal temperatures between 12- 14 “C and 

Table 1. Limnological characteristics of Lake Kinneret (at full capacity) and Lake Sevan 
before (1) and after (2) the water level lowering of 18 m. 

Kinneret Sevan ( 1 )  Sevan (2) 

Mean depth, m 25 41.3 27.2 
Surface area, km’ 168 1416 1244 
Volume, km’ 4.3 58.4 33.8 
Water retention time, yr 4.8 40 22.5 
Secchi depth, m 3.2 14.3 3.1 
Minimum dissolved oxygen, mg L-’ 0 6 0 
“I,”,,, mg L-’ 0.3 1 0 0.1 1 
[P-P04], mg L-’ 0.008 0.32 0.02 
Phytoplankton biomass, g m-3 4.6 0.3 3.5 
Primary productivity, g C m-2 yr-I 600 50 250 
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Figure 1. A. Schematic of Lake Kinneret, Israel. B. Water levels (m altitude) in Lake Kinneret during 
1926-1993. and range of water levels prior to 1850 estimated by NUN ( 1974). Data were taken from 
Hydrological Year Books of Israel (1971, 1992, 1993) (redrawn from HAMBRIGHT and ZOHARY, 

1994). 
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maximal summer temperatures approaching 30 "C (HAMBRIGHT et al., 1994). The lake is 
highly productive, with yearly primary production ca. 600 g C m-'yr-' due mostly to the 
well-documented spring bloom of the dinoflagellate Peridinium gatunense (SERRUYA, 1978; 
BERMAN et al., 1992). Bottom layers of the lake are anoxic during May-December with high 
H,S concentrations. With regards to its trophic state, Lake Kinneret is considered naturally 
mesoeutrophic and stable (BERMAN et al., 1992), although two successive bluegreen algal 
blooms within a recent &month period (BERMAN, 1995) are indicative of changes in trophic 
state. Water levels of Lake Kinneret are regulated and seasonally fluctuate within 4.1 m, 
depending on climatic conditions and water use (Fig. 1 b). 

Lake Sevan, the largest lake in the Caucasus Mountains, is situated in northwest Armenia 
ca. 1900 m above sea level (Fig. 2a). Lake Sevan is dimictic with late autumn and spring 
homeothermy at 4 "C. During winter the lake is ice-covered; during summer epilimnion tem- 
peratures approach 20 "C. The lake consists of two morphometrically different basins - the 
deeper Minor and the relatively shallow Major Sevan. Like Lake Kinneret, anoxic condi- 
tions prevail in the hypolimnion during summer stratification and annual primary produc- 
tion is ca. 400-600 g C m-* yr-' (PARPAROV, 1990). However, unlike Lake Kinneret, these 

A. 

Figure 2. A. Schematic of Lake Sevan. Armenia. B. Water levels (m altitude) of  Lake Sevan from 
1930- 1985. (from PARPAROV, 1990). 
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eutrophic conditions were artifically induced in the 1970s due to a long-term, economical- 
ly-induced 18.5-m decline in lake water levels (Fig. 2b, Table 1) (OGANESIAN and PARPA- 
ROV, 1989). In order to slow down eutrophication of the lake, additional water from the Arpa 
River was channeled into Lake Sevan along a 48-km long tunnel at a cost of ca. $US 5x lo8. 

3. The Proposed Approach 

The following stages (Fig. 3), drawn from a variety of sources (ODUM, 1971 ; WARREN, 
1971; SCHINDLER, 1987; RYDING and RAST, 1989; JAWORSKI, 1990; H ~ A N S O N  and 
WALLIN, 1991 ; CAIRNS et al., 1993; STRA~KRABA et al., 1993), form a framework for devel- 
oping scientific background of use and management of water resources. The operative word 
‘‘use’’ reflects the unavoidable reality that a given water body will serve some use, whereas 
the term “management” often infers the development of a problem which has manifested 
itself in  the form of resource deterioration. 

3.1. Identification of the Object of Mrmagement 

The object of management (i.e., the water resource subject to use and management) is 
typically specified by policy makers. The object of management can be as restrictive or com- 
prehensive as the policy makers desire. For example, management could be limited to that 
part of a lake,in the vicinity of water intake pipes or i t  may extend to an entire watershed 
of a lake. Limited approaches allow water suppliers to ignore such phenomena as hypolim- 
netic anoxia. However, we have based our essay on the assumption that the object of mana- 
gement will generally relate to water quality in a whole lake and its watershed, hereafter 
referred to simply as a “lake”. Under such considerations, following the redistribution of 
Arpa River waters to Lake Sevan, the watershed of the lake (i.e., the object of management 
of water quality) increased by 12%. 

3.2. Identification and Prioritization of the Primcity Uses of the Lrike 

The primary uses for a given lake are generally defined by policy makers, though many 
uses of a lake are of strong historical origin. The often diverse variety of uses for any given 
lake (e.g., fisheries, tourism, drinking water supply) will dictate that the policy makers also 
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Figure 3. Proposed approach for effective and scientifically-based lake management. 
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prioritize each use within the overall framework of the management objective. For example, 
agricultural cultivation and irrigation, domestic water consumption, fisheries, and tourism 
may have been established as the predominant uses of a given lake and its watershed deca- 
des to centuries before the need for management arose. Given the need for management, 
policy makers must decide which uses will receive priority over others. 

Several aspects of use and management of Lake Kinneret waters have been previously 
discussed (RODHE, 1969; BERMAN, 1972, 1985; GOPHEN, 1985; SERRUYA, 1985; SHAMIR 
et al., 1985). The primary use of the lake’s watershed is agriculture, including pond-based 
aquaculture. Prior to 1965, and with the exception of the period 1932-1948, the predomi- 
nant uses of Kinneret waters were local domestic and agricultural supply, fishing (mostly 
commercial) and tourism (boating, bathing, and aesthetics). From 1932- 1948, Kinneret 
waters were also used for electrical energy production, following the construction of a regu- 
latory dam and deepening of the Jordan River outlet. In 1965, Lake Kinneret became the 
primary storage reservoir for the National Water Carrier of Israel (NWC). Consequently, 
water levels in  the lake are managed, within legislated limits, so as to maximize the fresh- 
water storage potential. Since 1965, and with the economic and population growth both 
within the region and in Israel, the primary uses of Lake Kinneret waters have been con- 
sumptive - domestic “drinking water” supply and agricultural irrigation ; fisheries and 
tourism are important secondary uses. 

Electrical energy production, fishing, agricultural irrigation, recreation and tourism con- 
stituted the major direct uses of Lake Sevan waters at different stages of its evolution 
(BAGRAMIAN, 1974; OGANESIAN, 1988). In order to meet the economical needs of the 
region, outflows from Lake Sevan were increased beginning in 1939 to augment consump- 
tive water use (agricultural and domestic supply). By 1974, the volume of the lake was 
reduced by 40% and the mean water level of the lake was 18.5 m lower than levels prior to 
1939. At that time it became evident that Lake Sevan was the principal source of freshwater 
for Armenia. Hence the primary uses of Lake Sevan waters, like for Lake Kinneret, are 
domestic water supply and agricultural irrigation, followed by fisheries. 

3.3. Definition of the Goals and Criteria of Management 

Management goals are also established by policy makers but with the participation, direct- 
ly or indirectly, of water users (e.g., water supply authorities, farmers, fishermen) and 
experts (e.g., limnologists, water engineers, fisheries biologists). Management goals gener- 
ally reflect a desire to maintain or reestablish a sufficient supply of sufficient quality water. 
Though the meanings of “sufficient supply” and “sufficient quality” seem simple and 
straight-forward, effective management of a lake under these goals requires concrete defini- 
tions and quantitative measures of the management criteria. This stage, perhaps the most 
crucial, is often neglected because of the difficulty in resolving contradictory criteria (e.g., 
the criteria of high water quality for drinking water are incompatible with the criteria neces- 
sary for high fish productivity - see Fig. 4) (WAGNER and OGLESBY, 1984). Therefore, the 
criteria and ultimately the goals of management for a given lake must be based on a rea- 
sonable compromise among the needs of all users of the lake within the context of maintain- 
ing limnological stability. 

Continued economic growth in Israel, in conjunction with potential future multinational 
use of the Kinneret waters, dictates the need for future increases in the use of the lake. 
Moreover, there even exist plans for using the lake’s basin to store desalinized waters from 
the Mediterranean Sea, thereby increasing the effective watershed of the lake. These plans 
all carry the weight of increasing the lake’s storage capacity and, as a result, increasing the 
amplitude of annual water level fluctuations. Wishes to satisfy these contributions are restrain- 
ed only by the fear of deterioration of some ambiguosly defined lake “water quality”. Thus, 
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Figure 4. Relationship between lake properties and management objectives (redrawn and modified 
from WAGNER and OGLESBY, 1984). 

a problem faces the water supply managers of Israel, which can be formulated as the follow- 
ing: 

How great can the operational storage capacity of the lake be increased with minimal dete- 
rioration of water quality? 
The same problem from the limnological point of view can be formulated as following: 
What are the limits of Lake Kinneret ecosystem stability and sensitivity to water level 
fluctuations [modulated by the climatic and socio-economy conditions] ? 
The dramatic acceleration of eutrophication of Lake Sevan beginning in the 1970s led to 

a significant deterioration of its water quality for drinking water. Water quality of the pre- 
viously oligotrophic lake deteriorated substantially, with decreased Secchi disk transparency 
from 14 to 2-3 m, development of anoxia in a previously aerobic hypolimnion, increased 
planktonic primary production from 50 to 400-600 g C m-* yr-', frequent and unpredictable 
domination of the phytoplankton by cyanobacteria (PARPAROV, 1990). Limnological investi- 
gations revealed a close interrelationship between the process of eutrophication and changes 
of the morphometry of the lake. Therefore, the problem of Lake Sevan was formulated as 
following: 

What is the minimal water level of Lake Sevan that will prevent further enhancement of 
eutrophication ? 
The Armenian limnologists (OGANESIAN and PARPAROV, 1989) proposed that the resour- 

ces of Lake Sevan must be used in such a way as to improve or at least sustain high water 
quality (for drinking water) in Lake Sevan. In addition, productivity of the commercially 
valuable fish species must be kept as high as possible, but still within the constraints of water 
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quality as dictated by drinking water criteria. Based on similarities in directions of use be- 
tween Lakes Sevan and Kinneret, we suspect that these management criteria adopted for 
Lake Sevan will also be suitable for Lake Kinneret. 

3.4. Definition of Indices and Standards with which Concordance to Established Criteria 
are Judged 

This stage involves direct and active participation from aquatic engineers and limnolo- 
gists. The set of these indices will make the typically ambiguous term “water quality” 
meaningful. Many existing standards of water quality were developed for drinking water 
reservoirs and are not applicable to natural water bodies. For example, standards based on 
coliform bacterial numbers, alkalinity, turbidity, and threshold odor number, which are gener- 
ally established by aquatic engineers for drinking water reservoirs (Table 2), commonly 
lie outside the range of natural variability of these parameters in most lakes. In contrast, lim- 
nologists have traditionally defined lake water quality using ecological terms such as 
primary productivity, nutrient (nitrogen and phosphorus) concentrations, turnover rate, and 
hypolimnetic oxygen deficit (Table 2). Such standards of water quality defined ecologically 
often fail to pass the engineering standards delimiting water f i t  for human consumption. For 

Table 2. Parameters of water quality classification typically used by water engineers and 
limnologists. 

Water Engineering* Limnological** 

Organo-leptic 
Color 
Turbidity 
Odor 
Taste 

Phy sico-chemical 
Temperature 

Conductivity 
Chlorides 
Dissolved oxygen 

Concerning substances 
undesirable in excess 

Kjeldahl nitrogen 
Oxidizability 

Total organic carbon 

PH 

P-PZOJ 

Concerning toxic substances 
Trace metals 
Pesticides 
Polycyclic aromatic hydrocarbons 

Physical 
Transparency 
Suspended solids 

Nutrient concentrations 
Chlorophyll a 
Electrical conductance 
Dissolved solids 
Hypolimnetic oxygen deficit 
Epilimnetic oxygen supersaturation 

Algal bloom frequency 
Algal species diversity 
Phytoplankton biomass 
Primary productivity 
Zooplankton 
Bottom fauna 
Fish 

Chemical 

Biological 

Microbiological 
Total coliforms 
Fecal coliforms 
Fecal streptococci 

* - modified from EEC Directives, 1980 ** - modified from RYDING and RAST, 1989 
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these reasons, water from most lakes and reservoirs used for domestic consumption is 
treated (e.g., chlorination, alum-enhanced sedimentation, filtration) at some or multiple 
stages during the supply and distribution process. This “incompatibility” between engineer- 
ing and limnological standards of water quality, together with the absence of multi-user- 
compatible management criteria, are main reasons of misunderstanding between water users 
and limnologists (LOEB, 1993). 

Establishment of water quality standards and indices is the most difficult stage of mana- 
gement, with conflicts of interest arising within and between the various groups of users and 
experts. Considering the multiple uses of the most natural lakes, indices of water quality 
must be comprehensive, spanning the entire range suitable for all water users. For stable lake 
ecosystems, this range is constrained to within natural variability of each respective para- 
meter. For very disturbed lakes (e.g., heavily polluted or eutrophied) the range of variability 
of suitable water quality becomes the object of deliberate, thoughtful definition. To our 
knowledge, no such comprehensive standards or indices exist for Lake Kinneret or Lake 
Sevan. 

A possible quantitative approach for establishing water quality standards (and manage- 
ment goals, as well) is based on the Delphi Method (LINSTONE and TUROFF, 1975), in which 
a “panel of experts” is asked to define criteria, indices and standards of water quality for 
various uses of a given water resource. This approach has been applied to several managed 
New Zealand rivers and streams (SMITH, 1987, 1990), and lakes and reservoirs in the 
United States (BURDEN e ta l . ,  1985; FUSILIER, 1985). Although the burden placed upon these 
systems may be far from that placed on many arid-region lakes, the adoption of this 
approach to arid-region lakes may serve to simplify the arduous task of resolving conflicts 
among the various divergent uses and special interest groups and to exacerbate the devel- 
opment of a sound management policy. 

3.5. Development of a Management Model 

Once the criteria of use have been defined and prioritized, and water quality standards and 
indices have been delimited, a mathematical model (initially conceptual, but eventually 
quantitative) should be designed that incorporates all phases of management from water use 
classification to water quality standards. We suggest that conception of “generalization” of 
available ecological models (JORGENSEN er af . ,  1986) could be a very useful approach in the 
initial stages of the modeling effort. With such an approach, a large and diverse set of 
different models (STRA~KRABA and GNAUK, 1989; STRA~KRABA, 1994) can be examined in 
order to identify one most appropriate for the situation under study. The model should be 
optimizing within the constraints dictated by priorities of use but flexible and adaptable with 
respect to changing socio-economic conditions and demands of the various water users. This 
model will form the framework in which management can proceed. 

Within the overall management model, would be a series of submodels detailing the rela- 
tionships between various limnological properties of the lake and the indices with which 
water quality will be judged. For example, let us consider water quality management based 
on the commonly used (by both limnologists and engineers) index “turbidity”. Because 
turbidity is a function of the dynamics of suspended matter (KIRK, 1983; PARPAROV, 1994), 
and hence of the dynamics of primary production and decomposition, and sedimentation and 
resuspension of particulates, management by turbidity constitutes management based on a 
complex set of limnological parameters. Information regarding relationships among these 
parameters and between them and turbidity must be consolidated and diluted. Models are 
the simplest form of information consolidation and would provide much needed tools for 
designing both basic and applied limnological investigations directed toward the manage- 
ment and optimal use of the lake. 
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Examples in which limnological investigations were conducted in accordance with a 
framework defined by a mathematical model are very scarce (e.g., ALIMOV, 1986). In fact 
the opposite situation, construction of mathematical models using pre-existing data bases, is 
much more common (SCHINDLER, 1987). In such cases, model equation coefficients are esti- 
mated or taken from the literature. Hence, the resulting model can effectively describe past 
events or between lake characteristics, but typically lacks the detail and accuracy necessary 
for designing an effective management scheme for the present and future of a given lake. 
Therefore, it is important that development of the model precedes planning of limnological 
studies, particularly those of applied nature and directed toward interactions between mana- 
gement and water quality. The model along with the subsequent adaptation of limnological 
investigations to the model will form an organizing and continuously self-improving tool for 
the scientific management of optimal water resource use. 

3.6. Implementation of Management Program 

Though an obvious step, the practical application of the management program should pro- 
ceed as a logica1,extension of the management model. For example, in the case of Lake 
Sevan, Armenian limnologists reasoned from their analyses of various limnological para- 
meters during periods before and after the lowering of lake water levels by 18 m proposed 
that artificial raising of Lake Sevan’s water level by ca. 6 m could retard the rate of eutrophi- 
cation. Subsequently, additional water from the Arpa River was channeled into Lake Sevan 
along a 48-km long tunnel at a cost of ca. $US 5x  lo8 (OGANESIAN and PARPAROV, 1989). 
Impacts of this management strategy are as yet unknown. 

3.7. Evaluation and Adjustment of Management Program: Limnological, Social, and 
Economical Studies 

Concurrent with the processes of defining water uses, management goals, criteria, and 
indices, development of the management model, and implementation of the management 
program, relevant limnological, social, and economical studies must be conducted. These 
studies will enable timely evaluations of the various options and decisions to be made at 
each step within the management process, as well as to provide feedback control as mana- 
gement actions are instituted. No portion of the management scenario should be considered 
fixed and inflexible. Rather, results ofscientific research will be used to continually modify 
the management program. 

3.7.1. Limnological Studies 

Considering the inherent difficulties of mathematical modeling, we suggest to follow initi- 
ally a concept of “generalization” of limnological modeling (JORGENSEN et  al.,  1984). The 
basis of this concept is to adopt well-known models of cycling dynamics of a restricted set 
of “basic” variables (e.g., primary nutrients and organic matter) to given water body. Typi- 
cally, the primary assumption of these types of limnological models is that the forcing 
(managing) function of the model is an external input of nutrients (external load - VOLLEN- 
WEIDER, 1975). However, because of the particular characteristics of arid-region lakes, arti- 
ficially-enhanced variance of lake morphometry (i.e., manipulation of water levels) can serve 
as a strong managing factor, even more so than external nutrient loading (OGANESIAN and 
PARPAROV, 1990). Hence a management program for arid-region lakes must include detai- 
led modeling and knowledge of the interrelationships between lake morphometry and eco- 
system functioning. 
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Previous studies on the ecological consequences of water level alterations for both Lakes 
Kinneret and Sevan were based on two primary assumptions: 1) changes in morphometry 
can destroy equilibrated relationships between sedimentation and resuspension and release 
of nutrients from bottom sediments (SERRUYA, 1974; MARTYNOVA, 1984; OGANESIAN and 
PARPAROV, 1990), and 2 )  regardless of the type of relationship that may exist between 
various ecosystem parameters and water level, there may exist some “critical depth”, below 
which ecosystem parameters can be sharply altered. Existence of such a “critical depth” was 
never theoretically demonstrated, though it was indirectly suggested during discussion about 
effects of lake morphometry on productivity (BRYLINSKY and MA”, 1973 ; RICHARDSON, 
1975; HORNE etal. ,  1975). A reasonable start toward uncovering “critical depths” for va- 
riable morphometry lakes with regards to changing water quality is first to examine relati- 
onships between indices of lake morphology as affected by variable water levels. 

The relevance of a lake’s watershed to the lakes’ functioning is obvious. For example, 
nutrient loading is a direct function of watershed processes. KEREKES (1974) suggested that 
the ratio of lake shore line length to lake volume delineates the sensitivity of a lake to 
influence by its watershed. Calculations for Lake Sevan showed that the KEREKES Index 
decreased substantially with decreasing water level for the shallower basin of the lake (Major 
Sevan) (Fig. 5 ) ,  resulting in increased external loading of phosphorus and nitrogen (OGANE- 
SIAN and PARPAROV, 1983). The effects of lake morphometry on retention of phosphorus are 
well documented. For example, RECKHOW (1979) demonstrates the relationship between 
hydraulic loading (9, = Inflow/Surface area) and the coefficient of phosphorus retention (R) 
(Fig. 6) .  For Lake Kinneret, qs = ca. 6 m yr-’. Based on the curves in Fig. 6, we see that this 
value lies in the most sensitive portion of the curves - very small changes in q, can lead to 
large changes in phosphorus retention. 

The role of internal loading of nutrients, with respect to a lake’s productivity, can be as 
great or greater in magnitude than external loading. A common index for estimating relative 
release of nutrients from the bottom sediments directly into the epilimnion is the FEE Index, 
the ratio of surface area of bottom sediments in contact with the epilimnion to the volume 
of the epilimnion (FEE, 1979). During the eutrophication of Lake Sevan, the FEE Index 
increased dramatically from 1933- 1965, indicating disturbance of transport processes in the 
lake. Observed changes in N and P budgets (PARPAROVA, 1985) could only be explained by 
alteration of the relationships between sedimentation, bottom release, and resuspension 
(Fig. 7a) (OGANESIAN and PARPAROV, 1983). Although the changes in Lake Kinneret water 
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level have been at a smaller scale, the FEE Index does increase by 57% from a water level 
of -209 to -215 m altitude (Fig. 7b), assuming a mean stable thermocline depth of 18 m. 

Relative areas of the lake bottom subject to erosion and transport versus accumulation of 
particles can be estimated using H ~ A N S O N  and JANSSON’S dynamic ratio, DR ( H ~ K A N S O N  
and JANSSON, 1983). DR uses the ratio of the square root of a lake’s surface area to average 
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Figure 7. A. Dynamics (annual rate of change) of the FEE, Index (FEE, 1979) in Major and Minor 
basins of Lake Sevan from 1933-1982. B. FEE Index calculated for Lake Kinneret as a function of mean 

summer water level. 
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Figure 8. Area of erosion and transport ( H ~ A N S O N  and JANSSON, 1983) calculated for (A) Lake Sevan 
before and after the 18.5-m decrease in water level and (B) Lake Kinneret as a function of water level 

lowering (m below full capacity). 

depth of the lake in order to estimate conditions of suspended matter transport in  water 
column. In Lake Sevan tile lowering of water level by 18 m led to significant increase in the 
area of lake bottom subject to erosion and transportation (Fig. 8 4 .  Taken with the decline 
in  the KEREKES Index, increase in FEE Index, and that almost all external loading is to the 
shallower Major Sevan, it becomes evident that such a combination shifted the lake eco- 
system towards eutrophication (OGANESIAN and PARPAROV, 1983). Similar calculations for 
Lake Kinneret indicate that changes in the area of lake bottom subject to either erosion and 
transport or accumulation are less sensitive to changes in lake water level compared with 
Lake Sevan (Fig. 8b). Nevertheless, the area of erosion and transport is predicted to increase 
continually with lowering of water level. As in the case of Lake Sevan, predicted changes 
in all three of these morphologically-based indices indicate the tendency toward increased 
eutrophication of Lake Kinneret with decreasing water levels. 

The above relationships were obtained by statistical analyses of data for different lakes 
and are assumed to reflect steady state conditions for each lake. These dependencies are 
monotonous, having no “singular points” for predicting a critical depth in which one may 
expect a drastic change in ecosystem function. Although they indicate a common tendency 
for increasing nutrient concentrations or trophic state with decreasing average lake depth, 
some evident questions pertaining to variable morphometry lakes arise : 

1) Are these relationships valid within single lakes with variable morphometry? and 
2 )  How will the rate and frequency of water level fluctuations affect the reaction of the eco- 

system? 
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Hypolimnion Thickness -* 
Figure 9. Schematic model O F  oxygen consumption and the fate of organic matter input to hypolimnia 
of different thicknesses (from CHARLTON, 1980). The influx of organic matter is apportioned between 
the water and sediment oxygen demands and storage in the sediments. Upper line represents volume- 

tric hypolimnetic oxygen demand (VHOD) which would result at each hypolimnion thickness. 

These questions and others similar in nature, will form the basis for limnological studies 
designed within the management program. Already, the potential for multi-lake derived rela- 
tionships to describe patterns in  single lakes has been demonstrated through studies of oxy- 
gen dynamics in both Lakes Sevan and Kinneret (PARPAROVA, 1985; OGANESIAN and PAR- 
PAROV, 1989; PARPAROV, 1994). 

The inverse relationship between hypolimnetic oxygen depletion rate and lake morpho- 
metry is well known; total oxygen demand of bottom respiration increases with decreasing 
water level or average depth (CHARLTON, 1980; VOLLENWEIDER and JANUS, 1983) (Fig. 9). 
Though derived using data from multiple lakes, this relationship proved valid for Lake Sevan 
during the long-term decline in water levels. Concurrently with reduced lake water levels, 
hypolimnetic and bottom sediment oxygen demand increased (PARPAROV, 1987) (Fig. 10a). 
Note, that the destabilization of the oxygen regime was sharp and rapid: the hypolimnion 
was transformed from aerobic to anaerobic within 3 years (197 1 - 1974). 

Although Lake Kinneret’s hypolimnion is naturally anaerobic during amixis, the rate at 
which oxygen was depleted in the hypolimnion during a 23-yr period increased with decreas- 
ing summer water levels (Fig. lob). Interestingly, the rate of oxygen depletion in 1991, the 
year with lowest recorded water levels (-212.51 m, annual average), was greater by 3-fold 
than any previously calculated depletion rate and clearly beyond the established relationship. 
Whether this extremely high oxygen depletion rate is indicative of some “critical depth” or 
simply part of natural variability remains unclear. Nevertheless, these data pertaining to the 
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Figure 10. A. Hypolimnetic and bottom sediment oxygen demand during the water level lowering of 
Lake Sevan (PP = primary productivity, AHOD = areal hypolimnedc oxygen deficit. ODR = oxygen 
depletion rate, B = phytoplankton biomass) (from PARPAROV, 1987). B. Hypolimnetic oxygen depletion 

rate in Lake Kinneret as a function of lake water level (from PARPAROV, 1994). 

oxygen regime from both lakes demonstrate a basic link between ecosystem functioning and 
lake water levels. 

Unlike the continual decline of Lake Sevan water levels, annual variability i n  water level 
fluctuations in  Lake Kinneret has been relatively greater. Though the annual mean water 
level has declined during the 23-yr period examined by only ca. 1.5 m, the variability in 
amplitude of seasonal water level fluctuations has increased with time (cf. Fig. 3 b). Recent 
studies have revealed that the nature of water level fluctuations in Lake Kinneret is an 
integral component in the functioning of the littoral zone community, with implications 
extending into the pelagic community (GASITH and GAFNY, 1990). How these fluctuations, 
their rate, frequency, and amplitude affect the ecosystem functioning of Lake Kinneret is 
only recently being explored (ZOHARY and HAMBRIGHT, 1994). 

3.7.2. Socio-Economic Studies 

Although potentially the least attractive phase of this process, the application of social and 
economical analyses will also clearly factor heavily in the decision-making steps within an 
effective management plan. For example, economically vital agriculture may be the predo- 
minant use of the watershed for a lake in which drinking water supply is the priority water 
use. It has been well documented that cultivation practices can lead to increased nutrient 
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loading to the lake followed by increased productivity and water quality deterioration (e.g., 
NAS, 1969). A quantitative model including analyses of the costs associated with reducing 
nutrient loading (via reduced cultivation, altered drainage networks, modernized fertilization 
techniques, etc.) versus the costs of increased water treatment would better enable managers 
to determine appropriate management policy. 

The theory of socio-economic analysis for ecological phenomena is in its infancy (see for 
instance POMEROY, 1992). Historically most socio-economic analyses for ecological disturb- 
ances in lakes have been conducted following catastrophic changes within a fishery (e.g., 
invasion of North American Great Lakes by sea lamprey, Nile Perch devastation of Lake 
Victoria fishery). We suspect that socio-economic costs have rarely been estimated directly 
for non-catastrophic disturbances to a lake ecosystem such as eutrophication (but see, 
WEITHMAN and HAAS, 1986; H ~ A N S O N  and WALLIN, 1991). Although the effects of eutro- 
phication and subsequent decline of water quality can be devastating with respect to 
increased cost of water treatment and losses of fishery resources, tourism, and species diver- 
sity (EDMONDSON, 1991), an effective socio-economic analysis can only be conducted 
within a management framework as outlined above. 

4. Conclusions 

We propose a general framework for designing effective arid-region lake management 
programs which is based on formulation of concrete definitions of management criteria such 
as water quality and close interactions between water policy makers, managers, users, 
engineers, and limnologists. Because lake water quality will depend on ecosystem functio- 
ning, a comparative analysis of various ecosystem reaction of subtropical Lake Kinneret and 
high altitude Lake Sevan to human-induced changes in water level enable the following con- 
clusions: 

I .  Artificial manipulation of lake water levels can be a managing tool, comparable in scale 
to management of external nutrient loads. Multi-lake surveys, as well as studies of Lakes 
Sevan and Kinneret, indicate basic coupling between morphological parameters of lakes 
and ecosystem functioning. 

2.  Consequently, morphometrical parameters (e.g., average lake depth) should be included 
in management models as parameters of optimization. As such, studies of the relation- 
ships between lake morphometry and ecosystem processes relating to water quality 
should become primary objects of interest in lakes with variable morphometry. 

3. A management conflict between quantity and quality of water supplied from arid-region 
lakes is inevitable. Supplying high quantities of water from arid-region lakes will result 
in reduced water levels which can potentially stimulate eutrophication, thereby leading to 
water quality deterioration. In multi-use lakes, similar conflicts may also develop as 
management criteria for one use (e.g., fisheries) oppose management criteria for another 
use (e.g., drinking water). Such conflicts will best be resolved through the development 
of management approaches similar to that presented above. 

Future water management programs will likely intensify as humans place increasingly 
high demands on freshwater ecosystems. Arid-region lakes and reservoirs will be at the 
forefront of these demands. The goal of our essay, therefore, has been to stimulate awa- 
reness and cooperation at all levels of water management from policy makers to users and 
experts. Without rational and effective management programs, the state of arid-region water 
resources will deteriorate and the need for further and more stringent management will 
increase. 
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5. Summary 
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The necessity for proper management of natural water resources has long been recogniz- 
ed by limnologists, aquatic engineers, and various governmental and private agencies. 
However, the meaning of management, as well as its objectives differ widely depending on 
the type and use of the resource and on the point of view of the managers. Concrete defi- 
nition of management terms is foremost in the development of sound scientific background 
directed toward establishment of sound management programs for lake ecosystems. Success- 
ful lake management requires close interaction between water policy makers, managers, 
users, engineers and limnologists. We propose a general framework for designing effective 
water resource management programs for lakes based on concrete definitions of management 
criteria such as water quality and includes the following stages: 1. Identification of object 
of management; 2. Identification and prioritization of uses of the lake; 3. Definition of goals 
and criteria of management; 4. Definition of indices and standards of water quality; 5. Devel- 
opment of management model; 6. Implementation of management program; 7. Evaluation 
and adjustment of management program. The significance of mathematical modeling as a 
self-organizing tool of the management program is emphasized, especially with regards to 
designing limnological investigations directed toward lake management. We illustrate the 
application of this approach to water resource management in Lake Kinneret, Israel and Lake 
Sevan, Armenia. For these arid-region lakes, artificial variability of lake morphometry due 
to water use is a forcing function affecting water quality allowing the following conclusions: 

Artificial manipulation of lake water levels can be a managing tool, comparable in scale 
to management of external nutrient loads. 

Consequently, morphometrical parameters (e.g., average lake depth) should be included 
in management models as parameters of optimization. 

A management conflict between quantity and quality of water supplied from arid-region 
lakes in inevitable. 
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