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Abstract—The results of a study on morphophysiological variation in fish inhabiting a subarctic lake exposed
to chronic industrial pollution are described using an example of cisco, Coregonus lavaretus. It is shown that
indices of the heart, liver, kidneys, gills, and fatness in these fish are increased significantly and have retained
increased valuesfor the past 20 years. The observed changes are analyzed on the basis of biochemical data. The
results of studies on the dynamics of hematological parameters in fish are used for characterizing the devel op-
ment of toxicosis. Adaptive rearrangements associated with an increase in the metabolic rate and the activation
of protective systemsin thefish are explained in the context of S.S. Schvarts' concept. Theideais proposed that
the additional “energy cost” of detoxification may be responsible for morphophysiological variation in fish

under conditions of water pollution.
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According to the concept proposed by S.S. Shvarts
(1958, 1980), any change in the living conditions of
animals is directly or indirectly associated with
changes of energy balance in animals, and thisinevita-
bly leads to the corresponding morphophysiological
shifts (an increase in the relative size of the heart and
kidneys, hemoglobin concentration in blood, etc.).
If these changes involve living under extreme condi-
tions (a severe climate, low atmospheric pressure, per-
manent exertion, etc.), animals expend much energy.
This correlation is so apparent that it is regarded as a
law. The ability of animalsto increasetherate of energy
metabolism in order to survive under stress, which has
been acquired in the course of evolution, is the most
important preadaptation to environmental changes
(Shvarts, 1980; Yablokov and Yusufov, 1981; Begon
et al., 1989; Grant, 1991).

The method of morphophysiological indicators as
an approach to the assessment of adaptive response
attracted special attention in the 1960s owing to the
advancement of Shvarts’ ideas concerning the ecologi-
cal regularities of microevolution (Shvarts, 1958; 1980;
Shvarts et al., 1964). Specialists in fish ecology
addressed the problem of variation in theindices of fish
organs under different conditions (Dobrinskaya, 19644,
1964b; Bozhko, 1969; Brusynina, 1971; Smirnov et al .,
1972). Our research on the effects of pollution on fish
actively developed in the 1970s, when Shvarts' ideas
were very popular. We proceeded from the following
assumptions: (1) anthropogenic water pollution creates
“extreme” living conditions for aguatic organisms; (2)
toxic agents exert additional pressure on the organism,
and this can lead to changes in metabolic rate; and (3)
to survive under new conditions of toxic water pollu-

tion, organisms expend additional amounts of energy
on detoxification and this should affect their morpho-
physiological indices.

Note that aguatic organisms, compared to terres-
trial, depend on environmental factors to a greater
extent because of the important role played by the pro-
cesses of ecological metabolism in aquatic ecosystems
and the greater rate of pollutant spread in water (Patin,
1979). In the preface to the book by Smirnov et al.
(1972), Shvarts stated that fish are ideal objects for
studying the laws governing the variation of organisms.

In 1978 and 1979, | performed studies on fish of
subarctic Lake Imandra, which had been polluted with
discharge from enterprises of the copper—nickel and
apatite-nepheline industries (since the 1940s) and,
later, with heated water discharge from anuclear power
plant and municipal sewage. The purpose of this work
was to analyze variation in the indices of interna
organs (the ratios of organ weight to body weight) and
hematological parameters in cisco (Coregonus lavare-
tus) inhabiting zones differing in the pattern and inten-
sity of pollution. It was shown that chronic exposure to
toxic agentsin natural water bodies |eadsto an increase
in the relative weight of fish organs (M oiseenko, 1984,
1992). These results provided the basis for formulating
the concept concerning regularities of the toxicol ogical
process and “energy cost” that the organism must pay
for detoxification and survival under conditions of
chronic water pollution (Moiseenko, 1992, 1997).

Taking into account the necessity of verifying this
hypothesis with regard to al factors that could affect
the significance of results and the validity of the con-
clusions, comprehensive studies on morphophysiologi-
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cal indices of C. lavaretus population were performed
in the same regions after amost 20 years, in 1996 and
1997. Water pollution during this period was signifi-
cantly lower because of recession and cutbacks in pro-
duction at mining and smelting works.

The purpose of these studies was to reveal the type
and stability of adaptive morphophysiological changes,
to analyze the response of fish to the toxic load and its
decrease, and to explain the mechanisms of surviva
under anthropogenically transformed conditions in the
light of Shvarts’ concept.

To date, some other studies on C. lavaretus from
Lake Imandra have been accomplished. Their results
are necessary for discussing and understanding the
causes and mechanisms of morphophysiological varia-
tion in fish. In particular, specialists revealed trends in
the devel opment of toxicosisin fish by analyzing hema-
tological indices (Moiseenko, 1998), characterized fish
pathologies on the basis of histological data (Moi-
seenko and Lukin,1999), and analyzed corresponding
changes at the biochemical level (Kirilyuk and
Smirnov, 1993; Smirnov and Kirilyuk, 1994).

MATERIALS AND METHODS

This work was based on materials concerning mor-
phophysiological indices of C. lavaretus. The genus
Coregonus (whitefish) is dominant in the ichthyofauna
of many water bodieslocated in northern regions of the
world. Species of the genus are polymorphic and can
produce numerous forms and races in different water
bodies. This is evidence for their recent evolutionary
origin and high flexibility (Reshetnikov, 1980). At the
same time, they are narrowly adapted to living in con-
ditions of acold climate, being oxyphilic and cold-lov-
ing. Thus, whitefish are stenobiontic, which makes
them highly sensitive to water quality and responsive to
changes of the ecological situation in awater body. On
the one hand, these species are vulnerable to anthropo-
genic impact; on the other, they are capable of rapid
transformation and adaptation to environmenta
changes.

Benthophagous species are more suitable as the
objects of studies aimed at assessing the effects of pol-
lution on fish: they do not make long-distance migra-
tions, and abundant material for analyzing changes in
the physiol ogical parameters depending on the levels of
pollution can be abtained within the range of a local
population. Several zones were distinguished in Lake
Imandra with respect to the degree of water pollution:
(I pollution with high doses (20-500); (11) medium, or
chronic doses (3-20); and (I11) low doses (1-10) of
toxic agents (ZC;/MAGC)); (1V) the zone affected by
heated water discharge from a nuclear power plant
(At 3-8°C); and (V) conventional control area where
pollution approached the level of MACs.
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Fish in these zones were caught using a standard set
of sink nets 25 m long and 1.5 m high. In 1978 and
1979, these were netswith 36- to 40-mm mesh; in 1996
and 1997, nets made of nylon monofilament with mesh
sizes of 10, 125, 16.5, 22, 25, 30, 38, and 46 mm
(Lundgren Fiskeredskapsfabrik AB, Sweden) were
used, and, hence, a greater number of size groups was
included in the analysis. Hematological parameters of
live fish were analyzed according to Krylov (1974).
Clinical and anatomica examination was performed to
reveal symptoms of poisoning and pathological
changesin the fish organism. After fish were processed
according to the conventional biological scheme (Prav-
din, 1966), their organs (gills, liver, kidneys, and heart)
were weighed on an electronic balance to an accuracy
of 0.05g.

Organ indices were determined as the weight ratios
of organ to carcass to exclude the effects of variable
factors, such asthe degree of stomach fullness and oth-
ers. Fatness was estimated according to Clarke, i.e., as
the ratio of carcass weight to length. Thisindex of fish
has recently found wide use in ecotoxicological studies
as the index of the organism state (Adams and Ryon,
1994). Datawere processed statistically on aDigital PC
using the STATISTICA applications software package
(StatSoft Inc.).

RESULTS AND DISCUSSION
Natural Variation of Morphophysiological Indices

In studying the effects of pollution on the morpho-
physiological indices of fish, it is necessary to be care-
ful about the identity of the groups under comparison
and to exclude the effect of natural variation in these
indices, which can depend on both endogenous (age,
sex, gonad maturity) and exogenous factors (seasonal
dynamics of environmental conditions, food supply,
etc.). Hence, the study began with adetailed analysis of
the effects of these factors on organ indices in fish of
the control group (from relatively pure zones of the
lake). No significant differences were revealed between
theindices of fish belonging to close age groups (Table 1).
There was no more than a tendency toward an age-
related decrease in the heart index and an increase in
the liver and kidney indices. The liver index of mature
females (stages 4-5 of gonad maturity) differed from
that of mature males; in immeature fish, no sexua dimor-
phism was revealed (Table 2). These results agree well
with published data (Dobrinskaya, 1964a; Bozhko,
1969; Smirnov et al.,1972).

The seasonal dynamics of environmental conditions
proved to be reflected in morphophysiological indices:
inwinter, theindices of internal organswere the highest
(see Table 2), which is accounted for by both more
severe living conditions during the long polar winter
(the so-called winter stress syndrome; Lemly, 1996)
and the depletion of fat resources. The lowest indices
Vol. 31
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Table 1. Age-related variation of organ indices in Corego-
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nus lavaretus from Lake Imandra, %o

Age Heart Liver Kidneys Gills
or 227+05|803+0.6|7.02+0.8 3
9 6 8
3 204+0.2|96+043| 7.3+0.2 | 169+ 05
45 39 58 20
4t 185+0.1[9.83+0.3| 7.3+02 | 17.4+0.3
104 109 120 46
5t 166+01|104+04| 8.0+£02 | 165+0.3
107 104 95 29
6+ 161+01|106+11| 7.8+05| 16.8+0.7
30 21 18 7
74 165+0.1| 11.3+05| 65+0.9 B
14 4 3

Note: Here and in Tables 2 and 3, figures above and under the line
show the average values and the numbers of fish studied,
respectively.

were observed in summer and autumn, i.e., during the
period most favorable for fattening.

Soecific Features of the Toxicological Process
in Fish from Polluted Zones

To understand the variability of morphophysiologi-
cal indices, let us briefly consider characteristics of the
toxicological process in the fish organism using hema-

tological indices, which are informative in this respect
(Moiseenko, 1998).

In the zone of heavy pollution (1), the toxicological
process devel ops rapidly: mass erythrocyte destruction
is observed, indicating that fish soon will die; at an
almost normal hemoglobin concentration (80-110 g/l),
the erythrocyte sedimentation rate (ESR) increases
sharply from 2 (in the norm) to 11 mm/h. In the zones
of chronic pollution (11 and I11), changes in the hemato-
logical indices provide evidence that toxicosis develops
more slowly, i.e., takes a chronic course. The fish stock
in these zones is very diverse with respect to hemoglo-
bin concentration and includes individuals with both
high and very low indices, from 160 g/I (pachyemia) to
20 g/l (anemia). This variability is accounted for by
both the duration of exposure to the effect of toxic
agents and individual fish tolerance to these agents. In
the zone affected by heated waters (1V), hematol ogical
indices vary broadly (hemoglobin concentration, from
60 to 180 g/l), which is attributable to the effects of
increased water temperatures and adaptation to them.

On the basis of hematological studies, four stages of
the toxicological process were distinguished: contact,
mobilization, destabilization, and degradation (Moi-
seenko, 1998). Figure 1 shows changesin the hemoglo-
bin concentration, ESR, and blood count (erythrocyte,
immaturered cells, and white cells) at these stages. At the
first two stages, young and reserve cells are released in
circulation, which leads to pachyemia; in blood smears,
polychromasy, anisocytosis, and abnormally dividing
cellsare observed; the leukocyte count increases, and the
differential blood count ischaracterized by anincreasein

Table 2. Seasonal and sex-related variation of organ indices in Coregonus lavaretus from Lake Imandra, %o

Sex and stage of go- . . .
Season nad maturity Heart Liver Kidneys Gills

i 1.9+0.1 143+ 0.6 11.0+ 0.6 185+ 0.6
Winter Females, 11 20 T— T— T
Males. [ 19+0.1 125+ 05 11.1+0.6 178+ 05

' 18 13 15 17
. 1.96+0.1 124+£0.3 79+£0.2 187+04
R Females, I 127 T 166 204 —a
Males. [ 23+£0.2 11.9+£0.3 7,7+0.2 19.8+ 0.6

' 8l 127 171 23
172+£0.1 10.3+£0.2 72+0.1 16.9+£0.3

Autumn Females, 111 126 18 51 50
Males. 1111 1.78+0.1 9.6+0.3 7.3+0.2 17.7+£0.6

' 84 167 173 28
156+0.1 16.7+£ 0.5 6.9+0.3 17.8+£0.7
Femdes V-V | o0 22 71 T
1.82+01 9.0+0.3 70+£04 17.1+£0.8
Males, IV=V 2 4 51 T
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Fig. 1. Variation in hematological indices of fish at different stages of toxicosis: (1) contact, (I11) mobilization, (111) destabilization,
(IVa, 1Vb) degradation; (1) mature erythrocytes, (2) immature erythrocytes (polychromatophilic, basophilic, and normoblasts), (3) lym-

phocytes, (4) monocytes, (5) neutrophils.

the proportions of young lymphocytes, neutrophils, and
monocytes. In some experimental toxicological studies,
an increase in the hemoglobin content as the initia
response to poisoning was observed (Krylov, 1974;
Ivanova, 1976; Zhiteneva et al.,1989).

At the destabilization stage, the process of cell
destruction is counterbalanced by the recruitment of
reserve cells. This stage may be conventionaly
regarded asthe threshold of irreversible changes. Meth-
odologically, this threshold for whitefish is diagnosed
when the hemoglobin concentration decreases to 80 g/l
and young, disintegrating, and pathological cells appear
in blood smears. When the protective systems are
exhausted, the fish organism enters the stage of degra-
dation characterized by gradual cell destruction and
developing anemia, which leads to premature death.

Shvarts (1980) regarded pachyemia as a mechanism
of adaptation to extreme conditions. Our data show that
the hemopoietic system of fish at the initial stages of
exposure to toxic agents demonstrates a protective
response by releasing young and reserve cells into the
circulating blood.

Effects of Pollution on the Indices of Internal Organs

The effects of pollution on the morphophysiological
indices was assessed by analyzing the groups of imma-
ture fish of similar age composition (4+, 5+, and 6+)
that were caught in each zone during the summer—
autumn period favorable for fattening. This allowed us
to reduce natural variation in the indices. Food supply
to al these groups was sufficient: eutrophication in
zones of toxic water pollution leads to the formation of
fairly rich feeding grounds with abundant chironomids
and oligochaetes belonging to several species tolerant
to pollution (Moiseenko and Yakovlev, 1990; Moi-
seenko and Lukin, 1999).
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The heart. Under optimal ecological conditions,
the heart index of whitefish is the lowest. Under the
toxic load, the heart weight increases, so that the index
can increase by 60% (Table 3). Exposure to the effects
of toxic agents apparently activates the protective sys-
tems of the fish organism and accel erates the metabolic
rate, which, in turn, leads to the increased functional
load on the heart and the corresponding adaptive rear-
rangements of this organ. According to numerous
experimental data (Hughes and Abeney, 1977; Smart,
1978; Malyarevskaya, 1979; Luk’yanenko, 1983; Kar-
povich and Luk’ yanenko, 1988; Aquatic Toxicology ...,
1988; Flerov, 1989), exposure to toxic agents leads to
an increase in the respiration rate, heart rate (tachycar-
dia), and oxygen consumption, thus creating an addi-
tional load on the heart that may be responsible for an
increase in the heart weight. Thus, the heart index in
fish is related to the metabolic rate. Shvarts (1980,
p. 41) emphasized that the intensification of metabo-
lism leads to an increasein the heart size, and thistrend
is characteristic of fish exposed to the effect of toxic
agents.

Theliver playsacrucial rolein detoxifying harmful
substances, and itsrelative weight increases under toxic
conditions. The highest liver indiceswere characteristic
of fish from the zone of chronic pollution, in which the
relative liver weight was sometimes five to seven times
higher than in the control (Table 3). These fish were
also characterized by the lowest hemoglobin content,
which provided evidence for a correlation between
changesin the liver index and the hemoglobin content.
For instance, the maximum liver index in C. lavaretus,
62%o (normal valueis 9-10%o) was observed at a hemo-
globin concentration of 23 g/l. Thus, theincrease of the
organ weight associated with detoxification processes
in the organism continues at the stage of degradation. It
may be assumed that the survival of thesefish at such a
Vol. 31
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Table 3. Morphophysiological indices of fish under conditions of water pollution with (1) high, (I1) chronic, and (I11) low doses of toxic substances and (1V) heated

water discharge from anuclear power plant and (V) in a conventionally clean control area

Excess over Hemoglobin Organ indices, %o Fatness
Zone| Period, years MACfortoxic
agents, - : - according to
AC/MAC) o/l t heart t liver t kidneys t gills t Clarke t
88.3+3.1 wx | 1682005 |, ... | 99+03 exx | 89505 |, ouus | 229+05 wxx| 1192 0.02 | £ Lyss
1978-1979 40-500 | = | B | T |44 5 5.8+ | =——5— |38 —g |34 | T |55
|
20-80 91.7+1.9 exx | 1655004 |, oui| 98+04 wxx | 78504 . 1.18+0.1 x
19961997 —=5— |63 e |38 T 4.4 = 2.2 - 57— |59
8-20 73.6+ 4.9 exw | 1592004 |0y (213216 |5 oeuy | 82204 wxx | 216206 1.25+0.02 x
1978-1979 ~—5 |88 e 28 |7 |79 5 3.1 =5 |09 |7 — |70
Il
15 79.3+26 exx | 1.61£0.07 . |132%£08 | qeus | 78203 e 1.27 +0.02 e
1996-1997 —5 |91 —% — |22 |75 |59 %) 2.8 - 5 — |95
3-10
1678-1979 110£58 |, 174006 |,g., (101208 |, ., |81207 |, o |230209 |, 11+05 |4
9 9 9 9 9 9
1]
2-5 940+ 17 wx |1.77£0.05 exx 106103 | s 81202 _ 1.14+0.01 ek
1996-1997 —5 |38 T |31 = |86 =E 4.6 - 0o |39
. |116+34 1.53+0.04 9.4+0.3 exx | 79£0.2 exx | 21.0£0.3 1.16 + 0.05 exx
1978-1979 | At 3-8° | =5 |18 [TV |18 5 4.6 il A2 | == |18 [T |44
\Y
. |104+34 1.8+0.12 s |85+0.3 . - B 1.04 + 0.01
1996-1997 | At 35° | == |15 5 |29 2l 2.1 5 |15
111+£22 1.41 + 0.04 7.6+0.3 6.7+0.2 20.1+0.3 1.05 + 0.02
Vi <t T —a 50 67 R —

Note: Asterisksindicate significant differences between groups of fish from polluted and control zones: * p < 0.05, ** p < 0.01, and *** p < 0.001.
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low hemoglobin content might be accounted for by ahigh
efficiency of protective response manifested in the ability
to increase the relative liver weight by afactor of 6.

At high doses of toxic agents, destructive factors
apparently prevail over protective mechanisms; hence,
an increase in the liver index under these conditions,
although statistically significant, proved to be less pro-
nounced than upon chronic exposure. In whitefish from
Lake Imandra, lipoid degeneration of theliver with signs
of cell necrosis and excessive connective tissue growth
was observed (M oiseenko and L ukin, 1999). Both patho-
logically altered and normal tissues were found in the
liver of these fish, which may be accounted for by the
relationship of destructive and regeneration processes.
Their ratio eventually determines fish viability.

The thermal factor did not cause such profound
rearrangements in the liver, although the significant
increase of its weight in fish from the corresponding
zone (1V) may indicate the intensification of the metab-
olism under heat stress.

Note that a present, when the pollution level
decreased, the liver index (although still high) decreased,
on average, twofold as compared with that in 1978 and
1979. Therole of the liver as a detoxification system has
been established in the course of evolution, and, hence,
this organ (in particular, its weight) is most sensitive to
the toxic load. Adams and Ryon (1994) characterized
the increase of the liver index in response to the toxic
load as an informative criterion and demonstrated its
significance for indicating fish population health upon
pollution of natural water bodies.

Biochemical studies provided data on the activation
of cytochromes, monooxidases, and other enzymes
responsible for detoxification in the liver of fish from
polluted water bodies (Sidorov and Yurovitskii, 1991,
Smirnov and Kirilyuk, 1994). Experiments on the
effects of toxic agents on fish confirmed the increase of
biochemical activity in the liver (Vysotskaya et al.,
1994; Nemova et al.,1994). To survive upon chronic
exposure to toxic agents, fish activate their detoxifica
tion systems, which leads to the increase of the liver
weight. Adams and Ryon (1994) showed that fish expo-
sure to chronic pollution (1) improves the ability of the
liver to produce enzymes for detoxification, (2)
increases the rate of glycogen and lipid accumulation,
and (3) activates the processes of proteins and lipid
metabolism leading to the release of physiologically
free energy. Thus, the level of detoxification metabo-
lism in the liver is associated with its relative size, and
the latter can obviously be affected by pathological pro-
cesses in the organ. The regeneration capacity of the
liver as a protective function is well-known. Owing to
this capacity, the values of the liver index in fish upon
long-term exposureto low doses of toxic agentsare sig-
nificantly higher than upon exposure to high doses.

Kidneys. The basic function of the kidneys is to
excrete metabolic products, but their anterior portions
are involved in hemopoiesis. Shvarts in the work “The
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Method of Morphophysiological Indicators in Animal
Ecology” (1958) emphasized that the relative kidney
weight is a sensitive indicator of the metabolic rate in
both homoiothermal and poikilothermal animals; how-
ever, published data on kidney indices in fish are
absent.

The analysis of the variation in relative kidney
weight in fish from the zones of pollution showed that
this parameter is highly responsive to ecological
changes in the water body, including the toxic load. A
statistically significant increase in the kidney weight
was observed in all these zones (Table 3), confirming
the increasing role of this organ in excreting metabolic
products and toxic compounds.

It was shown (Yurovitskii and Sidorov, 1993) that
the most significant changes in the kidneys upon fish
poisoning occur at a biochemical level. In Lake Iman-
dra, heavy metals cause pathological changes in fish
kidneys, and diseases such as nephrocalcitosis and
fibroelastosis are common among local fish (Moi-
seenko and Lukin, 1999). Therefore, the increase of the
organ weight in zones of high and medium toxicity may
be anintegrated result of both pathological changesand
an increase in the metabolic rate. Although the level of
water pollution and fish morbidity have decreased to
date, the indices of the liver and other organs remain as
high as they were 20 years ago. The kidney indices
were also sufficiently high in fish from the zone pol-
luted with low doses of toxic agents (although kidney
pathology was not observed) and the zone affected by
heated waters. The increase in the role of this organ in
excreting metabolic products upon an increase in the
metabolic rate may be regarded as a mechanism of fish
adaptation to any extreme conditions.

Gills play an important physiological role as ares-
piratory organ. However, published data on their rela-
tive weight are scarce (Bozhko, 1969). Gill indices in
cisco from the zones of pollution were higher than in
control fish (Table 3). Possibly, the protective response
of gillsto the presence of toxic agentsin water is man-
ifested in the growth and thickening of their epithelium,
which leads to an increase in their relative weight. On
the other hand, numerous experiments proved that
exposure to toxic agents or other stress factors leads to
an increased respiration rate, gill hyperventilation, and
high oxygen consumption (Veselov, 1969; Mal-
yarevskaya, 1979; Luk’yanenko, 1983; Karpovich and
Luk’yanenko, 1988; Aquatic Toxicology ..., 1988). The
physiological role of gillsincreases under conditions of
accel erated metabolism and high oxygen consumption,
and this creates an additional load on the organ; hence,
their relative weight increases.

Changesin Fat Accumulation Indices

Fat accumulation is closely associated with all the
physiological processes in the fish organism and,
hence, can serve as an indicator of its adaptive changes.
Vol. 31
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Published experimental data provide evidence that fish
exposure to toxic influences often leads to exhaustion,
weight loss, and a decrease in fatness (Metelev et al.,
1971; Luk’yanenko, 1983).

In studies on natural water bodies, an inverse situa-
tion was observed: in chronically polluted waters, fat-
ness and the amount of visceral fat in C. lavaretus and
C. albula in autumn proved to be higher than in fish
from control water areas (Moiseenko, 1992, 1997). The
results of this study also indicate that fatness in fish
from the zones of chronic toxic pollution is signifi-
cantly higher than in the control zone (Table 3). Bio-
chemical data confirmed that the level of reserve lipids
in the muscle tissue of fish from these zones is higher
than in fish from clean waters (Kirilyuk and Sidorov,
1994).

Nikol'skii (1974) and Shvarts (1980) regarded fat
accumulation as a mechanism providing for the forma-
tion of an “energy depot” in populations exposed to the
effects of unfavorable environmental factors. At the
biochemical level, it was shown that juvenilefishin the
critical periods of life (e.g., during wintering or sea
ward migrations of anadromous and semianadromous
fish) are characterized by an increase in the contents of
lipids in red muscles, the gills, and the intestine and in
the contents of phospholipids and highly saturated fatty
acids of the linolenic series (Shatunovskii, 1993). Kir-
ilov (1983) provided evidence that in the course of
adaptation to new conditions in the reservoir, whitefish
accumulate considerable resources of energy sub-
strates, which is manifested in increased fatness,
including the amount of viscera fat. Yurovitskii and
Sidorov (1993) revealed an increase in the contents of
phospholipidsin all organsof C. albulafrom alake pol-
luted with herbicides.

It is probable that chronic environmental pollution
activates mechanisms regulating growth and fat accu-
mulation in fish, as the organism must have sufficient
energy reserve to survive under extreme conditions.

The pattern of changes in the lipid status of fish
upon an acute short-term exposure to toxic agents
sharply differs from that upon chronic exposure. In the
former case, obvious cell pathology associated with an
increasein the lysolecithin concentration is manifested;
in the latter, the fish organism recovers owing to lipid
synthesis (Yurovitskii and Sidorov, 1993).

Thus, biochemical mechanisms account for differ-
ences in the processes of fat accumulation in fish upon
acute and chronic poisoning and for the increase in
indices of fatness and the amount of visceral fat. From
the ecological standpoint, the ability of individuals to
shift the direction of metabolism from the expenditure
of plastic substances for growth to the accumulation of
fat is a mechanism of response to stress that provides
for survival and acquires adaptive significance under
conditions of pollution.
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Justification of the Concept of “ Energy Expense”
for Detoxification

Pollution isafactor that israpidly (on the evolution-
ary scale) changing environmental conditions, often
making them extreme for the existence of living organ-
isms. The environment acquires a new quality, namely,
toxicity. In the past, environmental conditions provided
for the formation of characteristics and their combina-
tions allowing the species to survive within a certain
range of fluctuationsin abiotic factors (Shvarts, 1980).
It is assumed that organisms are not adapted to the
present or the future but are living consequences of
their own past (Begon et al.,1989). Organisms respond
to environmental changes, including toxic pollution,
depending on the mechanisms of survival under stress
that have been formed in the course of evolution. Mech-
anisms of self-regulation in animals belong to general
properties that have been formed in the course of evo-
lutionary development; their role consists in maintain-
ing balance with changing environmental conditions,
rather than general stability, and providing for species
survival (Nikol’skii, 1974). Organisms are historically
preadapted to fluctuations in the abiotic parameters,
i.e., they have certain potential adaptations that mani-
fest themselves upon changesin environmental param-
eters (Yablokov and Yusufov, 1981).

The results of studies on the morphophysiological
indices of C. lavaretus from Lake Imandraindicate that
the weight of organs increases under extreme condi-
tions created by the presence of toxic agents. It may be
assumed that a high reactivity of functionally important
organs is associated with the intensification of meta-
bolic processes aimed at detoxifying toxic substances
and excreting the resulting products. An increasein the
relative organ weight and pachyemia upon exposure to
chronic pollution are the consequences of the increase
in the metabolic rate, which is confirmed by the results
of biochemical research (Sidorov and Yurovitskii,1991;
Yurovitskii and Sidorov, 1993; Nemova et al.,1994;
Adams and Ryon, 1994). Interactions of fish with the
changing environment are regulated through metabolic
changes (Nikol’skii, 1974). It islogical to conclude that
the general biological mechanisms of responseto stress
are the first to operate under extreme conditions of
water pollution. When changes go beyond the frame-
work of the species adaptation potential, pathologies
and dysfunctions develop in the organism and eventu-
ally lead to its death. As activation of protective func-
tions and pathological changes in the organism are
interrelated, the corresponding processes are difficult to
distinguish from one another.

The generalized scheme of the development of tox-
icosis in fish is shown in Fig. 2. Theoretically, protec-
tive mechanismsreach apeak of activity at the compen-
sation threshold, thus retarding or preventing the devel-
opment of pathologies. The critical threshold is
characterized by the exhaustion of protective systems,
and pathological changesin the organism begin to pre-
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Fig. 2. Scheme of the development of toxicosis in the fish
organism.

vail over therepair processes, which ultimately leadsto
thelethal outcome. At the sametime, morbidity inafish
stock is nonuniform, and this fact may be attributed to
differences not only in the duration and strength of
toxic effects, but aso in the individual tolerance of
specimens to the corresponding toxic agents.

There is a controversial problem of adaptive
changesthat allow apopulation to exist and maintainits
size under conditionsof chronic pollution, regardless of
the toxic load. In our case, Lake Imandra has been pol-
luted for more than half a century, but the fish popula-
tion maintainsits size and continuesto reproduce (M oi-
seenko, 1997). Infish exposed to chronic and weak pol-
lution, the indices of internal organs are significantly
higher than in the control fish, and their increased val-
ues have been maintained from generation to genera
tion for 20 years.

The general biological law of individual response to
stress and Shvarts' concept that any additional energy
expenditures lead to an increase in the weight of the
internal organs provide a basis for the conclusion that
the activation of protective functions, which manifests
itself in the increased organ indices, indicates that the
organism pays an additional “energy cost” for detoxifi-
cation and survival under technogenically transformed
environmental conditions.

Thus, rearrangements leading to the increase of the
metabolic rate in conformity with the evolutionarily
established mechanisms for improving viability and
their preadaptation to unfavorable conditions acquire
special adaptive significance under present-day condi-
tions of water pollution. An increase in the weight of
the internal organs allows an individual to maintain the
energy balance under a high metabolic load, and the
rearrangement of the metabolism in the direction of fat
accumulation provides for the formation of a necessary
“energy depot.” Individuals capable of additiona
energy expenditures for detoxifying small doses of tox-
ins entering their organisms have an advantage with
respect to survival in the polluted environment.
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As for the method of morphophysiological indica-
tors proper, Shvarts (1980) noted that a simplified
approach, when the weight of a certain organ is used
“as a thermometer” for estimating metabolic rate in
energy units, is inadmissible. He emphasized that it is
necessary to “use the weights of organs as indicators of
a probable change in the level of metabolism, which
offers an opportunity to reveal the factors responsible
for changes in energy expenditures for the vital activi-
ties of organisms depending on the combination of
environmental factors or population structure.”

CONCLUSION

Shvarts' concept of variation in the morphophysio-
logical indices under extreme conditions, which obvi-
ously include environmental pollution, is of great sig-
nificancefor studieson current ecological problems. The
results of research on theindices of theinternal organsin
fish inhabiting a polluted natural water body provided
evidence for the necessity of obtaining additional bio-
chemical, histological, and toxicological datato explain
the causes and mechanisms of morphophysiological
rearrangements and their significance for organisms
from the ecological standpoint.

Activation of protective functions upon poisoning
leads to an increase in indices of the interna organs
against the background of their pathological changes.
The ability of individuals to sustain additional energy
expenditures for detoxification and to change their
metabolism in order to forming an energy “depot” at
the expense of structural growth has a special adaptive
value under present-day conditions of environmental
pollution.

In recent years, the problem of anthropogenic micro-
evolutionary transformations in populations has
become very important. Biological investigations pro-
vided many examples demonstrating that the organic
world responds to environmental pollution by active
microevolutionary processes (Kolchinskii, 1990; Sever-
tsov, 1990). For instance, organ indices in fish at the
peak of pollutionin 1978 and 1979 exceeded the norm;
by 19961997, water quality had improved and mor-
bidity among fish had decreased significantly; however,
organ indices retained their high values. If individuals
capable of maintaining a high metabolic rate and
increasing the weight of functionally important organs
have an advantage with respect to survival under condi-
tions of chronic poisoning, the population frequencies
of alleles determining these traits may increase. How-
ever, the question concerning the stability of the corre-
sponding changes is difficult to answer without special
genetic analysis.

Hopefully, the theoretical aspects of morphophysio-
logical variation in organisms inhabiting polluted natu-
ral water bodies and the corresponding experimental
evidence will be of interest to researchers investigating
the processes of evolutionary adaptation to anthropo-
Vol. 31
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genic factorsinwild animals. Evolutionary phenomena
are difficult to understand without taking into account
the ecological aspect, i.e., the concept of interactions
between organisms and their physical, chemical, and
biological environment (Dobzhansky, 1954).
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