Water Resoures, Vol. 31, N 4. 2004. pp. 459-464. 
Potential Changes in Aquatic Biota in the Period of Global Climate Warming
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Abstract – The results of investigations of water bodies subjected to constant many-year thermal pollution are proposed to use for the prediction of the consequences of climate wanning. General tendencies in changes in the aquatic biota and the distribution of aquatic organisms under the effect of thermal pollution are established by analyzing the materials collected at different cooling ponds of nuclear and thermal power stations.
INTRODUCTION
Potential biotic consequences of changes in the temperature regime of water bodies due to climate warming are mostly studied by analyzing long-term data on the state of natural water bodies. When interpreting the research results, it is often difficult to elucidate the causes of observed phenomena [38]. The question arises as to whether the observed changes are due to climate warming proper or they result from various attendant processes (for example, alterations in the drainage basin due to a prolonged drought or fires)? In most cases, the above approach allows us only to record changes that have already occurred but not to predict them based on the knowledge of principal tendencies in the development of events.
When studying the biota of cooling ponds of thermoelectric and atomic power stations (TEPS and APS), we obtain a unique opportunity of experimentally investigating the changes that may occur in water bodies in the period of climate warming [2, 30]. The standards accepted in the USSR for nature protection recommend that when using natural waters at powei plants for cooling, an increase in the water temperature in cooling ponds should not exceed 5°C in winter and 3°C in summer [10]. This is approximately the rise in temperature that is expected in the middle latitudes in the first half of the 21st century. However, the effect of operating TEPS and APS on aquatic organisms is multiform. It includes not only the alteration of temperature regime [19, 27] but also the effects of other factors associated with the water used for cooling technical aggregates (although these factors commonly do not reduce the diversity of flora and fauna in cooling ponds [29]). Therefore, the approach based on observations in cooling ponds is not quite adequate if applied to the problem of climate warming.
EFFECT OF THE RISE IN TEMPERATURE OF THE MEDIUM ON THE COMPOSITION OF AQUATIC BIOTA
Previously, it was repeatedly stated that the mean temperature of the surface water in cooling ponds often corresponded to the mean temperature of water bodies in another climatic zone [7, 12]. When planning first cooling ponds, it was supposed that peculiar islets of subtropic and tropic biota would develop in them [19]. Actually, this does not occur. Aquatic communities in heated up water bodies consist of the species characteristic of the given climatic zone [2]. This cannot be explained only by the short existence of cooling ponds and the difficulty of penetration of southern species into them. For example, the cooling pond of the hydroelectric power station (HEPS) named after R.E. Klasson in the Moscow Province has existed since 1914. and the cooling ponds of the Shatura and Gorky TEPSs have functioned since 1925. The probability of an accidental entry of subtropic forms in these water bodies during such long periods was sufficiently high.
The possibility of settling of organisms from another climatic zone into cooling ponds of the given climatic zone is demonstrated by the appearance of individual subtropic species [12, 13, 22]. For example, gastropod physella (Physella integra Haldeman) and an aquatic plant vallisneria spiral (Vallisneria spiralis L.) have inhabited many cooling ponds in Russia [3]. However, exotic species are not abundant in them. The existing individual species are likely to be referred to synan-thropic forms [2, 13]. Their northward expansion is associated not with the rise in temperature but with the development of a complex of conditions in cooling ponds that are specifically favorable for the given species. Therefore, in common with other synanthropic organisms, they cannot serve as an example of future biotic alterations.
In sea areas subjected to thermal pollution, sub-tropic and tropic species are neither abundant, although the transfer of pelagic larvae by sea currents provides a base for a fast colonization of these areas by the above forms. A relatively small number of exotic thermophilic species occur at the sites where warm water is discharged into sea, as it is observed in continental water bodies [18]. With this, a significant part of species dwells mainly on anthropogenic substrates (underwater surfaces of hydraulic structures, vessels, and others). Thus, these species are also synanthropic to some extent.
The analysis of research results for cooling ponds shows that in most cases the general composition of the totality of species inhabiting water bodies subjected to thermal pollution remains unchanged. However, the population and spatial distribution of individual forms may alter substantially [29, 30]. Dominating species become scanty, while the species of secondary importance in ecosystems develop more intensely [2, 21]; some of these latter become new dominants.
As a rule, psychrophilic organisms do not disappear completely [2]. Some species classified as stenothermal demonstrate the capability of adapting themselves to new temperature conditions [21, 22]. Even in the tran-spolar cooling pond of the Kola Nuclear Power Station, a significant part of biota could adapt to an increased temperature in a shortest stretch of time [15]. Another cause of conservation of stenothermic forms is the stratification of water bodies in warm seasons, when the effects of the human-induced rise in the temperature of the medium manifest themselves most strongly. As a aile, heated up water discharged from power stations affects only the upper horizon of the water mass in cooling ponds. In this case, psychrophilic stenothermal species disappear from the surface water layers but may remain in the hypolimnion. For example, prior to the start of operation of the Kalinin NPS, Cyclops strenuus Fishcher and Daphnia cristata Sars dominated the planktonic crustaceans in the epilimnion of Lake Udomlya (the cooling pond of the NPS) in summer. After the power station was put into operation, the above species moved into the hypolimnion in summer [28, 29]. The dominant of the summer zooplankton in the surface water layer is now a more eurythermic Mesocyclops crassus (Fischer), which previously was a secondary species.
Analysis of the available data on flora and fauna in cooling ponds shows that in different climatic zones, the same eurythermal species are getting more significant [2, 13, 16]. For example, the same species are dominants and subdominants in phytoplankton in the cooling ponds of the Ekibastuz HEPS-1 (Northern Kazakhstan, semiarid zone), the Kursk NPS (forest-steppe zone), the Smolensk and Kalinin NPSs (middle belt of Russia), the Pechora HEPS (subpolar taiga zone), and the Kola NPS (European polar regions). These species are blue-green (Microcystis aeruginosa Kutz; Aphanizomenon llos-aquae (L.) Ralfs), diatomic (Melosira granulata (Ehr.) Ralfs., Fragillaria crolonen-sis Kitt., Synedra ulna (Nitzsch.) Ehr., S. acus Kutz., Asterionella formosa Hass), and green algae from the genera of Oocystis, Ankistrodesmus, and Scenedes-mus. Similar regularities are observed in other taxo-nomic groups of biota in cooling ponds. Consequently, we may suppose that the most likely change in the period of climate warming is not the expansion of thermophilic forms but an increase in the population of eurybiontic species and the alteration of their roles in ecosystems [2]. The prevalence of the same forms will level the differences in flora and fauna in water bodies situated in adjacent geographical zones. However, a considerable part of endemic fauni may survive adapting to new temperature conditions or living in the subsurface water layers through the warm period of the year.
ALTERATION OF THE LIFE CYCLES AND SPATIAL DISTRIBUTION OF AQUATIC ORGANISMS AT INCREASING TEMPERATURE OF THE MEDIUM
Climate warming that manifests itself in increasing mean annual temperature may essentially disturb the seasonal dynamics of weather conditions but would not eliminate it completely. A certain climate is associated with not only a definite degree of the biota thermophil-ity but also a certain character of the life cycles of the organisms existing during the given period. These properties (the response of the organism to the temperature factor and the organism's life cycle) cause an ambiguous response of the species to changes in climatic conditions. For example, an increase in the mean annual temperature produces a negative effect on thermophilic forms, if this'increase disturbs their life cycle [30].
Analysis of numerous data on the ecology of existing artificially heated up water bodies testifies that the organisms of different taxonomic groups response similarly to a temperature increase over a prolonged period of time (table).
In the middle and high latitudes, most organisms grow and develop only in summer. Artificial heating up extends the duration of the active life in water bodies. In some cases, the hydrobionts inhabiting the cooling ponds of TEPSs and NPSs pass to the year-round breeding–acyclicity. Presently, due to current climate changes, similar phenomena are observed in natural water bodies [35].
The increased duration of the active phase may, in its turn, cause a complex of phenomena.
Alteration of the size distributions in populations. The effect of the temperature rise on the dimensions ot aquatic organisms is quite ambiguous. The extension of the vegetation period entails an increase in the mean and maximal sizes of some species (for example, the sizes of amphipods [25], larvae of chironomids [10], and fish [5]). In this case, the increasing size and weight of species are due to both an increased period of the organism's individual development and an increased forage reserve due to a longer period of development of organisms used as nourishment. However, other organisms, also inhabiting heated up water bodies, decrease in size. This is due to the fact that the temperature rise, while accelerating the development of the organism, provides the onset of its maturity at a smaller size. For example, in the cooling ponds of Ukrainian TEPSs, an increase in the rate of growth of oligochaetas [10], mysids [25], and cladocera [24] went together with a decrease in their size. In fish, the onset of sexual maturity is recorded at an earlier age and smaller size [9].

Changes in the life cycles of aquatic organisms under the effect of increased temperature of the medium

	Group of organisms
	Response to the increase in the temperature of the medium
	Source

	Phytoplankton
	Extension ol vegetation periods and increase in biomass
	[21,25]

	Microphytobentos
	Extension ol vegetation periods and increase in biomass
	[9,25]

	Macrophytes
	Extension of vegetation periods, earlier onset of phcnologieal phases, increase in biomass
	[9,10,13,33]

	Infusoria
	Extension of vegetation periods and increase in biomass
	[9]

	Nematods
	Extension of vegetation periods and increase in biomass
	[6]

	Oligochaetas
	Increase in the number of generations
	[1,20.21]

	Bivalved mollusks
	Extension of spawning period
	[26]

	Crustaceans (amphipods, copepods, mysids)
	Extension of periods of vital activity, increase in the number of generations, transition to acyclicity
	[14,25]

	Larvae of insects (chironomids)
	Increase in the number of generations
	[9, 15]

	Fish
	Extension of spawning period
	[9,11,17]


An increase in temperature leads not only to changes in the size of organisms but, sometimes, to certain morphological changes. For example, submerged water plants are characterized by an increased size of leaves [17]. Various fish inhabiting artificially heated up water bodies have alterations in the structure of fins, - the number of vertebras, and the number of scales along the lateral line [23]. Probably, some of these morphological alterations are of adaptive nature. For example, there is an opinion that the decreased numbers of scales along the lateral line and of rays in the pelvic fin are adaptation to the movement in a warmer and, thus, more viscous water [9]. Again, it is known that the temperature increase itself is only one of the factors causing various anomalies in the organisms' development [32]. This allows us to suppose that climate warming would lead to an increased percentage of species with various anomalies in their constitution.

Alteration of the age structure of populations. Increased temperature of the medium entails an extension of the period of breeding and the occurrence of additional generations in different groups of hydrobionts (table). This leads to changes in the age structure of populations, in particular, to their "rejuvenation," i.e., to increased shares of young species in populations.

Disturbance of the cycles of breeding and gametogenesis. Changes in the temperature of the medium are often a "signal" for intensification of various physiological processes. Disturbances in the common course of temperature conditions lead to disturbances in the normal course of physiological processes, causing similar negative processes in taxonomically distant species. In different fish species, an increase in temperature not only changes the time of development of sexual cells but also leads to sex reversion and hermaphrodit-ism; the rhythm of breeding is disturbed. This often leads even to the resorption of sexual cells, because of which a considerable number of species do not participate in reproduction [11, 15, 34]. For example, the increased duration of the warm period in the cooling pond of the Moldavian HEPS has led to a disturbance of hametogenesis even in such thermophilic species as crucian carp; some specimens have no sexual products [34]. Also, the earlier maturity of sexual cells may produce a discrepancy between the fish readiness to spawning and the conditions in spawning biotopes. This leads to disorderly spawning with further destruction of spawn [15].

Also, the extension of the vegetation period and the disturbance in the life cycle entail a decrease in the population of heterotopic insects. Intensification of the development of aquatic larvae of insects under the conditions of increased temperature results in the premature escape of imago, when the conditions in the terrestrial biotopes are unfavorable. This was recorded, for example, in the case of chironomid larvae, which are not referred to psychrophilic species [1, 21]. Similar phenomena associated with the current climate warming are recorded in water bodies with the natural temperature regime. For example, autumn increase in temperature entails the development of resting ova in some zooplankton species, but the hatched out fry fails to mature before the onset of winter and dies [36].
Disturbance in the balance of production-destruction processes. In most water bodies of the temperate zone, the temperature optimal for the development of phytoplankton is higher than the natural temperature [9]. Therefore, the rise in temperature of the aquatic medium is often followed by an appreciable increase in the algae biomass; it can also stimulate the development of the higher aquatic vegetation (macrophytes) [13, 25]. At the sites of the discharge of heated up water, the biomass and microphytobenthos significantly (sometimes, up to several times) increase [9, 10, 25]. The so-called thermal eutrophication in artificially heated up water bodies also contributes to an increase in the biomass of different groups of photosynthesizing plants [8]. The thermal eutrophication means the entry of additional amounts of biogenic elements (nitrogen, phosphorus, and others) into water at the expense of intensification of the biological cycle under an enhanced temperature in the water body As a result, the heating up of water often brings the bioproductive processes at a higher level. Sometimes, this causes an unbalance consisting in an incomplete use of produced organic matter in the subsequent links of the trophic chain [25, 30]. In cooling ponds, this unbalance manifests itself in an increased amount of organic matter suspended and dissolved in water, increased water color index and turbidity, and deteriorated oxygen regime [9]. Thus, changes in the temperature regime of the water body can be followed by a deterioration of hydrochemical conditions in it even in the absence of water pollution. An earlier development of plants often goes together with their earlier dying [13. 25, 34]. In this case, the decomposition of died off plants occurs not in autumn but in the height of the warm season, during an intense growth and development of the majority of aquatic organisms.
CONSEQUENCES OF CHANGES IN THE STRATIFICATION REGIME IN WATER BODIES

If the depth of the water body is 10-15 m and more, the water mass in the warm period is commonly stratified, i. e., it consists of two water layers, which differ in density and temperature. The upper layer is the warm epilimnion and the lower layer is the cold hypolimnion. This stratification enables many psychrophilic organisms to survive in the biota of cooling ponds. According to the results of observations in the natural stratified water bodies, climate warming also manifests itself mainly in the surface layer of the water mass [37]. Deeper, the thermal conditions change only slightly.

However, it should be taken into account that with climate warming, the duration of the period of stratification may increase. This, in its turn, would lead to changes in the habitat conditions in the near-bottom layers (for example, deterioration of the oxygen regime). The above suppositions are confirmed by the results of investigations on artificially heated up water bodies. Water discharged from TEPS and NPS is mainly distributed in the surface layers of cooling ponds. This contributes to a significant increase in the temperature of the epilimnion; the temperature of deeper water layers does not change. In summer, when the temperature of the surface water layers attains its maximal values, part of planktonic organisms, which inhabit these layers in the natural water bodies, in the water bodies-coolers, move into the hypolimnion, where they survive the unfavorable period [9, 10, 25, 28].

However, the heating up of surface water layers results in the extension of the water mass stratification period. To denote the phenomena associated with the suppression of processes of seasonal convection, the term "thermotechnogenous stratification" has been proposed [4]. Such stratification causes the deterioration of oxygen conditions in the near-bottom layers and makes the hypolimnion unsuitable for living [31].
CONCLUSIONS

Climate warming can be accompanied by the following phenomena in the life of water bodies:

- growing similarity of aquatic communities of water bodies in different climatic zones at the expense of transferring the dominant role to widespread euryther-mal forms of hydrobionts. The species occupying relatively small areas, including stenothermic psychrophilic species, can survive in the composition of biota, although their population and spatial distribution will change;

- mass destruction of certain forms whose life cycles strongly depend on the seasonal dynamics of living conditions (the dates of spawning in fish, the period of escape in heterotopic insects, and others);

- change (increase or decrease) in the mean sizes of hydrobionts and increase in the percentage of species with different anomalies in constitution;

- change in the age structure of populations (increase in the share of younger species);

- maturity of organisms at smaller sizes;

- increase in the water body bioproduction accompanied by a balance disturbance of production-destruction processes;

- extension of the period of stratification and associated increase in the probability of anoxic conditions in the near-bottom layers of water bodies.
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