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Abstract. Knowledge on the expected effects of climate change on aquatic ecosystems is defined by three 
ways. On the one hand, long-term observation in the field serves as a basis for the possible changes; on 
the other hand, the experimental approach may bring valuable pieces of information to the research field. 
The expected effects of climate change cannot be studied by empirical approach; rather mathematical 
models are useful tools for this purpose. Within this study, the main findings of field observations and 
their implications for future were summarized; moreover, the modelling approaches were discussed in a 
more detailed way. Some models try to describe the variation of physical parameters in a given aquatic 
habitat, thus our knowledge on their biota is confined to the findings based on our present observations. 
Others are destined for answering special issues related to the given water body. Complex ecosystem 
models are the keys of our better understanding of the possible effects of climate change. Basically, these 
models were not created for testing the influence of global warming, rather focused on the description of 
a complex system (e. g. a lake) involving environmental variables, nutrients. However, such models are 
capable of studying climatic changes as well by taking into consideration a large set of environmental 
variables. Mostly, the outputs are consistent with the assumptions based on the findings in the field. Since 
synthetized models are rather difficult to handle and require quite large series of data, the authors 
proposed a more simple modelling approach, which is capable of examining the effects of global 
warming. This approach includes weather dependent simulation modelling of the seasonal dynamics of 
aquatic organisms within a simplified framework. 
Keywords: ecological modelling, model system, community ecology, global warming, seasonal dynamics 

Introduction  

On the basis of scientific knowledge and observations, it can be stated that global 
warming has become a reality in the 20th century, which has an anthroponetic origin. 
Since 1850, global mean temperatures have increased by 0.76 ºC. Between the years of 
1995 and 2006 (12 years), 11 years ranged within the warmest ones measured since 
1850. In order to determine the effects of climate change expected, the emissions data 
of social-economic developmental stages are used. Results indicated at least 2 ºC 
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increase in temperature in the 21st century, however it can be 5 ºC as well (IPCC 2007, 
a). 

Climate change can influence aquatic ecosystems in a very sensitive way. Arid 
periods can bring marshland into shrivelling, increasing evaporation reduce water 
surface in ponds and may bring in a low water stage for a good while (Hufnagel et al. 
2008). In the latest IPCC report (2007, b), there was evidence of earlier deductions, 
namely increasing water temperature has a negative effect on the water quality of lakes 
by reducing the oxygen concentration in the hypolimnion, releasing of phosphorus from 
the sediment and changing the mixing patterns (McKee et al. 2003; Verburg et al. 2003; 
Winder & Schindler 2004, Jankowski et al. 2006). Beyond the large scale processes and 
habitat changes mentioned above, there are many other effects of drastic warming 
which cannot be explored without deeper understanding of the relationship between 
aquatic communities and weather conditions (especially temperature). 

Essentially, seasonal dynamics is determined by the climate, principally by 
temperature. The concept of seasonal dynamics has been published in several forms. It 
has been come out like „seasonal variation”, seasonal changes” or „seasonal cycle” 
considering changes in the abundance, biomass or in the composition of assemblage. 
Generally, seasonal dynamics is the temporal change (individual numbers and 
composition) of the examined assemblage. Since these processes are influenced by 
climate (principally temperature), collecting data on seasonal dynamics and exploring 
its connections with weather conditions (mainly temperature) and also modelling may 
result in deeper understanding of the effects of climate change. 

Our knowledge on the seasonal succession of freshwater (mostly lake) systems is not 
so deep than those of terrestric systems. In addition, in aquatic habitats researchers did 
not identify such distinct successional states than in terrestric food webs. It is not 
meaningful to look at the pelagic zone of lake systems as one food web, rather 
succession of different food webs. Take the so-called PEG (Plankton Ecology Group) 
model (Sommer et al. 1986) adapted to describe the seasonal succession of freshwater 
plankton. It distinguishes 24 successional states with different significance of abiotic 
factors and biotic interactions. This plankton succession model is the first one among 
models constructed on the basis of synthetizing numerous case studies in that topic; 
however, it is valid only for temperate deep lakes of definite stratification. There are no 
more general succession models available for other types of water bodies such as 
shallow lakes. 

Still our knowledge on seasonal succession in aquatic ecosystems has some 
shortcomings due to the small size of planktonic elements playing a major role in this 
process. However, plankton communities are in the focus of such research owing to 
their small size and high reproduction rate, thus they respond to indirect effects within a 
short period as well (Straile 2005). To illustrate this point take e. g. the r-strategic 
centric diatoms (Centrales) in the River Danube, which are able to proliferate within a 
day resulting in rapid multiplication, thus, high regeneration of phytoplankton after 
flood events (Kiss 1986). 

Since the phytoplankton plays a crucial role in climate control, investigations of such 
communities are of major importance in relation to global warming (Charlson et al. 
1987; Williamson & Gribbin 1991). Due to the high biomass and photosynthetic 
activity, phytoplankton generates half of the oxygen quantity needed for human life; 
moreover by fixing carbon-dioxide it has a major contribution to climate control 
(Duinker & Wefer 1994). 
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There are some more reasons supporting the significance of such plankton surveys. 
Since the last glacial maximum, variation in environmental variables based on the 
variation of planktonic communities in lake systems within a year seems to be 
analogous with climate change in the past (Reynolds 1997). There is strong evidence for 
systematic changes in plankton abundance and community structure over recent decades 
in many areas worldwide. Ongoing plankton monitoring programmes worldwide (some 
have now been running for more than 50 years, e. g. CalCOFI in California, Odate in 
Japan, Continuous Plankton Recorder in the North Atlantic) will act as sentinels to 
identify future changes in marine ecosystems (Hays et al. 2005). It has been shown that 
abundance and structure of the zooplankton community display considerable variations 
on seasonal, interannual, and regional scales (Arashkevich et al. 2002). Predictable 
patterns of biodiversity often occur in freshwater pelagic communities over yearly 
cycles in temperate regions of the globe (Bernot et al. 2004). 

Several studies draw attention to the negative effects of climate change on fish 
(Rahel et al. 1996; Schindler 1997; Stefan et al. 2001). Many studies are run on the - 
mostly harmful - consequences of climate change on the water quality of freshwater 
ecosystems, habitat of fish, fish communities and fishery exploitation. In the recent past, 
a review was published on this topic (Ficke et al. 2007). 

There have been some articles summarizing our knowledge on the possible effects of 
climate change on aquatic habitats in general (Carpenther et al. 1992, Schindler 1997). 
The Pew Center (Poff et al. 2002) has summarized such results for the U.S. by 
presenting several case studies for all types of freshwater and marine ecosystems. Most 
reviews – significant in the sense of community ecology as well – discuss 
limnobiological aspects. Straile (2005) gives a detailed overview of our recent 
knowledge on the effects of climatic factors on the food web and seasonal dynamics of 
lakes in the temperate zone, discussing also the possible effects of climate change - 
primarily focusing on plankton communities. 

According to the database of Web of Science, there was a total of 45209 articles 
published dealing with climate change until February 2009, from which 3.7 % concerns 
biodiversity and/or ecology (Table 1.). In a wider sense, 8.6 % of articles discuss 
ecosystem-related questions. Despite the large proportion of water bodies (24.6 %) 
including lakes (6.9 %) and rivers (7.6 %), studies on their ecosystems add up to 0.6 % 
only. When focusing on articles having relevancy in community ecology (which add up 
to 0.6 % only without closer restrictions), there are few of them concerning freshwater 
systems. This indicates that there is a need for putting emphasis on the research of 
climate change in relation to community ecology in water systems as well. 

From the point of view of exploitation, research on fish has been a thoroughly 
investigated field among hydrobiological surveys, also in relation to climate change. 
Beyond doubt, the significance of phytoplankton in climate change research is of major 
importance, which is confirmed by the large number of publications. However, 
freshwater habitats are underrepresented, what is more, lakes are favoured over rivers. 
Nevertheless, more studies are run on the relationship between rivers and climate 
change as compared to that of lakes. Such features can be seen in modelling studies as 
well. Among climate change research, the modelling approach has been strongly 
adopted even by aquatic surveys. Rivers have been the objects of modelling more 
regularly than lakes, which is in accordance with the fact, that rivers are expected to 
respond to climate change in a very sensitive way. However, phytoplankton modelling 
studies have rarely focused on rivers. All in all, these findings draw attention to the 
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significance of rivers as far as climate change is concerned; however, their ecological 
features remained relatively poorly-known. 

 
Table 1. Number of publications dealing with climate change and their proportion in % 

based on different combinations of key words in the database of Web of Science 

Keywords pc % 

Climate change 45209 100,0% 

Climate change AND biodiversity 1654 3,7% 

Climate change AND ecology 1654 3,7% 

Climate change AND ecosystem 3878 8,6% 

Climate change AND water 11104 24,6% 

Climate change AND lake 3112 6,9% 

Climate change AND ocean 5897 13,0% 

Climate change AND river 3421 7,6% 

Climate change AND lake ecosystem 267 0,6% 

Climate change AND river ecosystem 254 0,6% 

Climate change AND aquatic ecosystem 155 0,3% 

Climate change AND wetland 495 495 1,1% 

Climate change AND ecology AND community 290 0,6% 

Climate change AND aquatic community 89 0,2% 

Climate change AND aquatic food web 31 0,1% 

Climate change AND lake AND arctic 286 0,6% 

Climate change AND lake AND subarctic 46 0,1% 

Climate change AND lake AND temperate 176 0,4% 

Climate change AND lake AND tropic 2 0,0% 

Climate change AND zooplankton 330 0,7% 

Climate change AND phytoplankton 704 1,6% 

Climate change AND phytoplankton AND lake 188 0,4% 

Climate change AND phytoplankton AND river 67 0,1% 

Climate change AND fish 898 2,0% 

Climate change AND fish AND lake 157 0,3% 

Climate change AND fish AND river 148 0,3% 

Climate change AND model 13964 30,9% 

Climate change AND model AND water 4281 9,5% 

Climate change AND model AND lake 638 1,4% 

Climate change AND model AND river 1297 2,9% 

Climate change AND wetland AND model 137 0,3% 

Climate change AND phytoplankton AND model 191 0,4% 

Climate change AND phytoplankton AND model AND lake 37 0,1% 

Climate change AND phytoplankton AND model AND river 19 0,0% 
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On the basis of the reviews the possible effects of climate change have been 
investigated by four approaches: 

• One possible tool is based on long-term field monitoring and observation of 
climatic events in the last decades; it describes the tendency attributable to 
climate change in aquatic ecosystems. Such findings are the basis for making 
predictions to the possible future changes. In the future, a more drastic climate 
change is expected as compared to the recent past, which may bring more 
significant effects and may create several unexpected processes. 

• Other works forecast possible future scenarios by examining the connections 
between paleolimnological fossils and climate change in the past (Quinlan et 
al. 2005, Larocque et al. 2001). Research on lake sediments is particularly 
capable of supporting evidence for the effects of climate change on lake 
systems in the past (Cohen, 2003). Nevertheless, such findings are limited and 
it is questionable whether they are capable of understanding the relationship 
between certain coenological processes and climate change. On the other hand, 
future climate change affects waters harmed by human activity, thus the 
outcome may be somewhat different than in the past. 

• One more approach includes microcosm (e. g. McKee et al. 2002, Peperzak 
2003) and mesocosm (e. g. Nouguier et al. 2007, Christoffersen et al. 2006, 
McKee & Atkinson 2000) experiments, which are able to simulate the global 
warming within a long-term experiment under laboratory or at least regulated 
conditions. Thus, within an experimental design, it is possible to study the 
reaction of the assemblage on warming. Present approach is particularly 
suitable for the interpretation of certain phenomena and for hypothesis testing. 
On the basis of the experiments there is a potential to form new hypotheses and 
set up mathematical models (e. g. De Senerpont Domis et al. 2007). 

• Finally, the modelling approach is a useful tool to make predictions for the 
future (as long as the assumptions are fulfilled), that we cannot achieve either 
by means of simulation experiments or field work. 

The topic is rather diversified, so it would mean an enormous effort to review all 
stream thoroughly. It is inevitable to have a look at the observations on the climate 
change in the recent past and these days, thus we can make predictions of the possible 
effects and trends of climate change in the future. However, present study is not 
destined for detailed description of issues such as paleoecological research and 
experimental approach, because these topics have grounds of their own. Research on the 
possible effects of climate change is typically the topic that cannot be investigated by 
empirical approach; even experiments may result in formulating new hypotheses or 
focusing on minor issues only. Thus, here, the modelling approach will be discussed in 
a more detailed way. 

Observed effects of climate change and implications for the future 

General statements for temperate freshwater systems  

Rising water temperatures induce direct physiological effects on aquatic organisms 
through their physiological tolerance. This, mostly species-specific effect can be 
demonstrated through the examples of two fish species, the eurythermal carp (Cyprinus 
carpio) and the stenothermal Salvenius alpinus (Ficke et al. 2007). Physiological 
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processes, such as growth, reproduction and activity of fish are affected by temperature 
directly (Schmidt-Nielsen 1990). Species may react on changed environmental 
conditions by migration or acclimatization. Endemic species, species of fragmented 
habitats, and systems with east-west orientation are less able to follow the drastic 
habitat changes due to global warming (Ficke et al. 2007). At the same time, invasive 
species may spread, which are rather able to tolerate the changed hydrological 
conditions (Baltz & Moyle 1993). 

What is more, global warming induces further changes in physical and chemical 
characteristics of water bodies. Such indirect effects include decrease in dissolved 
oxygen content (DO), change in toxicity (mostly increasing levels), trophic status 
(mostly indicating eutrophication) and thermal stratification. 

DO content is related to water temperature. Oxygen gets into water through diffusion 
(e. g. stirring up mechanism by wind) and photosynthesis. Plant, animal and microbial 
respiration decrease the content of DO, particularly at night when photosynthesis based 
oxygen production does not work. When oxygen concentration decreases below 2-3 
mg/l we have to face the hypoxia. There is an inverse relationship between water 
temperature and oxygen solubility. Increasing temperatures induce decreasing content 
of DO whereas the biological oxygen demand (BOD) increases (Kalff 2000), thus 
posing a double negative effect on aquatic organisms in most systems. In the side arms 
of eutrophic rivers, the natural process of phytoplankton production-decomposition has 
an unfavourable effect as well. Case studies of the side arms in the area of Szigetköz 
and Gemenc also draw attention to this phenomenon: high biomass of phytoplankton 
caused oxygen depletion in the deeper layers and oversaturation in the surface (Kiss et 
al. 2007). 

Several experiments were run on the effects of temperature on toxicity. In general, 
temperature dependent toxicity decreases in time (Nussey et al. 1996). On the other 
hand, toxicity of pollutants increases with rising temperatures (Murty 1986.b), moreover 
there is a positive correlation between rising temperatures and the rate at which toxic 
pollutants are taken up (Murty 1986.a). Metabolism of poikilotherm organisms such as 
fish increases with increasing temperatures, which enhances the disposal of toxic 
elements indirectly (MacLeod & Pessah 1993). Nevertheless, the accumulation of toxic 
elements is enhanced in aquatic organisms with rising temperatures (Köck et al. 1996). 
All things considered, rising temperatures cause increasing toxicity of pollutants. 

Particularly in lentic waters, global warming has an essential effect on trophic state 
and primary production of inland waters through increasing the water temperature and 
changing the stratification patterns (Lofgren 2002). Bacterial metabolism, rate of 
nutrient cycle and increase in algal abundance are increasing with rising temperatures 
(Klapper 1991). Generally, climate change related to pollution of human origin 
enhances eutrophication processes (Klapper 1991; Adrian et al. 1995). On the other 
hand, there is a reverse effect of climate change inasmuch as enhancement of 
stratification (in time as well) may result in concentration of nutrients into the 
hypolimnion, where they are no longer available for primary production (Magnuson 
2002). The latter phenomenon is only valid for deep, stratified lakes with distinct layers 
of aphotic and tropholitic. 

According to the predictions of global circulation models climate change is more 
than rise in temperatures purely. The seasonal patterns of precipitation and related 
flooding will also change. Frequency of extreme weather conditions may intensify in 
water systems as well (Magnuson 2002). Populations of aquatic organisms are 
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susceptible to the frequency, duration and timing of extreme precipitation events 
including also extreme dry or wet episodes. Drought and elongation of arid periods may 
cause changes in species composition and harm several populations (Matthews & 
Marsh-Matthews 2003). Seasonal changes in melting of the snow influence the physical 
behaviour of rivers resulting in changed reproduction periods of several aquatic 
organisms (Poff et al. 2002). Due to melting of ice rising sea levels may affect 
communities of river estuaries in a negative way causing increased erosion (Wood et al. 
2002). What is more, sea-water flow into rivers may increase because of rising sea 
levels; also drought contributes to this process causing decreased current velocities in 
the river. 

Climate change may enhance UV radiation. UV-B radiation can influence the 
survival of primary producers and biological availability of dissolved organic carbon 
(DOC). The interaction between acidification or pollution, UV-B penetration and 
eutrophication has been little studied and is expected to have significant impacts on lake 
systems (Magnuson 2002; Allan et al. 2002). 

 
Observed and expected reactions of aquatic communities  

Research on the relationship between climate change observed in the previous 
decades and aquatic food webs (Schindler et al. 1990, Livingstone 2003, Straile et al. 
2003) is the key for getting a picture of the possible effects of global warming. There 
has been evidence for the effect of global warming on aquatic (particularly planktonic) 
communities in lakes, which was related to changes of some environmental parameters 
such as nutrient loading (Annaville et al. 2002; 2007; Molinero et al. 2006). The central 
regulatory role of climate in structuring the zooplankton community was demonstrated 
through the examples of European shallow lakes on the basis of surveys performed in 
81 lakes (Gyllsrtröm et al. 2008). Pelagic plankton is the major dependent of climate 
change, benthic and periphytic taxa are rather influenced by macrophytes. Some studies 
put emphasis on specific aspects of climate change e. g. the duration of ice cover or the 
duration of spring full circulation (Rolinski et al. 2007), others stress the influence of 
temperature in a more general way (Wagner & Benndorf 2006). Further characteristic 
trends in research of climate change in lakes are examination of the variation in duration 
of ice cover, spring phytoplankton blooms, clear water period, fish abundance and 
predator-prey interactions (Magnuson et al. 1990; Schindler et al. 1990; Scheffer et al. 
2001; Winder & Schindler 2004; Blenckner 2005; Mooij et al. 2005). 

Climate change can affect aquatic food webs in many ways. It can alter duration and 
timing of the successional status (Straile 2002), or modify the structure of the food web 
within different successional stages (Wehenmeyer et al. 1999). In the life-history of 
certain species there may be some changes as well: timing of reproduction period of 
long-lived species or timing of metamorphosis by copepods, shifting of diapause 
towards earlier or later dates all may cause changes in the structure of the whole food 
web (Straile 2005). 

Faster and more drastic warming of water bodies would result in earlier 
phytoplankton blooms implicitly. Several case studies forecast earlier peaks of algal 
biomass, which goes hand in hand with increased biomass (Flanagan et al. 2003), 
particularly in the winter term (Thackeray et al. 2008). Invasive cyanobacteria such as 
Cylindrospermopsis raciborskii playing a central role in blooms showed evidence for 
earlier population peaks (Wiedner et al. 2007). Peperzak (2003) found that four harmful 
algal species doubled their growth rates at a 4 ºC temperature rise whereas two harmful 
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species died rapidly within a microcosm experiment. Two non-harmful species did not 
significantly change from present to 2100-surface conditions. Christoffersen et al. 
(2006) conducted experiments in artificial ponds to evaluate the potential effects of 
global warming on picoplankton and nanoplankton populations. Their results 
demonstrated that the direct effects of warming were far less important than the nutrient 
effect, and these variables displayed complex interaction. 

Lake food webs are characterized by professed seasonal dynamics, so the effect of 
climate is strongly dependent on season. Thus, we should not neglect the winter term - 
often neglected due to the lower biological activity - to include in the study having 
particular importance in temperate lakes (global warming observed in the 20th century is 
strongly manifested in the weather conditions of the winter term). In response to that the 
duration of ice cover period (Adrian et al. 1999, Weyhenmeyer 1999), and also timing 
and intensity of winter mixing caused by wind (Geadke et al. 1998), which has a 
significant effect on spring phytoplankton bloom formation, vary in lakes. 

In the winter term, mixing period plays a crucial role in determining posterior peaks 
of phytoplankton production, thus investigation of that period has a major importance in 
climate change research. Mixing periods in sea and deep lakes are the analogies of 
barren land (Reynolds 1997). During the winter mixing period, primary production is 
limited by low temperatures, yearly minimum of incident radiation and yearly 
maximum of reflection from the water surface. As soon as these assumptions change 
during the year (increasing temperatures, increasing angle of incidence of solar 
radiation etc.) phytoplankton production begins to rise. Hence, the understanding and 
prediction the origin of phytoplankton blooms is of major importance, in this way we 
may get a picture of the possible outcomes of climate change and other environmental 
changes (Peeters et al. 2007). It has been shown in the side arms and dead arms of the 
River Danube that phytoplankton of high abundance can evolve in winter during ice 
cover dominated by species of cold-tolerant Centrales, Cryptophyta and Volvocales 
(Kiss & Genkal 1993). 

Shallow lakes are the objectives of such research more frequently since they are 
influenced by changing weather conditions more directly (Gerten & Adrian 2001). 
Taking into consideration transparency as a fundamental factor in shallow lakes and 
accepting the concept of alternative stable state planes (Scheffer et al. 1993) the 
macrophytes dominated clear water state and the plankton dominated turbid state can be 
distinguished. When nutrient load rises towards critical levels there is a possibility for 
state change. However, phytoplankton dominated lakes can experience clear water state 
as well due to increased zooplankton grazing in spring mostly (Gulati et al. 1982; 
Sommer et al. 1986). Climate change is supposed to influence the transparency of 
shallow lakes in a negative way by destabilizing the macrophytes dominated clear water 
state and stabilizing the phytoplankton dominated turbid state (Mooij et al. 2005). This 
negative effect has been demonstrated through the examples of shallow lakes in the 
Netherlands and it is based on several findings. Increase in winter precipitation and 
extreme precipitation events increase the phosphorus load of lakes (Mooij et al. 2005). 
Rising temperatures cause inner nutrient increase (Jensen & Andersen 1992; Liikanen et 
al. 2002). Rising temperatures increase mismatch of spring phytoplankton and 
zooplankton peaks owing to declined predation pressure of zooplankton. Moreover, 
high temperatures favour cyanobacteria meaning a less efficient nutrient for 
zooplankton (Dawidowicz et al. 1998; Gliwicz & Lampert 1990). At the same time, 
predation pressure on zooplankton may increase because of decreasing winter mortality 
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of fish (Mooij 1996; Mehner et al. 1995; Mooij & Van Nes 1995; Nyberg et al. 2001). 
Increased rate of sediment resuspension is expected caused by wind (Schelske et al. 
1995). Essentially the above-mentioned findings are based on case studies of shallow 
lakes in the Netherlands, however, Jeppensen et al. (2003) found similar characteristics 
in Danish shallow lakes implying that climate change creates eutrophication-like 
effects. 

From the point of view of zones characterized by different fish assemblages in rivers, 
such as trout, grayling, barbel and bream zones, climate change seems to be a very 
interesting question. Characterization of rivers and river sections on the basis of such 
zones has been in the focus of interest for a long time (Fritsch 1872). First, Thienemann 
(1925) distinguished six zones, then, Huet (1949) tried to correlate them with abiotic 
factors such as water depth and decline of water. Temperature can be regarded as the 
major environmental parameter determining the development of fish assemblages and 
those zones along the river (Flebbe et al. 2006; Pont et al. 2006). Hence, rising water 
temperatures would result in realignment and shift of those zones. There have been 
some studies aimed at predicting the distribution of fish assemblages under rising 
temperatures by considering the biogeographical limiting factors at the present time 
(Eaton & Scheller 1996; Rahel 2002). 

However, a more drastic global warming is expected in the future, which has no 
signs in the climatic features of the last decades, generating changes in aquatic 
ecosystems. The significance of the topic is best highlighted by the study performed in 
Lake Tanganyika demonstrating that the negative effect of climate change can be more 
important than those of local human activity or overexploitation of fish stock (O'Reilly 
et al. 2003). 

Quantitative predictions for the future: possibilities for modelling 

Beyond doubt, the most plausible method for investigating the possible effects of 
climate change is the modelling approach. In these days, we are in possession of the 
global quantitative models of climate system (GCM), which – reflecting economic 
development and emission of pollutants both from optimistic and pessimistic points of 
view – are based on different emission scenarios. Models of global scale were 
downscaled for minor regions referred as regional circulation models (RCM). These 
models are capable of making quantitative predictions for the future climate on the basis 
of reconstruction of past climatic events relatively exactly. By means of the data series 
of regional climate models we are able to forecast possible future states of the 
populations of aquatic organisms. By describing physical changes of different aquatic 
habitats (e. g. change in temperatures, hydrological regime) hypotheses can be 
generated about the effects on the biota living in the water, and also we can make 
quantitative predictions by creating weather condition dependent models for the 
community or its elements. Nevertheless, in order to measure the possible effects of 
climate change on a complex aquatic ecosystem exactly, such model systems would be 
ideal keys that are capable of describing the relationship between communities and 
between communities and climatic factors quantitatively. However, such general 
ecosystem model systems are not typical, so we should make do with models of basic 
elements specified for a given habitat considering the boundary conditions as well. 

Modelling of population dynamics of aquatic organisms has a long history. The 
German Victor Hensen leading the first great expedition on oceanography in 1889 
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(Hensen 1892) introduced the terminus of plankton (based on the Greek expression of 
„planktos” (πλαγκτος) meaning „wanderer” or „drifter”). It brought into a boom of 
research on fishing in the beginning of the 20th century. At that time, the dynamics of 
fish stocks were described by means of mathematical models just as its connection with 
biological, physical factors and human impact (Cushing 1975; Gulland 1977; Steele 
1977). At the same time, modelling of phytoplankton production began based on the 
studies of Fleming (1939), Ivlev (1945), Riley (1946) and Odum (1956) primarily. One 
characteristic trend in research included the control of algal blooms by zooplankton, 
which appeared first in the work of Fleming (1939) who described the temporal 
dynamics of phytoplankton biomass by the help of a differential equation. Modelling 
studies have used the Lotka (1925) and Volterra (1926) predator-prey interaction 
equations in numerous cases so as to describe the trophic connections between phyto- 
and zooplankton (Segel & Jackson 1972; Dubois 1975; Levin & Segel 1975; 
Vinogradov & Menshutkin 1977; Mimura & Murray 1978). 

Since the first half of the last century, several trends in modelling have evolved along 
diverse approaches and community ecological hypotheses often focusing on special 
issues such as understanding the background behind the dynamics of spatially 
inhomogeneous plankton communities on the basis of a model for predator-prey 
interaction including few species (Medvinsky et al. 2001). 

In these days, two different modelling approaches seem to be relevant concerning 
aquatic systems (Peeters et al. 2007). One focuses on phytoplankton response on the 
grounds of minimalist models (Gragnani et al. 1999; Huisman et al. 2002; Huppert et al. 
2002). This school focuses on special questions within the topic given. Such models are 
not in direct connection with field data, nevertheless, aimed at getting insight into 
essential ecological processes. The other one includes complex ecological models 
mostly aimed at modelling planktonic organisms and nutrients on the basis of field data 
taking into consideration physical, chemical and biological factors as well. Basically, 
these models aim at predicting long-term changes of the environment such as 
consequences of human impact and effects of climate change. Characteristically, they 
include a lot of terms meaning biotic components such as different groups of 
phytoplankton, zooplankton and higher trophic levels and also abiotic components i. e. 
environmental parameters measured in the field. In addition, they require very deep 
understanding of the investigated water body. The large number of parameters may 
cause several difficulties in complex ecological models (Omlin et al. 2001). 

It is worthy to separate the models relevant from the point of view of climate change 
into two major groups: 

• Some models use physics-based hydrological models or model systems often 
associated with chemical factors. Their common characteristics is that the 
focus is on modelling of the changes in the physical environment, and changes 
in community is explained through that (e. g. Hostetler & Small 1999; 
Blenckner et al. 2002; Gooseff et al. 2005; Andersen et al. 2006). 

• Another approach includes modelling of quantitative changes of a population 
or certain elements of a community in a given habitat. Mostly, phytoplankton is 
the objective of such studies often separated into some clusters e. g. green 
algae, diatoms, cyanobacteria (Mooij et al. 2007). On the basis of complexity 
and validity further subcategories can be generated: 
o The first cluster includes simple models often related to a particular 

question which can be of major interest as well. Such models can also be 



Sipkay et al.: Trends in research on the possible effects of climate change concerning aquatic ecosystems 
- 181 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 7(2): 171-198. 
http://www.ecology.uni-corvinus.hu ● ISSN 1589 1623 

 2009, Penkala Bt., Budapest, Hungary 

relatively complex including several parameters, but the validity is 
confined to a close interval due to the special object of modelling or 
relation to a special environment (e. g. Matulla et al. 2007; Hartman et al. 
2006; Peeters et al. 2007). 

o Models can be combined into model systems or complex ecosystem 
models including several environmental factors such as nutrients and 
light, and it can also be combined with physical models (e. g. Elliott et 
al. 2005; Mooij et al. 2007; Komatsu et al. 2007; Malmaeus & Håkanson 
2004; Krivtsov et al. 2001). 

o A more ambiguous modelling method is creation of tactical models 
neglecting several basic determining factors. Although focusing on the 
essence and neglecting several basic processes still they provide useful 
information about the operation of the system in general. Special 
emphasis is put on the predictive applicability rather than biological 
interpretation of mathematical operations (Hufnagel & Gaál 2005; 
Sipkay & Hufnagel 2006; 2007; Sipkay et al. 2008). 

 
Modelling of environmental changes  

As a result of climate change (e. g. rising temperatures, changing precipitation), 
models aimed at describing changes in the physical state of freshwaters quantitatively 
provide a firm basis for the understanding of the trends in ecological changes. Such 
studies apply internationally recognized GCM-based RCMs in every case. To illustrate 
this point take the so-called PROBE model (physical model set up for a lake) 
(Blenckner et al. 2002), which provided knowledge on the effects of climate change on 
the ecological state of Lake Erken in Sweden. It was tested on 30-year field data 
successfully and seems to be suited to forecast the physical changes and their degree. 
Beyond rising water temperatures, changes include shortening of ice cover periods, 
decrease in total ice cover events and change in the mixing regime. If it comes true, it 
will result in enhanced nutrient cycle and productivity. 

Hostetler & Small (1999) tried to describe general effects of climate change within a 
physical model for lakes. The paper deals with physical responses (temperature, mixing, 
ice cover, evaporation) of North American lakes characterizing their spatial patterns 
quantitatively. The model was run on theoretical lakes of different region, depth and 
transparency. Results suggested extreme rise in temperatures (in certain cases water 
temperatures above 30 oC in summer) meaning major disturbance of aquatic 
ecosystems. 

There are models destined for predicting the temperature rises of rivers. Such a 
model is the numeric river model of Gooseff et al. (2005), which aimed at forecasting 
the potential influence of global warming on a shallow reservoir’s water temperatures 
(Lower Madison River, Montana, USA). The study draws attention to water 
temperature as a critical factor for fish, thus rising temperatures may harm fish stocks 
strongly. 

Some studies try to describe environmental changes by means of a model system 
considering not only rise in temperatures and changing precipitation conditions, but also 
change in chemical factors within a whole water system. Such one includes Mike 11-
TRANS model system (Andersen et al. 2006) the goal of which is the prediction of 
changes in hydrological and nutrient conditions in the River Gjern and its catchment 
area. It is based on GCM of A2 climate change scenario (2071-2100 years) downscaled 
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for the given region. The model system contains „rainfall-runoff” and „statistical 
nutrient loss” models by the help of which we are able to make quantitative predictions 
for the changes (%) in hydrological and nutrient conditions expected in the catchment 
area (including seasonal aspects as well). Results suggest that average annual total 
nitrogen (TN) export may increase by 7.7 %. 
 

Simple models of special issues  

Essentially, the model of Matulla et al. (2007) aimed at modelling environmental 
changes through the example of fish assemblages in an upper alpine river by modelling 
rising water temperatures and drawing conclusions on fish assemblages. The speciality 
of the approach is that the authors created a model for an index characterizing zones 
from fish faunistical point of view, so the model is capable of generating quantitative 
data of changes expected in fish assemblages. Due to the fish faunistical data relative to 
certain zones of river sections, present approach provides a broader picture of the 
changes expected in the habitat. Study area was selected in accordance with the 
objectives i. e. zones easy to separate, and this was the River Mur in Austria. Water 
temperatures were modelled on the basis of air temperatures considering current 
velocity as well. Temperature and precipitation data of climate change scenarios (for the 
period 2027-2049) downscaled for the sampling site were used for making predictions 
for the future. Fish Zone Index (FiZI) (Schmutz et al. 2000) was used for modelling the 
fish fauna. This index assigns numbers to seven biocoenotical regions (Illies & 
Botosaneau 1963), which are the equivalents of the zones roughly. A species-specific 
index was introduced (FIsp) indicating the preferences of species for river zones. By the 
help of the FIsp index values of FiZI were calculated, which is the indicator of the 
species composition. Results suggest a 70 m translocation of fish assemblages owing to 
rise in water temperatures and change in yearly cycle of current velocity. Such 
conditions favour cyprinid species over salmonid ones. Hyporhithal zone – equivalent 
of grayling zone - may be replaced by epipotamal zone – equivalent of barbel zone. As 
a consequence, species characteristic for the River Mur such as Thymallus thymallus or 
Hucho hucho seem to be in danger because of other species coming to the front. The 
expected changes are rather unfavourable since - among other things - salmonid species 
are of major interest from the point of view of fishing. 

Through considering climatic factors determining spatial patterns of fish 
assemblages, there have been some models (e. g. Flebbe et al. 2006) using climate 
change scenarios indicating that the approach presented above is not completely unique. 

Due to the difficulties of complex ecosystem models, and minimalist models being 
too specific, new trends appeared in modelling studies searching for possible ways 
between them. Peeters et al. (2007) proposed a mechanistic model for phytoplankton, 
which does not aimed to describe the behaviour of the whole food web within the year, 
rather focuses on winter and spring periods only, but considers all important factors 
within this time. It is worth mentioning that within this period, phytoplankton is limited 
by light primarily, nutrients are of minor importance and food web is less complex. The 
model was not created for answering climate change related questions, however, it is of 
major importance in the topic covered due to its dependence on meteorological 
conditions. The objective of the study was the simulation of phytoplankton production 
and that of variation in its timing between years. The model was constructed on the 
basis of samples taken in Upper Lake Constance. The large and deep (average depth 
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102 m) lake of perialpine origin experienced eutrophication and reoligotrophication in 
the last century. The lake has been the objective of studies for a long time, thus its 
biological background is widely known (Bäuerle & Gaedke 1998). The model was 
constructed on the basis of samples taken between 1979 and 1994. Both meteorological 
factors (wind speed, wind direction, air temperature, solar radiation, precipitation, ice 
cover) and biotic factors (mainly phytoplankton and zooplankton data series) were 
involved in the model. 1-D mechanistic phytoplankton model was combined with 1-D 
hydrodynamical model. Basically, mechanistic phytoplankton model includes 
chlorophyll-a production and loss relative to the vertical water column including also a 
large set of parameters. Several parameters were constant (e. g. respiration rate, 
maximum specific production rate at 10 oC), thus certain phenomena such as 
acclimatization and changes in community structure were neglected. However, 
zooplankton grazing effect was included in the model. Through the 1-D 
hydrodynamical model temperature stratification was demonstrated successfully. 
Results suggest that timing of the initial phytoplankton growth in deep monomictic 
lakes is determined by turbulent diffusion in the water column. Further factors included 
in the analysis (e. g. photosynthetically active radiation or water temperature) were of 
minor importance. These findings are of major importance from the point of view of 
climate change, since variance in mixing dynamics between years is correlated with 
meteorological conditions. Climate change affecting winter and spring periods may alter 
the timing of phytoplankton bloom fundamentally. As a consequence, the study draws 
attention to the significance of winter period of low biological activity. 
 

Model systems of general practicability, ecosystem models  

Models of general applicability able to describe different water bodies are entitled to 
greater interest as compared to models of specific habitats e. g. a lake. These studies are 
not focusing on special issues within a simplified modelling framework rather combined 
into a complex model system focusing on essential processes. There are models that 
were not created for testing the influence of global warming, rather focused on the 
description of a complex system (e. g. a lake) involving environmental variables, 
nutrients. 

To illustrate this point, take the PCLake ecosystem model developed for shallow 
lakes, which were applied in the field of eutrophication (Janse et al. 1992; Janse & Liere 
1995), but were also applied for studying the effects of climate change later (Mooij et 
al. 2007). Impacts of temperature rise on biotic and abiotic components were modelled 
and other consequences (e. g. increase of winter precipitation) of climate change were 
also examined in shallow lakes in the Netherlands. The model was created for the 
simulation of nutrient load and food web dynamics on the basis of data series (nutrient, 
transparency, chlorophyll, vegetation) obtained over 40 shallow lakes. The effects of 
warming expected were investigated by the help of 4 temperature scenarios. Critical 
level of nutrient load was defined during eutrophication when clear water state turns 
into turbid state and during (re)oligotrophication when its contrary can be observed. The 
complexity of the model is best highlighted by the wide and large set of input 
parameters. Main input parameters included water inflow, infiltration or seepage rate, 
nutrient loading (N, P), particulate loading, temperature, light dimension (depth and 
dimensions of lake), size of the marsh zone, loading history (initial conditions). A total 
of 14 temperature dependent component were included in the model (Table 2.) from 
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which 6 were abiotic and 8 biotic. Abiotic processes were described with exponential 
functions, biotic components were introduced with Gauss-curves by defining their 
temperature optimum. Macrophytes were simulated through two exponential functions 
as an optimum function. Respiration got higher values of Q10 than production. 

 
Table 2. Temperature dependent components and their parameters in the PCLake ecosystem 

model (Mooij et al. 2007) 

Abiotic process Temperature coefficient ci  

Denitrification                     1,07  
Diffusion                     1,02  
Mineralization in sediment 
or water 

                    1,07  

Nitrification                     1,08  
Reaeration                     1,024  
Sedimentation                     1,01  

Biotic component 
Optimum temperature 

Topt,j 

Width around optimum 

temperature Tsigma,j 

Diatoms 18 oC 20 oC 
Green algae 25 oC 15 oC 
Cyanobacteria 25 oC 12 oC 
Zooplankton 25 oC 13 oC 
Zoobenthos 25 oC 16 oC 
Planktivorous and 
benthivorous fish 

25 oC 10 oC 

Piscivorous fish 25 oC 10 oC 
Macrophytes Q10,prod = 1,2 Q10,resp = 2,0 

 
Four scenarios were used from which the first one served as control, further three 

calculated with (1) 3 oC rise in temperatures throughout the year, (2) summer, (3) winter 
temperature rises only. 

According to the findings of PCLake ecosystem model and scenarios, global 
warming has a strongly negative effect on the status of shallow lakes in the temperate 
region. Several mechanisms will occur together such as increase in loading and decrease 
in critical nutrient level of eutrophication. As a result of these, lakes investigated are 
more likely to turn into turbid state. In line with these, basic changes include increased 
phytoplankton growth rate and increased availability of phosphorus (owing to increased 
summer mineralization and temperatures). Rising water temperatures favour 
phytoplankton mainly cyanobacteria. Enhanced dominance of cyanobacteria draws 
attention to cumulative risks of climate change in itself. Winter temperatures seem to 
have significant importance as well. Greatest changes were detected at scenarios with 
warm winter, whereas scenarios with warm summer showed similar outcomes to the 
control scenario. This phenomenon is enhanced by changes observed in other trophic 
levels: e. g. abundance of planktonivorous fish is expected to increase at warm periods, 
which would result in enhanced predation pressure on zooplankton. The study 
demonstrated that a complex physical-biological ecosystem model can be well adapted 
to explore the possible effects of climate change and it draws attention to negative 
aspects of changes (Mooij et al. 2007). 

Model predictions show very similar features. The phytoplankton model PROTECH 
forecasts enhanced spring phytoplankton bloom with increasing dominance of 
cyanobacteria on the basis of field data and RCMs downscaled to the region of Lake 
Bassenthwaite (Elliot et al. 2005). However, summer bloom is expected to disappear 
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more rapidly due to the nutrient limitation explained by enhanced spring phytoplankton 
production, thus total productivity will not change. 

The majority of ecosystem models are applied to small shallow lakes. As far as large 
lakes are concerned - ranging from shallow eutrophic to deep oligotrophic ones -, fewer 
studies can be found (Blenckner 2008). Large lakes response to external effects more 
slowly due to increased water residence time (Tilzer & Bossard 1992), thus the 
influence of climate change cannot be compared with those of small lakes at all points. 

The mechanistic phosphorus model (LEEDS) of different Swedish lakes combined 
with a physical lake model is a good example of complex models with wider 
applicability (Malmaeus & Håkanson 2004; Malmaeus et al. 2005). In order to predict 
future states regional climate change scenarios were used. Simulations showed smaller 
Lake Erken to be more reactive to warming - due to increased dissolved phosphorus 
concentration in spring - than Lake Mälaren (third largest lake in Sweden). These 
findings support evidence for significance of inner processes. Phytoplankton biomass of 
Lake Erken is phosphorus limited. These results are true for other similar lakes with 
increased water residence time pointing out that through climate change eutrophication 
may cause serious problems in several habitats. Also further examples can be found for 
models of wider applicability. Such models are LakeWeb (Håkanson & Boulion 2002) 
and Rostherme models (Krivtsov et al. 2001). 

Some papers draw attention to lack of process-based models (Blenckner 2008; 

Komatsu et al. 2007) including models with (temporal) dynamics of interactions 
between defined entities (Minns 1992). However, these models can be the keys of 
prediction contrary to statistical models, which are only valid within a current range 
(Klepper 1997). The water temperature-ecosystem model WT-ECO (Hosomi et al. 
1996) can be regarded as a model of that kind, however, it does not apply GCM 
scenarios, only calculates with 2-4 oC rise in air temperatures. Although applying 
climate change scenarios, the LEM model (mathematical eutrophication model) of 
Hassen et al. (1998) is not able to describe long-term effects of climate change. Its input 
parameters include atmospheric, chemical and hydrological factors distributed 
vertically, output parameters are phytoplankton growth rate and dissolved oxygen 
concentration. 

A complex model system was developed in order to examine the long-term effects of 
climate change on water quality in Shimajigawa reservoir, Japan (Komatsu et al. 2006; 
2007). Expected future climate were described on the grounds of A2 GCM based 
regional climate models for the period 2091-2100, taking the period of 1991-2001 as 
control. The model system consists of two major parts. The first one is a complex water 
quality model including Flow and Transport Model, Water-Sediment Model and 
Ecological Model from which the latter one is based on several parameters. The second 
part is the Runoff Model considering inflow, precipitation and outflow. The large 
number of components and connections between them (Figure 1) indicate that the water 
body has been thoroughly studied and monitored for a long time. 

The model forecasts increase in trophic status with rising temperatures providing one 
more example for the fact that climate change may induce negative processes in aquatic 
ecosystems through increased phytoplankton production primarily. Temperature related 
processes altogether would result in a more strongly eutrophicated state. Such processes 
include elongation of thermally stratified periods, increased oxygen demand of aerobic 
decomposition, facilitated phosphorus release from the sediment and its increased 
concentration in the hypolimnion. 
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Figure 1. Components of the water quality model combined with the runoff model developed for 

a West Japanese reservoir (a), compartments and connections of its integrated ecological model 

(b) (Komatsu et al. 2007) 

 
The above-mentioned examples showed evidence of the capability of ecosystem 

models to define the effects of rising temperatures on aquatic freshwater systems in a 
detailed way through describing basic connections quantitatively. However, the 
applicability of such models to other water bodies presents some difficulty even within 
similar habitats. Biggest problem one has to face is lack of data and their availability 
(Porter et al. 2005). On the one hand, data already presented is not easy to obtain, on 
the other hand, long-term data sets are not achieved on the basis of the same 
methodology in each cases. What is more, complex models require data often not 
available regarding several water bodies. In most cases, this is why model systems 
describing general phenomena cannot be adapted to several habitats of major 
importance. 

 



Sipkay et al.: Trends in research on the possible effects of climate change concerning aquatic ecosystems 
- 187 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 7(2): 171-198. 
http://www.ecology.uni-corvinus.hu ● ISSN 1589 1623 

 2009, Penkala Bt., Budapest, Hungary 

Possibilities of tactical modelling (i. e. simplified modelling of seasonal dynamics) 

As mentioned above, there are numerous approaches so as to describe the trends in 
change of physical, chemical features, population or community components of 
freshwaters under climate change by means of model construction. Some models 
consider the habitat (lake, river) as a physical unit and try to describe the change in 
physical parameters, thus we can make statements of communities living in the water on 
the basis of our recent knowledge. Certain models focus on special issues of a defined 
water body, which can be very useful from the point of view of the given question, but 
examination of their methodological approach provides possibilities of applicability to 
other issues or habitats. Complex ecosystem models incorporating most basic processes 
of freshwater systems may be the keys of the comprehensive understanding of the 
effects of climate change. However, modelling methodology of climate change related 
research cannot be regarded as adequate yet. The root of the problem is lack of 
synthetizing models and their practicability. These models require quite a lot of 
information of which we are not familiar with definitely. On the other hand, often we 
manage to set up a complex model, but its parameters cannot be determined due to lack 
of field data. Thus, instead of such strategic models often tactical ones are used, which 
focus on the essence and may neglect some important pieces of information at the same 
time. Still they can be useful tools to understand the general functioning of the system. 
This is achieved through stressing the factor regarded as the most crucial and neglecting 
the other processes. It raises the question whether it is meaningful to stress one factor as 
the most important one, on the basis of which the seasonal dynamics of the assemblage 
investigated can be described. Several authors draw attention to the central regulatory 
role of temperature. According to Christou & Moraitou-Apostolopoulou (1995) 
temperature is the main factor accountable for the temporal variation of 
mesozooplankton. Iguchi (2004) and Dippner et al. (2000) got to similar results. 
Temperature correlated positively or negatively with almost each copepod species 
depending on the ecological need of the species given (Christou, 1998). Long-term 
changes in densities of numerous species of Copepoda were related to temperature and 
salinity (Viitasalo et al., 1990; Meise-Munns et al., 1990; Baranovic et al., 1993). 
Consequently, stressing temperature as the most important regulating factor seems to be 
relevant. By taking into consideration the failures and assumptions of the model it is 
possible to explore the effects of climate change most likely to occur (Hufnagel & Gaál 
2005). In order to model the seasonal dynamics of population collectives model system 
already presented can be used (Ladányi et al. 2003). When using long-term data to 
construct models, predictive applicability has priority over biological interpretation of 
mathematical operations through stressing one regulating factor as the most essential 
and neglecting the other ones. Emphasizing temperature as the most important factor 
seems to be obvious when modelling seasonal dynamics. In this case, the model 
hypothesizes temperature to be the only regulating factor, thus the pattern is determined 
by the daily temperatures, other effects (e. g. trophic connections and other interactions 
between populations) may appear within this term or hidden.  

On the basis of the above-mentioned conception, a rather simple mathematical model 
can be created of which the essence is: daily abundance can be calculated by 
multiplying abundance of the previous day by a temperature function (Hufnagel & Gaál 
2005; Sipkay & Hufnagel 2006; 2007; Sipkay et al. 2007, 2008.a-b). Running the model 
with the data series of different climate change scenarios we get a picture of future 
abundance of the investigated species, which should be handled watchfully. The goal of 



Sipkay et al.: Trends in research on the possible effects of climate change concerning aquatic ecosystems 
- 188 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 7(2): 171-198. 
http://www.ecology.uni-corvinus.hu ● ISSN 1589 1623 

 2009, Penkala Bt., Budapest, Hungary 

the approach is not prediction, rather the comparative assessment of different climate 
change scenarios within the framework of a realistic model situation. 

The objects of modelling can be a group of high abundance playing a major role in 
the aquatic food web (e. g. total zooplankton abundance), and also abundance or 
biomass of a dominant species (Vadadi et al. 2007). Another approach includes 
modelling the seasonal dynamics of some coenological index. Such approach was 
proposed by Sipkay & Hufnagel (2007) through a case study performed in Lake 
Balaton. The authors introduced the „Coenological Intensity Index” (CII) characterizing 
the macroinvertebrate assemblage as a unit. This index considers abundances, 
biovolume and Shannon diversity simultaneously and it was the object of modelling as 
well. 

In the simplest case, the multiplier describing temperature dependence is determined 
by constants related to temperature intervals (Sipkay & Hufnagel, 2006; Vadadi et al. 
2007). These constant values are the model parameters, which can be optimized with 
the MS Excel Solver program when fitting the data. However, instead of temperature 
intervals being often distributed in a complex way, we supposed that the temperature 
reaction-curve must be the sum of optimum-curves, since temperature optimum-curves 
of the different developmental stages of the species in question or its distinct 
subpopulations can be summed. Thus, the values of the multiplier are determined by a 
continuous function (sum of normal distributions) depending on the daily temperatures. 

Experimental ponds are the best objects for describing and modelling the connection 
between weather conditions and seasonal dynamics in a more exact way through 
minimizing the number of external regulating factors. This means a transitional 
approach between laboratory experiments and field observations. Such experiments 
have been conducted in an artificial pond in Budapest, Hungary. Phytoplankton, 
zooplankton and macroinvertebrates have been sampled quantitatively and 
semiquantitatively at regular frequencies of one or two weeks. Through this sampling 
design (sampling different assemblages regularly in a harmonized way) the food web 
model can also be constructed. First attempt of that was a model in which 
phytoplankton abundance was determined by temperatures, and abundances of 
zooplankton groups and that of a dominant macroinvertebrate species (Vadadi et al. 
2008). Even if we do not understand exactly the reason for temperature being the most 
important regulating factor, still we can make predictions for the periods 2050 and 
2070-2100 respectively as regards abundances by running the model with the data series 
of climate change scenarios. Results suggest that climate change will influence algae 
and zooplankton in a similar way i. e. decreasing abundances, abundance peaks will 
occur earlier within years. 

One failure of the models illustrated above may be that they are not reliable 
adequately due to the relatively short-term data series available for fitting. However, the 
approach mentioned above was applied to long-term data series of the Hungarian 
Danube Research Station (at Göd) including the period of 1981-1994. First, a model 
was created describing the seasonal dynamics of a copepod species of high abundance 
being presented throughout the year on the basis of the above-mentioned database 
(Sipkay et al. 2008). Results indicated 1-1.5 month shift in the abundance peak towards 
earlier dates. 

Seasonal dynamics of phytoplankton in the River Danube was described by means of 
a more complex model (Sipkay et al. 2008.b). A detailed (taxa were identified to species 
level), long-term (1983-1996) database with sampling frequency of weekly intervals is 
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available for the phytoplankton of the River Danube at the area of Göd. In addition, the 
temperature dependence of the phytoplankton group located on the basal level of food 
web is more direct and the number of further regulating factors are less than those of 
zooplankton and macroinvertebrates. Phytoplankton is not limited by nutrients, rather 
temperatures and light play a major role in determining seasonal dynamics of algae in 
the River Danube (Kiss 1994). Since this being the case, it is necessary to include these 
regulating factors into the phytoplankton model. The model is the linear combination of 
the temperature optimum-curves of 12 theoretical species. These 12 theoretical species 
characterized by different temperature optimums and tolerance intervals can multiply at 
various rates. However, the model includes not only a temperature dependent multiplier 
but also a light dependent one (through a minimum function), thus the multiplier with 
lower values counts in each case. Light dependent growth rate involves the 
environment's carrying capacity meaning a top-down limit for phytoplankton. It can be 
described with a sinus curve of which the parameters were adjusted considering all-time 
minimum and maximum abundances of phytoplankton, and order of magnitude of 
difference between winter and summer maximum values. This design represents 
differences in lighting periods during the year. Based on the simulation of 
phytoplankton assemblages in the River Danube, average plankton production is not 
likely to alter significantly, but on the whole, rather increasing abundance is expected as 
a consequence of climate change. However, between years variability will increase 
drastically and significantly. 

Summary, discussion 

Similarly to ecological surveys, research on the effects of climate change on 
freshwater ecosystems can be divided into three methodological approaches. First, we 
have the possibility to explore the influence of climate change in the past by means of 
field observations. Fundamentally, paleoecological surveys also range within the above-
mentioned stream. Secondly, particularly regarding some minor phenomena, 
experiments under controlled conditions can shed some more light on the possible 
effects of climate change. Thirdly, model construction includes creating exact 
mathematical description (mathematical model) of the simplest theory of the 
phenomenon in question by means of basic biological phenomena and hypotheses. The 
kernel of the approach can be described by a logical cycle including testing (contrasting 
with case studies) and improving (development and fitting) of the model. By the help of 
this methodology, we get a more and more realistic theory of the investigated 
phenomenon, however, at an early stage we only use some parts of information 
available. 

Each approach mentioned above has its advantages and disadvantages. Reliable, 
watchfully overseen, certified knowledge can be provided by experiments. When the 
research objective is a rather complex phenomenon, having importance in application as 
well, observation and detailed description of it is required in order to formulate realistic 
hypotheses. Field research in ecology with complex approach is constrained to present 
single data and correlation between some variables, otherwise such complex hypotheses 
would be formulated that it would be almost impossible to test them. In order to open up 
the reasons behind complex phenomena it is essential to formulate hypotheses within 
simulation models, because in absence of that it would be impossible to choose between 
alternative hypotheses. Another advantage of the simulation method is that it may point 
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out misleading interpretation, which has the potential to become a problem both during 
data analysis (approach 1) and when combining the results of experiments (approach 2). 

The main potentials of modelling were reviewed ranging from the physical 
environment to aquatic communities and their elements. The latter provides relatively 
exact predictions for future changes in aquatic systems by the help of climate change 
scenarios. There are complex ecosystem models that were not created for testing the 
influence of global warming, however, by taking into consideration a large set of 
environmental variables, they are capable of studying climatic changes as well. Mostly, 
the outputs are consistent with the physical changes (change in ice cover and mixing 
patterns) expected. To recap what has been reviewed, global warming may create 
eutrophication-like features in the water bodies of the temperate zone, particularly in 
lakes, which has the potential to become a very serious problem. 

Since synthetized models are rather difficult to handle and require quite large series 
of data, the authors proposed a more simple modelling approach, which is capable of 
examining the effects of global warming specifically. Predictive application of the 
model is favoured over ecological interpretation of mathematical procedures when 
modelling the seasonal dynamics within a simplified framework. When stressing few 
factors - often temperature only - we expect factors not included in the model to appear 
hidden or within the temperature term. Such models were fitted to the seasonal 
dynamics data series of aquatic organisms successfully. Considering temperature as the 
only factor determining seasonal dynamics, we are interested in whether temperature in 
itself may create similar pattern to the observed one. After fitting the model successfully 
to the data series of several years we get a plausible answer of it. On the basis of such 
models, populations of certain organisms are expected to peak earlier during the season, 
whereas the trend in changes of total abundance is varying. Furthermore, modelling the 
phytoplankton in the River Danube indicates large fluctuations between years due to the 
global warming. These models may support evidence of such future changes that we 
would not be able to forecast on the basis of our recent knowledge on the environmental 
changes. 
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