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Modern climate change significantly affects natural ecosystems, especially aquatic
ones, changing the temperature, hydrological regime and the level of dissolved oxygen,
which leads to transformations in the structure and functioning of hydrobiocenoses.
There is a completely justified need for comprehensive research on the current topic: food
resources of aquatic areas, in particular, zooplankton as a key element of trophic chains.
Considering that negative changes in its groups can destabilize the entire ecosystem,
reduce fish productivity and affect ecosystem services, the topic is becoming relevant.

The aim of the study is to assess the impact of modern climate change on
zooplankton communities of aquatic ecosystems based on the analysis of changes
in biological indicators of Lake Geneva, as well as to identify the main patterns of
zooplankton transformation under the influence of climatic factors.

The object of the study is zooplankton of aquatic ecosystems under conditions
of modern climate change using the example of Lake Geneva.

The subject of the study is the peculiarities of the impact of climate change on
the structure, dynamics and functional characteristics of zooplankton communities, as
well as the relationships between abiotic environmental factors and the state of plankton
communities.

Analysis and synthesis of scientific literature, comparative and systematic analysis,
statistical methods of data processing, as well as generalization of the results obtained.

Based on the analysis of literary sources and statistics, it was established that
climate change causes a structural restructuring of zooplankton communities, which
is manifested in a change in species composition, a decrease in the size characteristics
of organisms, a shift in phenological phases of development and a disruption in the
synchronization of trophic chains. A tendency towards the dominance of small forms
of zooplankton was revealed, which is accompanied by a decrease in the efficiency
of trophicity in aquatic ecosystems. It was substantiated that the cumulative impact of
climate change is cumulative and causes a decrease in the efficiency of energy transfer in
trophic chains, which may have long-term negative consequences for fish productivity
and the overall ecological stability of aquatic ecosystems.
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Modern climate change is a determining factor in the transformation of
zooplankton communities and aquatic ecosystems in general. The revealed patterns can
be used to predict further changes, improve monitoring systems, and develop adaptation
measures and sustainable management of aquatic bioresources under global warming.

Key words: reservoir, transformations of climatic parameters, zooplankton,
species composition water temperature.

Statement of the problem. The relevance of the topic is due to the fact
that modern climate change is one of the most important global factors in the
transformation of natural ecosystems, in particular aquatic ones. An increase
in air and water temperature, a change in the hydrological regime, increased
stratification of water masses, a decrease in the content of dissolved oxygen and
changes in the cycle of biogenic elements significantly affect the structure and
functioning of hydrobiocenoses. Zooplankton groups are especially sensitive to
such changes, which occupy a key place in trophic chains, ensuring the transfer
of energy from primary producers to higher trophic levels. Violation of their
structure and functioning can lead to destabilization of the entire ecosystem, a
decrease in fish productivity and changes in ecosystem services. In this regard,
the study of the impact of climate change on zooplankton is extremely relevant.

Analysis of research and publications. In modern science, zooplankton
is considered one of the most sensitive to climate change links in aquatic eco-
systems. This is explained by the fact that zooplankton has a high reproduction
rate, a short life cycle, and correlations between physiological processes and
the temperature factor [1]. In the scientific works of most scientists, it is noted
that zooplankton in water bodies is an important element of the trophic chain,
because it connects primary producers, namely phytoplankton, with higher-or-
der consumers, in particular marine mammals and commercially valuable fish
species. At the same time, zooplankton is an important component of the “bio-
logical carbon pump”, because it provides vertical transport of organic matter
to the abyssal layers of aquatic ecosystems through the mechanisms of gravi-
tational sedimentation of fecal masses and active vertical migration. Modern
scientific data indicate that climate transformation leads to changes in the bioge-
ography, structure and functional characteristics of zooplankton [2].

A very pronounced consequence of the global temperature increase is the
meridional shift of zooplankton distribution areas towards the poles. In particu-
lar, scientific studies conducted in the North Atlantic have recorded an expan-
sion of the habitats of thermophilic species to the north by a distance of about
1000 km. At the same time, a rather striking example is the replacement of the
copepod species Calanus finmarchicus with the warmer species Calanus helgo-
landicus. Such substitution is a rather unfavorable consequence for aquatic eco-
systems, as Calanus finmarchicus has a higher lipid content and higher energy
value compared to Calanus helgolandicus. Calanus finmarchicus is accordingly
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an important nutritional element for the survival of cod larvae and other com-
mercially valuable fish species [3].

At the same time, a number of scientific studies confirm that temperature
fluctuations affect not only the distribution areas, but also have an impact on the
dominant groups of zooplankton. Studies conducted in the Mediterranean Sea and
the Atlantic Ocean have shown that climate change has a significant and diverse
impact on the following groups of zooplankton: Calanus finmarchicus; Calanus
helgolandicus, Temora stylifera; Euphausia superba; Salpa thompsoni [4].

It should be noted that according to the analysis of scientific research,
it was found that in addition to horizontal shifts of zooplankton, vertical shifts
of zooplankton groups are also characteristic. In particular, an increase in the
temperature stratification of water masses limits their vertical mixing, which
causes a decrease in nutrients in the euphotic zone and leads to a decrease in the
biomass of large zooplankton. In response to warming of the temperature of the
upper layers of water, many species migrate to deeper water horizons, which
have a more stable temperature, however, this leads to disruptions in interac-
tions with phytoplankton [5].

Scientific and practical works show that an important consequence of cli-
mate change for aquatic ecosystems and bioresources is the phenological shift.
The increase in temperature and the acceleration of early warming of water
lead to the early onset of seasonal peak values of zooplankton communities.
As a result, the mass development of copepods occurs somewhat earlier than
the spring flowering of diatoms, and the greatest development of zooplankton
biomass does not coincide with the moment of hatching of fish larvae — this cre-
ates the phenomenon of the so-called "trophic imbalance". This is confirmed by
monitoring scientific observations in the territory of the Arctic Ocean, where it
is noted that over the past 30 years the peak of the number of many zooplankton
species has shifted approximately 10-22 days earlier and caused the degradation
of populations of certain species of fish and seabirds [6].

Numerous scientific studies confirm the fact that temperature influences
the reduction of zooplankton body size. According to the metabolic theory of
ecology, an increase in temperature stimulates faster development of individu-
als, but they reach sexual maturity at a smaller body size. In warmer waters, the
energy expenditure for maintaining metabolism increases faster than the body's
ability to absorb food, which makes large body sizes energetically disadvan-
tageous [7]. Accordingly, this leads to the predominance of small species of
copepods, protozoa, and rotifers.

In scientific research, special attention is paid to the process of ocean
acidification, which also has a significant negative impact on zooplankton com-
munities. Thus, the absorption of anthropogenic CO, leads to a decrease in pH
and a decrease in the saturation of water with calcium carbonate, in particular
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calcite and aragonite. This process has a very critical impact on pteropods, coc-
colithophores and foraminifera [8].

It should be noted that an important aspect of global climate change is the
«gelatinization» of plankton. The phenomenon is directly related to the rapid
development and predominance of cnidarians and jellyfish in the species com-
position of zooplankton. This is facilitated by the appearance of all the condi-
tions necessary for their development, in particular, a warmer winter period and
a longer growing season [9]. Scientific studies show that there is a general trend
in the world to reduce the total biomass of zooplankton. According to forecasts,
it is expected that by 2100 the total biomass of zooplankton in the World Ocean
will decrease by approximately 10-20%, which will lead to a decrease in fish
productivity in the future. And the expansion of oxygen minimum zones will
complicate the vertical migration of many fish species.

Formulation of the objectives of the article (task statement). The aim
of the study is to assess the impact of modern climate change on zooplankton
communities based on the analysis of changes in zooplankton indicators of Lake
Geneva, as well as to identify the main patterns of zooplankton transformation
under the influence of climatic factors. In accordance with the aim, the fol-
lowing tasks were set: to analyze modern trends in the temperature regime of
the lake; to determine the features of the structure, dynamics and functioning
of zooplankton communities under the influence of climatic factors; to gen-
eralize the patterns of zooplankton transformation and assess their ecological
consequences.

Materials and methods of the research. The information basis of the
research was the works of leading world scientists. The study of the dynamics
of climatic indicators was carried out by statistical methods regionally and in
the context of the reservoir, in particular using the climatic indicators GISS
Surface Temperature Analysis [10] and World meteorological organization [11].
The species composition and dynamics of zooplankton were estimated using the
available field work Rapport de la Commission internationale pour la protection
des eaux du Léman [12-22].

In the research process, a complex of general scientific and special meth-
ods was used, in particular, analysis and synthesis of scientific literature, com-
parative and systematic analysis, statistical methods of data processing, and
generalization of the obtained results.

Research results. Over the past decade, Western Europe has been char-
acterized by a gradual increase in air temperature, which directly affects the
increase in water temperature and is a reflection of general global climate trans-
formations. It should be noted that such an increase in temperature affects the
extension of the summer stratification period and a decrease in the intensity of
mixing of water masses in winter, which negatively affects the saturation of
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deep water layers with dissolved oxygen. These factors cause stable thermal
stratification, which to some extent limits the vertical exchange of energy and
substances in the lake.

Lake Geneva, like the entire planet, has been affected by climate change,
in particular, the temperature of deep waters (depths over 300 m) has undergone
significant changes in the long-term historical trend. Thus, in 1963 it was only
4.4 °C, and in 2016 a temperature of 5.5 °C was already recorded. At the same
time, the temperature of surface waters has also undergone changes. In particu-
lar, in 1970 it was 10.9 °C, and in 2016 it was 12.9 °C [23].

In Figure 1, we show the dynamics of the average annual water tempera-
ture of Lake Geneva for the period 2013 —2023. Accordingly, during this period,
the temperature regime of Lake Geneva water is characterized by general trends
towards an increase in average annual temperatures against the background of
certain interannual variations.

Thus, in 2013, the average annual water temperature was 10.3 °C. At
the same time, in subsequent years, its increase with periodic fluctuations is
observed, in particular, up to 12.3 °C in 2018 and 2020 and to a maximum
of 12.9 °C in 2022. Despite individual decreases, as in 2016 and especially
in 2021, the overall dynamics indicate a steady warming of the lake's water
mass. It should be noted that changes in the temperature factor contribute to the
development of thermophilic plankton species and may subsequently lead to the
complete displacement or reduction of the number of cold-water plankton.
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Fig. 1. Dynamics of changes in the average annual water temperature of Lake Geneva

Source: developed by the authors based on [24].

An analysis of annual reports revealed that the following groups of zoo-
plankton are widespread in Lake Geneva: copepods (Copepoda) and cladocer-
ans (Cladocera).

The group of copepod crustaceans that are common within the lake
include Eudiaptomus gracilis and Cyclops prealpinus. The group of branchial
crustaceans is represented by plant filter feeders and predators. Plant filter feed-
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ers include Daphnia longispina (Daphnia) and Eubosmina sp. (Bosmina). Pred-
ators include Leptodora kindtii and Bythotrephes longimanus.

At the same time, our study on the dynamics of zooplankton in Lake
Geneva indicates that its number has significantly decreased over the period
2013-2023.

Thus, a pronounced tendency to decrease zooplankton communities is
characteristic of the ten-year period of research, but there are also insignificant
short-term growth phases. In 2013 and 2014, high abundance indicators within
the range of 413,000-450,000 individuals/m? are characteristic. A large decline
in numbers begins in 2015 and a pronounced downward trend is observed until
2023. In 2023, a slight increase is observed compared to previous years to
109,750 individuals/m?, but overall the general trend remains negative. Such
trends indicate a long-term decrease in the bioproductivity of zooplankton com-
munities (Fig. 2).
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Fig. 2. Dynamics of zooplankton abundance in Lake Geneva for the period 2013-2023
Compiled by the authors based on [12-22].

Structural changes in zooplankton communities are characteristic over
the ten-year period. During the studied period, copepod crustaceans, in particu-
lar Cyclops prealpinus and Eudiaptomus gracilis, dominate the zooplankton
structure. At the same time, the second half of the studied period is characterized
by an increase in the role of branchial crustaceans, in particular — Daphnia long-
ispina. At the same time, the analyzed data for a ten-year period indicate that
throughout the entire research period, the smallest share in the total zooplank-
ton structure was made up of branching predators, in particular Bythotrephes
longimanus and Leptodora kindtii. Overall, the presented dynamics indicate
a simplification of the structure of zooplankton communities and a significant
decrease in the role of large planktonic forms.

During the study, we examined the species composition of zooplankton in
Lake Geneva. Among the copepod crustaceans in the reservoir are Eudiaptomus
gracilis and Cyclops prealpinus. According to the analyzed abundance indi-
cators, these zooplankton forms are the most common in the reservoir, how-
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ever, their dynamics towards a decrease over the last 10 years is characteristic.
Accordingly, Cyclops prealpinus and Eudiaptomus gracilis in Lake Geneva are
directly related to the complex impact of current climate change, in particular,
increased stratification and an increase in the temperature factor. The global
increase in temperature leads to a reduction in the period of spring mixing,
which in turn causes a decrease in the intensity of nutrient input into the upper
layers of the water body. The decrease in the amount of nutrients in the upper
layers of the lake negatively affects the number and biomass of phytoplankton,
which is the main food resource for copepods, in particular for Cyclops prealpi-
nus and Eudiaptomus gracilis (Fig. 3).

250000 y = -18591 + 247455
) R
5 T~ 230 000
S & 200000 2080055 —
= ] 0000 | 200000
&5 185 000 ]
© 2150 000 =

D \
323 a 140 000
S S 100000
% % 90 000
== 50000
: 10 300
L
0 3

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
YEARS

a) population dynamics of Eudiaptomus gracilis (2013-2023)
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Fig. 3. Dynamics of the number of copepods (Copepoda) for the period 2012-2023
Compiled by the authors based on [12-22].
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At the same time, higher temperatures lead to a change in the seasonal
synchronization between the development of phytoplankton and zooplankton,
which leads to the fact that the optimal highest phases of phytoplankton devel-
opment do not coincide with the periods of maximum consumption of it as a
food resource by zooplankton groups. Comparative analysis indicates a signif-
icant reduction in the number of both species in 2023 compared to 2013. Thus,
the number of Eudiaptomus gracilis decreased by about 78,4%, and Cyclops
prealpinus — by about 87,1%.

Figure 4 presents the dynamics of the abundance of branchial crustaceans,
in particular Daphnia longispina and Eubosmina sp., which are herbivorous.

100 000 y = -2063,6x + 4E+06
o 80 000
S~ 80000 70 000
s
22 60000
23 45 000
S3 ) 40000 37000
<€ s000  r\ee.30000 3
E _a O ................................
EE
<= 20000
o
0
2012 2014 2016 2018 2020 2022 2024

Years

a) dynamics of the number of Daphnia longispina (2013-2023)
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Fig. 4. Dynamics of the number of branchial-breasted crustacean plant filter feeders
(Cladocera) for the period 2012-2023

Compiled by the authors based on [12-22].

The increase in temperature has a negative impact on herbivorous cnidar-
ians. This is primarily due to the fact that the structure of phytoplankton com-
munities changes with increasing temperature, in particular, less nutritious and
small-celled forms, including cyanobacteria, begin to actively develop. This
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phytoplankton structure is unfavorable for effective nutrition, in particular, of
Daphnia longispina, which leads to a decrease in their numbers. At the same
time, an increase in temperature causes the activity of predators to increase,
which also affects the number of Daphnia longispina and Eubosmina sp.
Figure 5 presents the dynamics of the abundance of branchial crayfish, in
particular Leptodora kindtii and Bythotrephes longimanus, which are predatory.
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Fig. 5. Dynamics of the number of branchial barbeled crustaceans (Cladocera)
for the period 20122023

Compiled by the authors based on [12-22].

These species are the smallest in number in Lake Geneva. It should be
noted that throughout the entire period of research, predatory crayfish in Lake
Geneva accounted for the smallest share compared to other species. At the
same time, it should be noted that during 2013—2023, there is a characteristic
trend towards a decrease in their number in the reservoir. It should be noted
that the abundance of Leptodora kindtii in 2023 decreased by approximately
70% compared to 2013, and the abundance of Bythotrephes longimanus in 2023
decreased by approximately 65% compared to 2013. Such trends reflect a sig-
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nificant decline in the role of predatory zooplankton in Lake Geneva and may
be directly related to ongoing global climate change.

For Leptodora kindtii and Bythotrephes longimanus, the availability of
cold, deep, and well-oxygenated water layers is important, and an increase in
temperature negatively affects the presence of dissolved oxygen in the reservoir.
At the same time, the increase in temperature is the cause of the reduction in
the number of small zooplankton in the reservoir, which is a food resource for
predatory cnidarians. The combined effect of these factors leads to a gradual
reduction in the number of this zooplankton group in the reservoir.

Conclusions. During the study of Lake Geneva, a clear trend towards an
increase in the average annual water temperature during 2013-2023 was identi-
fied, which is accompanied by an increase in thermal stratification of the water
column and a limitation of vertical mixing. It was found that zooplankton com-
munities undergo significant structural changes under the influence of climatic
factors. In particular, there is a tendency towards a decrease in the size of organ-
isms, the dominance of small forms, a shift in the species composition towards
thermophilic species, as well as a disruption of the seasonal dynamics of develo-
pment. The revealed patterns can be used to predict further changes, improve
monitoring systems and develop measures for adaptation and sustainable man-
agement of aquatic biological resources under conditions of global warming.
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CyvacHi KJIIMaTruyHi 3MIiHM CYTTEBO BIUIMBAIOTH HA IPUPOJHI E€KOCHUCTEMH,
OCOONMMBO Ha BOJHI, 3MIHIOIOYH TEMIICPAaTYpPHUH, TiIPOJNOTIYHUN pEXKUM Ta
piBEHP PO3YMHEHOTO KHCHIO, IO MPHU3BOAWUTH IO TpaHCPOpMAIiil y CTPYKTypi Ta
(yHKIIiOHYBaHHI TigpooOioneHo3iB. llinkoM OOIpyHTOBaHO BHHHKAE MOTpeda B
KOMITJIEKCHHUX JIOCII/DKEHHSIX aKTyaJbHOT TEMaTHKH: KOPMOBHX PECypCIiB aKBaTopii,
30KpeMa, 300IIJIaHKTOHY SIK KJIFOUOBOTO €JIEeMEHTY TpOo(iuHHX JIaHIIOTiB. BpaxoBytouu,
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1110 HEraTHBHI 3MIHU B HOT0 yrpyIyBaHHIX MOXYTbh JIeCTa01Ii3yBaTH BCIO EKOCHCTEMY,
3HU3UTH PUOONPOMYKTUBHICT Ta BIUIMHYTH Ha EKOCHUCTEMHI MOCIYyTHM TEMaTHKa
HaOyBa€e akTyalbHOCTI.

Merta mocimiKeHHS MOJSTae B OMIHIl BIUTUBY CYYacHHX KIIIMATHYHHUX 3MiH Ha
300ITAHKTOHHI YTPYITyBaHHS BOAHUX CKOCHCTEM Ha OCHOBI aHAJIi3y 3MiH Oi0JOTT9HUX
Moka3HUKIB JKeHEeBChKOTO 03epa, a TaKoK Yy BHSBICHHI OCHOBHHX 3aKOHOMIPHOCTEMH
TpaHcopMmallii 300MIaHKTOHY MiJl €0 KIIMaTHYHUX (DaKTOPIB.

O0’€KTOM JTOCIIKEHHS € 300TUIAHKTOH BOJHUX €KOCHCTEM B YMOBAX Cy4acHUX
KJIIMaTHYHUX 3MiH Ha IpuKiaai JKeHeBChbKoro o3epa.

[IpenmeroM HOCTIMKEHHS € OCOONMBOCTI BIUIMBY KIIMAaTHYHUX 3MiH Ha
CTPYKTYpy, JAWHAMIKy Ta (YHKIIIOHAJIbHI XapaKTEPUCTHKH  300IIAHKTOHHUX
YIpyIyBaHb, a TAKOXK B3a€MO3B’SI3KM MK a0lOTMYHUMH YMHHHKAMH CEpEJOBHUILA Ta
CTaHOM IIJIAHKTOHHUX CITUJIBHOT.

Ha ocHOBI aHamizy JiTepaTypHHX JDKEpel Ta CTaTHCTHKH BCTaHOBJIEHO,
0 KJIMAaTH4YHI 3MIHH CIIPUYMHSIOTH CTPYKTYpHY NepeOyaoBy 300IIaHKTOHHUX
YrpymyBaHb, AKa NPOSBIAETBCA Y 3MiHI BHJOBOTO CKJIany, 3MCHIICHHI p03MipHHx
XapaKTepHCTHK OpraHi3miB, 3MiIIeHHI (HEHOIOTIYHIX cbaa PO3BHTKY Ta HOPYIICHH]
CUHXpOHI3alii Tpo(IYHUX JAHIOTIB. BUsSBIEHO TEHICHIIIO 10 AOMIHYBaHHS JPiOHMX
(OpM 300IUIAHKTOHY, IO CYIPOBOJUKYETHCS 3HIKSHHSIM e(beKTnBHocn TpO(bllIHOCTl
Y BOJHHX EKOCHCTEMax. O6rpyHTOBaHo 0 CYKYIHHUH BIUIMB KJIIMaTHYHHUX 3MiH Mae
KyMYJISITUBHUI XapakTep 1 CIPUYMHSE 3HWKCHHS e(beKTI/IBHOCTl nepe)larn eHeprii
y Tpo(hiYHHUX JIAHLIOTAX, 10 MOXXE MaTh JOBIOCTPOKOBI HETaTHWBHI HACIHIAKU JUIS
PUOOTPOAYKTUBHOCTI Ta 3araJIbHOI €KOJIOTIYHOI CTa01IBHOCTI BOJHUX EKOCHCTEM.

CyyacHi KiniMaruuHi 3MIHM € BH3HA4YaJbHUM (AKTOPOM TpaHchopmarii
300IJTAHKTOHHUX YIPYIyBaHb 1 BOIHUX CKOCHCTEM 3arajioM. BusiBiieH1 3aKOHOMIPHOCTI
MOXYTb OyTH BUKOPUCTaHI Ul TPOTHO3YBAaHHS MMOAAIBIIMX 3MiH, BJIOCKOHAJICHHS
CHCTEM MOHITOPHHTY Ta PO3pOOKHM 3aXO0JiB aJamTallii i CTaJoro yrnpasiIiHHSI BOAHUMH
Giopecypcamu B yMOBaxX TII00ATBHOTO TIOTETUTIHHS.

KimrouoBi cmoBa: Bomoiima, TpaHchopmamii KIIMaTHYHHAX —IapaMeTpiB;
300IUIAHKTOH; BUJIOBUI CKJIa; TeMIieparypa BOJIH.
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