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Abstract Deterioration of aquatic ecosystems,
as a consequence of human-induced disturbances,
is a critical global concern. To fully understand
the responses of aquatic systems to anthropogenic
impacts, it is crucial to assess long-term changes in
lakes. The water quality of Jili Lake, a large water
body in northwest China, has deteriorated recently,
owing to the growing impacts of regional warming
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and human activities. Thus, Jili Lake was a prime
candidate for evaluation of historical multi-stressor
impacts. Meteorological data, historical documents,
and assemblages of cladoceran microfossils in the
sediments of Jili Lake were employed to investigate
changes in the cladoceran community over the past
century, and to evaluate the response of that aquatic
community to human activities. From the 1920s to
the 1950s, species richness of the cladoceran commu-
nity was high, which reflected conditions of relatively
low human impact. From the 1960s to 1970s, a sharp
decrease in Bosmina longirostris, a planktonic clad-
oceran species, suggested a decrease in water level
as a result of dam construction and intensified water
exploitation. Since the 1980s, the water level in the
lake has been restored, but increased fish farming and
construction of a water storage facility caused salini-
sation and eutrophication of Jili Lake. Accordingly,
the cladoceran community displayed distinct signs of
a regime shift, with a gradual transition to dominance
of B. longirostris and a sharp decrease in littoral
species (e.g. Leydigia leydigi, L. acanthocercoides,
Alona quadrangularis, Alona affinis). Our results sug-
gest that human-induced disturbances were the main
factor that drove changes in the cladoceran commu-
nity since about the mid-20th century.

Keywords Jili lake - Cladoceran community -

Human activities - Water level - Eutrophication - Fish
farming
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Introduction

During the past century, many lakes have faced
multiple stressors, caused by human activities and
global climate change, which have led to responses
such as phytoplankton blooms and loss of sub-
merged aquatic vegetation (Zhang et al. 2017; Jeff
et al. 2019). Lakes in arid areas are of particular
concern, owing to the shortage of water resources
in such regions. Excessive utilisation of water
resources and/or global warming-induced high
evaporation, however, have led to significant shrink-
age and salinisation of many lakes in arid areas,
thereby resulting in aquatic ecosystem degradation
(Aladin 1991; Wu et al. 2009, Wu and Ma 2011). In
addition, many freshwater lakes in arid areas, which
support important fisheries, have faced ecological
problems such as salinisation and eutrophication,
caused by fish farming (Wu et al. 2013). There-
fore, a thorough understanding of changes that have
occurred in lakes subjected to multiple stressors is
of great significance to the protection and restora-
tion of these ecosystems.

Paleolimnological methods have been used
increasingly to assess long-term environmental
changes in lakes. Cladocera, an important group of
crustacean zooplankton that links primary produc-
ers to higher consumers, play a vital role in lake
ecological dynamics (Lampert 1997). Because clad-
oceran subfossil remains are often well preserved in
sediments, analysis of such remains (e.g. carapaces,
post-abdomens, claws, antennae, and ephippia) can
provide reliable information regarding shifts in cla-
doceran assemblages over time (Whiteside 1970;
Frey 1986; Jeppesen et al. 2001a, b; Korhola and
Rautio 2001; Davidson et al. 2007). Cladocerans are
known to respond to environmental changes caused
by natural and anthropogenic forcing, such as
eutrophication (Hofmann 1996; Chen et al. 2010),
fish predation (Jeppsen et al. 1996; Shi et al. 2016),
and changes in salinity (Amsinck et al. 2005; Brucet
et al. 2009). Therefore, cladocerans are widely used
to assess anthropogenic impacts on aquatic sys-
tems (Jeppesen et al. 2001a, b; Korhola and Rautio
2001).

Jili Lake is a large water body in north Xinji-
ang, China. It supports an important fishery and is
a crucial water source in the region. During the past
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decades, however, Jili Lake has experienced water
quality deterioration and lake ecosystem degrada-
tion as a consequence of human-induced salini-
sation and eutrophication (Dong et al. 2008; Liu
2015; Cheng et al. 2016; Ji et al. 2018). In addition,
many water conservation projects have been con-
ducted in the watershed (Ren 1990; Liu et al. 2002;
Tang et al. 2009). Although these activities likely
had substantial impacts on the lake, the ecological
consequences had not yet been properly evaluated,
owing to insufficient monitoring data. Here, we pre-
sent the results of analyses of cladoceran microfos-
sils in a sediment core from Jili Lake, in combina-
tion with information from historical documents, to
infer changes in the cladoceran community over the
past century, and to evaluate the impact of human
activities and climate changes in bringing about
those biotic shifts.

Study area

Jili Lake (46° 51'-47° 00" N, 87° 20'-87° 32" E) is
situated in southern Fuhai County, Xinjiang Prov-
ince, northwest China (Fig. 1). It is a large lake that
lies~483 m above sea level. It has a surface area of
174 km?, and its maximum and average depths are
14.7 m and 9.9 m, respectively (Jiang et al. 2010).
From 1959 to 2017, mean annual air temperature in
this area was 4.3 °C (Fig. 2a), and mean annual pre-
cipitation was ~ 126 mm (Fig. 2b). Mean annual air
temperature increased sharply during the past several
decades (Fig. 2a). Jili Lake receives water mainly
from the Ulungur River, and it outflows to Ulungur
Lake via the Kuyiga River, in the northwest (Fig. 1b).
Historically, Ulungur Lake had higher salinity and
nutrient concentrations than did Jili Lake (pH: 7.1,
EC: 2354 pS/cm, TDS: 1516 mg/L, DO: 99.7 % sat-
uration, measured in 2018 AD) (Dong et al. 2008;
Cheng et al. 2016). The Irtysh River, which is the
only river in China that flows into the Arctic Ocean,
is only several dozen km northeast of Ulungur Lake
(Fig. 1b). In 1988, the government implemented
a project that channeled the Irtysh River into Ulun-
gur Lake. This project made it possible for the water
level in Ulungur Lake to rise rapidly in a short period
of time and even exceed the water level in Jili Lake
(Fig. 2d), which enables the saline water of Ulungur
Lake to flow into Jili Lake.
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Fig. 1 a General location of Jili Lake in China (black dot in
top left corner). b location of Jili Lake and Ulungur Lake, the
red line represents the project that channeled the Irtysh River

With the increasing water consumption by house-
holds and for agricultural irrigation, 59 diver-
sion canals, five dams, one large and six small
and medium reservoirs were built along the banks
of the Ulungur River since the 1960s (Ren 1990).
This caused about a 61 % water loss between Ertai
Station (upstream of the Ulungur River) and Fuhai
Station (downstream of the Ulungur River), and
reduced water levels in Jili Lake and Ulungur Lake
(Fig. 2c and d) (Ren 1990). As a result of the con-
tinuous reduction in size of Jili Lake, and increased
seepage of saline water from farmland drainage
and channels into the lake, salinity in Jili Lake has
increased steadily since the 1960s (Fig. 2e). The
water level of Jili Lake gradually recovered, owing
to the project that channeled the Irtysh River into
Ulungur Lake in 1988 (Fig. 2c). This channel pro-
ject, however, also increased the salinity of Jili Lake
(Dong et al. 2008; Cheng et al. 2016) because of the
input of saline water from Ulungur Lake (Fig. 2e).
According to monitoring data from 2006 to 2008,
Jili Lake changed from a freshwater lake to a brack-
ish lake, with elevated concentrations of SO42‘ and
CI™ (Dong et al. 2008). The trophic state of Jili
Lake also changed gradually, because of increas-
ing nutrient supply after the 1960s (Fan 1984; Ma
1985; Dong et al. 2008). Jili lake was oligotrophic
until the 1960s, shifted to a mesotrophic state in
the late 1980s (Ren 1990), and became eutrophic in

into Ulungur Lake. ¢ locations where the core (yellow dot) and
surface samples (red dots) were collected

the 2000s (TN: 910 pg/L; TP: 80 ug/L) (Dong et al.
2008).

Macrophyte cover in Jili Lake has decreased
substantially over the past several decades. A sur-
vey conducted between 1986 and 1987 showed that
there were 10 macrophyte species in the lake, and
that Phragmites communis, Myriophyllum spicatum,
and Potamogeton perfoliatus were the dominant
taxa (Ren 1990). There were, however, few macro-
phytes, except for sparse coverage of P. communis
in the northwest of Jili Lake, during sampling in
2018. There was no fish farming in Jili Lake before
1958. The native fish community in Jili Lake was
dominated by Perca fluviatilis, Leuciscus baicalen-
sis, Carassius auratus gibelio, Tincatinca spp.,
Cobitis granoei, Barbatula nuda, and Cobitis tae-
nia sibirica. Fish farming began with the establish-
ment of the Fuhai Fishery in 1958. Since the mid-
1960s, multiple invasive species (Abramis brama
orientalis, Rutilusruti luslacustris, Esox lucius, and
Hypomesus olidus) were introduced to Jili Lake to
increase fish production. Since the late 1980s, fish
farming in Jili Lake developed rapidly, with the
introduction of intensive fish culture. Both the scale
of farming and yields of fish increased substan-
tially, with annual yield sometimes exceeding 1000
t (Fig. 2f). H. olidus became established soon after
introduction to Jili Lake, accounting for 60 % of the
total fish yield, and thereby becoming the dominant
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Fig. 2 a Historical data for annual temperature, b annual pre-
cipitation, ¢ water level in Jili Lake, d water level in Ulungur
Lake, e total dissolved solids (TDS), and f fish yield in Jili
Lake. Annual temperature and precipitation data are from the
China Meteorological Data Service Center. Water level data
for Jili Lake and Ulungur Lake and TDS data for Jili Lake are
from Cheng et al. (2016). Annual fish yield data are from Tang
et al. (2009)

species. Native P. fluviatilis, on the other hand,
became endangered in the 2000s (Tang et al. 2009).

Materials and methods

A 355-cm-long core (JL18-01-A) was collected with
a modified piston corer, at a 16.6-m-deep site in the
centre of Jili Lake in February 2018. The sediment-
water interface was kept intact. The uppermost
30 cm of the core were sectioned at 1-cm intervals
for dating and chemical analyses, and at 2-cm inter-
vals for cladoceran microfossil analyses. In addi-
tion, surface sediment samples (top 1 cm) were
retrieved using a grab sampler from three additional
sites, to be used for cladoceran microfossil analysis

@ Springer

(Fig. 1 c). Sediment core dating was conducted at
the Key Laboratory of Lake Sediment and Environ-
ment, Nanjing Institute of Geography and Limnol-
ogy, Nanjing, China. Freeze-dried sediments were
analysed for 2!°Pb, ?*°Ra, and '¥’Cs by direct gamma
spectrometry, using Ortec HPGe GWL series, well-
type, coaxial, low-background, intrinsic germanium
detectors (Appleby et al. 1986). Total *!°Pb activity
was determined via its direct gamma emissions at
46.5 keV, and **°Ra activity (supported 2!°Pb activ-
ity) was determined via the 295.2 and 351.9 keV
emissions of its daughter isotope, 2l4ph - follow-
ing three weeks of storage in sealed containers to
enable secular equilibrium to be attained between
226Ra and 2'*Pb. Emissions of '*’Cs were measured
at 662.7 keV. Supported >'°Pb in each sample was
assumed to be in equilibrium with in situ >*°Ra.
Unsupported >'Pb activity at each depth was cal-
culated by subtracting the 2*Ra activity from the
total 2!°Pb activity (Wu et al. 2004). Organic mat-
ter content in the sediment samples was measured
by loss-on-ignition. Approximately 0.5 g of freeze-
dried sediment from each interval was oven-dried at
105 °C, weighed, combusted at 550 °C for 4 h, and
weighed again to estimate organic matter content.
Cladoceran remains from core sediments were
processed following standard methods (Frey 1986;
Korhola and Rautio 2001). Approximately 0.1-0.2 g of
freeze-dried sediment from each interval was defloccu-
lated with 50 mL of 10% KOH at 60 °C for 45 min.
Samples were then filtered through a 38-um sieve
with distilled water to retain the cladoceran remains,
which were then carefully transferred to a centrifuge
tube and filled to 10 mL with distilled water, to which
a drop of formaldehyde was added as a preservative.
The centrifuge tube was carefully shaken before trans-
ferring 0.05-mL aliquots to a microscope slide with a
precision pipette. Samples were stained with safranine
and mounted with gelatin glycerin. The cladoceran
remains were examined under a Leica® microscope
at 200x magnification using bright-field optics. Clad-
oceran species identifications and nomenclature were
based mostly on those proposed by Szeroczynska and
Sarmaja-Korjonen (2007) and Jiang and Du (1979).
At least 50 individuals were identified in each sample
(Fig. 3). Cladoceran abundance was calculated in two
ways, as absolute abundance (number per g dry weight)
and relative percentages, using the number of the most
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frequently deposited remain for each taxon (Korhola
and Rautio 2001; Amsinck et al. 2005).

Principal component analysis (PCA) was used to
summarise the major direction of cladoceran assem-
blage changes. Cladoceran percentage data were
square-root-transformed prior to PCA. For each sam-
ple, we calculated the Shannon diversity index (H”) and
species richness. We used the constrained optimal sum
of squares with untransformed percentage data (Birks
and Gordon 1985) and the associated broken-stick
model (Bennett 1996) to identify statistically distinct
zones in the cladoceran biostratigraphy. The zonation of
the cladoceran stratigraphy was determined by cluster
analysis, using constrained incremental sum of squares
(Grimm 2011). All statistical analyses were performed
in the R program (version 3.6.2) and R Studio (version
4.0), using the ‘vegan’ and ‘rioja’ packages.

Results
Core chronology

The sediment chronology and age-depth model were
established using the profile of unsupported '°Pb
activity and the corrected constant rate of supply
model (Appleby and Oldfield 1978; Appleby 2001).

e '¥7Cs activity peak at 23 cm depth represents the
year 1963, namely the year of peak cesium deposi-
tion in the northern hemisphere from atmospheric
atomic bomb testing, which was slightly different
from the 2!°Pb date at that depth (Fig. 4) (Appleby
et al. 1991; Wu et al. 2007). Nevertheless, a second
peak of *Cs activity at 19 cm, corresponds to a date
of 1986 according to the CRS model, the year of the
Chernobyl incident. The sample at the depth of 30 cm

@ Springer
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total dissolved solids (TDS) (Cheng et al. 2016), and annual
fish yield (Tang 2009) in Jili Lake
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was dated to 1927 and the calculated resolution of the
uppermost 30 cm of the core was 1-6 y/cm.

Cladoceran microfossils and total organic matter

Cladoceran remains were generally well-preserved
throughout the core, but were relatively rare before
the 1980s and more numerous in the upper sections of
the core. Shannon diversity and species richness were
both relatively high prior to the 1980s, followed by
a decreasing trend (Fig. 5). A total of 13 cladoceran
taxa, representing 8 genera, were identified in the
sediments of Jili Lake. The most common species
throughout the core was B. longirostris (approxi-
mately 57.2 %), followed by L. leydigi (approximately
10.4%), L. acanthocercoides (approximately 8.9 %),
A. quadrangularis (approximately 7.5%), A. affinis
(approximately 4.8 %), and Bosmina spp. (unidenti-
fied, approximately 4.3 %). Summed average relative
abundances of Chydorus sphaericus, Eurycercus
spp., Oxyurella tenuicaulis, and Monospilus dispar
over the core were lower than 5.0%. Littoral clad-
ocerans were the dominant species before the 1980s;

~
Chydotus sphaericus

—

. Alona affinis
Eurycercusspp.

, Z |
// 110
| 1/ - ]mz?fﬁgxylum rectangula
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2.0 Dis,

Alpn
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eydigia acanthocercoides

\

xyurella tenuicaudis

Fig. 6 Principal component analysis biplot of the cladoceran
community assemblages. Numbers refer to the sample number.
Samples belonging to the same zones are enclosed in ellipses,
which are identified as Zone I, Zone II (including two sub-
zones), and Zone III. Dotted lines follow the record in strati-
graphic order for clear interpretation of the changes in the
community

planktonic cladocerans (B. longirostris) became
dominant after the 1980s, when all littoral species
decreased markedly. The three surface sediment sam-
ples from the lake revealed that the cladoceran com-
munity was similar across the pelagic area of the lake,
with B. longirostris displaying an average relative
abundance of 94.9%, whereas littoral cladocerans
occurred sporadically and accounted for only 5.1 % of
the total cladoceran abundance (Fig. 3). Stratigraphic
changes in cladoceran abundance were used to divide
the core record into three zones (I-III; including sub-
zones II(a) and II(b)). The grouping is also visible in
the PCA biplot (Fig. 6). Highest loadings in PCA axis
1 (approximately 48.3 %) and PCA axis 2 (approxi-
mately 20.9 %) were detected for B. longirostris and
C. sphaericus, respectively.

Zone 1 (AD 1927-1957). Samples in this zone
were grouped in the bottom right quadrant of the PCA
biplot (Fig. 6), with low levels of total cladoceran
absolute abundance and organic matter content. Both
the planktonic taxa and littoral taxa were found in
this time period, and the proportion of littoral spe-
cies was relatively higher than that of planktonic spe-
cies. B. longirostris (approximately 33.2%), L. ley-
digi (approximately 23.5 %), and L. acanthocercoides
(approximately 20.2 %) were the dominant species.

Zone II(a) (AD 1957-1970). Samples in this zone
also exhibited a low level of absolute abundance of
total cladocerans and low organic matter content
(Fig. 5). With the appearance of C. sphaericus, lit-
toral species generally exhibited a marked increase
in relative abundance compared with Zone I. The
total relative abundance of littoral taxa reached a
maximum value for the core (approximately 92.5 %),
including A. affinis (approximately 10.7 %), Alona
guttatalrectangular (approximately 8.8%), and A.
quadrangularis (approximately 24.0%), although L.
leydigi and O. tenuicaulis exhibited decreasing abun-
dance. The relative percentage of planktonic species
B. longirostris decreased to a minimum of approxi-
mately 7.5 %. All samples in this zone are located on
the right side of the PCA biplot (Fig. 6).

Zone 1I(b) (AD 1970-1986). Samples in this zone
still exhibited low total cladoceran absolute abun-
dance, but showed an increase in the proportion of
planktonic taxa and organic matter content compared
with that of Zone II(a), whereas the relative percent-
age of littoral species declined sharply. Samples in
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this zone are grouped in the top right quadrant of the
PCA biplot (Fig. 6).

Zone III (AD 1986-2018). Samples in this zone
are situated on the left side of the PCA biplot (Fig. 6).
The organic matter content increased, whereas both
the cladoceran Shannon diversity index and spe-
cies richness decreased, compared with values in
the previous zones. This phase was characterised by
a pronounced increase in the relative abundance of
B. longirostris (approximately 88.8 %). The absolute
abundance of B. longirostris also increased rapidly,
from an average of 47.3 individuals/g dry weight in
Zone II(b) to 1422.1 individuals/g dry weight in Zone
III. Littoral species reached their lowest level of rela-
tive abundance and almost disappeared in this zone.
Notably, A. quadrangularis and Eurycercus spp.
disappeared starting at depths of 16 cm (1991) and
13 cm (1998), respectively.

Discussion
Cladoceran community

Zone I: 1927-1957 (undisturbed, freshwater lake
phase)

During this phase, both the cladoceran species rich-
ness and Shannon diversity value were high. The pro-
portions of littoral species and richness were higher
than those of planktonic species, which were mainly
common freshwater littoral cladocerans. Both the
absolute abundance of total cladocerans and organic
matter content were low, suggesting a low trophic
state in Jili Lake (Fig. 5). During this period, there
was a lack of documented human disturbance such as
fish farming or agricultural development in the drain-
age basin. This is consistent with negligible human-
induced nutrient input to the lake, as was found in
previous studies (Fan 1984; Ma 1985; Dong et al.
2008). The cladoceran community likely reflects the
natural state of the Jili Lake ecology, and is typical of
undisturbed freshwater systems (Bos et al. 1999; Liu
et al. 2013, 2014).

Zone ll(a): 1957-1970 (water regulation phase)

The clear feature in this zone is that the relative abun-
dance of planktonic taxa decreased, whereas that of

@ Springer

the littoral taxa increased (Fig. 3). Previous studies
emphasised the influence of water level fluctuations
on the composition of cladoceran communities, i.e.
that rising/falling lake level results in an increase/
decrease in the abundance of planktonic Cladocera
(Whiteside 1970; Amoros and Urk 1989; Sarvala
and Halsinaho 1990; Sarmaja-Korjonen and Alhonen
1999). The water level of Jili Lake dropped signifi-
cantly in this phase, owing to the damming of the
Ulungur River (Fig. 5) (Fan 1984; Ma 1985; Liang
et al. 2011; Cheng et al. 2016). We concluded that the
decline in the proportion of planktonic species in this
zone was most likely linked to lower water levels in
Jili Lake since the 1960s.

Many factors, however, in addition to water level
fluctuations, such as eutrophication or changes in pre-
dation, may also influence the relative proportions of
remains of planktonic and littoral cladocerans (Hof-
mann 1998). In this zone, the low relative abundance
of eutrophic species B. longirostris and the increased
relative abundance of A. quadrangularis, which pre-
fers oligotrophic environments Whiteside 1970; Hof-
mann 1996; Alam and Khan 1998; Brodersen 1998;
Amsinck 2005), suggested that the lake was still poor
in nutrients. Although fish farming in Jili Lake began
to develop after establishment of the Fuhai Fishery
in 1958, only a few small wooden fishing boats were
working, and both the scale of the fishery and fish
production remained small (Fig. 5). Thus, there were
no extra nutrient inputs to the lake and the trophic
state was likely still low, as supported by the low
organic matter content and low absolute abundance of
total cladocerans in this period (Fig. 5).

Zone 1I(b): 1970-1986 (salinisation phase)

The cladoceran community changed substantially in
this zone, as revealed in the cladoceran relative abun-
dance (Fig. 3). The relative abundance of planktonic
species increased significantly, whereas that of almost
all littoral species decreased. Whereas both the water
temperature and lake stage were low in this zone, they
were probably not the main causes of the increase in
planktonic cladocerans. B. longirostris is a salinity-
tolerant species (Adamczuk 2016) compared to many
other cladocerans, and might have had an additional
advantage, owing to its broad salinity tolerance (Lep-
pinen 2018). Therefore, increased abundance of B.
longirostris may reflect higher salinity in Jili Lake,
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which was supported by the continuous increase in
total dissolved solids during this phase (Fig. 5). The
reduction in the size of the water body, combined
with high evaporation, dramatically increased the
salinity of the lake.

In general, cladoceran species richness declines
with increasing salinity (Hanmmer 1986; Frey 1993;
Jeppesen et al. 1994; Bos et al. 1999) because many
cladoceran species are not well-adapted, physiologi-
cally, to high salinity (Aladin 1991). The decline in
relative abundance of almost all littoral cladocerans
in this phase, which began in this zone, most likely
reflects a deterioration of water quality caused by
increased salinity in Jili Lake. For example, the rela-
tive abundances of A. quadrangularis, A. affinis, and
Eurycercus spp., which are generally restricted to
fresher waters (Bos et al. 1999), decreased signifi-
cantly or even disappeared in this zone. In addition,
C. sphaericus also has a high tolerance for increased
salinity (Hanmmer 1986; Aladin 1991; Wolfram et al.
1999), and its increased relative abundance during
this period may also indicate the start of the dete-
rioration of water quality (Fig. 3). Furthermore, the
decrease in littoral cladocerans may also have resulted
from a loss of macrophytes.

B. longirostris tends to thrive during periods of
increased nutrient supply (Lotter 1998; Szeroczyn-
ska 2002; Gasiorowski and Szeroczynska 2004).
Thus, the increase in B. longirostris may indicate an
increase in lake trophic state, as also suggested by
the increase in organic matter content (Fig. 5). Dur-
ing this period, A. bramaorientalis, R. rutiluslacus-
tris, and E. lucius were introduced into Jili Lake to
enhance fish production (Tang et al. 2009). Although
the scale of fish farming was still small, the long-
term input of forage might have led to the increase in
trophic status.

Zone III: 19862018 (saline and eutrophic phase)

The pronounced shift in the cladoceran community
was a response mainly to the acceleration of salinisa-
tion and eutrophication after the 1990s. The project
that channeled the Irtysh River into Ulungur Lake
was finished in 1988, and enabled saline water to flow
into Jili Lake, leading to a further increase in salin-
ity (Fig. 5). High salinity can restrict the growth of
freshwater Cladocera taxa (Jeppesen et al. 1994),
and likely contributed to the decrease in littoral

cladocerans in Jili Lake. All the littoral taxa in this
zone decreased to the lowest recorded abundance or
even disappeared (Fig. 3). Only a few existed, such as
C. sphaericus, L. acanthocercoides, and O. tenuicau-
lis, that can tolerate relatively high salinity (Hammer
1986; Aladin 1991; Wolfram et al. 1999). In addition,
high salinity may further restrict the growth of littoral
cladocerans by inhibiting the growth of macrophytes,
as many littoral-benthic cladoceran species inhabit
macrophytes and feed on them (Barker et al. 2010).
Our field investigation in 2018 showed that macro-
phytes in Jili Lake have almost disappeared, which
might have been a consequence of the continuous
increase in salinity. Therefore, the significant decrease
in the relative abundance of macrophyte-associated
taxa (A. affinis, A. rectangula, and A. quadrangularis)
(Amsinck et al. 2003; Bjerring et al. 2009) (Fig. 3)
was also related to the disappearance of macrophytes.

Introduction of intensive fish culture in the late
1980s was the main reason for eutrophication of the
lake and the increased absolute abundances of clad-
ocerans. Both the scale of fish farming and fish yield
expanded, and a large quantity of fish food was intro-
duced into the lake, causing a sharp increase in the
trophic state. Moreover, the project that channeled the
Irtysh River into Ulungur Lake enabled flow of saline
and nutrient-rich water into Jili Lake, which further
stimulated eutrophication (Cheng et al. 2016; Ji et al.
2018). Global warming is also thought to be a cause
of increased plankton abundance in freshwater lakes
(Jeff et al. 2019). The increase in absolute abundance
of Bosmina may also be related to the warmer water
temperatures (Daufresne et al. 2009). Considering
that the scale of fish farming in the lake has gradually
expanded, stress from fish predation might also have
impacted the cladoceran community. Bosmina usually
have small body size and hence are often less heavily
preyed upon than some of the larger cladoceran taxa.
This may also account for the abundant Bosmina in
Zone 3.

The low species richness and Shannon diversity of
the cladoceran community, as well as the high organic
matter content and absolute abundance of dominant
taxa (B. longirostris), reflect a degraded lake ecosys-
tem (Fig. 5). It seems that the cladoceran community
in Jili Lake has already completed a regime shift,
from relatively high species richness and Shannon
diversity in Zone I, to low values in Zone III (Fig. 5).
This regime shift of the cladoceran community is also
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clearly observed in the PCA biplot (Fig. 6). There-
fore, loss of zooplankton species richness may have
resulted from the degradation of the lake ecosystem.

Implications

The history of the cladoceran community in Jili Lake
shows that the aquatic ecosystem has deteriorated
significantly during the past 100 years, mainly owing
to the influence of human activities. Salinisation and
eutrophication were the most important driving fac-
tors for the regime shift of the cladoceran community
in Jili Lake. Construction of water storage facilities
in the basin also had an important impact on the lake
ecosystem. Damming and construction of the reser-
voir since the 1950s led to a rapid decline in water
levels and increased salinisation, thereby resulting
in habitat deterioration in Jili Lake. Subsequently, to
alleviate the impacts of reduced water level and salin-
isation in Ulungur and Jili Lakes, the government car-
ried out a project that channeled the Irtysh River into
Ulungur Lake. That project enabled the saline water
from Ulungur Lake to flow into Jili Lake, and thus
had a negative impact on the Jili Lake ecosystem. Our
results suggest that the Jili Lake ecosystem continues
to deteriorate and will not improve without protec-
tion/restoration actions.

Eutrophication in Jili Lake started around the
1980s, later than in lakes in the monsoon region (e.g.
Taihu Lake and Dianchi Lake), but the impact has
been similar (Liu et al. 2008; Cheng et al. 2019; Yang
et al. 2020). Fish farming is one of the main causes
of eutrophication and ecosystem degradation in Jili
Lake. The pattern of fish farming in Jili Lake was sim-
pler and more straightforward compared to that which
occurred in lakes of the monsoon region (e.g. large
quantities of cow and sheep dung were supplied to the
lake directly, which greatly accelerated eutrophication
and degradation of the lake ecosystem).

Conclusions

Our sediment results showed that changes in the cla-
doceran community in Jili Lake before the 1970s
were likely a response to reduced water level. After
the 1970s, variations in the cladoceran commu-
nity in Jili Lake reflect increased salinity. Since the
1990s, the cladoceran community responded mainly

@ Springer

to accelerated salinisation and eutrophication, caused
by an increase in fish farming and construction of a
water storage facility. Our results demonstrate that
cladocerans in large lakes of the arid region of China
react quickly to environmental changes, and that their
microfossils are well preserved in lake sediments,
making them excellent indicators of past aquatic eco-
system changes.
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