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We used a sediment record of cladoceran remains 
and geochemical variables from Lake Jirentso on the 
Tibetan Plateau to track long-term changes in sources 
of carbon for cladocera over the past ~ 950 years. High 
cladoceran:diatom accumulation rate ratios during the 
cold Little Ice Age indicated that cladocerans assimi-
lated more allochthonous OC that was released from 
glaciers and frozen soils to replenish their food sup-
ply, a consequence of low primary production in the 
lake. In contrast, low cladoceran:diatom accumula-
tion rate ratios during the Current Warm Period indi-
cated that cladocerans utilized more autochthonous 

Abstract  Autochthonous and allochthonous organic 
carbon (OC) are important carbon sources for zoo-
plankton in lakes, and changes in the abundance and 
proportions of those sources may affect zooplankton 
community composition and lake ecosystem func-
tion. Nevertheless, long-term changes in assimilation 
of autochthonous and allochthonous carbon by zoo-
plankton and associated climate- and environment-
related forcing mechanisms have rarely been studied. 
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OC. Less autochthonous OC was available for clad-
ocerans during the Medieval Warm Period than dur-
ing the Current Warm Period. The total accumulation 
rate of cladocerans was significantly correlated with 
the annual mean air temperature, total phosphorus, 
and the organic carbon to nitrogen ratio in the sedi-
ment core. Recent warming and sharply increased 
nutrient inputs affected the cladoceran and diatom 
assemblages, further inducing a shift in the diet of 
zooplankton towards more recently produced OC. 
The sediment record from Lake Jirentso, which rep-
resents the last ~ 950 years of deposition, spanned an 
ideal time window for assessing historical changes 
related to the impacts of climate and nutrients on zoo-
plankton carbon sources.

Keywords  Cladoceran subfossils · Carbon source · 
Nutrients · Climate change

Introduction

Global warming is degrading glaciers and permafrost 
at continental scales (Biskaborn et  al. 2019). The 
second Chinese Glacier Inventory showed that, as 
a consequence of climate warming, the area of gla-
ciers has decreased by ~ 17% in the 30 years since the 
first Chinese Glacier Inventory (Qiu 2010). Thawing 
of frozen material results in release of allochthonous 
organic carbon (OC) to downstream waters (Kendrick 
et al. 2018). It is estimated that ~ 48 Tg of dissolved 
oinrganic carbon (DOC), of the 6 Pg of OC stored in 
the world’s glaciers and ice-sheets, will be released 
in glacial runoff by 2050 (Hood et  al. 2015). Aged 
(14C-depleted) OC has been extensively recorded 
in Arctic (Guo et  al. 2007), temperate (Zigah et  al. 
2017), and tropical rivers and lakes (Mayorga et  al. 
2005). A few field surveys provided evidence that 
aged allochthonous OC is nitrogen-rich, containing 
proteinaceous and other biologically derived com-
pounds (Cameron et al. 2017), and can be consumed 
by microbial heterotrophs (Bellamy et  al. 2017), 
invertebrates, and fish (Hågvar and Ohlson 2013; 
Fellman et al. 2015).

With recent anthropogenic activities and climate 
warming, not just OC, but also excess nutrients, are 
often delivered into rivers and lakes (Smol 2008). 
Watershed-derived nutrients can be transported to 
alpine lakes by glacial meltwater or precipitation. 

Even more  dramatically, rapid development of agri-
culture and industry in Asia has caused a nearly 
sixfold increase in the deposition rate of reactive 
N on parts of the Tibetan Plateau during the past 
40  years (Zheng et  al. 2002). In large parts of the 
world, the nitrogen deposition rate has reached 
10 kg N  ha−1  yr−1, exceeding the natural deposition 
rate by an order of magnitude (Zheng et  al. 2002). 
The global atmospheric deposition rate of P can reach 
50–100  g P ha−1  yr−1 (Mahowald et  al. 2008). In 
addition, dust deposition may also supply alpine lakes 
with nutrients, particularly P (Mladenov et al. 2011), 
as a consequence of poor catchment vegetation devel-
opment and relatively higher exposure to atmospheric 
deposition. These factors may lead to a rapid increase 
in nutrient concentrations in some high-altitude lakes. 
The rapid increase in nutrient abundance increases 
algal biomass and growth rates in lakes, which can 
result in eutrophication and alter food web structures.

Zooplankton play an important role in the carbon 
flow in aquatic ecosystems. The growth of zooplank-
ton in aquatic ecosystems is supported mainly by 
autochthonous primary production (algae and aquatic 
plants) and terrestrial OC (Carpenter et al. 2005). In 
high-altitude regions, terrestrial OC consists mainly 
of aged (14C-depleted) OC and contemporary terres-
trial plant litter. The stock of aged OC mainly con-
tains bacteria, ancient seeds preserved in glaciers 
and permafrost, and sometimes, combustion products 
(Stibal et al. 2008). There is a growing consensus that 
ancient allochthonous OC can be utilized by hetero-
trophic bacteria (Bellamy et al. 2017),  and then par-
tially fulfill consumer nutritional needs via the micro-
bial loop (Nova et al. 2019).

Since most alpine lakes are fishless and strongly 
affected by environmental changes, zooplankton are 
sensitive to external forcing and become important 
indicator species for inferring long-term ecological 
changes in these lakes (Alric et al. 2013). Historical 
changes in zooplankton carbon sources are impor-
tant not only for predicting the future structure of 
food webs in lakes, but also for explaining ecological 
processes, such as phytoplankton community change 
and top-down effects. Nevertheless, little informa-
tion is available on long-term changes in the assimi-
lation of autochthonous and allochthonous carbon 
by zooplankton and its climate- and environment-
forcing mechanisms in high-altitude lakes. Fortu-
nately, remains of many zooplankton species are well 
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preserved in lake sediment and can be used to track 
long-term changes in environmental forcing (Alric 
et  al. 2013). In general, the occurrence of different 
zooplankton species has been shown to be closely 
related to limnological factors, such as lake depth and 
trophic state (Liu et al. 2008). For example, Bosmina 
longirostris cornuta and Alona rectangula are often 
abundant in relatively eutrophic waters (Liu et  al. 
2008). Analysis of zooplankton remains from high-
altitude European and Himalayan lakes showed that 
the dynamics of Daphnia communities were medi-
ated by the duration of ice-cover periods (Manca and 
Comoli 2004; Catalan et al. 2013). However, to date, 
zooplankton remains in lake sediments have only 
rarely been used to investigate long-term changes in 
zooplankton carbon sources.

To elucidate the historical changes in carbon 
sources for zooplankton and their response to climatic 
and environmental changes over the past thousand 
years, we analyzed the chitinous exoskeleton remains 
of subfossil cladoceran assemblages and their ∆14C 
values in the sediment of alpine Lake Jirentso, on 
the Tibetan Plateau (TiP). Cladoceran exoskeletal 
remains, which are taxonomically diagnostic, consist 
mainly of chitin (Jeppesen et  al. 2001; Kong et  al. 
2017). By studying the characteristics of cladoceran 
remains in the sediments, we were able to identify 
the species of cladocera that lived in the lake in the 
past, and their relative abundances, and to infer past 
environmental conditions. In addition, total nitrogen 
(TN) and total phosphorus (TP) in the sediments were 
used to infer past allochthonous nutrient inputs, and 
the diatom assemblage composition was used to infer 
past lake trophic state (Hu et al. 2014). Furthermore, 
titanium (Ti) in the sediment was used to infer soil 
and vegetation development in the catchment. Ti in 
sediments is a conservative element derived from soil 
input, and has been used to track catchment erosion 
and soil transport to lakes and their sediments (Chang 
et al. 2018).

We hypothesized that during cold periods, when 
alpine lakes were less productive, zooplankton con-
sumed more cryosphere-derived OC. In contrast, with 
warming and increased nutrient concentrations, zoo-
plankton utilized more contemporary, autochthonous 
OC. Our paleolimnological study provides a new 
approach for tracking shifts in the source of carbon 
for zooplankton and enables us to evaluate the forcing 
mechanisms during different historical periods.

Environmental setting

Lake Jirentso (29o41′N, 100°52′E, 4480  m above 
sea level) is located in Yajiang City, Sichuan, on the 
southeastern Tibetan Plateau (Fig. 1, Electronic Sup-
plementary Material [ESM] Fig. S1). The lake has 
a surface area of 0.12 km2 and a maximum depth of 
28.5  m (Kong 2015). This remote oligotrophic lake 
(TN = 0.12 mg L−1, TP = 0.007 mg L−1) is minimally 
affected by direct human activities in the watershed, 
such as grazing  and  deforestation. However, the 
catchment is located near the Sichuan Basin, which 
is the most productive agricultural region in China. 
Fertilizer use has risen rapidly in Sichuan Province in 
recent decades (Sichuan Statistical Yearbook 2005). 
The catchment soil consists mainly of volcanic clas-
tic  rock rather than carbonate rock, thus avoiding 
“hard-water-lake dating error” caused by input to the 
lake of 14C-depleted bicarbonate from dissolution of 
local limestone (Cook et al. 2001). The lower slopes 
in the western and northwestern parts of the lake 
are populated with Rhododendron pumilum  Hook. 
f. The catchment is affected by the Southwest Asian 
monsoon and the southern branch of the South Asian 
summer monsoon (Fig.  1). Rainfall amounts to 
approximately 730 mm during the summer monsoon 
season (May to September), according to monitoring 
data from the nearest meteorological station in Litang 
County, located ~ 38 km southwest of the lake. In the 
region, mean annual air temperature increased from 
2.5 °C in 1953 to 4.6 °C in 2007, and during the same 
period, annual precipitation decreased by ~ 270  mm. 
Ground-based observations indicate that the glacier 
terminus in the Lake Jirentso catchment retreated at a 
rate of 10–30 m yr−1 over the past 54 years (Li 2014). 
The duration of the ice cover in Lake Jirentso is about 
six months, from November to April.

Materials and methods

Sample collection and analytical methods

We collected a 46-cm-long sediment core in the deep-
est area (28 m) of Lake Jirentso in June 2017 using 
a HTH gravity corer. The core was sub-sectioned 
into 1-cm intervals on site. The naturally occurring 
radionuclide 210Pb and the artificial radionuclide 
137Cs were measured in the sediment slices from 
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the upper part of the core (< 24  cm), using stand-
ard gamma-ray spectroscopy (HPGe, GWL-120-15 
detector). The age-depth model (ESM Fig. S2) for the 
past ~ 150  years was constructed using the constant 
rate of supply (CRS) model (Appleby 2001). Chro-
nology for the older part of the core, below 24  cm 
depth, was constructed with accelerator mass spec-
trometry (AMS) 14C dating of three terrestrial plant 

macrofossils (ESM Table 1). Measured and calibrated 
14C ages are expressed in years before present (BP), 
i.e., before AD 1950. A Bayesian approach (R pack-
age Bacon) (Blaauw and Christen 2011) was used to 
perform age-depth modeling (Bacon manual v2.2). 
Based on the IntCal13 calibration curve (Reimer 
et  al. 2013), the length between nodes (thick) was 
set to 2 and a total of 23 length units (sections) were 

Fig. 1   Lake Jirentso is 
located on the Tibetan 
Plateau (TiP). a Impact 
of the Asian monsoon 
circulation on the climate 
of the TiP (Sun 1996). The 
star shows the location of 
Lake Jirentso. b The catch-
ment of Lake Jirentso. The 
star represents the water 
sampling and sediment 
coring site
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calculated when performing the modeling (ESM 
Fig. 3).

Radiocarbon and stable carbon isotope values of 
cladoceran remains in topmost sediment

Preparation and taxonomic identification of clad-
oceran remains followed standard protocols (Jiang 
and Du 1979; Szeroczyńska and Sarmaja-Korjonen 
2007). For each sample, > 200 cladoceran individuals 
were enumerated. For the sample from the topmost 
sediment, 1  mg of remains (dry weight) was used 
to measure radiocarbon activity using the Accelera-
tor Mass Spectrometry facility (Xi’an, China). The 
∆14C value was calculated by applying the following 
equation:

where R = 14C/12C. The 14C activity of oxalic acid 
II was used as Rstandard. The analytical precision of 
∆14C was ± 3.7‰. The stable carbon isotope values 
(δ13C) of the samples were determined using a Delta-
Plus Advantage mass spectrometer (Finnigan MAT). 
The δ13C was calculated according to the following 
equation:

where R = 13C/12C. The δ13C of Vienna PeeDee 
Belemnite was used as an international standard. The 
analytical error ranged within ± 0.1‰.

The δ13C and ∆14C of carbon sources

Dominant terrestrial plants (Rhododendron pumi-
lum and Kobresia) were collected and cleaned with 
deionized water. An integrated water sample from 0 
to 8  m in Lake Jirentso and surface water from the 
inflowing glacier streams were sampled with Niskin 
samplers. Particulate organic carbon (POC) samples 
were obtained by filtering water through a 0.7-μm 
Whatman GF/F filter (pre-combusted at 450  °C for 
4 h) and then placed in aluminum foil and stored at 
− 20  °C. Dissolved organic carbon (DOC) samples 
were collected from the filtered water and divided 
into two parts. One (50 mL) part was stored in amber 

Δ14C (‰) = �
14C − 2

(

�
13C + 25

)

(1 + �
14C∕1000)

�
14C =

[(

Rsample∕Rstandard

)

− 1
]

× 1000‰

�
13C =

[(

Rsample∕Rstandard

)

− 1
]

× 1000‰

glass bottles at − 20 °C and used for measuring δ13C 
of DOC, and the other (2 L) part was freeze-dried to 
obtain a powdery sample for measuring the ∆14C of 
DOC.

The ∆14C of dissolved inorganic carbon (DIC) 
was used as a proxy for the ∆14C of algae because 
the ∆14C value of DIC biomass production tracks 
in  situ DIC (Zigah et  al. 2011, 2012). DIC samples 
were obtained from the filtered water (2 L) through a 
0.7-μm Whatman GF/F filter and stored in gas-tight 
polypropylene Nalgene bottles, pre-cleaned with 10% 
HCl and deionized water, with zero headspace and 
sterilized with 100 μL saturated HgCl2 solution (Fell-
man et al. 2015). The δ13C of algae was determined 
using the δ13C of phospholipid fatty acids (PLFAs) of 
algae. PLFAs were extracted from lake POC samples 
using a modified Bligh and Dyer method (Dickson 
et al. 2009) and then derivatized using mild alkaline 
transmethylation to generate fatty acid methyl esters 
(FAME) (Boschker et  al. 2005). GC–MS (Thermo 
Finnigan Trace) was used to identify compounds. GC 
combustion isotope ratio mass spectrometry (GC-c-
IRMS, using a Trace GC Ultra GC apparatus, Thermo 
Finnigan) was applied to determine the δ13C of indi-
vidual FAMEs. The δ13C of 18:3ω3 and 20:5ω3 
PLFAs was corrected and then used as a proxy for the 
δ13C of algae (Middelburg 2014).

Isotope mixing model

We used a four-component IsoSource model (Phil-
lips and Gregg 2003), combining δ13C and ∆14C to 
estimate the relative contribution of different carbon 
sources used by cladocerans in the most recent year 
(ca. 2010). The model is based on mass conserva-
tion of stable isotopes and superimposes all possible 
percentage combinations of the resources accord-
ing to the specified increment range. The frequency 
of occurrence of each resource contribution percent-
age is analyzed to obtain the optimal solution. In this 
study, the values of the source increment and the 
mass balance tolerance were set to 1% and 0.05‰, 
respectively. The four potential carbon sources, which 
include algae, terrestrial plants, POC, and DOC from 
inflowing glacier streams, were chosen as endmem-
bers. Individual terrestrial plant taxa were lumped 
into the category “terrestrial plants.” Aquatic plants 
were excluded because of their extremely low bio-
mass in Lake Jirentso. In addition, POC and DOC in 
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the inflowing glacier streams are derived mainly from 
glaciers and frozen soils, and have highly depleted 
∆14C values. Terrestrial plants fix 14C-enriched 
atmospheric CO2 through photosynthesis and there-
fore have much higher ∆14C values than aged OC in 
glacier streams.

Other paleoclimate and paleoenvironment proxies

The organic C:TN ratio (C:N) of the sediment core 
was quantified using an Elemental Analyzer. The 
total phosphorus concentration in the sediment 
was measured using an inductively coupled plasma 
atomic emission spectrometer (ICP-AES). Ti con-
centration was analyzed with inductively coupled 
plasma-mass spectrometry (ICP-MS). The long-term 
mean annual air temperature in the studied region 
was reconstructed using the ECHO-G model (Kuang 
et  al. 2008), based on instrumental data recorded 
since 1960 at the nearby Xiaojin County meteoro-
logical station in Sichuan Province (30°35′–31°43′N, 
102°01′–102°59′E,), located ~ 240  km from Lake 
Jirentso. The coupled ECHO-G model was developed 
based on the spectral atmospheric model ECHAM4 
and the global ocean circulation model HOPE-G 
(Legutke and Voss 1999). ECHAM4 is the fourth-
generation atmospheric general circulation model 
based on original equations with a mixed p-σ coor-
dinate system. The horizontal resolution of the model 
is about 3.75° × 3.75°. The vertical resolution con-
sists of 19 levels and includes five upper levels above 
200 hPa, covering high-altitude regions. The horizon-
tal resolution of the ocean model HOPE-G is approxi-
mately 2.8° × 2.8°. The vertical resolution is 20 levels 
(Wolff et al. 1997). The ECHAM4 and HOPE-G are 
coupled using the coupler OASIS3.

The δ18O values in rain and stalagmite carbon-
ate can serve as proxies for regional-local rainfall 
amount (Orland et  al. 2015). It has been reported 
that Chinese stalagmite δ18O records reflect changes 
in the Asian monsoon intensity and a first-order 
change in spatially integrated rainfall between mois-
ture sources and cave position on orbital to millennial 
time scales (Cheng et al. 2016). In our study, a pre-
cipitation index was reconstructed using speleothem 
δ18O records from Shenqi Cave (Tan et al. 2018), also 
located in Sichuan Province. Tan et al. (2018) drilled 
out stalagmite samples at intervals of 0.5–1  mm, in 
which they measured δ18O. The stalagmite δ18O was 

negatively correlated with rainfall amount in this area 
during 1951–2010 AD (Leshan Station, 95 km north-
east of Shenqi Cave). They then used the negative 
principal component analysis value as a synthesized 
precipitation index for southwest China, with a reso-
lution of five years. A high precipitation index means 
a large rainfall amount. Despite differences across dif-
ferent stalagmite records at the multi-decadal scale, 
the long-term monsoon rainfall trend was similar 
throughout southwest China (Xiao et  al. 2014; Tan 
et al. 2018).

To reconstruct past trophic state in Lake Jirentso, 
we analyzed the composition of the diatom assem-
blage. The preparation and identification of diatom 
microfossils followed standard methods (Battarbee 
et  al. 2001), and at least 300 diatom valves were 
counted for each sample. The accumulation rate of 
cladocerans and diatoms was calculated by multiply-
ing the number of cladocerans or diatoms per unit dry 
mass (number g−1 dry), times the bulk dry mass accu-
mulation rate (g dry cm−2 yr−1).

Statistical analysis

Climate and environment are often considered to be 
the primary drivers of ecological change in alpine 
lakes, because of the close link between biological 
groups and temperature fluctuations and nutrients 
(Catalan et  al. 2013). Therefore, we chose environ-
ment variables TOC, TN, TP, C:N mass ratio (wt/wt), 
Ti, annual mean air temperature, and the precipitation 
index as predictor variables in this study. The main 
trends in the cladoceran assemblage composition 
and the environmental proxies were extracted using 
an exploratory detrended correspondence analy-
sis (DCA). The gradient length was short (< 2 SD), 
indicating that Redundancy Analysis (RDA) would 
be statistically appropriate for exploring the relation-
ship between the cladoceran records and the environ-
mental variables (Wang et  al. 2020). RDA analyses 
were performed using CANOCO 4.5 software. Unre-
stricted Monte Carlo permutation was used to test 
the significance of each variable. A set of significant 
explanatory variables was automatically selected, and 
then collinear parameters (VIF ≥ 20) were eliminated 
to further select the most significant environmental 
proxies (p < 0.05). The relationship between the cla-
doceran accumulation rate and environmental varia-
bles was investigated using the Statistical Program for 
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Social Sciences (SPSS) 20.0 software. Significance 
differences in values of variables between different 
periods were examined with one-way ANOVA, fol-
lowed by an LSD test that used a p-value of 0.05.

Results

Paleoecological records

Paleoecological records of the past ~ 950  years have 
documented a warm period in China, the Medieval 
Warm Period (MWP, AD 931-1320) (Fig. 2a), most 
pronounced in the centuries during the Song-Yuan 
Dynasties (AD 960-1368) (Ge et  al. 2013). In south 
China, the MWP was accompanied by relatively high 
air temperature and high precipitation index (mean 
value − 0.19) (Fig.  2b) (Tan et  al. 2018). The rela-
tively high Ti contents (mean value 3.2  g  kg−1) in 
the lake sediments deposited during the MWP corre-
sponded to strong wash-off of Ti from the catchment 
(Fig.  3c). The concentration of P in the sediment 

during the MWP (0.97 ± 0.02  g  kg−1) was slightly 
higher than during the  cooler Little Ice Age (LIA, 
AD 1550–1850) (0.81 ± 0.02  g  kg−1) (p < 0.001, 
Fig. 3). The mean value of C:N ratios in the sediment 
core was 11.7 ± 0.4 during the MWP, after which the 
value generally increased to 14.5 ± 1.5 during the LIA 
(Fig. 3). The mean precipitation index during the LIA 
was − 0.41.

The current anthropogenic warming period 
(CWP), which began around the 1960s in this region 
(Figs. 2a and 4e), stands in stark contrast to the con-
ditions that prevailed in the LIA on the TiP. The 
CWP was accompanied by lower mean precipita-
tion index (− 1.69) (Fig.  2b) and mean Ti content 
(2.7 g kg−1) (Fig. 3c) compared to the MWP and the 
LIA. The C:N ratios in the sediment core showed a 
rapid downward trend during the CWP, varying in the 
range 6.7–8.9. The striking increase in TN and TP 
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and decline in C:N ratios is unprecedented during the 
CWP in the records. Concentrations of TN and TP 
reached 0.89% and 1.5 g kg−1, respectively, ca. 2010.

Cladoceran remains and diatom assemblages

A total of 12 cladoceran species were identified in 
the sediments (Fig. 4 and ESM Fig. S4). The domi-
nant taxa were littoral cladocerans, such as Alona 
guttata, Alona rectangular, Alona affinis, Alonella 
nana, Acroperus harpae, Chydorus sphaericus, and 
Pleuroxus trigonellus. Only a few planktonic species, 
including Daphnia longispina and Bosmina sp., were 
recorded in the warm periods. In addition, diatom 
records showed that the dominant diatom taxa were 
planktonic Lindavia ocellata and small fragilarioid 
species, such as Staurosira construens and Stauro-
sirella pinnata (ESM Fig. S5). Other benthic and epi-
phytic species included Achnanthidium minutissimum 
and Nitzschia fonticola.

The structure and abundance of the cladoceran 
assemblages changed over time (ESM Fig. S4). The 
mean relative abundance of the cladoceran Pleuroxus 
trigonellus, typical in temperate/subpolar waters 
(Kong et  al. 2017), was 5.3 ± 1.8% (n = 6) during 
the MWP, which was significantly higher than in the 
LIA (2.3 ± 0.8%, n = 12, p < 0.001) (Fig. 4a). In con-
trast, the mean abundance of the cold-water species 

Acroperus harpae (Lotter et  al. 1998) during the 
MWP (9.0 ± 1.3%, n = 6) was significantly lower than 
in the LIA (15.8 ± 2.3%, n = 12, p < 0.001) (Fig. 4b). 
Marked shifts in dominance between temperate and 
cold-water taxa conformed to mean annual air tem-
perature reconstructions using the ECHO-G model 
based on the data collected from the nearby meteoro-
logical station in Xiaojin County since 1960 (Fig. 2a). 
In addition, the mean relative abundance of the clad-
oceran Alonella nana, typical in oligotrophic waters 
(Bjerring et  al. 2009) during the MWP (9.8 ± 1.1%, 
n = 6), was lower than during the LIA (13.2 ± 2.0%, 
n = 12) (p < 0.05) (Fig. 4c). During the LIA, the aver-
age relative abundance of benthic diatoms was 33.3%, 
and that of planktonic diatoms was 66.7% (ESM Fig. 
S5). In contrast, the average relative abundance of 
benthic diatoms (60.1%) was significantly higher than 
planktonic diatoms (37.7%) (p < 0.001) during the 
MWP. In addition, the abundance of the oligotrophic 
planktonic diatom Lindavia ocellata, a taxon that is 
typically more abundant at low nutrient levels (Saros 
and Anderson 2015), was relatively low during the 
MWP (Fig. 4d).

During the CWP, the accumulation rate of all 
diatoms and the relative abundance of benthic fragi-
larioid species increased simultaneously (ESM Fig. 
S5), along with synchronous dramatic increases in 
N and P concentrations during this period (Fig.  3). 

a b c d e f

Fig. 4   Long-term trends in cladoceran and diatom assemblage 
composition in the Lake Jirentso sediment core, compared with 
global mean air temperature and use of chemical fertilizers 
in Sichuan Province over recent decades. a–c Relative abun-
dances of some key cladoceran taxa including the temperate/
subpolar species Pleuroxus trigonellus a, the Arctic/polar spe-
cies Acroperus harpae b, both well-documented indicators of 
cold periods with longer periods of ice cover, and enhanced 
abundance of the oligotrophic cladoceran Alonella nana c, 
indicating low nutrient contents. d Relative abundances of 
the planktonic diatom taxon Lindavia ocellata, indicating low 

nutrient concentrations (Chen 2015). e Trends in global mean 
temperature (Stocker et al. 2013), synchronized with the tem-
perature change over the past 60 years, monitored at the nearby 
meteorological station in Litang County, located ~ 38  km 
southwest of the lake. f Rapid increase in the consumption of 
chemical fertilizers in Sichuan, based on statistical yearbook 
data from Sichuan Province. Upper blue-gray shading indicates 
the Current Warm Period and the lower blue-gray shading the 
Medieval Warm Period. Faint yellow shading indicates the Lit-
tle Ice Age (LIA)
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Furthermore, the rapid decline of oligotrophic cla-
docerans such as Alonella nana occurred simul-
taneously with the abrupt increase in N and P con-
centrations (Fig.  3). At the same time, an increased 
relative abundance of the temperate cladoceran Pleu-
roxus trigonellus was observed (ESM Fig. S4). The 
increased accumulation rate of all cladocerans and 
the enhanced relative abundance of planktonic spe-
cies, e.g., Bosmina longirostris and Daphnia long-
ispina, suggest increased food resources and a longer 
growing season (reduced ice cover).

Environmental driving factors of cladoceran 
communities

In the RDA analyses of interactions between the 
relative abundance of cladocerans and the environ-
mental variables, we found that C:N ratio, TP con-
centration, and annual mean air temperature were 
most strongly correlated with the assemblage data 
(p < 0.05) (Fig. 5). The first axis (0.28) and the sec-
ond axis (0.06) explained 34% of the environmental 
information with respect to the relative abundance of 
cladocerans. Samples from the MWP and the CWP 
were distributed along the positive direction of axis 
1, corresponding to the variables TP and annual mean 
air temperature. Moreover, the most important envi-
ronmental factor affecting cladoceran community 
composition from the 1960s to the early 1990s was 

the annual mean air temperature, whereas the most 
important factor from the 1990s onward shifted to TP. 
In contrast, samples from the LIA were in the oppo-
site direction of the mean annual temperature varia-
ble. In addition, accumulation rates of all cladocerans 
correlated positively with air temperature (r = 0.71, 
p < 0.001) and negatively with the C:N ratio in the 
sediment core (r = -0.61, p < 0.001) (Fig. 6). Overall, 
increased air temperature and nutrient inputs trig-
gered pronounced changes in cladoceran assemblage 
composition and abundance.

Recent contribution of carbon sources to cladocerans

The δ13C and ∆14C values of cladoceran remains 
in the topmost sediment (ca. 2010) were − 27.7‰ 
and − 71.7‰, respectively (Fig. 7). The δ13C and 
∆14C values of four potential carbon sources for 
zooplankton, including modern terrestrial plants, 
POC and DOC from inflowing rivers (POCinflow 
and DOCinflow), and phytoplankton in the lake, 

Fig. 5   The ordination bi-plot with the Redundancy Analy-
sis (RDA) of cladoceran assemblage composition during the 
period ~ 1077–2012 AD. Temperature is the annual mean air 
temperature

Fig. 6   Linear regression between annual mean air temperature 
a and C:N ratio in the sediment core b versus total cladoceran 
accumulation rate
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were measured. Among those sources, the δ13C 
and ∆14C values of modern terrestrial plants were 
− 28.2‰ and + 32.1‰. POCinflow and DOCinflow 
had δ13C values of − 22.8‰ and − 27.6‰, and 
∆14C values of − 194.4‰ and − 175.8‰, respec-
tively. Phytoplankton δ13C value was − 28.6‰. 
The ∆14C value of DIC in lake water (a proxy for 
phytoplankton) was − 80.2‰. The ∆14C values of 
the most recent cladoceran remains and potential 
carbon sources for cladocerans, except for terres-
trial plants, correspond to conventional radiocar-
bon ages ranging from 671 to 1735 years BP.

Based on the δ13C and ∆14C values of recent 
cladoceran remains in the sediment and those of 
potential carbon sources for cladocerans in the 
water, we estimated the relative contributions of 
four carbon sources. The IsoSource mixing model 
exercise revealed that the mean contributions of 
riverine POC and DOC, algae, and terrestrial-
plant-derived OC to the carbon sources for clad-
ocerans were 9%, 20%, 36.7%, and 34.3%, respec-
tively, around 2010 (ESM Table S2).

Ratio of cladoceran:diatom accumulation rate

The zooplankton:phytoplankton biomass ratio can 
be employed to indicate the feeding pressure of 
zooplankton on phytoplankton (Søndergaard et  al. 
2008). This ratio is highly sensitive to fish preda-
tion on zooplankton and decreases markedly with 
increasing predation (Jeppesen et al. 2011), but our 
study lake is fishless. Considering that the accumu-
lation rate change can be used to reflect the biomass 
change in paleolimnological studies (Kong 2015), 
we used the cladoceran:diatom accumulation rate 
ratio to track the amount of phytoplankton that can 
be consumed by cladocerans during historical peri-
ods. The mean values of the ratios of the total and 
littoral cladoceran accumulation rates relative to 
the diatom accumulation rate during the LIA were 
3.8 ± 1.6 and 3.6 ± 1.5 individuals (106 valves)−1 
(n = 12), respectively, which were significantly 
higher than the corresponding ratios of 2.4 ± 0.7 and 
2.0 ± 0.6 individuals (106 valves)−1 (n = 11) dur-
ing the CWP (p < 0.05) and 3.2 ± 1.3 and 3.0 ± 1.2 

Fig. 7   Plots of δ13C and ∆14C values from cladoceran remains 
in the top of the sediment core, and ancient and newly pro-
duced carbon in Lake Jirentso and its inflow stream. POCinflow 
and DOCinflow represent particulate and dissolved organic car-
bon in the inflow stream. POClake and DOClake indicate par-
ticulate and dissolved organic carbon in the lake water, respec-
tively. The ∆14C value of dissolved inorganic carbon is used as 
a substitute for ∆14C of algae. The δ13C of phospholipid fatty 
acid biomarkers of algae was measured to determine the δ13C 
of algae
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Fig. 8   The ratio of the total and littoral cladocerans accumula-
tion rates to the total diatom accumulation rate in the sediment 
core from Lake Jirentso
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individuals (106 valves)−1 (n = 6) during the MWP 
(p < 0.05) (Fig. 8).

Discussion

Our findings provide compelling evidence that both 
autochthonous and allochthonous OC contributed to 
the food resources of zooplankton in our study lake, 
but their contribution to the diet differed among the 
different historical periods. Climate change and nutri-
ent concentrations were important driving forces for 
changes in cladoceran assemblage composition and 
food resources.

Food sources for zooplankton

During the LIA, low temperatures and low nutrient 
concentrations reduced the biomass of algae and zoo-
plankton. Low temperatures also indicate less melt 
of old glacial ice. Nonetheless, a relatively wet cli-
mate and abundant summer monsoon rainfall in the 
LIA (Tan et al. 2018) may still have led to abundant 
soil OC being delivered to the lakes. This was sup-
ported by the relatively high C:N ratios (14.5 ± 1.5) 
in the sediments deposited during the LIA (Fig.  6). 
This ratio is often used to indicate the origin of the 
organic carbon. Ratios in the core during the LIA 
were within the range of soil (5–10.7) and terrestrial 
plants (14–23) (Meyers and Teranes 2001; Holtvoeth 
et  al. 2016), indicating a dominant terrestrial source 
for the OC in the Lake Jirentso sediments. Higher 
cladoceran:diatom accumulation rate ratios during the 
LIA also suggested that less autochthonous food was 
available per cladoceran than during the warm peri-
ods (Fig. 8) and low abundances or absence of Daph-
nia (ESM Fig. S4) pointed in the same direction. 
Since the low air temperatures during the LIA were 
not conducive to terrestrial vegetation growth, zoo-
plankton likely consumed more aged terrestrial OC.

The higher temperature and slightly higher concen-
tration of sedimentary P during the MWP than the LIA 
likely stimulated algal growth (Fig. 3 and ESM Fig. S5). 
However, the relatively high total cladoceran:diatom 
accumulation rate ratios during the MWP indicated that 
algal biomass was most likely still insufficient to ful-
fill zooplankton dietary needs (Fig. 8). In addition, the 
C:N ratios of the sediment core during the MWP were 
close to those of soil organic matter (Fig. 3). Therefore, 

zooplankton likely relied, in part, on aged soil OC as a 
food resource.

In contrast, the lowest cladoceran:diatom accumu-
lation rate ratios during the CWP indicated that more 
autochthonous food resources were available for the 
zooplankton than during the LIA and the MWP. Low 
C:N ratios (6.7–8.9) during the CWP indicated a mixed 
algal (6–7) and soil (5–10.7) source for the OC (Meyers 
and Teranes 2001; Holtvoeth et al. 2016). The dramatic 
increase of N input not only led to the decline in C:N 
ratio, but also promoted the growth of algae in the lake. 
The remarkable increases in total sediment cladoceran 
and diatom accumulation rates in recent decades reflect 
greater algae resources and a longer growing sea-
son. Consequently, the contribution of algae to the food 
of cladocerans during the CWP was probably higher 
than before. In addition to algae, ancient OC from gla-
cier runoff and permafrost meltwater might have been 
an additional food resource for zooplankton. This is 
supported by the estimated high contribution of algae 
(36.7%) and riverine OC (29%) to cladocerans in the 
sediment ca. 2010 (ESM Table S2). The unprecedented 
low Ti values in recent decades indicate that the basin 
vegetation was well developed, and subsidized the 
lake carbon pool, which was an important contributor 
(34.3%) to the carbon source of zooplankton.

Generally, the primary factors that affect the con-
tribution of carbon sources to zooplankton are food 
quantity, quality, and diversity (Taipale et  al. 2014). 
Zooplankton typically prefer algae as a food source, 
as they possess a higher nutritional value than ter-
restrial OC (Taipale et  al. 2014). Nevertheless, the 
somatic growth and reproduction of zooplankton 
require a range of substances. Terrestrial materi-
als lack polyunsaturated fatty acids and sterols, but 
contain abundant saturated fatty acids and mineral 
elements, which are important for the biological pro-
cesses of zooplankton, such as catabolism and crusta-
cean carapace or exoskeleton growth (Jeziorski et al. 
2012). The food composition of zooplankton likely 
changed with changes in the prevailing environmental 
conditions. However, algae will, in most cases, still be 
the preferred food item for zooplankton.

Climate change and nutrient concentrations mediate 
zooplankton assemblages and food resources

Shifts in carbon assimilation by cladocerans reveal 
that climate and environmental driving forces have 
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high impacts on ecosystem structure and function. 
In the long term, climate is often regarded as a major 
driving force of ecological change in polar and alpine 
lake ecosystems, since temperature fluctuations 
change the duration of ice cover, the heat budget and 
nutrient recycling in those lakes (Catalan et al. 2013). 
In addition, even a slight increase in nutrient con-
centrations in remote high-altitude lakes can lead to 
an increase in primary production (Hu et  al. 2014), 
thereby influencing zooplankton biomass and assem-
blages through several processes, including the bot-
tom-up effects of the microbial loop. Our RDA results 
further confirmed that mean annual air temperature, 
TP, and factors linked to changing C:N ratios sig-
nificantly influenced the cladoceran assemblages in 
Lake Jirentso (Fig.  5). The accumulation rate of all 
cladocerans correlated positively with air temperature 
and negatively with the C:N ratio in the sediment core 
(Fig. 6), indicating that increased air temperature and 
nutrient inputs triggered pronounced changes in clad-
oceran assemblage composition and accumulation.

Lake Jirentso is not only replenished by snow melt 
water and precipitation, but also by meltwater from 
small glaciers in the basin. The relatively short grow-
ing season and the maintenance of low water temper-
ature in summer and autumn may reduce the growth 
of planktonic species. High water clarity also favours 
benthic algae growth, even in relatively deep lakes 
(Vadeboncoeur et al. 2003). Therefore, the cladoceran 
assemblage in this lake was dominated by littoral 
species over the past ~ 950  years. Low cladoceran 
accumulation rates during the LIA were associated 
with a cold-water environment, extended periods of 
ice cover, and a very short growing season. Further-
more, the area of glaciers and snow cover expanded, 
and dust source areas decreased, thereby causing a 
decrease in dust-derived P concentration (Yao et  al. 
2004). Low nutrient concentrations during the LIA 
were supported by high abundances of the oligo-
trophic diatom Lindavia ocellata and the cladoceran 
Alonella nana, and low abundance of Daphnia long-
ispina (Fig. 4). Importantly, the vast majority of clad-
oceran taxa in this period were littoral species, which 
likely reflected habitat changes linked to longer peri-
ods of ice cover. Low temperatures, combined with 
low nutrient concentrations, resulted in low algal and 
cladoceran biomass. The feeding pressure of littoral 
cladocerans on benthic algae likely caused the domi-
nance of planktonic diatoms at that time.

During the MWP, the concentration of P in the 
sediment was significantly lower than during the 
CWP (p < 0.001, Fig. 3), indicating less P was sup-
plied from eroded catchment soil during the MWP 
than during the CWP. Furthermore, stronger sum-
mer monsoon rainfall intensity during the MWP 
reduced the dry deposition of P (Fig.  2). Less P 
input resulted in lower algal biomass during the 
MWP, so less algae were available for cladocerans.

In contrast to the MWP, anthropogenic warm-
ing since the 1960s initiated different responses 
in terms of zooplankton assemblage composition 
and their carbon sources. The cladoceran commu-
nity composition from the 1960s to the early 1990s 
was mainly impacted by the annual mean tempera-
ture, whereas the key factor from the 1990s onward 
shifted to TP (Fig. 5). Abundant accumulation of N 
and P in the top of the Lake Jirentso sediment core 
(Fig. 3) indicates increased nutrient delivery to the 
lake in recent years, likely linked to the increased 
fertilizer use in Sichuan Province over the last three 
decades (Fig. 4f), regional industrial emissions, and 
deposition of dust. The elevated nitrate concentra-
tion in the ice core from the TiP follows a trend 
similar to that of TN in the sediment core from 
Lake Jirentso (Thompson et  al. 2000), reflecting 
enhanced regional atmospheric nutrient deposition. 
The mean N deposition rate in the Sichuan Basin 
was as high as 40  kg  ha−1  yr−1 during 2005–2009 
(Zhang et  al. 2012). It is estimated that 1.8 mil-
lion tons of P are related to combustion emissions 
in the global atmospheric P budget (Wang et  al. 
2015). Weaker summer monsoon rainfall intensity 
and wind strength during the CWP favored the dry 
deposition of nutrients. Moreover, higher tempera-
ture would have enhanced the duration and stabil-
ity of water-column thermal stratification, thereby 
enhancing nutrient cycling in the epilimnion and 
favoring dominance by eutrophic diatom and clad-
oceran taxa.

Although P in sediments is potentially mobile, 
the accumulation rates of cladocerans and diatoms 
showed highly synchronous trends with P concen-
trations in the sediment from Lake Jirentso, and the 
accumulation rates of all diatoms correlated positively 
with the P concentration (r = 0.55, p < 0.001) (ESM 
Fig. S6). In addition, with warming during the CWP, 
more zooplankton could have moved and fed in the 
open water, concurrent with increasing phytoplankton 
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growth. Consequently, there was a shift from littoral 
cladoceran taxa to more planktonic species, including 
B. longirostris and D. longispina during the CWP.

Historical changes in zooplankton carbon sources 
over the past millennium are relevant for predic-
tions of future changes in lake food webs. Overall, 
anthropogenic climate warming and enhanced nutri-
ent concentrations will have profound implications 
for the carbon source composition of zooplankton. In 
this context, the food web structure of lakes, which is 
closely linked to the cryosphere, may be largely sus-
tained by freshly produced OC. If the ratio between 
zooplankton and algae in lakes becomes lower in the 
future, algae growth will be less controlled by zoo-
plankton and the risk of algae blooms may increase 
(Søndergaard et al. 2008). Understanding the changes 
in zooplankton carbon sources and the driving forces 
that influence these changes will undoubtedly be 
helpful for developing lake management strategies, 
especially with respect to the stability and biodiver-
sity of high-altitude and polar lake ecosystems.

Conclusions

We found that the carbon source composition of zoo-
plankton in Lake Jirentso varied over time and was 
mainly influenced by climate change and nutrient 
concentrations. Relatively high diatom accumulation 
rates and low cladoceran:diatom accumulation rate 
ratios during the CWP indicated that more contem-
porary autochthonous food resources were available 
for the zooplankton with warming. In contrast, during 
the LIA, the high cladoceran:diatom accumulation 
rate ratios reflected that cladocerans assimilated more 
allochthonous OC to replenish their food because of 
low autochthonous primary production under low 
temperature and low nutrient concentrations. Pale-
olimnological studies enable analyses of the shift-
ing balance between aged, cryosphere-derived OC 
and contemporary OC, to zooplankton, and forcing 
mechanisms for OC sources during warming and cold 
periods. They also provide a way to discern the role 
of anthropogenic nutrient emissions in the changing 
modern environment.
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