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Abstract

Global environmental change has affected aquatic ecosystems of the southeast Tibetan
Plateau during the past 200 years, altering the composition and biomass of primary producers
(e.g. algae). However, the response of primary consumers (e.g. cladocerans) to this recent
environmental forcing is not well documented. Cladoceran remains from a small, remote
alpine lake (Moon Lake) in Sichuan Province (SW China). Samples from sediment traps
(1-yr deployment), surface sediments covering a range of water depths and a short 22.5-cm
sediment core were analysed. Littoral forms, notably Chydorus sphaericus and Acroperus
harpae, together with Daphnia pulex dominated the cladoceran community. Remains of these
cladocerans were well represented in the sediment core assemblages as indicated by their
relative abundance in the surface sample. There was a marked increase in the abundance of D.
pulex and total cladoceran fluxes in the sediment core from ca. 1880 AD, coinciding with the
changes in diatom assemblages and pigments. Analysis of the multi-proxy data (cladocerans,
diatom, pigment, total organic carbon, C/N ratio, air temperature and atmospheric NO3
records) suggest that both direct and indirect climatic forcing, coupled with enhanced nutrient
supply (e.g. NOs deposition) effects on primary producers have changed cladoceran

community dynamics in Moon Lake over the last ~200 years.
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Introduction

Evidence from palaeolimnological studies suggests that pronounced and unprecedented
limnological and ecological changes have occurred over the past few centuries in many high
altitude lakes (Battarbee et al., 2002; Catalan et al., 2013). Unlike lowland lakes, where the
cultural impact of humans is unambiguous, remote alpine lakes are affected largely by
climatic forcing such as temperature increases, variability in precipitation and snow cover
(Battarbee et al., 2009) and more subtle effects of atmospheric pollution. The sedimentary
profiles of biological remains collected from alpine lakes has been inferred to reflect the
climatic forcing over the recent past (Lotter et al., 1997). In particular, over the last two
centuries, ecosystems of many high mountain lakes across the world have shown different
responses, such as loss of biodiversity and shift in biological assemblages, due to rapid
changes in their physical environment (Catalan et al., 2002; Thienpont et al., 2015). Rise in
temperature has also influenced the nutrient dynamics in alpine lakes; for example, regional
warming in North America has enhanced nutrient release from the catchment influencing the
lacustrine productivity (Saros et al., 2010). A global increase in atmospheric nutrient
deposition is also affecting high alpine lake ecosystems (Neff et al., 2008; Wolfe et al., 2001).
For example, an increased atmospheric nutrient loading has enhanced autochthonous
production as well as the altered phytoplankton community structure and dynamics in North
American alpine lakes (Elser et al., 2009; Saros et al., 2010; Holtgrieve et al., 2011). The
changes in primary productivity in alpine lakes can have considerable implications for the
dynamics of primary consumers such as cladoceran zooplankton (Frey, 1988).

Cladoceran zooplankton play a central role in the food web structure and ecosystem
dynamics of lakes (Eggermont & Martens, 2011; Alric et al., 2013). They are significant

grazers of the lower trophic levels (e.g. algae) as well of detritus and bacteria and are also an



important prey item for secondary consumers such as planktivorous fish (Jeppesen et al.,
2001). In high alpine lakes, cladocerans are sensitive to environmental forcing for various
reasons. A small change in water temperature in these lakes can have a larger effect on the
habitat and the reproductive capacity of cladocerans (Frey, 1988). Many alpine lakes are also
fishless, and can have predominantly pelagic primary producers and consumers with the
result that pelagic community dynamics are sensitive to external forcing. In these conditions,
cladocerans become important as indicator species and for understanding the long-term
ecological change of these lakes (Frey, 1986; Alric et al., 2013). Furthermore, the generally
good preservation of their remains in lake sediment after death, the associated record of
diversity of subfossil cladoceran assemblages, has allowed the reconstruction of long-term
environmental forcing in high altitude lakes around the world (Lotter et al., 1997, 1998;
Kamenik et al., 2007; Kattel et al., 2008; Alric & Perga, 2011).

Among cladocerans, the planktonic genus, Daphnia spp. Is often considered as keystone
species, and plays a pivotal role in structuring the pelagic community in many temperate and
alpine lakes (Persson et al., 2007). In fishless alpine lakes, the effect of environmental
forcing, such as climate change and/or enhanced nutrient loading, can affect the patterns of
composition and biomass of Daphnia sp. to a greater extent than in lowland lakes
(Nevalainen et al., 2013). Studies in European high altitude lakes (Catalan et al., 2009) and
the Himalayas (Manca & Comoli, 2004) showed that the dynamics of Bosminid and Daphnid
communities were largely regulated by the duration of the ice-cover periods of the open water
zone. Several other studies also suggest that during the summer ice-free period, the littoral
margin of the high altitude lakes supports growth of submerged aquatic plants. Increased
vegetation cover during summer can favour growth and colonization by littoral cladocerans

(e.g. Chydorid) (Hofmann, 1987; Jeppesen, 1997).



The southeast margin of the Tibetan Plateau in south-western China contains a large
number of the world’s high altitude lakes, which were mostly formed by glacier activity.
These lakes are often ultra-oligotrophic with simple food web and ecology. Due to the
absence of high order consumers, these lakes have relatively low species richness and
diversity, a condition similar to the European alpine lakes (Battarbee et al., 2009). Recent
studies on diatom- and algal pigment- inferred past environmental change suggested that
there has been an increasing tendency of climatic warming and widespread nutrient loading
on lakes across the region over the past two centuries (e.g. Wang et al., 2011; Hu et al.,
2014). However, there are no studies carried out yet in the region that focus on the response
of primary consumers (e.g. cladoceran) to recent environmental forcing.

Previously, a multi-proxy study of diatoms, pigments, C/N and stable isotopes (8*°C
8"N) by Hu et al. (2014) at Moon Lake, suggested the changes in primary producers
(diatoms, algal pigments) was due to enhanced atmospheric deposition of reactive nitrogen
(Nr) coupled with recent warming in southwest China. The diatoms also changed
significantly during the Little Ice Age (LIA) with a clear response to post-LIA regional
climate warming (Hu et al., 2014). The aim of this present study was therefore to extend our
understanding of the effect of recent environmental forcing (temperature, Nr deposition) on
structure and dynamics of the cladoceran community over the past two centuries inferred
from changes in the sub-fossil assemblages and their diversity in a high alpine lake (Moon

Lake), located on the southeast margin of the Tibetan Plateau (Sichuan Province, China).



Materials and Methods

Study site

This study was conducted at Moon Lake located in Xiaojin County, Sichuan, Southwest
China (31°29’ 15.11” N, 102°20' 13.45" E) (Fig. 1a). The study lake is relatively small

(~7 ha), oligotrophic (total nitrogen = 0.25 mg/I, total phosphorus <0.001 mg/l), fishless,
clear water (Secchi depth: ~14 m) and alkaline (pH = 8.2); the lake is located above the
present tree-line at an altitude of 4260 m a.s.l. and has a maximum water depth of 21 m (Hu
et al., 2014). The catchment area is about 130 ha, with the presence of large areas of bare
rocks and limited cover of open tundra vegetation on the lower parts of the catchment. During
the growing season, aquatic plants, mainly Potamogeton pectinatus, occur sporadically in the
southwest area of the lake. There is no direct human activity in the catchment. The lake basin
has a steep-sided morphometry with a single outflow at the northwest shore (Fig. 1b), but has
no discernible inlets.

Annual air temperature and surface water temperature have been monitored using Hobo
Dataloggers (TidbiT v2) over a one-year (2013-2014) period. The mean annual air
temperature is 1.0 °C, and the mean maximum (July) and minimum (January) air
temperatures are 8.9 °C and -6.0 °C, respectively. From June to October, the lake is ice-free
and the water temperature shows a similar trend to that of the air temperature (Fig. 2a). From
November to late April, the lake is ice-covered and inversely stratified. During winter the
lake and its catchment are covered mostly by snow and the snow melt is released into the lake
during summer. However, during summer, the hydrological budget of the lakes is affected by
strong monsoon rainfall. The rainfall records (1952-2005) from the nearest Meteorological

Station in Xiaojin County (2369 m a.s.l.) showed that the mean annual precipitation of the
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region is approximately 620 mm, about 77% of whichoccurs during the summer monsoon

season (May to September).
Sample collection

Sampling of cladoceran remains was carried by deployment of sediment traps, analysis of
surface sediment samples together with a short-sediment core. For understanding the
composition and spatial distribution patterns of cladoceran remains in surficial sediments of
the lake, 16 surface-sediment (1 cm) samples (Fig. 1b) located at different water depths
across the basin were collected by using a Kajak gravity corer (Fig.1b).

For the analysis of the remains of cladocerans in lake sediments over the recent past, a
22.5-cm long sediment core was taken from the deepest point of the lake (20.5 m) in 2012
(Fig. 1b) using a Kajak gravity corer. The sediment core was sub-sectioned at every 0.5 cm
resolution intervals in the field, and stored at <4 °C immediately after the collection.

In order to investigate the composition (abundance and biomass production) of pelagic
cladocerans in the lake today, two sediment traps (Fig. 1b) each made of four parallel 60-cm
long polyvinyl chloride (PVC) tubes (total active area: 58 cm?) were deployed in the central
part of (~20 m water depth) of the lake on 15 August 2013 till 31 July 2014 (approximately 1
year) . The upper edges of each trap were placed approximately 5 m and 15 m below the
surface of the water respectively. Due to the long period of ice-cover (Fig. 2a), the sediment
traps were only emptied twice within the 1 year period: on 1 November 2013 and 31 July
2014 respectively. In this study, the sampling period from 1 November 2013 to the end of
July 2014 is considered to represent the early growing season, while the period from 15

August to the end of October 2013 represents the late growing season at the study site.



Sample preparation

The analysis of the cladocerans remains from both the surface sediments and the sediment
core samples followed standard methods (Szeroczynska & Sarmaja-Korjonen 2007). A
known quantity (2-20 g) of wet sediment was deflocculated in 10 % KOH at 60 °C for 45
minutes. After washing through a 38-um sieve, the retained material was counted on
microscopic slides and analyzed under the microscope at 200x magnification. All cladoceran
remains (head-shields, carapaces, post-abdomen and post-abdominal claws) were tabulated
separately, but only the most frequently encountered body parts for each taxon were used for
estimating taxon abundance. For the Daphnia sp., only post-abdominal claws and ephippia
were used, as they were the only parts preserved. At least 200 cladoceran individuals were
counted for each sample. Taxonomic identification of cladocerans was based on
Szeroczynska & Sarmaja-Korjonen (2007) and Chiang & Du (1979).

Cladoceran abundances, both as percentages of the total remains counted and
concentrations as number of individuals per gram dry weight (inds g dw™) were calculated
(Amsinck et al., 2003). Considering changes in bulk sediment accumulation rate, cladoceran
accumulation rate (inds cm™ y™*) was used to express changes in cladoceran biomass. The
planktonic to littoral (P:L) ratios were also calculated based on the abundance of total
planktonic and littoral cladocerans. The P:L ratio is an indicator of shifts in cladoceran
habitats as a result of changes in lake levels over time (Frey, 1986) and the changing
contribution of littoral production.

For the analysis of the cladocerans remains in the sediment trap, all remains collected
from a tube on the trap were initially freeze-dried. The net dry weight of total catch was
calculated and then the material was subjected to 10% KOH treatment and all preserved
cladoceran body parts were counted and identified as described above. The results are

expressed as percentage abundance; and the mean daily flux rate (inds cm™ day™) and the
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mean yearly flux rate (inds cm™ yr) calculated as the total catch of cladocerans in the

sediment trap divided by the number of days or months of exposure.
Palaeoecological and chemical proxies, regional temperature trends and atmospheric Nr

Other biological proxies were used to compare with cladoceran records derived in this study.,
such as the pigment PCA first axis sample scores (Pi-PCAL), diatom PCA axis 2 (Di-PCA2)
organic carbon (TOC), C/N ratio, and carbon stable isotope (5°C) values of bulk sediments
from the 2011-dated (master) core (Hu et al., 2014). See Hu et al. (2014) for methods and a
full discussion of the interpretation of these proxies (Hu et al. 2014).

The long-term mean annual temperature (Tannuar) Used as evidence of regional climate
change record in this study, was reconstructed using the ECHO-G model (Kuang et al., 2008)
and based on the instrumental data starting from 1960 from the nearby meteorological station
in Xiaojin County. The reconstructed Tannuat (Min, unpublished data) are significantly
correlated with Xiaojin annual temperatures from 1960 to 2007 (r = 0.94, p<0.001, n = 48)
and therefore extend the time series of regional temperature back to ca. 1800 AD (Fig. 2b). In
this study, the NO3™ concentration from a Himalayan ice core (Thompson et al., 2000) was
used as a proxy for the regional atmospheric Nr deposition in southwest China. These proxies

were compared with the subfossil remains of cladocerans in the sediment core.
Core chronology

Two parallel cores were taken in 2011 by Hu et al. (2014). The first core was used for diatom
and pigment analysis, while the second core was used for ?:°Pb and **’Cs dating (see Hu et al.
[2014] for details). The age-depth model was then established based on the constant rate of
sedimentation (CRS) as described by Appleby (2001). In 2012, a third core for cladoceran

analysis was collected from a similar location to that used in the previous study. In order to



obtain the age-depth model for the third core (cladoceran core), core correlation undertaken
based on the visual correlation of the loss on ignition (LOI) profiles of the *°Pb dated core

used by Hu et al (2014) and the core used in this study.

Statistical analyses

Detrended Correspondence Analysis (DCA) was used to explore the temporal changes in the
cladoceran stratigraphy. An exploratory DCA, with cladoceran percentage data, showed that
the gradient length was short (1.24 standard deviation), so Principal Components Analysis
(PCA) was used to summarize the major changes in the cladoceran assemblage. Cladoceran
percentage data were squared-root transformed prior to PCA. All analyses were performed in
CANOCO Program, Version 4.5 (ter Braak & Smilauer, 2002). The zonation of the
cladoceran stratigraphy was determined according to the cluster analysis using constrained

incremental sum of squares (CONISS) within Tilia Graph Program (Grimm et al., 2011).

Results

Cladoceran remains from the sediment trap catches and spatial array of surface sediments

Chydorus sphaericus O. F. Muller and Acroperus harpae Baird were the most dominant
species recovered from the surface sediment samples with an average abundance of 47% and
28%, respectively. Pleuroxus sp. was present sporadically in offshore samples and has
maximal abundance at the east edge of the lake (~8 m water depth). Other littoral taxa such as
Alona guttata Sars, Alona rustica Scott, A. quadrangularis O. F. Miiller, A. rectangula Sars
and A. costata Sars were common in most surface sediment samples but all had relatively
lower abundances. The planktonic species Daphnia pulex Leydig was most abundant in the
deeper parts of the basin (>16 m) (Fig. 3),. With the exception of Daphnia, Cladoceran

remains in samples located in the deep- water area (>16 m) show a similar composition to
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samples taken from across the basin; for example, the average abundance of C. sphaericus
and A. harpae in the open-water area are high as ~55% and ~17%, respectively, and other
littoral species also had an similar abundance (18.4%) to their average (21%) in all samples.
With regard to the concentration of cladoceran remains in surface samples, the remains of D.
pulex were positively correlated (r = 0.75, p < 0.001) with water depth (Fig. 3),, while the
distribution of the remains of the most common littoral taxa did not show significant change
along the water-depth gradients (Fig. 3),. Although C. sphaericus and A. harpae were mainly
found in shallower areas (<8 m) at the northwest and southwest edges of the lake (Fig. 3),
there are noticeable occurrence of C. sphaericus (281 inds g dw™) and A. harpae (75 inds g
dw™) in samples located in the open-water area (>16 m). Using the #°Pb sedimentation rate
at the Moon Lake, 1 cm of surface sediment taken from the open-water area (>16 m)
represents about 4.5 years, which means that the flux of D. pulex and C. sphaericus remains

would be approximately 0.76 inds cm™ y™* and 2.39 inds cm™ y™* respectively.

. A total of 12 cladoceran taxa representing seven genera were identified in the surface
sediment samples (Fig. 4). C. sphaericus was the dominant species with relatively high
proportion (32-91%) during the sampling period. Littoral species such as A. harpae, A.
rustica and A. costata had relatively low percentages (<10%). It is notable that the deposition
flux of all cladoceran remains increased markedly from the early growing season to the late
growing season (Fig. 4). For example, both the abundance and accumulation flux of
planktonic species D. pulex remains showed a sharp increase from almost no individuals in
the early growing season to ~39% (0.16 inds cm™ day™) of flux in the late growing season.

Comparing the average percentage abundance of taxa in the sediment trap samples with
that in the surface sediment samples , abundance of C. sphaericus was higher in the traps
(65%) than in sediment (47%), while for A. harpae the reverse was observed: traps (5%) and

surface sediments (28%). In the case of the records of D. pulex, their average abundance in
11



traps is higher (21%) than that in the surface sediment samples (4%). However, there were
differences in fluxes of planktonic and littoral cladocerans between traps and core-top
sample. Unlike A. harpae remains, which had approximatelysimilar fluxes in both traps (2.2
inds cm™y™) and core-top sample (2.4 inds cmy™), the flux of C. sphaericus and D. pulex
were higher in the trap (30.4 inds cm™?y™, 10.5 inds cm™y™) than in the core-top sample (2.3
inds cm?ytand 4.2 inds cm?y™) respectively. Assuming that the remains of cladocerans
caught in the sediment trap are representative of the source communities, and are also
preserved in the deep lake sediment, the trap assemblages were then compared with the
surface sample of the sediment core used for the historical trends. With the exception of A.
harpae, which was over represented by ~8%, the remains of all other cladoceran species
including the dominant species in the traps, C. sphaericus and D. pulex, had a similar loss

rate (average ~76 %) (Fig. SM1).
Remains of sub-fossil cladoceran assemblages in the sediment stratigraphy

A total of 19 species of subfossil cladoceran remains were identified in the sediment core

(Fig. 5) and the core assemblages were divided into three distinct zones using CONISS.

Zone I: c. 1813- c¢. 1880 AD. The remains of two littoral cladocerans, C. sphaericus and A.
harpae dominated this zone, while the abundance of other littoral species, such as A. rustica
and A. rectangula, were low. The remains of planktonic D. pulex together with the P:L ratio,

CI-PCAL1 and total cladoceran flux were very low in this zone (Fig. 5).

Zone 11I: c. 1880- c. 1906 AD. Of the littoral species, the remains of C. sphaericus began to
decline, while the remains of A. harpae were more constant but most other littoral taxa
declined. The remains of D. pulex began to increase in the1880s. Remains of Bosmina (B.

coregoni Baird, B. longispina Leydig and B. longirostris O. F. Mille) were also recorded in
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this zone. Relative to Zone I, both CI-PCA1 and the P:L ratio of cladocerans increased in this

zone with some small fluctuations.

Zone I1I: c. 1906- c. 2012 AD. The remains of the dominant littoral cladocerans were
constant in this zone. However, the remains of D. pulex increased markedly, and the remains
of Bosmina disappeared. The P:L ratio showed some variation between 1906 and 1960, then
decreased (Fig. 5). The total sediment cladoceran flux began to increase from the 1920s, and
reached a maximum during the period 1950-1970s. During the 1980s both the P:L ratio and

the CI-PCA1 increased.

Comparison between subfossil remains of cladocerans in sediment core and subfossil diatom,

pigment and geochemistry records

The subfossil remains of cladocerans from this study were compared with subfossil records
of diatom and pigments taken from Hu et al. (2014). The changes in assemblage of
cladocerans, diatoms and pigments all showed similar trends in the past (Fig. 6). The total
planktonic cladoceran and planktonic diatom assemblages corresponded with the Pi-PCAL,
where the changes were pronounced after the 1940s (Fig. 6). Around 1960-1980s, planktonic
cladoceran percentage abundance, CI-PCA1 and cladoceran flux all declined, while Di-PCA2
increased (Fig. 6).

The total organic carbon (TOC) content was low prior 1880s, as were the percentage
abundance and flux of planktonic cladocera during this period, after which all increased. The
C/N and 8"3C values were relatively high prior to ~1880 but then decreased. The 5'°C was
correlated with the C/N ratio (r = 0.91, p< 0.001), as both of these variables began to decline
after the 1880s, when cladoceran abundance began to increase (Fig. 6).

The reconstructed annual temperature shows a distinct cooling between ca. 1800 and

1850 which is referred to as the little ice age (LIA) (Fig. 2b), after which annual temperature
13



shows an irregular increasing trend with obvious fluctuation (Fig. 2). The NO3 concentration
in an ice core from the Himalayas began to increase at this time (Thompson et al., 2000) and
the trend is consistent with the changes in both biological (cladoceran, 0.38, P < 0.05;
pigment, r = 0.71, P <0.01; diatom PCA2 ****) and geochemical proxies (TOC, r =0.64, P

< 0.001) from the Moon Lake sediment core (Fig. 6).

Discussion

The contemporary Moon Lake cladoceran community as reflected by sediment trap catches

and remains in surface sediments

The occurrence of cladoceran remains in both the sediment traps and surface samples at
Moon Lake suggests that the zooplankton ecology of this lake is relatively simple with low
species diversity as has been observed at sub-tropical alpine lakes (Manca & Comoli, 2004).
The community structure in Moon Lake is dominated mainly by littoral forms (C. sphaericus
and A. harpae) and a few planktonic (e.g. D. pulex) cladocerans, the occurrences of most
other littoral (Alona spp.) and planktonic (Bosmina spp.) species are sporadic (Fig. 4). Most
alpine lakes are oligotrophic in nature with limited growth of submerged vegetation with the
results that the diversity of littoral-vegetation-preferring cladocerans is low (Hofmann, 1987).
However, the C. sphaericus and A. harpae occur commonly in alpine lakes (Hofmann, 1987;
Lotter et al., 1998), and Moon Lake is no exception, where even the limited growth of
submerged vegetation during the ice-free season supported their development (e.g. Whiteside
et al., 1978). Although C. sphaericus is usually considered as littoral species, it can utilize
pelagic resources particularly when lake productivity increase (Hofmann, 1987; Frey, 1988)
or when other taxa decline (Manca & Comoli, 1995; Korhola, 1999). Thus it is not surprising
that so C. sphaericus remains were recovered from the sediment traps and occurred in a

number of the surface sediment samples (Fig. 3). Daphnia pulex was common in Moon Lake
14



in both the trap catches and the deeper sediment core samples; it has been reported previously
from alpine environments where it can be quite successful (Weider, 1987; Korhola & Rautio,
2001). This is because Daphnia has a competitive advantage over the other cladoceran
species that occur in alpine lakes by feeding effectively on a wide range of food types
including non-siliceous algae and diatoms during ice-free period (Demott, 1982; Kankaala,

1988; George & Hewitt, 2006).

Representation of the whole lake cladoceran community in sediment core assemblages

Sediment traps and surface samples provide information regarding the temporal and spatial
variation in biota preserved in deep lake sediments (Jeppesen et al., 2003). The integration
and homogenization of the remains of both littoral and open-water cladocerans occurs prior
to deposition in deep lake sediments and is the result of lake mixing and resuspension
processes (Kattel et al., 2007). The contemporary cladoceran community at Moon Lake is
reasonably well reflected in the sediment core, at least qualitatively, as shown by the mixture
of the dominant cladoceran species in both the trap and surface sediment assemblages. All 12
cladoceran species occurring in the trap catches, including the remains of the dominant forms
(D. pulex and C. sphaericus) are recorded in surface sediments from the deepest part of the
lake (Fig. 3, Fig. 4). Similarly, the remains of the littoral cladocerans (C. sphaericus and A.
harpae) that are dominant in the surface sediment samples are also represented in the
sediment core assemblages (Fig. 5). However, quantitatively, there are bigger differences
between the littoral and pelagic forms due to their differential distribution across the basin, as
has been shown for diatoms (Anderson, 1990). The variation in the fluxes of planktonic and
littoral cladoceran remains between both the deep and shallow trap catches (Fig. 4) and
core-top sample (see Fig. SM1), indicates some differential preservation and distribution of

the remains in the sediment core assemblages and may bias community representation. The
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higher concentration of littoral cladocerans including A. harpae and C. sphaericus in surface
sediment samples collected from the lake margin were anticipated as the death and deposition
of these cladocerans occurs primarily close to their source habitats (Whiteside et al., 1978).
After death, various factors such as the source habitats, basin morphometry, lake water
depth and transport-sedimentation processes (energy inputs) as well as the sinking velocity
can influence the taphonomy of the remains, and, as a result, the composition of the fossil
cladoceran assemblages in deep sediment core can be quantitatively and qualitatively
unrepresentative (Frey, 1988; Larsen & MacDonald, 1993; Blais & Kalff, 1995; Lotter et al.
1997; Kattel et al. 2007; Alric & Perga, 2011). This needs to be taken into account when
interpreting the observed changes in the cladoceran assemblages in terms of environmental

change and the associated drivers.

Recent environmental forcing and the long-term change of subfossil cladoceran assemblages

The changes in subfossil assemblages of cladocerans in Moon Lake sediments over the past
200 years suggest that both natural (i.e. recovery from the LI1A) and anthropogenic global
change processes (recent warming and Nr deposition) may have played a significant role.
During the Little Ice Age (1800-1860 AD) conditions for the ecosystem at this alpine lake
was cold and hostile. Cladoceran species diversity during this time was relatively low (N2
index = 7.3) compared to that after LIA (see below). The low abundance of planktonic
cladocerans (mainly Daphnia sp.), but also the increased abundances of littoral species such
as A. harpae and C. sphaericus during the LIA suggests that the lake was less productive due
to low temperatures and poor nutrient supply. The low air temperatures, reduced TOC values,
low diatom and pigment abundance (see Hu et al. 2014) also suggest a period of cold climate
during the LIA (Fig. 6). The dominant cladocerans recorded at Moon Lake during this time,

A. harpae and C. sphaericus, are both regarded as cold tolerant species (Hofmann, 1987).
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The occurrence of these forms suggests that these littoral macrophyte-associated species were
more competitive during the shorter growing seasons of summers in the LIA (Whiteside et
al., 1978; Thienpont et al., 2015).

Species diversity (N2 index = 9.4), P:L ratio and abundance of Daphnia and Bosmina
together with changes in diatom assemblages (Di-PCA2) and pigments (Pi-PCAL), C/N ratio
and the decreased 8'°C values after the LIA (1880-1915) (Fig. 6) indicate the amelioration of
the environment at Moon Lake (a longer growing season due to the longer ice-free period)
due to the natural climate recovery. However, the remains of the cold-preferring cladocerans
such as, A. harpae and C. sphaericus (Hofmann, 1987) continued to increase which may be
related to increased input of snow-melt, which would reducing the surface water temperature
of the lake combined with increased growth of littoral vegetation as the growing season
lengthened (Whiteside et al., 1978; Saros et al., 2010; Thienpont et al., 2015).

After ~1910, the abundance of D. pulex increased, but surprisingly the populations of
Bosmina sp. disappeared from the Moon Lake (Fig. 5). This suggests that gradual rise in
temperature following the LIA and the increasing Nr deposition (as recorded by the ice core
NOg profile) favoured the growth of wide range of algae and diatoms and increased lake
production (cf. increasing TOC); a situation where Daphnia out competed Bosmina due to its
feeding methods (Demott & Kerfoot, 1982). After c. 1970 AD, the abundance of planktonic
species D. pulex and cladoceran flux declined, which was consistent with reduced abundance
of planktonic diatom (Cyclotella species), pigments and TOC content (Fig. 6). These changes
may have been related to a short cold spell during the 1960-1970s (Hu et al., 2014). The
meteorological data from Xiaojin County show that the mean annual atmospheric
temperature decreased in this period. The winter temperature dropped markedly during the
1960s, being 2.5 °C lower than the period after 1970 AD (Fig. 2b). This cold event was also
clearly recorded by the tree-rings in west Sichuan Province (Shao & Fan, 1999) and the
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meteorological station at the southeast Tibetan Plateau (Liang et al., 2009). The short cold
spell could have restricted the growth of algae and cladocerans in spite of the increasing trend
of nutrient loading in Moon Lake. However, the success of D. pulex in Moon Lake compared
to other pelagic consumers for over the past century indicates the possible effects of climatic
forcing.

An important question is how the climatic forcing affected the structure and dynamics of
cladocerans in Moon Lake over the past two centuries relative to other global change
processes such as Nr deposition? Cladocera in European and North American alpine lakes are
reported to have been influenced by both direct and/or indirect environmental forcing
(Catalan et al., 2002). The rise in temperature potentially alters surface water temperature, the
duration of ice-cover period, and the input of catchment snow-melt water in alpine
environments (Ruhland et al., 2006), all of which can directly influence cladoceran growth
and reproduction, and indirectly on their food resources by mobilizing nutrient supply used
by primary producers (Kattel et al., 2008; Saros et al., 2010). However, it is difficult to
understand the direct and indirect effects of climatic forcing on Moon Lake due to the limited
climatic data available for southwest China.

A tree-ring study in the southwest China suggests that there is a significant positive
correlation between mean summer air temperature records and tree-ring data after 1850 AD
(Liang et al., 2009). The significant correlation between the reconstructed mean regional air
temperature and total cladoceran fluxes (r = 0.358, p < 0.05) and Pi-PCA1 (r =-0.448, p <
0.05) suggest a possible direct effect of climate change on the Moon Lake ecosystem.
However, firstly, the mean air temperature records were not directly measured and difficult to
verify, and secondly, there were periods during 1850-1880 AD, a period with positive
temperature trends, which were not comparable with lower fluxes of cladocerans (Fig. 6)
suggesting negative regional climatic feedbacks, which may be due input of cold water
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associated with regional climate warming (e.g. Wischnewski et al., 2011). In a previous
study, Hu et al. (2014) argued that the increasing atmospheric nitrogen deposition, which is
indicated by a gradual decrease in 5™°N in the lake sediment and an increased NOs5"
concentration in the Himalayan ice core (Thompson et al., 2000) (Fig. 6) may play an
important role in driving the primary production at Moon Lake. In oligotrophic lakes such as
the present study site, even a small increase in atmospheric N deposition, especially in the
inorganic form, can increase the biological production if these systems were nitrogen limited
in their natural state (e.g. Bergstrom and Jansson 2006).

The rise in air temperatures in alpine lakes also indirectly affects the composition of
cladocerans by altering the ice-cover, surface water temperature, nutrient cycling and lake
stratification (Koinig et al., 2002; Smol et al., 2005; Kattel et al., 2008; Catalan et al., 2009).
In Moon Lake, the longer growing season following the LIA favoured the growth and
development of cladocerans due to increased availability of food resources. The snow-melt
inputs from the catchments are nutrient- and mineral- rich, supporting the growth of primary
producers and hence consumers (Catalan et al., 2002; Gasiorowski & Szeroczynska, 2004).

The effects of other aspects of global environmental change on the Moon Lake
ecosystem was highlighted by Hu et al. (2014), who reported an increased atmospheric
nitrogen deposition based on N values in the sediment core. The increased atmospheric
nitrogen deposition in the area is also supported by the evidence of an increased NO3
concentration in the Himalayan ice core (Thompson et al., 2000) (Fig. 6). Such changes in
nutrient dynamics in Moon Lake can have considerable implications for food web structure
and ecosystem dynamics. The changes in the diatom and pigment records (Fig. 6) highlight
this role of nutrients (either catchment derived [due to climate effects] or from increased
atmospheric sources, ie. dust and Nr) on primary producers which is then transferred to the
cladocerans. Supporting this inference is the correlation between cladoceran PCAL and the
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C/N ratio (r = 0.79, p <0.01); total cladocera concentrations are also well correlated with both
diatom and pigment concentration (0.63, p <0.01 and 0.67, p <0.01 respectively) indicating
trophic interactions. For instance, in oligotrophic alpine lakes in north America, the uptake of
NO3" by water column algae and diatoms is usually high (Dodson & Frey, 2001) resulting in
the higher growth and abundance of pelagic cladocera, including the more competitive
Daphnia sp. (Scholten et al., 2005). The bottom-up transfer of nutrients can also influence the
taxonomic and functional structure of primary producers (algae) and first order consumers
such as cladocera (Chen et al., 2010). The sustained growth of pelagic Daphnia in Moon
Lake after the 1880s is possibly as a result of the increased uptake of NO3™ by algae and

diatoms (e.g. Dodson & Frey, 2001; Scholten et al., 2005).

Conclusions

Climate change appears to have acted both directly and/or indirectly in structuring the
community dynamics of cladocerans in Moon Lake over the past 200 years. The cladoceran
assemblages were dominated by cold tolerant species and the low flux of all taxa during the
LIA suggests a possible direct effect of climate on the cladoceran community at this time. In
contrast, the relationship between the changes in the cladoceran fluxes, diatom assemblages,
pigments and TOC profiles and other independent proxies (such as NO3) during the 20™
Century indicates indirect effects of the late 20™ century regional climatic forcing in the
southwest China coupled with increased nutrient inputs, both from catchment and
atmospheric sources. Further investigations on similar lakes in the region provide better

understanding of the effect of climate change on ecosystems.
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Fig. 1 The location and lake morphometry of Moon Lake and sediment sampling sites in the
lake. (a) The location of the Moon Lake in the Tibetan border of the Sichuan Province in
SW China; (b) lake morphometry (revised from Hu et al. (2014) with sediment sampling
sites, also shown are the sediment traps which were deployed at 5 m and 15 m below the
surface of the water. Surface sediment sampling points are shown as solid circles, the
star represents the location of sediment core, and the sediment trap location is shown as
a triangle
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Fig. 3 The spatial distribution of of selected cladoceran taxa and total littoral species (as
concentrations, individuals per gram of dry weight sediment [inds g dw™]) together with
their relationship to water depth (inserts). The sampling sites for surface-sediment
samples across the basin are shown (black dots). Correlation between D. pulex and
selected concentration and water depth is significant. The contour maps were created
using the Surfer 9.0 (Golden Software).

800

Chydorus sphaericus

Daphnia pulex

600

400

200

(vi)

P ite om
0 2 4 6 8 1012 14 16 18 20 22

Depth (m)

0
0 2 4 6 8 1012 14 16 18 20 22

80

60

0
0 2 4 6 8 101214 16 18 20 22

(vii) L]

=0.75 p<0.001




L &
o
\&\ .p of Q\
W (O - D
x\ (\ & \" \.“Lﬂ\\L \ 5% R, 0\\"0 \‘\E
Do (\\\ \‘\\\\\“\ ‘«y 3 ST
() I & ST
S \0‘\ S e N d°\ AW SV
<& e C o Q POV
= b My R,
I 54 ]
)
=15 4 h
ES
o5 |
-
)
=151 "
=] el I llllllllll - ’_‘ M rrrrrrrr
10 10 20 40 60 80 100 10 20 30 40
%
&
"
o o
\Q \\\ . Ry
(\P \\\\\u\\u\\b \\\“% ¢ Q \},"‘iaﬁ Q-\o\\’.,\\\Q
(b) &QL R q, o Ry g\ i 0@ & 0\*‘ \“ o &
' '\ '\ \
e e St @

n

08-15~11-01

[

(ii=2lil==
=il

d 2 3 2 406 8

01-11 ~ 7-31

inds cm? day-!

Fig. 4 Relative abundances (%) and catch (ind. cm™?d™) of cladoceran remains in the traps
from both early and late growing seasons at 5 m and 15 m below the water surface. The
period from the 15 August 2013 to 1 November 2013 represents the late ice-free period
or late growing season, and the period from 1 November 2013 to the end of July 2014
represents approximately the early growing season.
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Fig. 5 Relative abundances and accumulation rates of the common cladoceran species found
in the sediment core. Zonation was based on the constrained incremental sum of squares
(CONISS) within the computer programs Tilia Graph
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Fig. 6 Summary of the multi-proxy palaeolimnological data (cladocera, diatoms, pigments,
geochemistry) from the Moon Lake sediment core together and independent
environmental drivers (NO3 and temperature). The CI-PCAL represents the cladoceran
PCAL Axis 1 sample score calculated from percentage data, Di-PCA-2 and Pi-PCAl
represents the main changes in the diatom assemblages and pigments respectively (see
Hu et al. 2014). NO3™ concentration data was taken from the Himalayan ice core
(Thompson et al., 2000). The mean annual temperature was reconstructed using the
ECHO-G model based on the instrumental data starting from 1960 in Xiaojin County
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