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Numerous palaeoclimatic and modern instrumental data indicated that the
climate of Yunnan-Guizhou Plateau has undergone a significant warming during the
past century. In this research, biological silicon, ostracods, physicochemical proxies of
Lake Lugu sediment core were analyzed to illuminate the change on the lake ecosystem
and their cause analysis in the past century. The correlations between those proxies and
the temperature and precipitation data of the Lijiang region during 1951-2010 AD were
analyzed. The results showed that: biosilicon, ostracods and physicochemical proxies
changed greatly with the depth of the sediment, especially 14.5 cm which represent for
the past 70 years. The results of ostracods combination showed that since 1990, the
relative abundance of cold water species reduced, such as Cyclocypris and Candona,
while the relative abundance of the warm water species increased, like Eucypris and
Cypris. Limnocythere was the dorminant species in the core. The absolute abundance of
ostracoda increased sharply from the end of last century and reduced rapidly in recent
years. The content of biological silicon maintained at a relative higher level since 1990,
which indicated that the primary productivity was relatively high in Lake Lugu during
this period and phytoplankton containing silicon (e.g. Diatoms) increased. Therefore
climate change in this region led to the increase of primary productivity in lake Lugu
over the last 20 years.

Key words: lake Lugu; ostracods; biosilicon; geochemical proxies.

It is reported from IPCC (2007) that the
mean global annual temperature has raised about
0.74°C during the past 100 yearsfrom 1906 AD to
2005 AD. In the background of global warming,
the mean annual temperature of the earth’s surface
in China increased obviously by about 0.5to 0.8
°Cyabit higher than that in the global world, which
is0.6°C + 02°C*2, Yunnan, aprovinceinlow latitude
plateau, which issignificantly affected by the
monsoon, has an evident warming tendency during
the past 50 years®.
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Lake ecosystem, proven to be sensitive
to environment changes, can comprehensively
reflect the response of entire watershed to climate
change*. Remote alpine lakes have continuous
sediments and can record their area’s climate and
environment in higher resolution during the past
period, so they arewidely used to study the history
of global change®®. Lugu Lake, inthecity of Lijiang,
Yunnan province, islocated at the Yunnan-Guizhou
Plateau, a subtropical region which is affected by
southeast and southwest monsoon. As a remote,
alpines, semi-closed, deep and oligotrophic
freshwater lake, Lugu, which is far away from
industries, is an ideal place to study aquatic
ecosystem responseto climate change'. It haslow
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population density, low anthropogenicinterference
and large vegetation coverage. And itswater isin
accordance with national water quality standard
[,

Inthebiological recordsof lake sediments,
ostracoda fossil and biogenic silica are widely
used in the study of paleoecological and
paleoenvironmental research. Compared with
gastropods and copepods, ostracodas are a kind
of micro arthropod which have long geological
history, large production and iswidely distributed
intheworld. Their classification systemisrelatively
perfect. What's more, they have definite source
and can be stablein geological time, which makes
them good indices to reveal paleoenvironmental
and pal eoclimate change, so they can be used to
reconstruct the past water environment and
ecology™. At present, themain researchistoinfer
changes (of lake area, climate, etc.) intheregion’s
environment by analyzing ostracods' ecological
characteristics, combination, abundance,
differentiation degree and so on'?14, but there are
few researches about climate changes for nearly
200 years. Li Yuanfang et al. probed into
environmental changes of Nanhongshan Lake in
150 years by analyzing ecological characteristics
and combination of Ostracods't. Compared with
plankton and fish, few studies about benthos’
response to climate changes are conducted'>"". In
addition, there have been only a few documents
and reports concerned with effects of climate
warming on biogenic silicacontent in lakes during
the past 200 years. Inforeign countries, researchers
mainly study about changes of silicon content of
marine organisms, space distribution, and the
relationship between biogenic silica and
environmental factors such as water chlorophyll,
nutrients, water flow, etc'® And domestic studies
mainly take sea(Yellow Sea, East ChinaSea, etc.)
as research object, to infer changes of biogenic
silica content for some timein the region, thusto
speculate conditions of marine primary
productivity in this period of time'*2. With the
climate warming more and more obvious, lakes as
natural reservoirs play an important role in
regulating climate and theyield of river water. So,
biogenic silica, indicator of primary productivity
in lakes and seas is significant to strengthen
research!®.

Through investigating and analyzing the
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record of sediments such as biogenic silica,
ostracods and physical and chemical indices in
Lugu Lake, thisresearch isaimed at revealing the
response of climate change and other
environmental factors to the sediment records of
lakesin southeast Chinafor nearly 200 yearssince
the industrial revolution, especialy over the past
century. Besides, this research can aso provide
some theoretical basis for the effect of regional
climate change on inland water environment and
water ecosystems, for the effect of global warming
on lake ecosystems, and for the prediction of the
effect of global warminginthefuture.

MATERIALSANDMETHODS

Sudy sitedescription

Lugulake(N: 27°412~27°452 , E: 100°452
~100°502), islocated in Yongning township, north
of Ninglang county, and in the mountains, |eft of
Yanyuan county, Sichuan province. Its altitudeis
approximately 2690.75 m, whileitsareais about
48.45km?(Fig. 1), anditisinalow latitude plateau
monsoon region. Thetotal areaand volume of the
watersis50.1 km? and 20.41x108 m3respectively.
Itsaverage depthis40.3 m, and the maximum water
depthis93.5 m. The maximum transparency of the
lake can be up to 12m, but most are between 6.0 ~
11.5m. Itsnutrient level isrelatively stable, asits
water quality has been maintained for class 1.
Themainwater supply of Lugu lakeisrainfall, and
theinput and output water ismainly balanced. The
annual average amplitude of water level is about
1.5m. Theonly exit of Lugu lake, Gaizuriver, isin
the east coast?*. Asasemi-closed lake, itsrecharge
coefficientisonly 3.4, so the boarding timeisup to
18.5a. The lake is in the monsoon region of
southwest and the low latitude plateau, which
bringsit warm climate with mountain monsoon. It
is controlled by the dry Continent Monsoon
Climateinwinter and Wet Marine climatein summer,
with wet and dry season, clearly. The annual
average temperature is 12.8!, the average annual
precipitation is 920mm, and almost 85% of the
annual precipitation concentrates in the rainy
season. During January and February, there is a
small amount of rain and snowywhile the annual
relative humidity is 70%. The sunshine hours
throughout the year are 2260h, with percentage of
sunshine of 57%. Most of the peaks which are
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over 3000m around the lake are covered by forest
or shrub vegetation, and the forest coverage
reaches47.6%%.

Lugu Lakeisthe highest Iakein Yunnan,
and is also one of the deepest freshwater lakesin
China. Far away from citiesand industriesand less
disturbed by human being, thelake hashigh forest
coverage rate and low level of contamination. In
November, 2009, Lugu lake was assessed as
AAAA level scenic spot, whichisapreciousregion
of studying lake evolution and climate change.
Field and labor atory methods

A 25 cm long sediment core (L GH-5) was
collected at a water depth of 42.0 m using a
UWITEC gravity corer inAugust 20, 2010 near the
central part of the southern Lugu Lake (N: 27° 402
10.03 yE: 100° 472 51.03, Figure 1). Thecorewas
sectioned at 0.5 cm contiguous intervals in the
field, and the collected subsampleswere sealed in
plastic bags with consecutive numbering and
immediately transported to thelaboratory, and then
kept inarefrigerator at -20°C.

210ph dating was measured in the State
Key Laboratory of Lake Science and Environment
(SKLLSE), Nanjing Institute of Geography and
Limnology, Chinese Academy of Sciences. The
upper frozen-dry subsamples were analyzed for
219Ph and #Ra by direct gammaspectrometry using
the Ortec HPGe GWL series of well-type, coaxial,
low background, intrinsic germanium detectors®.
210Pp activity was determined viaitsdirect gamma
emissionsat 46.5 keV and **Raviathe 295.2 and
351.9 keV 3-rays emitted by its daughter isotope
214Pp following 3-week storagein sealed containers
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to alow secular equilibration to be established.
Supported 2°Pb in each sample was assumed to
be in equilibrium with in situ 2*Ra. Unsupported
210pp activity at each depth was calculated by
subtracting #°Ra activity from the total 2°Pb
activity?. The standard error of replicate analyses
does not exceed 10%.

The dry bulk density of the sediments
was measured using a density determination kit
for Excellence XP/XSanalytica balances (Mettler-
Toledo AG, Switzerland). The wet sedimentswere
analyzed for water content by drying for 24 h at
105 °C, and then combusted at 550 °C for 3-4 hto
determine the percentagelossonignition (LOI)%.
The CE-440 dementd anayzer (EAI Company) was
used for the determination of total organic carbon
(TOC) and total nitrogen (TN) content of the
samples, and calculated TOC/TN ratios(i.e. C/N).
Persulfate digestion method was used to measure
total phosphorus (TP).

Biogenic silica (BSi) analyses were
performed using the standard method of
colorimetric determination of the blue silica
molybdate complex®, namely using 2 M Na,CO,
solution extraction at 85°C for 8 h, and determinate
by molybdenum blue spectrophotometry at 812nm.
The standard error of replicate analyses does not
exceed 2.5%.

The species identification of ostracods
was based on the system of Wang and Sha (2009),
Meisch (2000), Hou (1982, 2007), ledgpaand Nigp
(1988), Jiang et al. (2007)+23L, |n order toisolate
the ostracods from the sediments, we took 5-10 g
wet sediments from each sample and oven-dried
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them for 24 h at 65°C to obtain their dry weights.
The samples were put in a plastic container and
mixed with 10% hydrogen peroxide (H,O,) to
remove organic matter. Then 0.1N HCI was added
to remove carbonate. The processed sampleswere
sieved, washed and dried at 65°C. Ostracod valves
leftinthe sieveswere picked out from dried residues
by brush under a binocular microscope (Olympus
272729).
Climatedata

The daily temperature and precipitation
meteorological datafrom 1951 to 2010 at Lijiang
weather station (2392.4masil., ca. 101.2 km straight
line distance from Lugu Lake), were got from the
China Meteorological Data Sharing Service
Platform (http://cdc.cma.gov.cn). The monthly,
seasonal and annual temperature and precipitation
were then established from the collected data. This
article selects monthly precipitation and
temperature data to analyze regional climate
characters of annual and seasonal. Thetime series
of annual and seasonal temperature anomaly and
precipitation departure were constructed. For
depiction of temperature and precipitation data, 5
year running mean of temperature and precipitation
were calculated to reflect the trend of climate and
precipitation change®®.
Datatreatment and analysis

Descriptive statistics and Pearson and
Spearman correlationsfor environmental variables
and biologic variations about ostracods were
calculated using SPSS version 16.0. The
significance of ostracod-based biostratigraphic
zones was calculated by using the constrained
incremental sum of squares (CONISS) facility within
thecomputer programs TILIA and TILIAGRAPH=,
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and the statistical analyses of diatom assemblages
were based on percent abundances and included
16 diatom taxa with <2% abundance at |east one
sample. The geochemical and biological indicators
(ostracods, BSi and physicochemical proxies) was
plotted using the computer program C23,

RESULTS

Dating (cor echronology)

Due to the non-monotonic variation in
unsupported 2°Pb activity, the date were calcul ated
using the constant rate of supply (CRS) model®.
29Phtot activity decreased exponentially with
increasing depth and equilibrated with ?*Raat 22
cm (quality depth at 11.22g/cm?) (Figure 2a). The
resulting #°Pb chronology indicated an earliest
date of 1830 AD =+ 14 at a depth of 22 cm (Figure
2b). Results indicated that the average deposition
ratewas 0.15 g cm? yr. However, the deposition
rate calculated according to the CRS model at
different depth isvarious. The deposition rate and
the sediment accumul ation rate generally increased
from top to bottom. The average deposition rate
and the sediment accumulation rate were 0.14 g
cm?yrtinthe upper 6.0 cm, and 0.18 gcm-2 yr?
from 6.0 cm to 22 cm, repectively. The age-depth
plot suggests that LGH-5 spans a period of
approximately 100 years, dating back to ca. 1910
AD.

Physicochemical characteristicsof the sediment
and and BSi proxies

Physicochemical characteristics of the
sediment and BSi proxiesversusdepth inthe LGH-
5 core was showed in Figure 3. The correlation
analysis between the data (the mean annual daily

AL

| a b
or 1990
FB?BI.I 1E-ZI 0324x
RE=0.781 P<0.0001 1o
1050
il
=]
= iwin
H
Kl + CRS“Pbdate
1E7a
1830
1m0
L mie B v
o H i ] 10 i1 12 ) 4 [ ] L) w1 14 15 i3 MO M

4 5 & T ] L]
Quality depth [ glem® )

Depth (cm)

Fig. 2. #°Ph_ _activty of quality depth (a) and age-depth plot for LGH-5 core (b)

J PURE APPL MICROBIO, 9(4), DECEMBER 2015.



ZHU et a.: THE CHANGE OF OSTRACODS & BIOSILICON

temperature and preci pitation meteorological data
from 1951 to 2010 AD at Lijiang weather station)
and the content of TOC, TN, C/N ratio (TOC/TN),
CaCO, was carried out. The results showed that
the mean annual temperature were significantly
positively correlated with TOC in the twenty seven
collected subsamples (R=0.497, p =0.0009, N =27),
but no significant correlation with the content of
C/N (TOC/TN) and CaCO,. In addition, the
statistically significant correlations were found
between the precipitation and the content of TOC,
CIN and CaCO, concentration (R=0.445, p=0.018;
R=0.548, p =0.003; R=0.482, p =0.007, N=27,
respectively). From the results recorded in the
sediment cores of Lugu lake during the last 200
years, alow value in TOC was found between 9
and 12 cm (ca. 1962—1978 AD), which was dueto
the low temperature and the few precipitation in
the region in the period. The content of TOC was
followed by increasing trendsfrom 9cm to the top
of core, with an average value of 4.1%, and the
findings were in accordance with the rising
temperaturessince 1992 AD.

Thelinear correlation between the content
of TN and TOC in sediments was significantly
positive (P<0.01, N=27). Theratio of C/N in the
sediment was used as an indicator of the relative
contributions of organic matter from terrestrial

d’c' O‘l
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versus aquatic sources. Generally speaking,
terrestrial organic matter typically possesses C/N
values >22 3¢ whereas algal organic matter
generally displays C/N valuesfromca. 4t0 10%". C/
N ratio of sediment core LGH-5 wasin arange of
7.68~16.52 (C/N mean 11.77), which indi cated that
the sedimentary organic matter in Lugu lake was
mainly aresult from autochthonous production
37

TheC/N ratioin sediment core LGH-5was
gradually declined with arelatively low value (C/N
mean 11.77) during two periods (from ca. 1970 to
1980AD and 2005t0 2010AD). Thismaybeattribute
to the contributions of organic matter from
terrestrial wererelatively lower because of theless
precipitation in the two periods. In addition, the
resultswere accel erated by the contributionsfrom
theterrestrial organic matter which was positively
correlated with theregional climate warming since
2005AD. Thefindings confirmed the Lugu L ake’
primary productivity increase was driven by rising
temperatures and human activities in recent fifty
years, especialy for nearly 20 years. The content
change of CaCO,wassimilar to the variation of C/
N values. The smaller contributions from the
terrestrial organic matter, the lower contents of
terrestrial CaCO, werefrom sediment organic matter.

BSi concentrations of LGH-5 were
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relatively low at 14.5cm (ca. 1945AD), 10.5cm (ca.
1965AD) and from 6 cmto 9.5 cm (ca. 1986 - 1992
AD).Sinceca. 1992 AD to 2010 AD (0~6c¢cm), the
contents of BSi showed increasing trendsin Lugu
L ake, which may indicated theincreasein primary
productivity. Therefore, it suggested that asresult
of the climate warming in recent 60 years, the
changes of BSi and C/N content increased in the
Lugu Lakeregion.

Speciescomposition

Species composition of fossil ostracods
for LGH-5 was shown in Figure 4. The sediment
samples contained ostracod shells of six generain
total. These are Limnocythere, Eucypris, Cypris,
Darwlnula, Candona, Cyclocypris. The fossil
ostracod assemblages were dominated by
Limnocythere, while Cyclocypris and
Limnocythere were the most frequent and
abundant taxa before 1970s. Three ostracode zones
were identified based on changes in major taxa
abundance of LGH-5.

Zonel (ca. 1840-1940 AD) wasdominated
by Limnocythere, Cyclocypris and Candona. The
total abundance and simple diversities of ostracod
fossil in Zone | wasrelatively lower than in Zone
Il

Zonell (ca. 1940-1992 AD) wassplitinto
two subzones. The total abundance and simple
diversitiesof ostracodesfossil in Zonell waslower
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Candona was low, but other two ostracode taxa
abundance (Candona and Cyclocypris) maintained
increasing trends in zone Il a. In contrast, the
percentage of Limnocythereincreased rapidly and
the percentage of Candona and Cyclocypris
significantly reduced in zone Il b, and Candona
disappeared.

Zonelll (ca. 1992-2009 AD) wasdivided
into two subzones, Zone lllaand Zone I11b. The
abundance and diversity of ostracodes in Zone
I11a was high with the average abundance of 50
per layer, which were dominated by Limnocythere.
In Zone Illb, the abundance and diversity of
ostracodes decreased significantly, but the
percentage of Limnocytherewasalso predominant
in ostracode assemblages.

DISCUSSION

Causesof BSi record

BSi, known as phytolith or opal, can be
comprised of different components mainly of
biological origin such as diatoms phytoliths,
radiolarians, silicoflagellates and sponge spicules.
The contents of BSi in sediments were often used
as proxy indicators of productivity of lake and its
basin?3#% |nrecent 60 years(ca. 1951-2010AD),
BSi contents were highly significantly positively
correlated with the annual temperature mean

than in Zone Ill. The abundance of genera (Spearman r = 0.497, p =0.007, n =27), and not
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correlated with annual rainfall (p >0.05, n=27). The
results suggested that BSi concentration was
closely correlated with the change of climateinthe
region. Based on the analysis of C/N values, the
increase in lake primary productivity became
contribution to sedimentary organic matter in
sediment, and BSi was mainly a result from
autochthonous lake production.

Causeof ostracod record remainsfrom Lugu lake

Ostracods are small bivalved
crustaceans, which shells are typically 0.3-3mm
long. They livein abroad range of aquatic habitats
(such as lakes, ponds, springs, streams, rivers,
estuaries, and oceans) and known to be sensitive
to changes in temperature®, salinity*, ionic
composition*, and nutrient status®. They are also
intensely affected by a range of other habitat
variables such as water depth, volume, retention
time, water transparency, and the degree of aguatic
macrophyte cover®. As a result of world-wide
distribution and long historical records, ostracods
can act as an useful indicator to reconstruct
pal eoenvironments®47,

Zonel from ca. 1840 to 1940 AD, the
number of Ostracod were several to morethan ten
shellsper layer, related with climate and nutrition.
On the other hand, Ostracod was destroyed by
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sedimentology and biological factors, such as
mechanical damage, compaction, chemical
corrosion, and recrystallization.

From ca. 1940to 1992 AD (Zonea!), the
temperature and rainfall data from lijiang city
weather station indicated that the environmenntal
conditionsturned into acold-arid phase. Theresults
of ostracods composition showed that the cold
water species such as Cyclocypris and Candona
increased while the warm water species like
Eucypris and Cypris reduced in the relative
abundance. This might indicate a adaption to
changes in temperature.

From ca. 1940 to 1992 AD (Zone b!),
temperature and rainfall data suggested the warm-
wet and warm-dry periods in 1951-2010 AD.
Temperature played a vital role in the ostracod
compositional assemblages. Cypris, Eucyprisand
Limnocythere have significant positive correlation
with temperature (R=0.489, P=0.006; R=0.506,
P=0.016; R=0.493, P=0.005, N=27). From ca. 1990
to 2005 AD, the ostracod abundance markedly
increased and the number reached to fifty in per
layer. Since ca. 2005 AD, ostracod abundance
rapidly decreased with the organic matter content
reduced, reflected ostracod abundance was
significantly positively correlated with TOC
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contentyR=0.487, P=0.023, N=27. Furthermore, the
ostracod differentiation has increased. Similar
results have been found, and the increase in
abundance and differentiation were positively
correlation with climate warming. Limnocythere,
was often associated with warm conditions, has
been observed to increase in the abundance and
become dominant species. On the other hand,
Cyclocypris has significant negative
correlationwith temperature (R=-0.470, P=0.012,
N=27), even disappeared resulted from climate
warming. Cold-water species Candona, living
conditions was similar to Cyclocypris, the
abundance obviously decreased.
Species—environment relationships

CCA identified seven environmental
variables(CaCO,, TP, TN, C/N, MAT, MAR, BSi)
that significantly explained the variation in the
ostracod assemblages (Figure 5). Canonical
analyses of the presented calibration dataset
revealed TEMP asthe main environmental variable,
which controls ostracod distribution in the studied
lake. Thebiplot clearly illustrated that Cyclocypris
and Candona were affected by increased CaCO,-
levels. Eucypris, Cypris and Limnocythere were
influenced by MAT, MAR and BSi. The group of
species Darwmula sp. was distinguished, which
prefer relatively higher TOC. In addition, wefound
the composition of ostracod was similar to the
neighboring layer.

Lugu Lake, which is a remote alpine
oligotrophic temperate lake, it is suggested that
the changes in BSi, ostracod abundance and
differentiation was mainly result from the climate
warmingintheLugu Lakeregioninrecent 100 years.
In addition, TOC concentration in sediment was
another important factor in ostracod abundance.

CONCLUSON

Phytoplankton containing silicon (e.g.
Diatoms) increase and the region climate change
over the last 20 years lead to the increase of lake
primary productivity in Lake Lugu. Since
1992yincreasein the abundance and differentiation
of ostracod was consistent with the climate
warming in the period, which sugguested ostracod
speci es were sensitive to temperature change and
can be used as paleoenvironmental indicators.
Limnocythere was the dominant ostracod taxa in
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the LGH-5, but before 1970s the ostracod were
dominated by Cyclocypris and Limnocythere in
LGH-5. Changesin BSi, ostracod abundance and
differentiation were mainly result from the climate
warmingintheLugu Lakeregioninrecent 100 years.
Moreover, TOC concentration was the other
important factor influencing ostracods abundance.
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