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Abstract Exploring whether diatom diversity in a
lake sediment core is representative of that of the
entire lake is important for determining the response of
lake diatom diversity to global climatic warming. In
this study, Yunlong Lake, an alpine lake located in
Yunnan Province, Southwest China, was investigated
to explore this question over both space and time.
Spatially, we investigated diatom diversity patterns in
62 surface sediment samples from different locations
and depth zones of Yunlong lake and found essentially
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constant diatom diversity across the entire lake basin.
Temporally, we studied a well-dated sediment core
from the lake center to explore whether long-term
water-level changes influenced diatom diversity over
the last ~ 100 years. Changes in the annual average
sediment accumulation rates indicate that the water
level of Yunlong Lake increased substantially after the
construction of a dam. However, there is no obvious
relationship between diatom diversity and water-level
changes, which suggests at this site long-term water-
level changes did not influence diatom diversity.
Comparative analysis of the results for Yunlong Lake
with those for other lakes indicates that for relatively
strongly mixed lakes with a simple morphology and
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uniform shoreline microhabitat, such as Yunlong
Lake, differences in water depth and changes in water
level may not influence diatom diversity. In such
cases, the diatom diversity from a sediment core is
likely to be representative of that of the entire lake
during specific time intervals. Therefore, such lakes
may be optimal for studies of changes in past diatom
diversity using sediment cores.

Keywords Yunlong lake - Water depth - Water-level
changes - Twentieth century - Diatom diversity

Introduction

The maintenance of biodiversity is important in
promoting the stability of ecosystem functioning
(Worm et al. 2006). In recent years, a trend of global
climatic warming has become increasingly obvious
and it is substantially impacting the biodiversity of
different ecosystems (Pounds et al. 1999; Parmesan
and Yohe 2003). However, a large number of studies
have found that the response of biodiversity to climatic
warming is different for both species and ecosystems
(Root et al. 2003; Thomas et al. 2004). For example,
climatic warming has caused extensive bleaching and
a sharp decline in the biodiversity of coral reefs in
marine ecosystems, which has led to a steep decline in
the biodiversity of fish that inhabit coral reefs (Jones
et al. 2004). In contrast, in the cool northern uplands of
England, climatic warming is considered to be the
main cause of a major increase in butterfly biodiversity
(Menéndez et al. 2006). At present, the response of
biodiversity in different ecosystems to climatic warm-
ing has become a major scientific issue (Lake et al.
2000; Wagner and Adrian 2011), which is of great
significance for predicting the responses of different
ecosystems to warming and hence for the determina-
tion of appropriate management strategies against the
background of future warming.

Lakes support a large amount of global freshwater
biodiversity (Hayford et al. 2015), acting as an
essential component of global ecosystems. Moreover,
the diversity of the aquatic biota is an important
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indicator of a healthy lake ecosystem (Xu et al. 2001).
Diatoms are important primary producers in lake
ecosystems. They occupy the base of the trophic
pyramid in lakes, and changes in diatom composition
can cascade through the lake food web (Winder and
Schindler 2004; Adrian et al. 2006), thus directly
affecting lake productivity (Mann 1999; Chen et al.
2011, 2015) and exerting an important influence on the
structural and functional stability of lake ecosystems.
In addition, diatom species are often diverse and their
siliceous valves are generally well preserved in
lacustrine sediments (Smol and Cumming 2000; Chen
et al. 2008; Wang et al. 2008, 2012a, b). These
characteristics make diatoms very useful for recon-
structing changes in aquatic biodiversity on various
timescales (Gregory-Eaves and Beisner 2011).
Numerous recent studies have confirmed that
diatom assemblages in many lakes from different
regions of the world have changed substantially in
response to global climatic warming (Smol et al. 2005;
Riihland et al. 2005, 2015; Yan et al. 2018). For
example, warming has increased the intensity of lake
stratification, resulting in the dominance of a series of
small cyclotelloid taxa and elongate fragilarioid taxa
which have an advantage in the competition for
nutrients and light under conditions of strong lake
stratification (Litchman et al. 2006; Winder et al.
2009). Thus, they have gradually replaced the heavy
planktonic species, such as the Aulacoseira spp., that
previously dominated diatom assemblages (Riihland
etal.2015). However, it remains unclear whether these
changes in diatom assemblages also lead to changes in
diatom diversity and therefore it is difficult to reach a
consensus opinion. Thus more studies are needed to
resolve the issue (Gregory-Eaves and Beisner 2011).
With regard to understanding of responses of lake
diatom assemblages and diatom diversity to global
climatic warming, most current studies are mainly
based on diatom analysis of sediment cores (Kara-
banov et al. 2004; Smol et al. 2005; Hayashi et al. 2011;
Yan et al. 2018). However, whether the results from a
single sediment core are representative of the diatom
diversity of an entire lake at a specific time interval is a
fundamental question. This issue must be addressed
before exploring the response of diatom diversity to
global climatic warming, for two reasons. First,
changes in diatom diversity in a sediment core may
be misleading and do not reflect changes in diatom
diversity throughout the lake. As is well known,
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different microhabitats exist in different depth zones of
a lake (Stone and Fritz 2004). For example, the
shallower water zones, where there is sufficient light
penetration, consist of rocky, sandy, and clayey
substrates and are also colonized by various types of
aquatic vegetation that provide habitats for benthic and
epiphytic diatom species (Hoagland and Peterson
1990; Kingsbury et al. 2012). However, since lakes
are often not entirely translucent, benthic diatoms can
only grow within this shallow-water photic zone, while
planktonic diatoms can remain suspended in the upper
photic layer of the entire lake by free-floating (de-
pending on the mixing mechanism), thus causing them
to be distributed within all depth zones. Accordingly, it
is generally supposed that diatom diversity in the
sediments of the shallower-water zones, with diverse
microhabitats and diatom species, is likely to be much
higher than that in the deep profundal zone dominated
by planktonic diatoms (Hayashi 2011). In this case,
changes in diatom diversity of a single sediment core
are not representative of the entire lake. Second,
changes in the diatom diversity of a sediment core may
be caused by changes in water level rather than by
climatic warming. In this case, if changes in water level
occur, the diverse littoral microhabitats and the corre-
sponding benthic diatom zones will change accord-
ingly, which may lead to changing diatom diversity
within a sediment core (Hayashi 2011). However, this
may only reflect the migration between different
microhabitats caused by changing water level, rather
than a change in the diatom diversity of the entire lake.
Thus, the response signals of diatom diversity to global
climatic warming may be obscured.

Therefore, in order to determine whether diatom
diversity in a lake sediment core is representative of the
entire lake, two questions need to be addressed. First, it
should be determined whether diatom diversity in
contemporaneous lake sediments differs with water
depth and location. In this case, the results of studies of
different types of lakes are inconsistent. For example,
studies of several boreal lakes show that diatom
diversity in the sediments from different depth zones
of lakes are generally different: diatom diversity in the
shallow water zones with diverse microhabitats is much
higher than that in the deep-water zones (Stevenson and
Stoermer 1981; Moos et al. 2005; Cantonati et al. 2009;
Laird et al. 2010, 2011). In contrast, in a study of the
major diatom diversity patterns of a subtropical moun-
tain lake, Yunlong Lake, in Southwest China, Zou et al.

(2015) found an almost unchanging pattern of surface
diatom diversity with changing water depth. They
concluded that the diatom diversity of the surface
sediments of Yunlong Lake was representative of the
diatom diversity of the entire lake, and they attributed
this to the relatively simple lake morphology and
uniform shoreline microhabitats. If their conclusions are
correct, it implies that diatom diversity in a single
sediment core may be representative of the diatom
diversity of the entire lake. However, case studies of
several northern temperate to boreal lakes with a
relatively simple shoreline environment, such as Lake
Michigan and Lake Tovel (Stevenson and Stoermer
1981; Cantonati et al. 2009), showed that diatom
diversity in the sediments from different depth zones
was significantly different. These findings imply that the
relatively simple lake morphology and uniform shore-
line microhabitat of Yunlong Lake may not be the only
reason for the similarity in diatom diversity at different
water depths, and other reasons need to be considered.
Moreover, the conclusions of Zou et al. (2015) are of
concern for two reasons: (1) the number of surface
samples was relatively small (25 in total) and there were
obvious sampling gaps along the water depth gradient;
and (2) the diatom counts of 300 valves may not have
been sufficient for diatom diversity analysis, which may
cause rare taxa to be omitted. Therefore, more studies
are needed to substantiate this changing pattern of
sedimentary diatom diversity.

Secondly, it is necessary to clarify whether long-
term changes in water level influence sedimentary
diatom diversity. To date, there is still no consensus
regarding this issue because of the lack of relevant
studies. Although water-level changes can greatly
influence the composition of lake diatom assemblages,
such as the ratio of planktonic to benthic diatom
species (Brugam et al. 1998; Stone and Fritz 2004;
Heinsalu et al. 2008; Laird and Cumming 2008; Wolin
and Stone 2010; Leira et al. 2015), it remains unclear
whether they affect diatom diversity.

In the present study, we tested and expanded the
results of Zou et al. (2015) by analyzing 62 surface
samples from different depth zones of Yunlong Lake.
In addition, we reanalyzed the diatom diversity using a
rarefied calculation to a base sum of 600 valves and
assessed the chances of the occurrence of rare species.
We used a variety of statistical methods to analyze the
differences in diatom diversity in different depth
zones, including diatom [-diversity. In order to
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identify the role of mixing in influencing the changes
in diatom diversity, we obtained a two-year, two-hour
interval, record of water temperature monitoring data
for Yunlong Lake. In addition, we used a 60-year
meteorological monitoring dataset from the nearby
Dali Station to analyze the relationship between
diatom diversity and climate changes.

The principal questions to be addressed in our study
are as follows: (1) Does surface diatom diversity differ
in different locations and in different depth zones of a
lake? (2) Is diatom diversity affected by long-term
water-level changes? By exploring these two ques-
tions, we aimed to assess the representativeness of
diatom diversity in lake sediments, and to lay a
foundation for future studies of the effect of climatic
warming on lake diatom diversity.

Study site

Yunlong Lake (25°52'12.89"N, 99°16'49.75"E), also
called Shuchang Sea, is located in the Tianchi National
Nature Reserve in Yunnan Province, Southwest China
(Fig. 1). The climate of the region, influenced mainly
by the subtropical monsoon, is cool and moist with
typical dry and wet seasons. The altitude of the lake is
2551 m.a.s.l. and the drainage area is ~ 11.25 km?.
The average water depth is ~ 8.5 m (measured by
water volume) and the maximum depth is ~ 14.1 m.
It is a typical tectonic lake formed mainly by faulting.
The substrate of the lake is mainly silty, apart from a

steep gravel bank in the northwestern part. Different
macrophyte species are distributed in the gently
sloping littoral zone of the northeastern, southern and
southwestern areas (Fig. 1); they include floating
Nuphar pumila (Timm) DC. and submerged Myrio-
phyllum spicatum Linnaeus. A two-year water tem-
perature monitoring program at four different water
depths (1, 5, 7 and 12.8 m) from August 2013 to
August 2015 revealed that complete mixing occurs in
the winter half-year (October to late February) (ESM
1). The lake is thermally stratified in the summer half-
year (March to October) and the depth of the thermo-
cline is greater than 7 m.

Yunlong Lake was originally a natural mountain
lake. Because it is located in a remote mountainous
area, the human population of the catchment is low.
No large-scale deforestation or farming activities are
documented and therefore the impact of human
activities on the lake is generally minor. Moreover,
the lake is still oligo-mesotrophic and has not yet been
subject to eutrophication. The modern physical and
chemical parameters of the lake are summarized in
Zou et al. (2018). The lake has no natural inflows but a
natural outflow in the east existed prior to the 1950s
(Fig. 1), which flowed into a branch of the Lantsang
River. However, in order to alleviate the local scarcity
of water resources, from the 1950s onwards the lake
was gradually transformed into a reservoir. A dam
with a total height of ~ 12.74 m was constructed
between 1953 and 1985 on the eastern outflow in order

~=Original Outflow
@ Littoral Subzone Sampling Sites
® Shallow Zone Sampling Sites
® Profundal Zone Sampling Sites
Core Sampling Site
Macrophyte Distribution Zone

(b)

Fig.1 aLocation of Yunlong Lake in China; b Bathymetry map of Yunlong Lake with the locations of the 62 surface sediment samples
and sediment core YL2013-A. The distribution of macrophytes and the location of the original outflow are also shown
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to store water, which was mainly used as a local
domestic water source and for field irrigation. Thus, it
was transformed into a small reservoir with a total
water capacity of 7.9 x 10° m>. In October 2003, in
response to increasing demand for water resources, an
outside water input project was initiated and was
completed in July 2009. Subsequently, it was enlarged
to form a medium-sized reservoir with a total water
capacity of 1.09 x 107 m>.

Materials and methods
Sampling design

In July 2013, we obtained 25 surface sediment samples
from Yunlong Lake along north—south and east—west
transects using a UWITEC gravity corer (Zou et al.
2015). In August 2015, we increased the sampling
density by collecting an additional 37 surface samples
using the same method. The topmost 0.5 cm of each
sediment core was carefully extruded and used for
diatom diversity analysis. For each surface sediment
sample collected, the corresponding water depth was
measured using an echo sounder and the site location
was recorded using GPS. A total of 62 surface
sediment samples were obtained during these two
periods of field work, covering almost the entire depth
range of the lake (Fig. 1). In addition, we retrieved a
sediment core (YL2013-A), with a total length of
1.27 m, from the deepest area of the lake (~ 13.3 m,
Fig. 1) using the UWITEC gravity corer. The upper
15 cm of the core was extruded into 0.5-cm intervals
and the remainder of the core into 1-cm intervals.

Laboratory methods and chronology

The chronology of the uppermost 39 cm (including 55
freeze-dried samples) of core YL2013-A was deter-
mined using the *'°Pb CRS (Constant Rate of Supply)
model together with the location of peaks in the
distribution of '*’Cs (Appleby and Oldfield 1978). The
specific radioactivity of '*’Cs, 2"*Pb and *'°Pb., was
measured by gamma spectrometry using a low-back-
ground well-type germanium detector (EGPC 100P-
15R) at the Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing.

A total of 62 surface sediment samples and 27
samples of the upper part of the sediment core (interval

sampling) from Yunlong Lake were used for diatom
assemblage and diversity analysis, which included the
following steps. First, the samples were freeze-dried
using an FDU-1200 freezing vacuum dryer and the
weights of the dried samples were recorded so that the
dry bulk density of the samples could be calculated.
Next, the samples were oxidized and cleaned using the
method of Battarbee et al. (2001). This involved
heating ~ 0.05 g of dry sediment with HCl and
subsequently with H,O, to remove carbonates and
organic material, respectively. The diatom concentra-
tion (valves per gram) of each sample was estimated
by adding divinyl benzene microspheres to the cleaned
suspensions (Battarbee and Kneen 1982). Diatom
slides were prepared by mounting with Naphrax
(Refractive Index = 1.7) on a hot (~ 180 °C) stove.
Diatoms were identified under oil immersion with a
phase-contrast light microscope at x 1000 magnifi-
cation and were identified to species level mainly
using taxonomic references of Krammer and Lange-
Bertalot (1986-1991). For each sedimentary interval,
the diatom data were expressed as percentage relative
abundance of the total number of valves counted. The
diatom concentrations of the surface sediment samples
were logarithmically transformed.

Multiple biodiversity indices were calculated to
evaluate diatom o-diversity. They include Taxa-S,
Pielou index, Shannon index, Simpson index and
Berger-Parker index (Lande 1996; Stevenson et al.
2008). Taxa-S, namely the total number of taxa in each
sample, was used to evaluate diatom richness. Prior to
calculating species richness, diatom counts were first
rarefacted (Birks and Line 1992) to a base sum of 600
valves (the number of diatom valves counted ranged
from 601 to 673). The potential errors of Taxa-S were
calculated at the 95% confidence level. The Pielou
index was selected to provide an index of species
evenness and to avoid the loss of community structure
information when only evaluating species richness
(James and Rathburn 1981). The Shannon index and
Simpson index are composite diversity indices, which
not only indicate species richness but also reveal the
evenness of species distribution; thus they are gener-
ally used to indicate the heterogeneity of the bioceno-
sis (Simpson 1949; Lande 1996). The Berger-Parker
index was calculated to provide a measure of species
dominance.

To quantify the statistical significance of the
differences in surface diatom o-diversity among

@ Springer



278

J Paleolimnol (2020) 64:273-291

different depth zones, a one-way analysis of variance
(ANOVA) using SPSS 22.0 was conducted on the
surface diatom diversity pattern using the rarefied
Taxa-S as the representative biodiversity index. The
procedure used included the following: first, the
normality and homogeneity of the Taxa-S dataset
were analyzed using a Kolmogorov—Smirnov test and
Levene’s test, respectively; second, the significance of
differences in diatom diversity between different
depth zones was analyzed using one-way ANOVA at
the 95% confidence level; and third, multiple com-
parisons were made using the post-hoc test of the
Bonferroni correction.

Diatom B-diversity, or the compositional turnover
of diatom assemblages between samples along differ-
ent depth zones, was evaluated using Detrended
Canonical Correspondence Analysis (DCCA) con-
strained to water depth as the predictor variable. It was
estimated in Standard Deviation (SD) units, following
the referenced method of Smol et al. (2005) and Birks
(2007).

In order to explore the relationship between
changes in the diatom diversity of Yunlong Lake and
climate change, we collected annual average meteo-
rological monitoring data for the past 60 years from
the nearby Dali Station (~ 150 km away). The
selected meteorological parameters included the
annual average air temperature, the annual precipita-
tion, and the annual average wind speed.

Stratigraphic diagrams were drawn using C2 ver-
sion 1.5.1. Major diatom stratigraphic zones were
defined using constrained incremental sum of squares
(CONISS) cluster analysis (with Euclidean distance
used for the dissimilarity matrix, Grimm 1987)
implemented with TILIA version 2.02. The biodiver-
sity indices were calculated using Past version 1.89,
and all of the species counted were included in the
analysis. The DCCA was conducted using CANOCO
5.0.

Results

Surface diatom assemblages and diatom diversity
Analysis of the 62 surface sediment samples resulted
in the identification of 28 diatom genera and 131

species (ESM 3). The diatom assemblage composition
of the surface samples varied with water depth

@ Springer

(Fig. 2). The results of the CONISS analysis and the
measured water depth of the 62 surface samples were
used to identify three different depth zones, including
one subzone: the near-shore littoral subzone, the
shallow-water zone and the deep profundal zone. The
62 surface samples were mainly distributed within the
shallow-water zone and the deep profundal zone,
which accounted for 93.6% of all surface samples. Of
the 62 surface samples, 35 samples were located in the
profundal zone, with measured depths ranging from
5.5 m to 14.1 m; and 23 surface samples were from
the shallow water zone, with measured depths ranging
from 0.3 to 5 m. Only 4 samples were located in the
near-shore littoral subzone in four different directions
of the lake, with a measured water depth of 0.1 m
(Fig. 1).

The distribution of diatom assemblages along a
depth gradient clearly delineated two main groups
based on specific physiological habits: planktonic
species and benthic species (including several epi-
phytic species). There was a distinct ecotonal bound-
ary between the distributions of planktonic and
benthic diatom assemblages at the water depth of ~

5 m which CONISS identified as the difference
between the shallow and the profundal zones
(Fig. 2). In addition, the near-shore littoral subzone
and the shallow water zone also had a threshold
at ~ 0.1 m (Fig. 2). The two shallower zones were
mainly dominated by benthic diatom species, with
some epiphytic species dominant in the littoral
subzone, while the relative abundance of the plank-
tonic species increased substantially in the profundal
zone (Fig. 2).

The diatom concentrations of different depth zones
ranged from 0.95 x 107 valves g~' to 1.06 x 10°
valves g~ ', increasing insignificantly with water depth
(Fig. 2). All five a-diversity indices revealed a similar
pattern of relatively constant diatom diversity with
increasing water depth. The total number of diatom
taxa in the 62 surface samples ranged from 40 to 76
(Fig. 3), and the average number of diatom taxa was
59, with a confidence level of 95%. Potential errors in
estimating the numbers of diatom taxa were revealed
by rarefaction analysis, ranging from 0.11 to 1.19
(Fig. 4). When the valve counts reached 600, the
diatom taxa in all surface samples increased only very
slightly. Thus, in this case, it was valid to use a rarefied
Taxa-S to indicate diatom richness for a count of 600
valves. The diatom evenness indicated by the Pielou
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index ranged from 0.64 to 0.87. Two composite
diversity indices were calculated: the Simpson index
ranged from 0.84 to 0.96, and the Shannon index
ranged from 2.36 to 3.51. The species dominance
index, the Berger-Parker index, ranged from 0.1 to
0.31 (Fig. 4).

The test results of the normality (p = 0.20,
o = 0.05) and homogeneity (p = 0.05, o = 0.05) of
the Taxa-S dataset facilitated the next step of
ANOVA. The results of one-way ANOVA (Table 1,
F =2.38, p = 0.10 > 0.05) indicated that there were
no significant differences in Taxa-S among the three
depth zones, providing statistical confirmation that
diatom richness was relatively constant at different
water depths. This was also demonstrated by pairwise
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of Taxa-S represent the errors of the species using rarefaction
analysis implemented in Past version 1.89. Diatom B-diversity is
evaluated by DCCA and implemented in CANOCO 5.0

comparisons among the three depth zones (Table 2,
p > 0.05 for all three pairwise groups, o = 0.05).
Although there were no statistically significant differ-
ences in diatom richness among the three depth zones
based on the results of ANOVA (Tables 1, 2), the
amplitude of variation of diatom richness in each
depth zone varied substantially (Fig. 3). Both the
pairwise ANOVA results (Table 2) and the statistical
distribution of the Taxa-S dataset (Fig. 3) indicated
that the amplitude of variation of diatom richness
within the shallow zone and profundal zone was less
than in the littoral subzone.

As was the case for the results of the DCCA, the B-
diversity of the diatom community in the littoral
subzone was 1.2 SD, while for the shallow and
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Table 1 Results of one-way ANOVA results for the Taxa-S dataset for Yunlong Lake, focusing on three different depth zones

Dataset Sum of squares df Mean square F p
Between groups 133.02 2 66.51 2.376 0.102
Within groups 1651.319 59 27.988

Total 1784.339 61

Table 2 Comparisons of the Taxa-S dataset among three depth zones of Yunlong Lake using the post-hoc test of Bonferroni

correction

Group comparison Mean difference Standard error p

1 2 — 6.16304 2.86601 0.107
1 3 — 4.76429 2.79227 0.28
2 3 1.39876 1.42006 0.986

Groups 1-3 represent the Taxa-S dataset for the littoral subzone, the shallow zone and the profundal zone, respectively

profundal zones, the values were 0.9 SD and 0.8 SD,
respectively, with essentially no difference (Fig. 4).

Changes in water level over the last ~ 100 years
indicated by sedimentary and dam-construction
records

The chronology of core YL2013-A (Fig. 5) indicated
that the upper 39 cm spanned the last ~ 100 years,
from ~ 1919 to 2013, with an age error ranging from
0.1 to 5.4 years. There was a prominent spike in '*’Cs
concentration at 26 cm depth, corresponding to the
peak of 1963, which was consistent with the radio-
metric age based on the decay of *'°Pbex (Fig. 5). The

lithology of the sediment core during the studied
interval was essentially constant, consisting of brown
clay-rich lacustrine sediments.

From the chronology, changes in the annual
average sediment accumulation rate (AASAR) and
the annual average sediment flux (AASF) could be
calculated. The AASAR and AASF exhibited a
gradually increasing trend since the interval of dam
construction, especially  after ~ 1975, which
reflected the continuous accumulation of lake sedi-
ments after the dam was constructed (ESM 2). In
addition, we estimated the approximate water level of
four different phases based on the water capacity of the
reservoir recorded by the dam construction project and

Fig. 5 Profiles of the 0 0 01 04
activities of 2'*Pb, 2!°Pbex, 1
137Cs and the resulting age- 5 5 5 5
depth model for sediment 1
core YL2013-A defined by 10 10 10 10
the CRS model € 1 1
L 154 15 15 15
£ - -
g
& 201 20 20 1 20
o ] | | ]
S 254 i i 4
o® 2 25 The peak of 1963% 25
30 30 30 30
35 35 35 35
40 1T 40 T 40 40 T
10 20 30 40 50 60 O 100200300400500 O 10 20 30 40 19201940 1960 1980 2000
24pp (Bq-kg) 20Ppex (Bg-kg-) “Cs (Bq-kg-1) Age (A.D.)
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the measured water level in 2013 (Table 3). Thus, we
were able to compare the trend to a record of changes
in water level of Yunlong Lake during the last ~ 60
years (ESM 2). The results showed that since the
beginning of dam construction in 1953, the water level
of Yunlong Lake had gradually increased due to the
dam construction and the reservoir extension project:
the water level rose from 7 m in 1953 to 7.79 m when
the dam construction was completed in 1985. When
the reservoir extension project was completed in 2009,
the reservoir water level increased to 11.45 m, and the
final water level measured during field work in 2013
was 13.3 m. The estimated water level based on the
reservoir water capacity was largely consistent with
the changes in the AASAR and AASF (ESM 2).

Synchronous and in-phase changes in sediment
accumulation rate and water level were supported by
the changes of other independent sedimentation
indices, such as the dry density and water content of
the down-core sediments, the sedimentary diatom
concentration, and the diatom flux (ESM 2). The
history of long-term water-level changes at Yunlong
Lake, indicated by these sedimentation indices, could
be divided into four phases (ESM 2) which were
described below:

Phase I (~ 1919 to ~ 1975), the phase of natural
fluctuations. The water content of the sediments was
relatively high, while the dry density of the sediments,
AASAR, AASF, the sedimentary diatom concentra-
tion and diatom flux, were generally low. All of these
parameters fluctuated within a narrow range which
indicated a generally stable water level influenced by
natural climatic fluctuations.

Phase II (~ 1975 to ~ 1995), the phase of lake
impoundment. The dry density of the sediments,

Table 3 Changes in water capacity of the reservoir, estimated
water level, AASAR (annual average sediment accumulation
rate) and AASF (annual average sediment accumulation flux)

AASAR, AASF, sedimentary diatom concentration
and diatom flux began to increase at the same time,
while the water content of the sediments decreased.
This indicated a steadily rising water level due to the
gradual implementation of the dam construction
project and the impoundment of the lake.

Phase II (~ 1995 to ~ 2009), the phase of
reservoir utilization. Compared with the second phase,
the dry density of the sediments, AASAR, AASF,
sedimentary diatom concentration, and diatom flux
increased synchronously, indicating the further
impoundment of the reservoir. However, these sedi-
mentation indices were also characterized by frequent
short-term fluctuations which indicated corresponding
short-term fluctuation in water level, probably due to
the increasing frequency of reservoir water discharge.

Phase IV (~ 2009 to 2013), the phase of reservoir
extension.The dry density of the sediments decreased
gradually, while the sedimentary water content,
AASAR, AASF, sedimentary diatom concentration
and diatom flux increased substantially again, espe-
cially the AASAR, which increased from 0.7to 1.2 cm
year . These changes may indicate that an abrupt rise
in water level occurred after 2009, probably as a
response to the completed reservoir extension project.

Changes in diatom assemblages and diversity
in core YL2013-A over the last ~ 100 years

Analyses of the 27 sediment core samples resulted in
the identification of 24 diatom genera and 110 species
(ESM 3). The diatom assemblages changed greatly
over the last ~ 100 years, and they could be divided
into four zones according to the results of the CONISS
analysis (Fig. 6), which were described below.

of Yunlong Lake before and after dam construction and the
reservoir extension project

Time (A.D.) Water capacity of the reservoir (m3) Measured water level (m) AASAR (cm year") AASF (g cm? year")
1953 7.26 x 10° 7 0.274 0.02
1985 7.9 x 10° 7.79 0.434 0.049
2009 1.09 x 107 11.45 1.18 0.078
2013 - 13.3 1.19 0.033

The data are based on dam-construction records and the chronology of core YL2013-A
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Fig. 6 Changes in diatom assemblages in core YL2013-A
during the last 100 years. Only the main diatom species (relative
abundance > 1%) are shown, and the rare benthic species are

Zone 1 (39-28 cm, ~ 1919to ~ 1957). The dom-
inant planktonic species was Aulacoseira ambigua
(Grunow) Simonsen, with a relative abundance of
27.3%. Other relatively abundant species included
Discostella asterocostata (Lin, Xie & Cai) Houk &
Klee and Discostella stelligera (Cleve & Grunow)
Houk & Klee, both with a relative abundance of 5.6%.
The abundance of benthic species was relatively high,
dominated by benthic fragilarioid taxa, including
Staurosirella pinnata (Ehrenberg) D.M. Williams &
Round, Staurosirella leptostauron (Ehrenberg)
D.M.Williams & Round, Pseudostaurosira elliptica
(Schumann) Edlund et al., Staurosira construens
(Ehrenberg) E. Morales, Staurosira construens var.
venter (Ehrenberg) Hamilton and Fragilaria pinnata
var. intercedens (Grunow) Hustedt, with a total
average relative abundance of 35.9%.

Zone I1 (28-22 cm, ~ 1957 to ~ 1975). A. ambi-
gua remained the dominant species with a peak
relative abundance of 45.3%, while the relative
abundances of D. asterocostata and D. stelligera
decreased substantially. The percentages of benthic
diatoms were almost unchanged in comparison with
the previous zone, and the total average relative
abundance of the dominant fragilarioid taxa was
35.4%.
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combined together as other benthics. The zones are defined
using CONISS implemented in TILIA version 2.02

Zone III (22-11.5 cm, ~ 1975 to ~ 1997). D.
stelligera and D. asterocostata were the dominant
planktonic species, with successive increases in their
relative abundance, with maxima of 31.8% and 26.4%,
respectively. In contrast, the relative abundance of A.
ambigua decreased markedly (average relative abun-
dance of only 8.1%) and Aulacoseira granulata var.
angustissima (O. Miiller) Simonsen, with low abun-
dances in zones I and II virtually disappeared. Benthic
diatoms showed no notable changes compared with
the previous two zones and the total average relative
abundance of the dominant fragilarioid taxa was
37.1%.

Zone IV (11.5-0.5 cm, ~ 1997 to 2013). The
abundance of A. ambigua again increased greatly,
with a maximum relative abundance of 52.4%; how-
ever, it gradually decreased after ~ 2005, with an
average abundance of 20.7%. The abundance of
Achnanthidium catenatum (Bily & Marvan) Lange-
Bertalot increased substantially in the early part of the
zone, with an average relative abundance of 4%, but
with only trace levels after ~ 2005. The relative
abundance of other euplanktonic species, including
cyclotelloid taxa such as Discostella pseudostelligera
(Hustedt) Houk & Klee, D. stelligera and Lindavia
balatonis (Pantocsek) Nakov, Guillory, Julius, Theriot
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& Alverson, and the elongate fragilarioid taxa such as
Fragilaria nanana Lange-Bertalot and Fragilaria
delicatissima (W. Smith) Lange-Bertalot, increased
substantially within this interval, especially after ~
2005. In contrast, the relative abundance of D.
asterocostata decreased gradually. In addition, the
relative abundance of the dominant benthic fragilarioid
taxa also decreased substantially compared with the
previous three zones, with a total average relative
abundance of 20.2%. However, the abundance of
Achnanthidium minutissimum Kiitzing, present in only
trace amounts in the previous zones, increased sub-
stantially in this zone, with a maximum abundance of
17.1%. However, it decreased greatly after ~ 2005.

The o-diversity of diatoms over the last ~ 100
years remained virtually constant, apart from two
intervals with relatively low values: from ~ 1955
to ~ 1975 and from ~ 1995 to ~ 2005 (Fig. 7).
During the first interval (~ 1955-1975), diatom
richness, evenness and composite diversity decreased
simultaneously, whereas during the second interval
(~ 1995-2005), there was a marked decrease in
diatom evenness and composite diversity with no
significant changes in diatom richness.

In order to explore the main causes of the changes
in diatom diversity of Yunlong Lake over the last ~
100 years, we conducted Pearson correlation analysis
of the relative abundance of the principal diatom taxa
over the last ~ 100 years and the five a-diversity
indices. The results showed that the relative abun-
dance of A. ambigua, the most dominant diatom

Discostella spp.
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species at Yunlong Lake over the last ~ 100 years,
was highly positively correlated with diatom domi-
nance (Berger-Parker index) (r = 0.82, p < 0.05), and
highly negatively correlated with diatom evenness
(Pielou index) and composite diversity (Shannon and
Simpson index), with correlation coefficients of
— 0.77, — 0.79 and — 0.81 (p < 0.05), respectively.
The correlation coefficient between the abundance of
A. ambigua and diatom richness (Taxa-S index) was
relatively low (r = -0.33, p = 0.08), which may indi-
cate that changes in the relative abundance of the most
dominant species in the whole community signifi-
cantly impacted changes in biodiversity, especially
species evenness, while species richness was not only
related to changes in the abundance of the dominant
species, but also to other factors.

Climate change in the studied region over the past
60 years

The changes in the three main meteorological factors
(annual average air temperature, annual precipitation,
and annual average wind speed) in the lake region
(Dali Station) over the last 60 years (Fig. 7) showed
that the air temperature first decreased, during
1951-1995, and then began to increase after 1995.
This indicated that the region has warmed since the
1990s, especially after 2000, with an average air
temperature increase of ~ 0.5 °C. Over the past
60 years, the annual precipitations showed no signif-
icant trend (R2 =0.0017), but with obvious
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Fig. 7 Changes in diatom diversity, main diatom assemblage
composition, and the estimated water level over the last
100 years at Yunlong Lake, with the annual average meteoro-
logical monitoring data of the last 60 years from Dali Station.
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periods listed in Table 3
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fluctuations during different periods, increasing dur-
ing the two intervals when diatom diversity notably
decreased. The annual average wind speed over the
last 60 years had an overall inverse correlation with
changes in air temperature. Before 1965, the annual
average wind speed was generally low and the average
value was 1.98 m s~'. After 1965 the wind speed
increased substantially to 2.63 m s_l, but after the
warming of the region it began to decrease, with an

average of 2.42 ms™ .

Discussion

Relationship between surface diatom diversity
and water depth

Several studies have shown that changes in the
composition of diatom assemblages occur across a
water depth gradient within a lake (Punning and
Puusepp 2007; Cantonati et al. 2009; Laird et al.
2010), and this is also the case for Yunlong Lake.
Unsurprisingly the littoral subzone and the shallow
water zone are dominated by benthic species, while
the profundal zone is dominated by planktonic species
(Fig. 2). Our data indicate that the demarcation
between shallow and profundal zones in Yunlong
Lake occurs at the depth of ~ 5 m, based on diatom
compositional changes (Fig. 2).

It has been speculated that diatom diversity in the
shallower benthic zones, with diverse microhabitats, is
likely to be much higher than in the deep planktonic
zone (Hayashi 2011). The results of several studies of
the relationship between surface diatom diversity and
water depth are in accordance with this inference
(Moos et al. 2005; Cantonati et al. 2009; Laird et al.
2010, 2011); for example, at Worth Lake, the diatom
diversity in the shallower benthic zone was much
higher than in the deep profundal zone (Laird et al.
2010).

However, in the case of Yunlong Lake, there is no
evidence of major variations in species biodiversity
metrics (richness, evenness, diversity) with water
depth, with the exception of a moderately lower level
in a few samples from the near-shore littoral subzone
(Fig. 4). The changes in Taxa-S together with the
ANOVA results indicate that there are no significant
changes in diatom richness in the different depth zones
(Fig. 3, Table 1). Species evenness indicated by the

Pielou index also indicates that there is little difference
in surface diatom evenness with changing water depth
(Fig. 4). Composite diversity indices, including the
Simpson index and Shannon index, also show almost
no differences among the three depth zones (Fig. 4). In
addition, the species dominance indicated by the
Berger-Parker index also shows no notable differences
in different water depths and locations (Fig. 4).

The results of DCCA (Fig. 4) indicate that surface
diatom B-diversity is similar between the 23 sites of
the shallow zone (0.9 SD) and the 35 sites of the
profundal zone (0.8 SD). For the shallowest four sites
(~ 0.1 m), the littoral subzone has the highest beta-
diversity (1.2 SD), which may be the result of a greater
number of microhabitats in this subzone. However,
this finding should be viewed with caution given that
this subzone is represented by only four samples.
Overall, it can be concluded that there is no discernible
difference in surface diatom B-diversity throughout
the entire lake.

Diatom diversity in the near-shore littoral subzone
is moderately lower but with significant fluctuations
(Figs. 3, 4). This may reflect a relatively uniform
environment but with substantially different diatom
microhabitats. Various microhabitats are inhabited by
different benthic diatom assemblages, thus causing
greater differences in diatom diversity of the littoral
subzone compared to the shallow water and profundal
zones (Fig. 3). The diatom composition of surface
sample S15, from the northwestern stony bank
(Fig. 1), is mainly dominated by the benthic species
S. construens, whose percentages reach 30%, which is
the maximum relative abundance in all of the surface
samples. However, the diatom diversity of this sample
is the lowest for the entire lake, which may be the
result of the relatively uniform substrate environment
in this area where macrophytes are scarce. Another
surface sample (S14) was obtained from near the
eastern outflow from a water depth of ~ 0.1 m
(Fig. 1). Its diatom assemblage is dominated by
epipsammic diatom species (e.g. Psammothidium
subatomoides (Hustedt) Bukhtiyarova & Round,
Fig. 2), probably because of the higher influx of sand
in this area. The species dominance in these samples
may explain the lower diatom diversity of this
subzone. In the other two surface samples from this
subzone (S19 and SO1), also from the water depth
of ~ 0.1 m (Fig. 1), the higher diatom diversity
probably results from the more evenly distributed
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macrophytes and the greater diversity of microhabi-
tats, which provide a favorable substrate for the
growth of a wide variety benthic diatom species.
However, considering the small number of samples
(four) and the extremely shallow water depth
(~ 0.1 m) in this subzone, this variation can be
ignored when evaluating the diatom diversity changes
of the entire lake.

Although the calculation of diatom diversity
indices for the sediment samples can be affected by
different sediment accumulation rates, as outlined by
Smol (1981), the diatom diversity in the benthic-
dominated shallow zone and the planktonic-domi-
nated profundal zone of Yunlong Lake exhibits no
significant variations (Figs. 3, 4), which suggests that
the difference in sediment accumulation rates between
these two depth zones does not influence their patterns
of diatom diversity. The effect of differences in
sediment accumulation rate in different depth zones on
surface diatom diversity appears to be insignificant at
Yunlong Lake, and consequently we did not evaluate
the potential errors of this effect in this study.

In summary, there are almost no differences in
surface diatom diversity with changing water depth
throughout the entire lake, in terms of both a-diversity
between species and B-diversity between habitats.

The mechanisms responsible for the relative depth
invariance of the diatom diversity of Yunlong Lake
may include the following. First, Yunlong Lake is
relatively strongly mixed. Lakes generally have inter-
vals in which the water column is mixed. Some lakes
are mixed several times in a year (polymictic), while
others are monomictic (Lotter and Bigler 2000; Tolotti
et al. 2007) or dimictic (Mackay et al. 2003).
Convection currents driven by the surface wind can
cause the resuspension and redeposition of sediments
in the shallow littoral zone. Thus, diatoms originally
deposited in the littoral zone can be transported to the
deep profundal zone (Wang et al. 2008, 2012a, b), and
this mechanism may result in relatively constant
diatom diversity in the sediments from different zones
of a lake. In the case of Yunlong Lake, although the
profundal zone is mainly dominated by planktonic
diatom species, most of the benthic species that
dominate in the shallow zones also occur in this zone
with low or moderate abundance (Fig. 2), which may
cause the relatively constant diatom diversity through-
out the entire lake.

@ Springer

The relatively constant diatom diversity throughout
all the depth zones of Yunlong Lake is probably
associated with the relatively strong mixing condi-
tions, which is demonstrated by water temperature
monitoring records (ESM 1). A two-year record of
water temperatures using automated temperature log-
gers (HOBO-C2) moored on a chain at the water
depths of 1, 5, 7 and 12.8 m in Yunlong Lake reveals
that there is an interval during which the water column
is fully mixed, from late autumn to early spring (ESM
1, Zou et al. 2018). In addition, the water temperature
monitoring records show that the upper at least ~ 7-
m water layer of Yunlong Lake, which occupies a
considerable part of the lake area, is fully mixed
throughout the year (ESM 1). The long mixing interval
and the large mixing area have resulted in the strong
mixing of the lake throughout the year.

In contrast, lakes such as Worth Lake (Laird et al.
2010), located in a relatively high-latitude region, are
characterized by a relatively long interval of ice cover
during which there is no lake mixing. At the same
time, the break-up of the ice cover and the lake
stratification also take up a specific time interval,
resulting in the far weaker mixing of such lakes
compared with Yunlong Lake, in terms of both the
length of the mixing time and the mixing area.
Consequently, relatively weak mixing of the water
column may occur in these lakes, causing large
differences in diatom diversity between different
depth zones.

Second, the complex morphology and shoreline
substrate environment of lakes such as Worth Lake
may result in a high degree of diversity of diatom
microhabitats, which can promote a higher diatom
diversity in the shallower zones. In contrast, there
were also no changes in surface diatom diversity with
changing water depth in Gonghai Lake (Yan et al.
2018), a temperate alpine lake in the monsoon region
of China, which is consistent with the diatom diversity
pattern of Yunlong Lake. Although Gonghai Lake is
also located at a temperate latitude and is ice-covered
for part of the year, similar to the above referenced
boreal lakes (Yan et al. 2018), its pattern of surface
diatom diversity differs substantially. The large
difference in the pattern of surface diatom diversity
between these two lakes may be attributed to the
differences in the complexity of lake morphology and
shoreline microhabitats. Gonghai Lake is a relatively
small, circular lake with a maximum water depth
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of ~ 10 m, which may promote efficient water
exchange between different areas, a simple pattern
of water circulation, and relatively uniform shoreline
microhabitats, similar to Yunlong Lake (Zou et al.
2015; Yan et al. 2018). These factors may thus have
caused a relatively lower benthic diatom diversity in
the littoral zone and an overall constant surface diatom
diversity throughout the lake. The comparison
between these lakes implies that the complexity of
lake morphology and shoreline microhabitats is
another important factor controlling the diatom diver-
sity patterns in lake sediments.

The absence of any notable variations in surface
diatom diversity at Yunlong Lake indicates that
diatom diversity of the sediments at a single location
is representative of the entire lake. By analogy, this
conclusion can also be applied to those lakes which
have relatively strong mixing conditions and simple
lake morphology and shoreline microhabitats. How-
ever, as explained previously, the representativeness
of diatom diversity in lake sediments needs to be
verified from a temporal perspective, for which the
diatom record from a sediment core is required.

Changes in water level and diatom diversity
over the last ~ 100 years

Changes in lake sedimentation indices can be a
reliable indicator of lake water-level changes, espe-
cially for reservoirs after human manipulation (Wang
et al. 2006, 2007). This is largely because in a semi-
closed reservoir system the accumulation of sediments
and the water capacity of the reservoir are highly
positively correlated. Dams can trap a large volume of
water and sediment in the reservoir, leading to
simultaneous increases in water level and sediment
influx. For example, during the four-year interval
(2003-2006) after the impoundment of the Three
Gorges Dam in China, ~ 60% of the sediment
entering the reservoir was trapped during the high
water-level months (June to September) (Xu and
Milliman 2009). At the same time, increasing water
consumption can cause simultaneous decreases in
water level and sedimentation. For example, in the
case of the Yellow River in China, the sediment load
has decreased by ~ 90% due to dam construction and
increased water consumption over the last 25 years
(Wang et al. 2006, 2007). Albeit on a much smaller
scale, this may also be the case for Yunlong Lake. In

the last ~ 100 years, with the construction of the dam
and the extension of the reservoir, the impoundment of
sediments has occurred. This is reflected by multiple
independent sedimentation indices, including the
AASAR, AASF, dry density and water content of the
sediments, diatom concentration and diatom flux
(ESM 2). These parameters, especially AASAR, show
an obvious stepwise increasing trend (Fig. 7, ESM 2),
indicating a gradual rise of the lake water level. At the
same time, the estimated water-level changes based on
the water capacity of the reservoir (Table 3) are largely
consistent with the changes in the AASAR (Fig. 7),
which indicates that in the case of Yunlong Lake the
changes in AASAR reliably reflect the history of
water-level changes.

The water level of Yunlong Lake shows an obvious
stepwise increasing trend over the last ~ 100 years,
as indicated by multiple sedimentation indices and the
reservoir’s water capacity record. If diatom diversity is
affected by this long-term change in the water level,
diatom diversity in the sediment core should show a
corresponding decreasing trend as presumed by
Hayashi (2011). However, according to our results,
changes in diatom diversity observed over the last ~

100 years do not correspond to changes in water level
(Fig. 7), which suggests that long-term water-level
changes have not influenced diatom diversity in the
lake sediment core.

The diatom diversity of Yunlong Lake over the
last ~ 100 years remained stable apart from two
intervals during which it was relatively low: from ~

1955 to ~ 1975 and from ~ 1995 to ~ 2005
(Fig. 7). The changes in diatom diversity during these
two intervals, especially the changes in diatom
evenness, are largely caused by notable changes in
the relative abundance of the dominant species A.
ambigua, which is indicated by the increase in the
Berger-Parker dominance index (Fig. 7) and verified
by the results of Pearson correlation analysis. The
dominance of the principal species in the population
will substantially affect species evenness, which is an
essential factor for assessing the biodiversity of the
entire community (Hill 1973). Therefore, the substan-
tial increases in the relative abundance of the domi-
nant diatom species, A. ambigua, may be the main
reason for the decrease in the diatom diversity of
Yunlong Lake during these two intervals. We now
explore the possible mechanisms responsible for these
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two changes in diatom diversity, based mainly on the
autoecology of A. ambigua.

(1) From ~ 1955 to ~ 1975, diatom richness,
evenness and composite diversity decreased simulta-
neously, while diatom dominance increased notably
(Fig. 7). The water level at this time, indicated by the
AASAR and other sedimentation indices, did not
increase significantly, indicating that no impoundment
occurred in the lake and that it was still open at this
time, although dam construction had begun in 1953.
However, based on the meteorological records of the
Dali Station, the annual precipitation increased sub-
stantially during this interval (Fig. 7), which may have
resulted in a large volume of the outflowing water. The
resulting large amount of water leakage from the lake
may have led to a large increase in the intensity of
turbulent mixing of the lake water compared to
previously, which may have resulted in the predom-
inance of the planktonic diatom species A. ambigua.
Because of its relatively heavy silicious frustules, it
has a high sinking rate and can only remain suspended
in the photic zone when water column mixing is
sufficiently strong (Pilskaln and Johnson 1991; Lin-
denschmidt and Chorus 1998; Riihland and Smol
2005; Poister et al. 2012). This relatively strong
mixing likely favored the proliferation of this species
during this interval, which led to an increase in species
dominance, together with a decrease in species
evenness and thus decreasing diatom diversity.

In addition, the meteorological monitoring data
show that the annual average air temperature at this
interval also gradually decreased, with the wind speed
increasing rapidly after 1965 (Fig. 7). The relatively
cold climatic conditions, with strong winds, may also
have promoted lake mixing and favored the blooming
of A. ambigua (Pilskaln and Johnson 1991; Linden-
schmidt and Chorus 1998; Riihland and Smol 2005;
Poister et al. 2012). However, although after ~ 1975
the climatic conditions were even colder and the wind
speed was higher, the relative abundance of A.
ambigua decreased greatly (Fig. 7), which may indi-
cate that these two climatic factors were not the main
cause of the dominance of the species and the resulting
decreasing diatom diversity during this period.

Therefore, the greatly increased precipitation and
water discharge from the lake may have enhanced
turbulent mixing, resulting in the increasing abun-
dance of A. ambigua and the notable decrease in
diatom diversity during this interval.
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(2) From ~ 1995 to ~ 2005, diatom dominance
largely increased, while diatom evenness and com-
posite diversity decreased substantially with no obvi-
ous change in diatom richness (Fig. 7). Dam
construction was completed during this interval and
the lake began to be utilized as a reservoir. The
meteorological monitoring data show that the annual
precipitation during this period was much higher than
in the previous interval and the impoundment effect of
the reservoir may have caused an overall high water
level. However, almost all of the sedimentation
indices, including the AASF, the sedimentary diatom
concentration, diatom flux, dry density and water
content, fluctuated frequently during this period,
which indicates frequent water discharge from the
reservoir. The increasing discharge frequency may
have enhanced lake mixing compared with the previ-
ous impoundment period when lake mixing was driven
solely by wind; this may have resulted in the renewed
predominance of A. ambigua and a notable reduction
in diatom evenness (Fig. 7).

However, the diatom richness at this interval does
not show a clear decreasing trend as was the case
during ~ 1955-1975 (Fig. 7), indicating that
although species richness may also be influenced by
changes in the relative abundance of the dominant
species, there were likely to have been other influenc-
ing factors. The main reason for the absence of a
decrease in diatom richness during this period may be
regional climatic warming, which is evident in the
meteorological monitoring records. After 2000, the
annual average air temperature began to rise (Fig. 7).
The regional warming may have resulted in the
blooming of several thermophilic diatom species,
such as A. catenatum (Zou et al. 2018). In addition, the
warmer climatic conditions may have promoted the
growth of aquatic plants in the lake littoral zone, thus
providing more habitat space for epiphytic diatom
species, such as A. minutissimum (Douglas et al. 1994;
Beauger et al. 2015). Thus, the relative abundance of
these two species increased notably after the pro-
nounced regional warming trend (Fig. 7), which may
have contributed to the absence of a decrease in
diatom richness during this period.

After 2005 there was a slight increase in diatom
richness (Fig. 7), and in addition a series of small
planktonic species became abundant, such as the
small-celled, pancake-shaped cyclotelloid taxa (in-
cluding D. stelligera, D. pseudostelligera and L.
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balatonis) and the elongate fragilarioid taxa (including
F. nanana and F. delicatissima) (Figs. 6, 7), suggest-
ing a high correlation between them. The notable in-
crease in the relative abundance of these small
planktonic species was likely the result of the further
warming of the region and the extension of the
reservoir, both of which could have caused the
increase in lake thermal stratification, which would
have promoted the blooming of these taxa. The
relatively high surface area to volume ratio of these
taxa provides a competitive advantage in obtaining
nutrients and accessing light under conditions of lake
stratification (Litchman et al. 2006; Winder et al.
2009; Riihland et al. 2015). The notable abundance of
these taxa may be the reason why diatom richness
increased during the period of regional warming;
however, reservoir extension and regional warming
occurred roughly simultaneously and both factors may
have promoted the increased stratification of the water
column. Thus, the origin of the response of diatom
diversity to climate change is unclear as a result of the
impact of human activities (i.e. the reservoir extension
project).

In summary, the increasing intensity of lake mixing
may be the main reason for the two notable decreases
in diatom diversity at Yunlong Lake, from ~ 1955
to ~ 1975 and from ~ 1995 to ~ 2005. However,
the reason for the changes in lake mixing conditions
were different: during the first period (~ 1955-1975),
it was probably caused largely by increased precipi-
tation, while during the second period
(~ 1995-2005), the increase in the frequency of
water discharge from the reservoir may have been the
main reason. However, it can at least be confirmed that
the change in diatom diversity during these two
periods was unrelated to the increasing water level.
This indicates that long-term water-level changes did
not influence the record of diatom diversity in the
sediment core, which is representative of the whole of
Yunlong Lake.

Conclusions

(1) For lakes with relatively strong mixing mech-
anism and a simple morphology and shoreline
microhabitats, like Yunlong Lake, diatom diver-
sity in the sediments is relatively constant

between different locations and water depths
and is probably not influenced by changes in
water level. It is likely that in such lakes diatom
diversity in the sediments is representative of
that of the entire lake at specific time intervals,
and thus such lakes may be optimal for studying
long-term changes in diatom diversity based on
the diatom analysis of sediment cores.

(2) Our results suggest that when exploring the
response of lake diatom diversity to climatic
warming, lakes that are relatively unaffected by
human activities should be selected. This is
because the impact of human activities (e.g.
dam construction, reservoir extension) may
perturb the response of lake diatom diversity
to climatic warming.

Acknowledgements We are grateful to the Administration
Bureau for Tianchi National Nature Reserve for their assistance
and support during field work. We also thank Dr. Jan
Bloemendal for polishing the manuscript. This study was
funded by the National Key R&D Program of China (Award
2017YFA0603400), the Strategic Priority Research Program of
Chinese Academy of Sciences (Award XDB26000000), and the
National Natural Science Foundation of China (award
41772379).

References

Adrian R, Wilhelm S, Gerten D (2006) Life-history traits of lake
plankton species may govern their phenological response
to climate warming. Glob Change Biol 12:652-661

Appleby PG, Oldfield F (1978) The calculation of lead-210
dates assuming a constant rate of supply of unsupported
*'%Pb to the sediment. CATENA 5:1-8

Battarbee RW, Kneen MJ (1982) The use of electronically
counted microspheres in absolute diatom analysis. Limnol
Oceanogr 27:184-188

Battarbee RW, Jones VJ, Flower BP, Cameron NG, Bennion H,
Carvalho L, Juggins S (2001) Diatoms. In: Smol JP, Birks
HIB, Last WM (eds) Tracking environmental change using
lake sediments. Kluwer Academic Publishers, Dordrecht,
pp 155-202

Beauger A, Delcoigne A, Voldoire O, Serieyssol K, Peiry JL
(2015) Distribution of diatom, macrophyte and benthic
macroinvertebrate communities related to spatial and
environmental characteristics: the example of a cut-off
meander of the river allier (france). Cryptogam Algol
36:323-355

Birks HJB (2007) Estimating the amount of compositional
change in late-Quaternary pollen-stratigraphical data. Veg
Hist Archaeobot 16:197-202

@ Springer



290

J Paleolimnol (2020) 64:273-291

Birks HJB, Line JM (1992) The use of rarefaction analysis for
estimating palynological richness from Quaternary pollen-
analytical data. Holocene 2:1-10

Brugam RB, McKeever K, Kolesa L (1998) A diatom-inferred
water depth reconstruction for an Upper Peninsula,
Michigan, lake. J Paleolimnol 20:267-276

Cantonati M, Scola S, Angeli N, Guella G, Frassanito R (2009)
Environmental controls of epilithic diatom depth-distri-
bution in an oligotrophic lake characterized by marked
water-level fluctuations. Eur J Phycol 44:15-29

Chen G, Dalton C, Leira M, Taylor D (2008) Diatom-based total
phosphorus (TP) and pH transfer functions for the Irish
Ecoregion. J Paleolimnol 40:143-163

Chen G, Saulnier-Talbot E, Selbie DT, Brown E, Schindler DE,
Bunting L, Leavitt PR, Finney BP, Gregory-Eaves I (2011)
Salmon-derived nutrients drive diatom beta-diversity pat-
terns. Freshw Biol 56:292-301

Chen X, Chen G, Lu H, Liu X, Zhang H (2015) Long-term
diatom biodiversity responses to productivity in lakes of
Fuxian and Dianchi. Biodivers Sci 23:89-100 (in Chinese
with English abstract)

Douglas MSV, Smol JP, Blake WJ (1994) Marked post-18th
century environmental change in high Arctic ecosystems.
Science 266:416-419

Gregory-Eaves 1, Beisner BE (2011) Palaeolimnological
insights for biodiversity science: an emerging field. Freshw
Biol 56:2653-2661

Grimm EC (1987) CONISS, a Fortran 77 program for strati-
graphically constrained cluster analysis by the method of
incremental sum of squares. Comput Geosci 13:13-35

Hayford BL, Caires AM, Chandra S, Girdner SF (2015) Patterns
in benthic biodiversity link lake trophic status to structure
and potential function of three large, deep lakes. PLoS
ONE 10(1):e0117024

Hayashi T (2011) Monospecific planktonic diatom assemblages
in the Paleo-Kathmandu Lake during the middle Brunhes
Chron: Implications for the paradox of the plankton.
Palacogeogr Palaeoclimatol Palaeoecol 300:46-58

Heinsalu A, Luup H, Alliksaar T, Noges P, Noges T (2008)
Water level changes in a large shallow lake as reflected by
the plankton: periphyton-ratio of sedimentary diatoms.
Hydrobiologia 599:23-30

Hill MO (1973) Diversity and evenness: a unifying notation and
its consequences. Ecology 54:427-432

Hoagland KD, Peterson CG (1990) Effects of light and wave
disturbance on vertical zonation of attached microalgae in
a large reservoir. J Phycol 26:450-457

James FC, Rathburn S (1981) Rarefaction, relative abundance,
and diversity of avian communities. Auk 98:785-800

Jones GP, Mccormick MI, Srinivasan M, Eagle JV (2004) Coral
decline threatens fish biodiversity in marine reserves. Proc
Natl Acad Sci USA 101:8251-8253

Karabanov E, Williams D, Kuzmin M, Sideleva V, Khursevich
G, Prokopenko A, Solotchina E, Tkachenko L, Fedenya S,
Kerber E (2004) Ecological collapse of Lake Baikal and
Lake Hovsgol ecosystems during the Last Glacial and
consequences for aquatic species diversity. Palaeogeogr,
Palacoclimatol, Palaeoecol 209:227-243

Kingsbury MV, Laird KR, Cumming BF (2012) Consistent
patterns in diatom assemblages and diversity measures
across water-depth gradients from eight Boreal lakes from

@ Springer

north-western ~ Ontario Freshw  Biol
57:1151-1165

Krammer K, Lange-Bertalot H (1986-1991) Bacillariophyceae.
Siisswasserflora von Mitteleuropa, Band 2. Spektrum
Akademischer Verlag, Heidelberg, Berlin.

Laird KR, Cumming BF (2008) Reconstruction of Holocene
lake level from diatoms, chrysophytes and organic matter
in a drainage lake from the Experimental Lakes Area
(northwestern Ontario, Canada). Quat Res 69:292-305

Laird KR, Kingsbury MV, Cumming BF (2010) Assessment of
diatom species habitats, species diversity and depth-infer-
ence models across multiple transects in Worth Lake,
northwestern Ontario, Canada. J Paleolimnol
44:1009-1024

Laird KR, Kingsbury MV, Lewis CM, Cumming BF (2011)
Diatom-inferred depth models in 8 Canadian boreal lakes:
inferred changes in the benthic: planktonic depth boundary
and implications for assessment of past droughts. Quat Sci
Rev 30:1201-1217

Lake P, Palmer MA, Biro P, Cole J, Covich AP, Dahm C, Gibert
J, Goedkoop W, Martens K, Verhoeven J (2000) Global
Change and the Biodiversity of Freshwater Ecosystems:
Impacts on Linkages between Above-Sediment and Sedi-
ment Biota. Bioscience 50:1099-1107

Lande R (1996) Statistics and partitioning of species diversity,
and similarity among multiple communities. Oikos
76:5-13

Leira M, Filippi ML, Cantonati M (2015) Diatom community
response to extreme water-level fluctuations in two Alpine
lakes: a core case study. J Paleolimnol 53:289-307

Lindenschmidt K, Chorus I (1998) The effect of water column
mixing on phytoplankton succession, diversity and simi-
larity. J Plankton Res 20:1927-1951

Litchman E, Klausmeier CA, Miller JR, Schofield O, Falkowski
PG (2006) Multi-nutrient, multi-group model of present
and future oceanic phytoplankton communities. Biogeo-
sciences 3:585-606

Lotter AF, Bigler C (2000) Do diatoms in the Swiss Alps reflect
the length of ice-cover? Aquat Sci 62:125-141

Mackay AW, Battarbee RW, Flower RJ, Granin NG, Jewson
DH, Ryves DB, Sturm M (2003) Assessing the potential for
developing internal diatom-based transfer functions for
Lake Baikal. Limnol Oceanogr 48:1183-1192

Mann DG (1999) The species concept in diatoms. Phycologia
38:437-495

Menéndez R, Gonzalez MA, Hill J, Braschler B, Willis S,
Collingham Y, Fox R, Roy DB, Thomas C (2006) Species
richness changes lag behind climate change. Proc R Soc B
273:1465-1470

Moos MT, Laird KR, Cumming BF (2005) Diatom assemblages
and water depth in Lake 239 (Experimental Lakes Area,
Ontario): implications for paleoclimatic studies. J Pale-
olimnol 34:217-227

Parmesan C, Yohe GW (2003) A globally coherent fingerprint
of climate change impacts across natural systems. Nature
421:37-42

Pilskaln CH, Johnson TC (1991) Seasonal signals in Lake
Malawi sediments. Limnol Oceanogr 36:544-557

Poister D, Kurth A, Farrell AM, Gray S (2012) Seasonality of
Aulacoseira ambigua abundance and filament length:

(Canada).



J Paleolimnol (2020) 64:273-291

291

biogeochemical implications. Plankton Benthos Res
7:55-63

Pounds JA, Fogden MP, Campbell JH (1999) Biological
response to climate change on a tropical mountain. Nature
398:611-615

Punning JM, Puusepp L (2007) Diatom assemblages in sedi-
ments of Lake Juusa, Southern Estonia with an assessment
of their habitat. Hydrobiologia 586:27-41

Root TL, Price J, Hall KR, Schneider SH, Rosenzweig C,
Pounds JA (2003) Fingerprints of global warming on wild
animals and plants. Nature 421:57-60

Riihland KM, Smol JP (2005) Diatom shifts as evidence for
recent Subarctic warming in a remote tundra lake, NWT,
Canada. Palacogeogr Palaeoclimatol Palaeoecol 226:1-16

Rithland KM, Paterson AM, Smol JP (2015) Lake diatom
responses to warming: reviewing the evidence. J Pale-
olimnol 54:1-35

Simpson EH (1949) Measurement of diversity. Nature 163:688

Smol JP (1981) Problems associated with the use of species
diversity in paleolimnological studies. Quat Res
15:209-212

Smol JP, Cumming BF (2000) Tracking long-term changes in
climate using algal indicators in lake sediments. J Phycol
36:986-1011

Smol JP, Wolfe AP, Birks HJ, Douglas MSV, Jones VJ, Korhola
A, Pienitz R, Riihland K, Sorvari S, Antoniades D, Brooks
SJ, Fallu M, Hughes M, Keatley BE, Laing TE, Michelutti
N, Nazarova L, Nyman M, Paterson AM, Perren B,
Quinlan R, Rautio M, Saulnier-Talbot E, Siitonen S,
Solovieva N, WeckstrOm J (2005) Climate-driven regime
shifts in the biological communities of arctic lakes. Proc
Natl Acad Sci USA 102:4397-4402

Stevenson RJ, Stoermer EF (1981) Quantitative differences
between benthic algal communities along a depth gradient
in lake Michigan. J Phycol 17:29-36

Stevenson RJ, Hill BH, Herlihy AT, Yuan LL, Norton SB (2008)
Algae-P relationships, thresholds, and frequency distribu-
tions guide nutrient criterion development. J N Am Benthol
Soc 27:783-799

Stone JR, Fritz SC (2004) Three-dimensional modeling of
lacustrine diatom habitat areas: Improving paleolimno-
logical interpretation of planktic : benthic ratios. Limnol
Oceanogr 49:1540-1548

Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont
LJ, Collingham YC, Erasmus BFN, Siqueira MF, Grainger
A, Hannah L, Hughes L, Huntley B, Jaarsveld AS, Midgley
GF, Miles L, Ortega-Huerta MA, Peterson AT, Phillips
OL, Williams SE (2004) Extinction risk from climate
change. Nature 427:145-148

Tolotti M, Corradini F, Boscaini A, Calliari D (2007) Weather-
driven ecology of planktonic diatoms in Lake Tovel
(Trentino, Italy). Hydrobiologia 578:147-156

Wagner C, Adrian R (2011) Consequences of changes in ther-
mal regime for plankton diversity and trait composition in a
polymictic lake: a matter of temporal scale. Freshw Biol
56:1949-1961

Wang H, Yang Z, Saito Y, Liu JP, Sun X (2006) Interannual and
seasonal variation of the Huanghe (Yellow River) water
discharge over the past 50 years: connections to impacts

from ENSO events and dams. Glob Planet Change
50:212-225

Wang H, Yang Z, Saito Y, Liu JP, Sun X, Wang Y (2007)
Stepwise decreases of the Huanghe (Yellow River) sedi-
ment load (1950-2005): Impacts of climate change and
human activities. Glob Planet Change 57:331-354

Wang L, Lu H, Liu J, Gu Z, Mingram J, Chu G, Li J, Rioual P,
Negendank JF, Han J (2008) Diatom-based inference of
variations in the strength of Asian winter monsoon winds
between 17,500 and 6000 calendar years BP. J Geophys
Res 113:1-9

Wang L, Li J, Lu H, Gu Z, Rioual P, Hao Q, Mackay AW, Jiang
W, Cai B, Xu B (2012a) The East Asian winter monsoon
over the last 15,000 years: its links to high-latitudes and
tropical climate systems and complex correlation to the
summer monsoon. Quat Sci Rev 32:131-142

Wang L, Rioual P, Panizzo VN, Lu H, Gu Z, Chu G, Yang D,
Han J, Liu J, Mackay AW (2012b) A 1000-yr record of
environmental change in NE China indicated by diatom
assemblages from maar lake Erlongwan. Quat Res
78:24-34

Winder M, Schindler DE (2004) Climatic effects on the phe-
nology of lake processes. Glob Change Biol 10:1844-1856

Winder M, Reuter JE, Schladow SG (2009) Lake warming
favours small-sized planktonic diatom species. Proc R Soc
B 276:427-435

Wolin JA, Stone JR (2010) Diatoms as indicators of water-level
change in freshwater lakes. In: Stoermer EF, Smol JP (eds)
Diatoms applications to the environmental and earth sci-
ences. Cambridge University Press, Cambridge,
pp 174-185

Worm B, Barbier EB, Beaumont N, Duffy JE, Folke C, Halpern
BS, Jackson JBC, Lotze HK, Micheli F, Palumbi SR, Sala
E, Selkoe KA, Stachowicz JJ, Watson R (2006) Impacts of
biodiversity loss on ocean ecosystem services. Science
314:787-790

Xu K, Milliman JD (2009) Seasonal variations of sediment
discharge from the Yangtze River before and after imp-
oundment of the Three Gorges Dam. Geomorphology
104:276-283

Xu F, Tao S, Dawson RW, Li P, Cao J (2001) Lake ecosystem
health assessment: indicators and methods. Water Res
35:3157-3167

YanY,WangL,LiJ,LiJ,ZouY,ZhangJ,LiP,LiuY, XuB, Gu
Z, Wan X (2018) Diatom response to climatic warming
over the last 200 years: a record from Gonghai Lake, North
China. Palaeogeogr Palaeoclimatol Palacoecol 495:48-59

Zou Y, Yan Y, Zhang J, Zhang L, Wang L (2015) The rela-
tionship between water depth and diatom diversity of
Yunlong Lake, Yunnan Province. Quat Sci 35:988-996 (in
Chinese with English abstract)

ZouY,WangL, Zhang L, Liu Y, Li P, Peng Z, Yan Y, Zhang J,
Lu H (2018) Seasonal diatom variability of Yunlong Lake,
southwest China—a case study based on sediment trap
records. Diatom Res 33:381-396

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer



	Do changes in water depth and water level influence the diatom diversity of Yunlong Lake, in Yunnan Province, Southwest China?
	Abstract
	Introduction
	Study site

	Materials and methods
	Sampling design
	Laboratory methods and chronology

	Results
	Surface diatom assemblages and diatom diversity
	Changes in water level over the lastthinspsimthinsp100 years indicated by sedimentary and dam-construction records
	Changes in diatom assemblages and diversity in core YL2013-A over the lastthinspsimthinsp100 years
	Climate change in the studied region over the past 60 years

	Discussion
	Relationship between surface diatom diversity and water depth
	Changes in water level and diatom diversity over the lastthinspsimthinsp100 years

	Conclusions
	Acknowledgements
	References




