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Yunlong Lake, a subtropical alpine lake in southwest China, was selected for a sediment trap diatom study between September 2013 and
August 2015. Combining the results of meteorological records, water temperature monitoring and water chemistry sampling, we draw
the following conclusions: water temperature monitoring indicated that the entire upper 7 m of the water column was mixed throughout
the year, reﬂecting the lake’s strong mixing characteristics; this ensured the year-round growth of planktonic species and the high abundance of benthic species. In addition, the diatoms exhibited a pronounced biannual warm-cold seasonal pattern, which may be related
to water temperature, Si nutrient concentration and thermal stratiﬁcation. During the warm season (May–November) when the lake was
almost stratiﬁed, with overall higher water temperature and Si concentration, the representative species were Aulacoseira granulata var.
angustissima and Achnanthidium catenatum. During the cold season (December–April), the water temperature and Si nutrient concentration were lower, but stronger lake mixing occurred, and the blooming species included Aulacoseira ambigua, Discostella asterocostata
and Lindavia balatonis. After a detailed analysis, we conclude that the seasonal diatom succession was primarily driven by water temperature, and comparison with other lake records indicates that the strong mixing mechanism and Si were not the determinants of the lake
diatom seasonal succession. Our data also show that during the ﬁrst cold season, diatoms bloomed in the following sequence: A. ambigua
– D. asterocostata – Discostella stelligera – L. balatonis – Discostella pseudostelligera, as Si decreased over the season, indicating that
smaller species were more competitive in obtaining limited nutrients. Finally, there were interannual diﬀerences between diatom assemblages in the second year, especially in the abundance of L. balatonis and the occurrence of Asterionella formosa, which were probably
related to the signiﬁcantly increased lake trophic status.
Keywords: Yunlong Lake, diatoms, seasonal variation, sediment trap, two-year record

Introduction
Biological indices are an essential tool for limnological
research. Among them, diatoms are one of the most representative biological indicators (Smol 1990, Lotter & Bigler
2000, Pienitz & Vincent 2000, Chu et al. 2005, Köster &
Pienitz 2006, Saros & Anderson 2015) for the following
principal reasons. First, diatoms are important primary producers in lake ecosystems and make a large contribution to
lake productivity (Mann 1999, Winder & Schindler 2004,
Adrian et al. 2006, Rühland et al. 2015); second, diatoms
have relatively short generation times, and thus they can
respond rapidly to changes in climate and lake environment (Smol & Cumming 2000, Stone & Fritz 2006, Rioual
et al. 2007, Wang et al. 2008, 2012a, b); third, diatoms
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show great variety in frustule morphology, allowing identiﬁcation to species level and, more importantly, they are
well preserved in lake sediments (Smol & Cumming 2000,
Wang et al. 2008, Wang et al. 2012a, b), making them very
useful for reconstructing past lake environments on various
timescales.
A major prerequisite of limnological reconstruction
using diatoms is a clear understanding of their ecological
preferences, which is mainly derived from investigations
of modern diatom assemblages. However, the eﬀorts in this
ﬁeld are seemingly insuﬃcient (Köster & Pienitz 2006) and
further research is needed.
Investigating the patterns of seasonal succession
of modern diatom species is an eﬀective means of
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understanding their ecological requirements. Seasonality is
a major characteristic of diatoms in freshwater lake ecosystems (Winder & Cloern 2010). With the changing seasons,
the physical and chemical conditions within a lake can
vary signiﬁcantly (Canﬁeld et al. 1989, Phlips et al. 2007,
Srifa et al. 2016), thereby causing signiﬁcant changes in
the composition, biomass and number of dominant species
of diatoms on a seasonal basis (Winder & Cloern 2010).
Investigations of the seasonal succession of modern diatom
species can help us to understand the ecological requirements of speciﬁc species. In addition, large environmental
gradients typically accompany seasonal changes, such as
the large-scale environmental contrast between summer
and winter, which is important for increasing our understanding of diatom responses to large-scale environmental
changes.
Several diatomists have emphasised the importance of
better integration of modern diatom investigations and
paleolimnological studies (Smol 1990), and the resulting ecological information obtained from modern seasonal
investigations of diatoms can provide an important reference for paleolimnological interpretations. For example, by investigating the seasonal diatom succession of
Huguang Maar Lake, Wang et al. (2012b) found that the
seasonal alternation between the two dominant planktonic
species, Aulacoseira granulata (Ehrenberg) Simonsen and
Discostella stelligera (Cleve & Grunow) Houk & Klee,
were mainly controlled by wind intensity. Stronger winds
in winter cause increased turbulence in the water column,
which not only creates strong hydrodynamic conditions
but also provides an increased nutrient supply from the
bottom to the surface, resulting in winter blooms of A.
granulata. By contrast, the lake is strongly stratiﬁed in
summer, which results in a reduced nutrient supply from
the bottom and thus leads to D. stelligera ﬂourishing,
which has a relatively low nutrient requirement. Based on
the observed seasonal patterns of these two species, the
researchers reconstructed ﬂuctuations of the EAWM (East
Asian winter monsoon) over the last 15 000 years.
In another example, Lotter & Bigler (2000) studied the
seasonal diatom variation in an alpine lake, Hagelseewli,
and found a signiﬁcant correlation between the relative
abundance of the benthic Fragilaria Lyngbye species and
the duration of ice-cover. Longer ice-cover corresponded
to a higher abundance of Fragilaria species, which have
a greater tolerance to poor light conditions under ice, compared to planktonic species. Based on this seasonal pattern,
they reconstructed a 500-year record of climatic ﬂuctuations from the Little Ice Age (LIA) to the current warm
period.
However, there are signiﬁcant diﬀerences in seasonal
diatom response patterns between diﬀerent lakes and different regions (Stewart & Lamoureux 2012), and thus there
is a need to systematically investigate lakes in diﬀerent
regions. So far, this type of research has been largely
carried out in high latitude and polar lake ecosystems,

which are especially sensitive to climate change, and in
temperate lake ecosystems with four, well-deﬁned seasons
(Horn & Horn 1990, Rautio et al. 2000, Köster & Pienitz
2006, Kirilova et al. 2008, Stewart & Lamoureux 2012).
However, less attention had been paid to the numerous
lakes in monsoon regions, which also experience large seasonal variation. The signiﬁcant seasonal alternations of the
diatom assemblages of Huguang Maar Lake (Wang et al.
2012b) demonstrate the usefulness of lakes in the monsoon
region for carrying out this type of research, even for lakes
located in the tropics with generally low seasonal contrasts
in solar irradiance and temperature (Srifa et al. 2016).
Sediment traps have been widely used to investigate
seasonal variations in diatom assemblages, mainly because
they can provide information of high temporal resolution
and they avoid the loss of information on diatom seasonal
changes caused by the longer intervals of sedimentation
typically resolved in lake surface–sediment studies (Smol
1990, Hausmann & Pienitz 2007).
In the present study, we conducted a two-year (from
September 2013 to August 2015) diatom survey programme using sediment traps in Yunlong Lake, a subtropical mountain lake in the monsoon region of southwest
China. The diatom study was combined with a compilation of catchment meteorological data, and measurements
of water temperature and chemical parameters for diﬀerent
months. We wished to address the following two questions:
(1) Do the diatom assemblages of Yunlong Lake exhibit a
signiﬁcant seasonal succession pattern? (2) Do the variations in diatom assemblages reﬂect changes in climate and
lake environment between diﬀerent seasons and years?
Materials and methods
Regional geological background
Yunlong Lake (25◦ 52 12.89 N, 99◦ 16 49.75 E, Fig. 1) is
in Tianchi Nature Reserve in Yunnan Province, southwest
China, which is in the core region of the longitudinal ridge
valley of the Hengduan Mountains (Fig. 1). Yunlong Lake
(2551 m.a.s.l., Fig. 1) is about 1.28 km long and 1 km wide,
with a catchment area of ∼ 11.25 km2 . The average water
depth is ∼ 8.5 m and the maximum depth is ∼ 14.1 m. The
major physical and chemical characteristics of the lake are
summarised in Table 1.
Yunlong Lake is a typical tectonic lake, formed principally by faulting. It is surrounded by high mountains,
ranging from 2100 to 3225.9 m.a.s.l. in elevation. The main
rock types and sources of pedogenic material in the catchment are purplish mudstone and sandstone, and the soil
types are mainly yellow-brown and brown soil, with a
small zone of swampland around the lakeshore. The vegetation around the lake is mainly subalpine coniferous and
broad-leaved mixed forest, and the nature reserve is an
important conservation area of the rare tree, Pinus yunnanensis Franch. In addition, diﬀerent macrophyte species
are distributed in the gently sloping littoral zone of the
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Fig. 1. Location of Yunlong Lake in Yunnan Province, Southwest China (a) and bathymetry of Yunlong Lake (b). The star indicates the
location of the sediment trap.
Table 1. Major physical and chemical characteristics of
Yunlong Lake.
Variable

Annual
mean

Surface area (ha)
Watershed area (ha)
Maximum depth (m)
pH
TP (mg L−1 )
TN (mg L−1 )
EC (µs cm−1 )
NOX -N (ppm)
NO−
2 -N (ppb)
NO−
3 -N (ppm)

150
1125
14.1
6.28
0.05
0.67
108.69
0.24
2.02
0.24

Variable

Annual
mean

HCO−
3 (ppm)
CO2−
3 (ppm)
Cl− (mg L−1 )
−1
SO2−
4 (mgL )
2+
Ca (mg L−1 )
K+ (mg L−1 )
Mg2+ (mg L−1 )
Na+ (mg L−1 )
Si (mg L−1 )
DOC (ppm)
DIC (ppm)

26.89
26.02
0.57
0.94
13.87
0.75
3.28
2.02
0.85
5.05
1.91

Note: The chemical parameters are average annual values
of measurements of the lake surface water (0.5 m) from
September 2013 to August 2015.

northeastern, southern and southwestern areas, including ﬂoating Nuphar pumila (Timm) DC. and submerged
Myriophyllum spicatum Linnaeus.
Yunlong Lake was originally a natural alpine lake. It
has no natural inﬂows but there was a natural outﬂow on
the eastern margin (Fig. 1), which ﬂowed into a branch of
the Lantsang River. It was mainly recharged by precipitation and groundwater. Prior to the 1950s, it was largely
unaﬀected by the human activity due to its remoteness
and relatively high altitude. However, to alleviate the local
scarcity of water, from the 1950s onwards, it was gradually transformed into an artiﬁcial reservoir. A dam with a
total height of ∼ 12.74 m was constructed between 1953
and 1985 on the eastern outﬂow. Later, in October 2003, in
response to increasing demand for irrigation water, a water
input project to increase the reservoir capacity was initiated and completed in July 2009. Subsequently, the lake

was enlarged to form a medium-sized reservoir with a total
water capacity of 1.09 × 107 m3 , which was mainly used
as a water source for human consumption and for irrigation
of the surrounding area.
Regional climatic characteristics
The climate of the region is inﬂuenced mainly by the
subtropical monsoon, and there is a very strong positive
relationship between heating and rainfall. According to
meteorological records for Yunlong Station (25◦ 32 24 N,
99◦ 13 12 E; 1659 m.a.s.l.) between 1981 and 2010, the
average annual air temperature was about 16.2°C, and the
average monthly air temperature was generally high from
April to October ( > 15°C) (Fig. 2). The average annual
rainfall was about 780.5 mm and the rainy season was from
May to October (Fig. 2). In addition, due to the relatively
high elevation range in this region, vertical climatic diﬀerentiation is signiﬁcant. With increasing elevation, the air
temperature gradually decreases, but the amount of rainfall
gradually increases.
Monthly meteorological record
Monthly average air temperature (MAAT) and monthly
precipitation (MP) data during the monitoring period (from
September 2013 to August 2015) were collected from the
monitoring site of Yunlong Station, in the Yunlong Lake
catchment. In addition, the monthly average wind velocity
(MAWV) between May 2014 and August 2015 at Yunlong
Lake was also obtained from the site.
Within-lake monitoring of physicochemical conditions
Water temperature was measured during the sampling
period using automated temperature loggers (HOBO-C2)
moored on a chain near the trap site at water depths of 1, 5,
7 and 12.8 m; water temperature was measured every 2 h.
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Fig. 2. Cumulative average monthly meteorological data from
1981 to 2010, recorded by Yunlong Station.

We also collected monthly water samples for chemical
analysis. Prior to the monthly trap exchange, two replicate surface chemical water samples ( ∼ 50-cm depth) were
obtained at the deepest point of the lake. All the water samples were analysed at the State Key Laboratory of Lake
Science and Environment, Nanjing Institute of Geography
and Limnology, Chinese Academy of Sciences, according
to national standards outlined in Monitoring and Analysis
Method of Water and Waste Water (State Environmental Protection Administration 2002). The measurements
included TN, TP, DOC, DIC, EC, pH, SRSi (Soluble
Reactive Silica) and major ions. To approximate the hydrological conditions of diatom growth during the monthly
sedimentation period, the mean values of the environmental variables for two consecutive sampling dates were used
for numerical analysis, as described below.
Sediment trapping
A sediment trap was deployed in the centre of Yunlong
Lake (25◦ 52 20.46 N, 99◦ 16 49.2 E, Fig. 1) to investigate
the seasonal diatom succession over two consecutive years.
The sediment trap was deployed from 29 August 2013 until
25 August 2015. The open trap consisted of two black
cylindrical plastic tubes. Each tube was connected to a
plastic bottle at the bottom end to capture the sedimenting
material. The trap was moored at a depth of 13.5 m, using
an anchor. The mouth of the trap, at a depth of about 13 m,
was connected via a rope to a buoy, 2 m below the surface,
to maintain the sediment trap in a vertical position within
the water column. At the end of each month, two replicate
samples were collected and preserved with Lugol’s solution (Köster & Pienitz 2006). Sediment traps were sampled
monthly, but for various reasons continuous monthly sampling was interrupted between July and August 2014, and
between April and July 2015. During the two-year monitoring period, we obtained replicate trap samples (38 in
total) to produce a continuous record of seasonal diatom
succession.

Diatom analysis
Samples for diatom analysis were prepared following the
methods of Battarbee et al. (2001). First, the samples
were freeze-dried using an FDU-1200 freezing vacuum
dryer. Next, the samples were oxidised and cleaned, which
involved heating approximately 0.05 g of dry sediment
with HCl and subsequently with H2 O2 to remove carbonates and organic material, respectively. The diatom
concentration (valves per gram) of each sample was estimated by adding divinyl benzene microspheres to the
cleaned suspensions (Battarbee & Kneen 1982). Diatom
slides were prepared by mounting with Naphrax (Refractive Index = 1.7) on a high-temperature ( ∼ 180°C) stove.
Diatoms were identiﬁed under oil immersion with a phasecontrast light microscope at × 1000 magniﬁcation and
identiﬁed to species level with principal reference to Krammer & Lange-Bertalot (1986–1991). A minimum of 1000
valves was counted for each sample. The mean counts of
two replicate trap samples were used to calculate relative
abundance and for diatom analysis.
Numerical analysis
We used the multivariate statistical software CANOCO 5.0
(Morris 2015) to analyse the relationship between the main
environmental variables and seasonal diatom assemblages.
The total amount of variance in the diatom assemblages
for the two years was measured using detrended correspondence analysis. A low degree of diatom variability
(0.8 standard deviations, SD) indicated that a linear-based
model was suitable for the subsequent numerical analysis, and therefore we chose redundancy analysis (RDA)
to investigate the relationship between diatom assemblages
and environmental variables. The analysis can be divided
into the following three steps. First, the amount of variance in the species data independently explained by each
environmental variable was estimated by RDA, with the
ﬁrst axis constrained to one variable (marginal eﬀect), and
the signiﬁcance of these relationships was tested by 499
Monte Carlo permutations. Second, a group of environmental variables that were not collinear and which could
signiﬁcantly explain the diatom assemblage variation was
deﬁned using stepwise backward selection until the variance inﬂation factors (VIFs) of all included variables
were less than 5, thus eliminating collinearity between
environmental variables. Third, the relationship between
the main controlling environmental variables and diatom
assemblages was analysed by RDA.

Results
Monthly meteorological record
The meteorological record from the Yunlong Lake catchment over the two-year study exhibited a recurring
seasonal pattern. The MAAT was generally high from
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Fig. 3. Averaged monthly meteorological and water temperature records for four water column depths (1, 5, 7 and 12.8 m) from Yunlong
Lake during the monitoring period from September 2013 to August 2015. The water temperature data shown are 2-hourly automated
measurements using 4 vertically distributed temperature loggers.

Fig. 4. Catchment meteorological records and major water chemistry parameters for Yunlong Lake from September 2013 to August
2015. The data shown are the mean values for two consecutive sampling dates.

April to October, with highest values ( > 15°C) in June
(Fig. 3). The variation in MP (Fig. 3) was nearsynchronous with that of air temperature; precipitation
occurred mainly in summer and autumn and was low in the
winter months. The maximum MP ( ∼ 250 mm) occurred
in July (Fig. 3). The changes in the MAWV showed
an approximately inverse relationship to air temperature
(Fig. 4). The wind velocity was relatively high ( ∼ 2 m s−1 )

from February to May, and low ( ∼ 1 m s−1 ) from July to
October (Fig. 4).

Water temperature monitoring
The variations in water temperature exhibited an obvious periodicity (Fig. 3). The changes in water temperature
were highly consistent with those of monthly average air
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temperature, but with a one-month lag (Figs 3, 4). Over
the longer term, water temperature exhibited a distinct
seasonal pattern (Fig. 3): a warm season from May to
November with overall high water temperature, and a cold
season from December to April with a relatively low water
temperature. The changes in monthly average water temperature at the four diﬀerent depths in the water column
could be divided into ﬁve distinct intervals, comprising
three warm seasons and two cold seasons (Figs 3, 4), which
are described below.
Warm season I (September–November 2013)
The monthly average water temperature was 14.1–18.1°C.
Before 30 October 2013, the temperatures at depths of 1, 5
and 7 m were very similar, and signiﬁcantly higher than at
12.8 m depth. However, after that date, the temperatures at
the four depths were essentially consistent.
Cold season I (December 2013–April 2014)
The monthly average water temperature was 7.6–13.7°C.
Before 7 March 2014, the temperatures at the four depths
were basically the same, but subsequently, the temperature
at 12.8 m depth was signiﬁcantly lower than those at 1, 5
and 7 m, which were roughly constant.
Warm season II (May–November 2014)
The monthly average water temperature was 14–19.2°C.
Before 17 October 2014, the temperatures at the depths
of 1, 5 and 7 m were basically consistent and were signiﬁcantly higher than that at 12.8 m, but subsequently the
temperatures at each depth were consistent.
Cold season II (December 2014–April 2015)
The monthly average water temperature was 8.5–12.6°C.
Before 17 March 2015, the temperatures at depths of 5, 7
and 12.8 m were basically the same, but subsequently, the
temperature at 12.8 m depth was signiﬁcantly lower than at
5 and 7 m depth, which were roughly constant.
Warm season III (May–August 2015)
The monthly average water temperature was 16.8–18.6°C.
The temperatures at the upper depths of 5 and 7 m were
basically the same, signiﬁcantly higher than at 12.8 m.
The water temperature monitoring record (Fig. 3)
shows that Yunlong Lake is a monomictic lake, with an
interval of signiﬁcant turbulent mixing, and an interval of
stratiﬁcation within a year. The turbulent mixing period
is from late October to March, succeeded by a stratiﬁcation period lasting until October. There is almost no
diﬀerence in the water temperature of the water column
above 7-m depth, indicating that this part of the water
body is completely mixed all year-round. The depth of the

thermocline during stratiﬁcation is 7–12.8 m. The lake is
thermally stratiﬁed during the warm season but fully mixed
throughout most of the cold season.
Water chemistry
The changes in water chemistry of Yunlong Lake can be
classiﬁed into two groups: (i) those with an obvious seasonal pattern (e.g. Si, EC, pH and DOC) and (ii) those
with an unclear seasonal pattern or with no periodicity (e.g.
DIC, TP, TN and NO−
2 ) (Fig. 4).
The concentration of Si was highest after rainfall in
the warm season, especially after the thorough mixing
of the lake, whereas it decreased continuously during the
cold season and reached a minimum when the lake began
to stratify (Fig. 4). In addition, Si concentration was relatively low at the onset of cold season II but did not
decrease to the low level of cold season I, after thermal
stratiﬁcation (Fig. 4). The electrical conductivity (EC) and
pH decreased signiﬁcantly after the increasing precipitation in the warm season, whereas the concentration of
DOC changed inversely, reaching its peak during highprecipitation months (Fig. 4). Other noteworthy features
are the signiﬁcant increases in NO−
2 , EC and pH over the
study period (Fig. 4). The concentrations of TN, TP and
DIC exhibited successive peaks during the cold season of
the ﬁrst year, but these were absent during the same interval
in the second year (Fig. 4).
Seasonal succession of diatom assemblages
Gaps in the monthly sampling between July and August
2014 and April and July 2015, resulted in lower time
resolution of the corresponding samples, but still reﬂect
the average occurrence of diatoms over the corresponding
intervals. There was no signiﬁcant diﬀerence in the relative abundance of the main diatom species between the two
replicate samples for all months, < 5% diﬀerence (Fig. 5).
Therefore, the relative abundance of each diatom species
was based on the mean counts of the two replicate samples
(Fig. 6).
During the monitoring interval, the changes in the
diatom assemblages of Yunlong Lake, in terms of relative abundance, showed a high correlation with changes
in water temperature and they can be summarised as a
relatively signiﬁcant seasonal warm-cold pattern (Fig. 6),
which is described below.
Warm season I (September–November 2013)
Achnanthidium catenatum (Bily & Marvan) LangeBertalot, A. granulata var. angustissima (O. Müller)
Simonsen, Fragilaria nanana Lange-Bertalot and Fragilaria delicatissima (W. Smith) Lange-Bertalot were relatively abundant in the water column and the overall
abundance of benthic species was relatively low.
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Fig. 5. Comparison of diatom assemblages between two replicate trap samples, with diﬀerent-coloured bars indicating replicate samples
for the same month.

Fig. 6. Changes in the mean relative abundance (percentages) of the main diatom species from Yunlong Lake. Three warm and two
cold seasons are deﬁned based mainly on changes in monthly average water temperature at the four depths within the water column.

Cold season I (December 2013–April 2014)
The relative abundance of the cyclotelloid species
increased signiﬁcantly, with a bloom occurring in the water
column. The large-sized Discostella asterocostata (Lin,
Xie & Cai) Houk & Klee increased ﬁrst, followed by
the medium-sized D. stelligera (Cleve & Grunow) Houk
& Klee and Lindavia balatonis (Pantocsek) T. Nakov
et al., and ﬁnally by the small-sized Discostella pseudostelligera (Hustedt) Houk & Klee. The abundance of
Aulacoseira ambigua (Grunow) Simonsen also increased
signiﬁcantly, but then started to decrease. In addition, the

abundance of benthic species increased signiﬁcantly, but in
contrast, the abundance of A. catenatum, A. granulata var.
angustissima, F. nanana and F. delicatissima decreased
signiﬁcantly.

Warm season II (May–November 2014)
Achnanthidium catenatum and A. granulata var. angustissima bloomed signiﬁcantly once again, while the abundance of A. ambigua, the cyclotelloid species, and the main
benthic diatom species, decreased signiﬁcantly.
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Cold season II (December 2014–April 2015)
Of the cyclotelloid species, only the relative abundance
of L. balatonis increased signiﬁcantly. The relative abundance of two long, thin euplanktonic species, F. nanana
and F. delicatissima, also increased slightly, and the abundance of the main benthic diatom species again increased
signiﬁcantly. Another notable change in the diatom assemblage during this period was the occurrence and blooming
of Asterionella formosa Hassall. In contrast, the relative
abundance of A. catenatum and A. granulata var. angustissima decreased signiﬁcantly and there was no signiﬁcant
increase in the abundance of A. ambigua.
Warm season III (May–August 2015)
The abundance of L. balatonis and A. formosa decreased
signiﬁcantly, while A. catenatum and A. granulata var.
angustissima did not bloom signiﬁcantly.
The foregoing results enable the diatom species in Yunlong Lake to be classiﬁed into three groups: (i) those with a
relatively obvious seasonal pattern, such as A. catenatum,
A. granulata var. angustissima, D. asterocostata and L.
balatonis; (ii) those whose seasonal pattern is more subtle
and which maintain a high relative abundance all yearround; (e.g. A. ambigua); (iii) those with an unclear seasonal pattern, but which become abundant at a speciﬁc time
or after some intermittent event (e.g. D. pseudostelligera,
F. nanana, F. delicatissima and A. formosa).
Discussion
Relationship between diatom assemblages and
environmental variables
Since the changing trends in water temperature at the four
diﬀerent depths in the water column (1, 5, 7 and 12.8 m)
are consistent and highly correlated (Fig. 3), we averaged the monthly values to produce a single representative
water temperature variable for use in RDA. Using single
variable RDA, 499 Monte Carlos signiﬁcance tests and
stepwise backward selection, six independent environmental variables, including WT (the monthly average water
temperature of the four diﬀerent depths), Si, EC, DIC,
pH and NO−
2 , were screened out. All of them provide a
signiﬁcant level of explanation (p < .05) of the changes
in diatom assemblages. The total amount of variance in
the diatom assemblages explained by the six variables is
56% (p = .002), and there is no collinearity between them
(VIF < 5). The species-environment bi-plot (Fig. 7) shows
that A. catenatum and A. granulata var. angustissima prefer
high water temperatures and a high Si concentration, and
the cyclotelloid species (e.g. D. asterocostata and L. balatonis), as well as the main benthic diatom species, are more
abundant at lower water temperatures. The results also
show that the cyclotelloid species generally ﬂourish under
low Si conditions. In addition, the higher abundance of L.

Fig. 7. RDA bi-plot of the major controlling environmental
variables (p < .05, by 499 Monte Carlo permutations) and the
main diatom species obtained in 38 trap samples from Yunlong
Lake, analysed by CANOCO 5.0.

balatonis and the sudden occurrence of A. formosa during
cold season II are highly correlated with the signiﬁcantly
elevated levels of NO−
2 , EC and pH.

Relationship between annual variations of diatom
assemblages and mixing in Yunlong Lake
The water temperature monitoring record shows that there
was almost no diﬀerence between the water temperature at
the depths of 1, 5 and 7 m in the water column throughout
the two-year period (Fig. 3). Thus, the upper water body of
the lake, to a depth of at least 7 m, was fully mixed all yearround, which indicates that the lake experiences a high
level of turbulent mixing throughout the year, including
during thermal stratiﬁcation.
The overall strong mixing mechanism ensured the
continuous high relative abundance of planktonic diatom
species throughout the monitoring period. The changing
abundance of phytoplankton shows that both the meroplanktonic species, with relatively heavy frustules, and the
smaller euplanktonic species, can grow throughout the year
(Fig. 6). Since the normal growth of planktonic diatom
species generally requires turbulent water column conditions to maintain their suspension in the upper euphotic
zone, the strong mixing of Yunlong Lake provides the
hydrodynamic conditions needed for all types of planktonic species to bloom, especially the heavy Aulacoseira
species. Aulacoseira has a relatively high sinking velocity
(Poister et al. 2012, Wang et al. 2012b, Rühland et al. 2015)
and needs stronger turbulent mixing than other planktonic
species to remain suspended in the water column. The
diatom records from Yunlong Lake show that A. ambigua
maintained relatively high abundance throughout the year,
while A. granulata var. angustissima was abundant in the
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warm season, even when the lake was thermally stratiﬁed
(Fig. 6).
The strong mixing mechanism in Yunlong Lake also
caused a relatively high abundance of benthic diatom
species to accumulate in the centre of the lake. The main
benthic species, in terms of relative abundance (Fig. 6),
remained high throughout the year. Since the trap was
moored in the deepest part of the lake where planktonic
species are dominant (Fig. 6), the abundance of trapped
benthic diatoms is mainly controlled by sediment focusing (Heggen et al. 2012). This is because benthic diatoms
mainly grow in the well-illuminated littoral zone and are
transported to and deposited in the centre of the lake by
resuspension and sediment focusing. Therefore, the high
abundance of the main benthic diatom species in the lake
throughout the year, including during the thermally stratiﬁed interval (Fig. 6), was closely related to strong mixing
of the water column, which is consistent with the planktonic species records. In addition, due to the overall strong
mixing, there was almost no diﬀerence in the diatom diversity of the surface sediments in diﬀerent parts and at
diﬀerent depths in the lake (Zou et al. 2015).

Relationship between seasonal variations of diatom
assemblages and physicochemical conditions in Yunlong
Lake
The two-year sediment trap diatom survey showed that
several diatom species exhibited obvious seasonal patterns,
such as A. granulata var. angustissima, A. catenatum,
A. ambigua, D. asterocostata and L. balatonis (Fig. 6).
Meanwhile, some of the physical and chemical characteristics, such as thermal stratiﬁcation (below 7 m), Si
concentration and water temperature, also exhibited obvious seasonal patterns. The seasonal diatom succession in
Yunlong Lake may, therefore, be mainly related to these
three environmental variables.
Among them, the seasonal succession of diatom assemblages appears to be more closely related to changing
water temperature. The RDA results also show that the distributions of these diatom species are directly related to
water temperature (Fig. 7), and there is also good correspondence between changes in diatom assemblage and the
zones deﬁned by water temperature (Fig. 6).
So far, there is no uniﬁed understanding of the relationship between diatoms and water temperature. Some studies
have suggested that diatoms are more competitive than
other algae in cold water (Reynolds 1984, Donk & Kilham 1990, Denicola 1996). Other studies concluded that
temperature was the main environmental variable causing
diﬀerent diatom assemblages in lakes of diﬀerent regions,
and diatom-water temperature transfer functions were thus
constructed using modern diatom assemblages from the
surface sediments of diﬀerent lakes (Pienitz et al. 1995,
Lotter et al. 1997). However, several more recent studies
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have suggested that some diatom species are less sensitive
to changes in water temperature (Anderson 2000) and that
the eﬀect of changing temperature on lake diatoms was
indirect (Anderson 2000, Battarbee et al. 2001), exerted by
the control of environmental variables that were directly,
or indirectly, related to temperature, such as light conditions in the water column (Reynolds 1984, Maberly et al.
1994), the length of ice-cover period (Smol 1988, Lotter &
Bigler 2000, Wang et al. 2012a), lake stratiﬁcation/mixing
mechanisms (Reynolds 1984, Rühland et al. 2015), and
nutritional conditions (Anderson 2000, Saros et al. 2003,
2014).
In order to determine whether the seasonal succession of diatom assemblages in Yunlong Lake was directly
controlled by water temperature, we ﬁrst need to discuss
whether these temperature-related environmental variables
may have had a signiﬁcant impact on the seasonal diatom
succession of the lake. (As the lake never freezes, ice-cover
can be ignored.)
Seasonal changes in light conditions in the water column
Previous studies found that A. catenatum was more abundant under low light conditions (Kotut et al. 1998, 1999,
Ma et al. 2013) and that A. granulata var. angustissima
was also more competitive under low light because it
has relatively large pores on its surface (Kilham et al.
1986). However, A. granulata var. angustissima and A.
catenatum, which had been shown to prefer lower light
conditions, ﬂourished in Yunlong Lake during the warm
seasons with better light conditions. In addition to seasonal
changes in external illumination, light conditions within
water bodies can be aﬀected by light penetration. DOC
(Dissolved Organic Carbon) concentration is an important
indicator for evaluating water transparency (Pienitz & Vincent 2000), but we found no signiﬁcant diﬀerence in DOC
concentration between the cold and warm seasons in Yunlong Lake (Fig. 4). The intensity of lake mixing also aﬀects
light conditions and the full mixing of Yunlong Lake during the cold season would lead to lower light conditions
in the water column. This would favour diatom species
that are better adapted to low light conditions, such as A.
granulata var. angustissima and A. catenatum, increasing
their abundance in that season. However, these two species
were not abundant during the full mixing season, indicating
that in Yunlong Lake seasonal changes in light conditions was not the principal factor determining the seasonal
succession of these diatom species.
Seasonal alternation of lake thermal stratification and
turbulent mixing
Although the hydrodynamic conditions produced by strong
turbulent mixing ensure the normal growth of heavy meroplanktonic diatoms throughout the year, it is evident that
there are still diﬀerences in their bloom times. This appears
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to correspond with lake stratiﬁcation and the period of
full mixing (Fig. 6). Most previous studies showed that
heavy Aulacoseira ﬁlaments require strong mixing conditions to remain suspended in the water column (Stone
et al. 2011, Poister et al. 2012, Wang et al. 2012b, Rühland
et al. 2015), and blooms of A. catenatum are also related to
strong turbulent mixing (Ma et al. 2013). Based on these
investigations, both these species should have been more
abundant during the full mixing period in Yunlong Lake.
Water temperature monitoring showed that the period of
full mixing occurred from October to mid-March, however, A. granulata var. angustissima did not ﬂourish during
this period. Even after the water column was stratiﬁed in
March, the abundance of A. granulata var. angustissima
did not increase immediately. Aulacoseira granulata var.
angustissima did not begin to increase until the water temperature exceeded 15°C in May and this species was relatively abundant when the water temperature was relatively
high (Fig. 6). There is no evidence to show that there is a
signiﬁcant diﬀerence in suspension conditions between A.
granulata var. angustissima and A. ambigua, therefore, we
propose that the strong mixing of Yunlong Lake generated
the hydrodynamic conditions that enabled these relatively
heavy planktonic diatoms to become abundant throughout
the year. However, it may not be the environmental factor
that determined their seasonal patterns.

Seasonal changes in lake nutritional conditions
There were no obvious seasonal variations in the measured water chemistry parameters during the two years.
For example, TN and TP, which can signiﬁcantly aﬀect
the growth of diatoms, did not appear to have a signiﬁcant
impact on the diatom seasonal succession (Fig. 4), which
is consistent with the RDA results. Among the measured
water chemistry parameters, only Si concentration showed
an obvious seasonal pattern of variation (Fig. 4), and the
RDA results also showed that this was strongly related
to the abundance of diatom species (Fig. 7). The average
Si concentration in the water column was 0.86 mg L−1 ,
and less than 0.5 mg L−1 for only two months (Fig. 4).
The latter is a signiﬁcantly higher Si concentration than
that observed during a winter bloom of A. granulata (0.2–
0.6 ppm) in Huguang Maar Lake, a tropical lake in South
China (Wang et al. 2012b). Thus, the higher level of Si in
Yunlong Lake throughout the year was suﬃcient to ensure
the growth of Aulacoseira species. The high relative abundance of A. ambigua throughout the year (Fig. 6) indirectly
supports this inference. In addition, previous research has
shown that A. catenatum can bloom under a wide range of
Si concentrations (0.2–7.7 mg L−1 ) (Ma et al. 2013). The
relatively silica-rich status of Yunlong Lake may explain
why Si was not the main determinant of the seasonal
diatom succession.
Our data indicate that water temperature may be the
strongest environmental variable determining the seasonal

succession of diatom species in Yunlong Lake, and several
previous studies have shown that temperature had a direct
impact on the growth of these diatom species. In Yunlong
Lake, the abundance of A. catenatum and A. granulata var.
angustissima increased signiﬁcantly with increasing water
temperature during the warm season (May–November),
but decreased signiﬁcantly with the onset of the cold season, when water temperature began to decrease (Fig. 6).
This seems to indicate that the increased growth of these
two species may be directly related to changing water
temperature.
Based on the seasonal pattern of A. catenatum in Yunlong Lake, and the results of previous ecological investigations on this species, we deﬁne it as a warm-preference
species. Achnanthidium catenatum is the only Achnanthidium species that can adapt to a planktonic lifestyle (Ma
et al. 2013), and their chain-like colony favours their occurrence in the plankton (Hlúbiková et al. 2011). Previous
ecological investigations of this species found that its biogeographic distribution was mainly in tropical, subtropical
and temperate regions (Kotut et al. 1998, 1999, Ma et al.
2013). Moreover, when the temperature increased signiﬁcantly, its abundance increased greatly (Kotut et al. 1998,
1999, Ma et al. 2013). Water temperature ranged from
12.6°C to 25.7°C during its blooming season (Ma et al.
2013), a range that can only be approached in the warm
season in high-altitude Yunlong Lake, which may explain
why this species is only abundant in this season.
Another diatom species that was abundant during the
warm season at Yunlong Lake was A. granulata var.
angustissima, which is a slender variety of A. granulata. However, Kilham & Kilham (1975) suggested that
A. granulata var. angustissima and A. granulata may be
the products of two diﬀerent stages of germination from
the same inoculation auxospore, so they diﬀer morphologically but have little diﬀerence in genotype (Edgar &
Theriot 2004) or ecology (Kilham & Kilham 1975).
The biogeographic distribution, seasonal pattern and
absolute temperature threshold during the growth of A.
granulata-related taxa from diﬀerent latitudes provide evidence for the relatively thermophilic preference of this
species. Previous investigations showed that these taxa
were more widely distributed in tropical and subtropical
regions (Kilham & Kilham 1975, Lewis 1978, Kilham
et al. 1986, Pilskaln & Johnson 1991, Davies et al. 2002,
Wang et al. 2008, Wang et al. 2012b, Nardelli et al.
2016). In addition, in many records from temperate lakes,
their bloom periods were often concentrated in summer
and autumn, when higher water temperature occurred
(Reynolds 1973, Shear et al. 1976, Reynolds & Reynolds
1985, Poulicková 1993). Although there are also corresponding records from high latitudes (Lund 1954, Simola
et al. 1990, Siver & Kling 1997), diatom distribution
was relatively limited. For example, in Huguang Maar
Lake, A. granulata was most abundant in winter (Wang
et al. 2008, Wang et al. 2012b), but this lake is a low
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altitude (40–90 m.a.s.l) tropical lake, and therefore, the
water temperature was relatively high throughout the year;
the lowest winter temperature was close to 13°C (Wang
et al. 2012b). This temperature allows A. granulata to
bloom in winter but does not contradict its thermophilic
preference. In contrast, in subtropical Yunlong Lake, A.
granulata var. angustissima mainly bloomed during the
warm season when the water temperature ranged from
14°C to 21°C (Fig. 6). The lake’s relatively high altitude
(2551 m.a.s.l) and the overall cool climatic background
determined that A. granulata var. angustissima, which may
have a thermophilic preference, was only abundant in the
warm season. In temperate regions, a six-year seasonal
diatom survey (1966–1971) on Crose Mere in England
showed that A. granulata was mainly abundant in summer and autumn, under relatively higher water temperature
(Reynolds 1973), with a minimum temperature of 10°C
during the period of abundance (Reynolds & Reynolds
1985). In addition, in a few high-latitude polar lakes in
which A. granulata-related taxa have been discovered, they
are sparsely distributed. For example, a high-resolution
diatom record from Lovojärvi (in southern Finland) for the
past 418 years showed that A. granulata var. angustissima
bloomed mainly in late summer, dominating the diatom
assemblages since 1850, with the onset of global warming. Although the authors concluded that this may have
been related to changes in nutrient input associated with
cultivation (Simola et al. 1990), the seasonal pattern of
this species, and its signiﬁcant abundance during the global
warming period provide evidence that it prefers high temperatures. In addition, although the lake is located in the
arctic, the relatively high modern temperatures (15–25°C)
in the catchment and the overall low altitude (108 m.a.s.l)
ensured that A. granulata var. angustissima was abundant.
In summary, the wide latitudinal range of A. granulata may
indicate that it can adapt to a wide range of water temperatures. However, the contrasting seasonal patterns in
diﬀerent regions, with a common high-temperature threshold, demonstrate that this species may prefer relatively
high water temperatures.
Another meroplanktonic Aulacoseira species, A.
ambigua, maintained an overall high relative abundance
in Yunlong Lake over the two years, with its highest relative abundance in cold season I (Fig. 6). This may indicate
that it is more competitive in cold waters compared with
A. granulata var. angustissima. Previous studies found
that A. ambigua and A. granulata often co-existed (Wang
et al. 2008), but their biogeographic distribution shows that
A. ambigua is more abundant in temperate, high-latitude
lakes (Holland 1968, Dean et al. 1984, Bradbury 1988,
Siver & Kling 1997, Kauppila et al. 2002, Poister et al.
2012). For example, in lakes in Connecticut, U.S.A., A.
ambigua was the most widely distributed species of Aulacoseira, while A. granulata was extremely rare (Siver &
Kling 1997). More important evidence comes from the
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results of several early seasonal diatom surveys in high
latitudes. For example, a survey of Rice Lake in North
America found that A. ambigua (as Melosira ambigua)
was dominant (representing ∼ 80%) in the annual diatom
assemblages, while A. granulata (as Melosira granulata)
only appeared in summer ( ∼ 8%) (Shear et al. 1976).
Within the larger Canadian Shield lakes, A. ambigua was
also widely distributed and often bloomed in spring, while
A. granulata only appeared sporadically in summer in a
few lakes (Siver & Kling 1997). In addition, A. ambigua
was also widely distributed in numerous rivers and lakes in
England, while A. granulata only appeared in low-altitude
lakes and was never found in the English Lake District or
in glacial lakes at higher altitudes (Lund 1954). By contrast, in tropical Huguang Maar Lake, A. ambigua only
appeared in the diatom assemblages of the last deglacial
and disappeared with the onset of the warmer Holocene,
whereas A. granulata was the dominant species throughout the Holocene (Wang et al. 2008). This indicates that A.
ambigua may prefer lower water temperatures, compared
with A. granulata-related taxa.
During the cold season (December–April) of the two
years, two cyclotelloid species, D. asterocostata and L.
balatonis, were signiﬁcantly more abundant (Fig. 6), and
the RDA results also showed that they may prefer lower
water temperatures (Fig. 7). However, the current evidence
is insuﬃcient and further research needed to conﬁrm this.
A previous study found that D. asterocostata appeared at
the outlet of the Jialing River every spring (Guo et al.
2014), under a temperature range of 9.5–15°C, which
is close to the cold season water temperature range in
Yunlong Lake. Guo et al. (2014) also found that high temperature can inhibit the growth of this species. Thus, the
peak abundance of D. asterocostata in Yunlong Lake only
occurred in the cold season, and its abundance decreased
signiﬁcantly with the onset of the warm season. Another
example of the abundance of certain species during the
cold season was that of L. balatonis, which was most
abundant in late winter or early spring in Polish lakes
(Budzyńska & Wojta 2011), suggesting that it may prefer
low water temperatures. However, there are few ecological reports of this newly recognised diatom species, and
more detailed studies are needed. Notably, A. ambigua and
D. asterocostata did not exhibit signiﬁcant peaks in cold
season II (Fig. 6), which may be related to the signiﬁcant
abundance of L. balatonis and the sudden occurrence of A.
formosa during this season, which we discuss below.
Two other cyclotelloid species present in the record
from Yunlong Lake are D. stelligera and D. pseudostelligera, both of which are considered perennial species in lakes
worldwide. They have often been observed in lake diatom
records from the tropics to high latitude and polar regions
(Köster & Pienitz 2006, Wang et al. 2008, 2012a, b, Stewart & Lamoureux 2012, Saros & Anderson 2015, Malik &
Saros 2016). In addition, they had diverse seasonal patterns
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in diﬀerent lake ecosystems, and there were records of
blooms in spring and autumn, and during summer stratiﬁcation, as well as in winter when water temperatures were
extremely low (Fahnenstiel & Glime 1983, Raubitschek
et al. 1999, Rautio et al. 2000, Catalan et al. 2002, Sorvari et al. 2002, Domis et al. 2013, Rühland et al. 2015).
These observations suggest that they may have relatively
wide water temperature ranges. They did not exhibit a signiﬁcant seasonal pattern in the two-year record of Yunlong
Lake, which may be closely related to the changes in the
lake trophic level, discussed below.
Relationship between seasonal variations in diatom
assemblages and the trophic level of Yunlong Lake
We conclude that the Si concentration was an important
environmental variable regulating the seasonal diatom succession of Yunlong Lake, which is consistent with the
RDA results (Fig. 7). The concentration of Si was highest after rainfall in the warm season, especially following
the full mixing of the lake, whereas it decreased during
the cold season, and reached a minimum when the lake
began to stratify (Fig. 4). This phenomenon may be caused
by increased precipitation during the warm season, which
would promote weathering and erosion of the silicate rocks
in the drainage basin, thus leading to the increased input of
silica into the lake, which was circulated throughout the
entire water column during lake mixing. By contrast, during the cold season, the decrease in the input of silica as a
result of signiﬁcantly lower precipitation, together with the
continuous consumption of Si in the water column, would
reduce Si concentration in the lake, which was lowest after
lake stratiﬁcation (Fig. 6).
The Si concentration in the water column had an obvious eﬀect on the diatom succession of Yunlong Lake,
especially during the cold season. After the onset of cold
season I, the relative abundance of A. ambigua commenced
a continuously decreasing trend (Fig. 6), corresponding
to a signiﬁcant increase in the relative abundance of four
cyclotelloid species (Fig. 6), which was probably due to
the continuous consumption of Si during the cold season (Fig. 6). Aulacoseira ambigua has a relatively heavy
siliceous frustule (Poister et al. 2012, Rühland et al. 2015),
whereas the cyclotelloid species have smaller valves and
a larger surface to volume ratio, which is advantageous in
the competition for nutrients, and results in their abundance
in nutrient-deﬁcient environments (Pasciak & Gavis 1974,
Lichtman et al. 2006, Tolotti et al. 2007, Winder & Hunter
2008, Winder et al. 2009, Budzyńska & Wojta 2011,
Saros et al. 2014, Rühland et al. 2015). Thus, the relative
abundance of A. ambigua decreased with the decreasing
concentration of Si in the water column, and the gradually
increasing abundance of the cyclotelloid species.
Interestingly, these four cyclotelloid species showed a
relationship between the timing of their bloom and valve
size during the cold season. The valve diameters of these

four cyclotelloid species were, D. asterocostata (22.5 µm,
the median value valve diameter) > D. stelligera (15 µm)
> L. balatonis (13.5 µm) > D. pseudostelligera (8.5 µm).
The order in which their relative abundance increased was
D. asterocostata, followed by D. stelligera and L. balatonis, and ﬁnally by the smallest, D. pseudostelligera, which
increased signiﬁcantly after the development of lake thermal stratiﬁcation (Fig. 6). This ordering likely reﬂects their
diﬀerent competitive abilities in obtaining nutrients. Previous studies found that planktonic diatom species with
smaller sizes tended to have lower sinking rates and thus
had an advantage in competing for nutrients (Litchman
et al. 2006, Winder et al. 2009), which would become more
pronounced when nutrients were depleted (Rühland et al.
2015). Therefore, with the continuous decrease in Si during the cold season, the smaller cyclotelloid species would
have a greater competitive ability to obtain nutrients, which
produced the phenomenon of the four cyclotelloid species
blooming successively in descending order of valve size.
This was especially so after the development of stratiﬁcation, which resulted in the lowest concentration of
Si (Fig. 6), accompanied by a signiﬁcant increase in the
relative abundance of D. pseudostelligera.
Relationship between interannual changes of diatom
assemblages and the trophic status of Yunlong Lake
Although diatom assemblages during the two-year period
exhibited an overall similar seasonal pattern of variation,
there were also interannual changes, especially during the
cold season of these two years (Fig. 6). The diatom assemblages in cold season I were A. ambigua – D. asterocostata
– D. stelligera – L. balatonis – D. pseudostelligera. However, this assemblage was not repeated in cold season
II, when only L. balatonis of the cyclotelloid species,
increased signiﬁcantly in abundance. In addition, there was
the abrupt appearance of the colonial planktonic species, A.
formosa (Fig. 6), which was not observed in the previous
year.
The interannual diﬀerence in diatom assemblages may
be mainly related to diﬀerences in the trophic status of
the lake. The water chemistry records show that the concentration of Si was lower after the onset of cold season II (December), which was a probable reason for the
reduced abundance of A. ambigua during this period than
during cold season I (Fig. 6). Subsequently, as the cold
season continued, although the concentration of Si was
decreasing, it did not decrease to the level of the cold
season I, particularly during the development of stratiﬁcation (Fig. 4), which may have caused the lower abundance
of Discostella species (Fig. 6). In addition, it is noteworthy that the concentration of nutrients (such as EC and
pH values) in cold season II was higher than cold season I (Fig. 4), especially the concentration of NO−
2 , which
showed a signiﬁcant increasing trend during this interval
(Fig. 6). Previous studies also found that L. balatonis has
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a relatively high nutrient requirement, belonging to the
medium-eutrophic group of diatom species (Budzyńska &
Wojta 2011), and the recent abundance of A. formosa in
numerous lakes was highly correlated with changes in the
concentration of nitrogenous nutrients (Clerk et al. 2000,
Reynolds et al. 2002, Bennion et al. 2011, Saros et al.
2011). However, further research is needed to determine
the precise mechanisms responsible for the interannual
changes in the diatom assemblages of Yunlong Lake.

Conclusions
(1) Our two-year study of sediment trap diatom
assemblages of Yunlong Lake provides abundant
information about the ecological preferences of
individual species, which potentially provides an
important reference for related paleolimnological
research.
(2) The whole-year water temperature monitoring
and diatom succession patterns of Yunlong Lake
showed that, although it was a monomictic lake,
the upper 7 m (minimum) of the water column was
fully mixed throughout the year, and the strong
mixing mechanism may have resulted in the dominance of the heavy meroplankton.
(3) The seasonal diatom succession pattern of Yunlong Lake showed a high correlation with changes
in water temperature. However, this conclusion
needs to be conﬁrmed by future culture experiments and lake ecological research, especially
given the small number of published relevant studies. Further research in this area may provide an
improved understanding of the response of diatoms
to climate change.
(4) The interannual changes of diatom assemblages at
Yunlong Lake indicate that changes in lake trophic
status can rapidly alter diatom assemblages. However, the cause of the changed trophic status of
Yunlong Lake remains unclear and further research
is needed.
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