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Abstract: The spatial distributions of approximately 160 diatom taxa from surface sediments of the plateau dee-
p–water Lugu Lake were investigated. The results exhibited a change in the sediment diatom composition with 
increasing water depth. The main patterns of variation, derived from a principal component analysis (PCA) and 
detrended correspondence analysis (DCA), showed that diatom community composition was divided into three 
depth gradients (near–shore zone; mid–depth zone; profundal deep zone). With increasing depth, the pattern of 
predominantly periphytic taxa in the shallow waters changed to planktonic assemblages dominated by Cyclotella 
ocellata, Asterionella formosa and Cyclostephanos dubius. Diatom species diversity decreased from the shallow 
near–shore zone to the deeper open waters. In addition, there was an increase in the ratio of planktonic to periphy-
tic diatoms at depths >30 m. These distinct spatial patterns in diatom distribution are clear markers of current water 
levels within Lake Lugu and represent a benchmark for evaluating paleolimnological changes in water levels, 
which can be an indirect proxy of regional climate in this monsoon region of southern Asia.
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Introduction

Freshwater diatom assemblages are highly diver-
se and ubiquitous, and consistently correlate with 
environmental variables such as lake depth (e.g. 
Yang & Duthie 1995; Moser et al. 2000; Wolin & 
Stone 2010; Larid et al. 2011). Due to their sili-
ca–based shell, they typically preserve well in se-
diments and have been widely used to reconstruct 
paleo–environments and past changes in climate 
(Smol & Stoermer 2010, publications within). 
Current models developed with diatom assembla-
ges and environmental relationships, have been 
focused on the effect of modern anthropogenic 
activities like lake eutrophication as environmen-
tal stressors (e.g. Hall & Smol 2010). The global 
human footprint now covers 83% of the earth’s 
landmass and it is becoming impossible to exclu-
de local anthropogenic stressors from regional cli-
mate change assessments (Sanderson et al. 2002). 
For instance, sediment diatom assemblages in 
deep–water plateau lakes and reservoirs can act as 
markers for water–level changes related to either 

natural or anthropogenic disturbances. The key is 
to identify the nature of these natural or anthro-
pogenic disturbances and assess the interactions 
between these stressors. 

The diversity of living conditions and habi-
tat selection for diatom taxa augments the power 
of these organisms as a monitoring tool for envi-
ronmental change. Differences in the life–forms 
(e.g. planktonic and non–planktonic diatom rati-
os) have been used for reconstructions of lake–le-
vel changes (Barker et al. 1994; Yang & Duthie 
1995; Lotter & Bigler 2000;, Moos et al. 2005). 
Changing water levels in a lake will alter the num-
ber and diversity of microhabitats. More micro-
habitats, like boulder to cobble littoral zones and 
macrophyte communities in shallow waters, will 
favour benthic and tychoplanktonic diversity. In 
contrast, a substantive increase in water volume 
will decrease the availability of microhabitats fa-
vouring a dominated pelagic habitat with plankto-
nic taxa (Wolin & Stone 2010). When pelagic and 
benthic species accumulate in lake sediments, the 
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paleo–signals from multiple habitats should help 
explain the changes in past water–levels. There-
fore recognizing the relative contributions of dia-
toms assemblages from microhabitats, especially 
from larger aquatic riverine and lake systems, is 
important. 

Previously, Yang & Duthie (1995) propo-
sed that depth, was a strong controlling variable 
on sedimentary diatom distribution. The correlati-
on between diatom assemblages and water depth 
has been well established, and multiple lake depth 
calibrations have been developed for down–core 
reconstructions (e.g. Brugam et al. 1998; Moser 
et al. 2000; Shinneman et al. 2010; Wolin & Stone 
2010; Laird et al. 2011), whereas a number of dia-
tom studies have also developed single–lake cali-
bration sets across a water–depth gradient to infer 
past changes in lake level (Yang & Duthie 1995; 
Brugam et al. 1998; Nguetsop et al. 2004; Moos 
et al. 2005). Stone & Fritz (2004) used three–
dimensional modeling of habitat areas to further 
assess the planktonic:benthic diatom ratios in re-
lation to water depth. In addition, Barker et al. 
(1994) have also used habitat classes of diatoms 
to reconstruct past lake levels in a groundwater–
fed lake in the Atlas Mountains of Morocco.

Lugu Lake, located in Yunnan province of sou-
thwest China, is a freshwater aquatic system 
which is impacted by the southwest monsoons 
and may represent a good system for paleo–envi-
ronment and climate reconstructions. At present, 
little is known about the relationship between the 
diatom assemblages and their sediment compo-
sition. Therefore, the aim of this study was (a) 
document the spatial distribution of sedimentary 
diatom deposition in surface–sediment samples 
along the water–depth gradient; (b) analyze the 
relationships of species distribution and species 
diversity with the increasing water depth; (c) cal-
culate depth optima and tolerances for the diatom 
assemblages of Lugu Lake.

Study area
Lugu Lake is a typical seasonally–closed deep–water 
lake located at the boundary between Ninglang County 
of Yunnan Province and Yanyuan County of Sichuan 
Province (27º41´–27º45´N, 100º45´–100º50´E), sou-
thwest China (Fig. 1). It is one of the deepest plateau 
freshwater lakes in the region with a surface area of 
~50.5 km2, maximum water depth of ~93.5 m, avera-
ge water depth of ~40.4 m, and altitude of 2685 m a. 
s. l. (Ji & Fan 1983). Lugu Lake is located along the 
edge of the southern Asian rain belt and affected by 

southwest monsoons from the Indian Ocean and sou-
theast monsoons from the Pacific Ocean (Goswami & 
Ajayamohan 2001; Kemball–Cook & Wang 2001). 
The climate in this region is temperate with distinct 
dry and wet seasons; mean air temperature 12.8 °C and 
mean annual precipitation 1000 mm. Macrophytes were 
partly absent from the lake, allowing for the collecting 
of surface sediments in shallow waters. Terrestrial ve-
getation in the lake catchment area was dominated by 
the conifers Pinus yunnanensis var. faranch and Pinus 
tabuliformis.

Lugu Lake is fed from precipitation and ephe-
meral streams with the Gaizu River draining from the 
southeast corner of the lake into the Yalong River (a 
tributary of Yangtze River). The lake is seasonally 
isolated from September to May and connected to the 
Gaizu River mainly in the rainy season (Ji & Fan 1983; 
Yang 1984). Thus the exogenous components of the 
autochthonous sediment load originate from weathered 
crust around the lake basin (Zhang et al. 1997). Such 
conditions typically provide natural stratigraphic sedi-
mentary units for investigating paleo–climatic change 
(Wang & Li 1991).

Materials and Methods

Collection of surface–sediment diatom samples
A series of surface–sediment samples (~topmost 1 cm) 
were collected in August 2010 (Fig. 1). Surface–se-
diment samples were collected at approximately 1 m 
water–depth intervals from 0–10 m, 2.5 m water depth 
intervals between 10–20 m, and every ~5 m for >20 
m water depths. Sampling sites were determined with 
GPS (Garmin eTrex Legend H). A total of 43 samples 
were collected. Sediment samples for diatom analyses 
were processed with 10% HCL to remove carbonates, 
followed by cold 30% hydrogen peroxide to oxidize 
organic matter (Battarbee 1986). Diatom valves were 
identified and counted using differential interference 
contrast optics (DIC) on an Olympus BX51 microsco-
pe with a 100x (NA=0.17) objective giving a final 
magnification of 1000×. A minimum of 500 diatom 
valves per slide were enumerated in each sample. Dia-
toms were identified to the species level or lower, pri-
marily using standard European and North American 
references (Krammer & Lange–Bertalot 1986, 1988; 
1991a, b; Patrick & Reimer 1966). The taxonomy was 
corrected to current conventional names based on the 
Catalogue of Diatom Names (Fourtanier & Kociolek 
2011). Diatom species abundance was expressed as 
percentage of the total sum of all diatoms counted in 
each sample. 

Physical and chemical monitoring
Integrated water samples were collected from the top 5 
m of the water column in August, 2010 corresponding 
to the surface sediments collection. Forty–three water 



Table 1. Physical and chemical characteristics of the water column and associated sediment characteristics measured for 43 
sampling sites in Lugu Lake in August, 2010 (n=43).

Variable Name Units Min Max Mean Median

Depth m 1 90 32 28

Temperature (T) ºC 18.66 22.46 21.29 21.39

Conductivity (COND) µS.cm–2 2 210 190 206

pH 8.47 9.33 9.08 9.15

Dissolved Oxygen (DO) mg.l–1 6.61 8.65 7.51 7.48

Total phosphorus (TP) μg.l–1 19 87 50 46

Total Nitrogen (TN) μg.l–1 80 309 145 129

Chlorophyll–a (Chl–a) μg.l–1 0 0.7 0.1 <0.1

Silicate (SiO2) mg.l–1 0.00043 0.00179 0.00082 0.00079

Carbonate (CO3) mg.l–1 12.0 24.0 12.8 12.0

Bicarbonate (HCO3) mg.l–1 36.6 158.3 78.6 73.2

Sediment parameters

Grain size(GS) (d (0.5)) mm 3.6 19.3 8.3 7.4

Loss on Ignition (LOI) % 4 16 11 11

Fig. 1 Geographical map of China highlighting the provinces of Sichuan and Yunnan along with the location of Lugu Lake. 
The expanded bathymetric map of Lugu Lake shows the general location of the sites sampled for surface–sediments along a 
water–depth gradient. Regional insert map reprinted with permission. Google map of region 2011. (DMTI Spatial Inc. 2003; 
Google Earth™ Mapping Service 2007).
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samples were collected during the August sampling 
period. Water depth, water temperature, dissolved oxy-
gen (DO), pH and conductivity were measured in the 
field using a YSI 650 multi–parameter display system 
(650 MDS, YSI Incorporated  1700/1725 Brannum 
Lane, Yellow Springs, OH 45387 USA) with a 600XL 
probe. Additional chemical variables were measured in 
the laboratory using the water samples collected. Total 
nitrogen (TN), total phosphorus (TP), concentration of 
HCO3

– and CO3
2–, Chlorophyll–a (Chl–a) and silica 

(Si) were analyzed at Nanjing Institute of Geography 
and Limnology. Methods are outlined in Water and 
Waste water Monitoring Methods (2002). Grain size of 
surface sediment samples was measured with a Mas-
tesizer–2000 laser diffraction particle size analyzer 
(made in England by Malvern Instruments Ltd.) and 
loss–on–ignition (LOI) was analyzed according to the 
method of Heiri et al. (2001).

Data analysis
A total of 160 diatom taxa (including subspecies and 
varieties) were identified during the study. Fifty–five 
taxa, with a relative abundance greater than 1% in at 
least one sample, were used in subsequent analyses. 
In order to investigate the change in diatom compo-
sition of the surface–sediment data, an indirect ordi-
nation technique of detrended correspondence analysis 
(DCA) with detrending by segments and down–weigh-
ting of rare taxa was performed. Patterns in the diatom 

distribution were evaluated and the maximum amount 
of variation within the species composition was deter-
mined (ter Braak 1995). The gradient length of the 
main DCA ordination axes indicated whether linear– or 
unimodal–based numerical techniques were appropria-
te for the analyses (ter Braak & Prentice 1988). The 
gradient lengths (<2.0 standard deviation (S.D. units)) 
for the first DCA axis suggested that the species data 
were behaving in a linear manner, so a linear ordina-
tion technique (Principal Component Analysis (PCA)) 
was subsequently employed to analyze the distribution 
of surface sediment diatom assemblages (Birks 1995). 
Percent diatom data were square root transformed pri-
or to numerical analyses in order to stabilize variances 
and log transformations were used for environmental 
variables (except for pH). Direct gradient ordination by 
redundancy analysis (RDA) and Monte Carlo permuta-
tion tests with 999 permutations were used to determi-
ne environmental variables that explained significant 
(p≤0.05) patterns in the diatom distribution. Ordinati-
ons were performed using the program CANOCO ver-
sion 4.5 (ter Braak & Šmilauer 2002).

A constrained cluster analysis was performed on 
the diatom data to determine assemblage zones using a 
squared–chord distance as a measure of dissimilarity 
with the program CONISS and diagrams were con-
structed using TILIA and TGView 2.02 (Grimm 1990, 
2004). Diversity indices for diatom species data were 
calculated with the PAST statistical software (Hammer 

Table 2. Matrix of Pearson correlation coefficients

Depth T COND pH ORP DO TP TN Chl–a SiO2 CO3 HCO3

Depth 1

T –.066 1

COND –.113 .080 1

PH –.292 .087 .285 1

ORP .018 .138 .102 –.055 1

DO .038 –.036 –.203 –.005 .155 1

TP –.419(**) .109 .069 .143 –.212 –.109 1

TN .121 –.130 –.307(*) .107 –.088 –.117 –.290 1

Chl–a –.081 .118 .122 .335(*) .020 –.113 .043 .055 1

SiO2 .218 –.278 –.406(**) –.083 –.053 .208 –.094 .282 –.156 1

CO3 .180 –.012 .021 –.018 –.118 .013 .168 –.075 .059 020 –.132

HCO3 .129 –.069 .103 –.097 .293 .071 .047 –.101 –.243 –.114 .079 1

** Correlation is significant at the 0.01 level (2–tailed).
* Correlation is significant at the 0.05 level (2–tailed).
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Fig. 2. Mean relative abundance (%) of periphytic and planktonic taxa as function of sedimentary surface depths.

et al. 2001).
Diatom species optima and tolerances with respect to 
water depth were determined by analyzing the frequen-
cy of each species distribution along a depth gradient 
using the weighted averaging technique (Birks et al. 
1990) with inverse and classical deshrinking using the 
program C2 version 1.5 (Juggins 2007).

Results

Physical and chemical characteristics of Lugu 
Lake
The spatial variability in lake chemistry was rela-
tively high in August 2010 (Table 1). Across the 
43 sampling sites, pH ranged from 8.47 to 9.33 
(mean = 9.08). Large differences of 2 to ~ 210 
µS.cm–2 in conductivity were recorded. Lake tem-
peratures were relatively high with values ranging 
from 18.7 to 22.5 ºC (mean = 21.3 ºC). A signi-
ficant correlation between water temperature and 
Chl–a was evident (Table 2). Lugu Lake had TP 

concentrations ranging from 19 to 87 μg.l–1 (mean 
= 50 μg.l–1) and TN concentrations ranging from 
80 to 309 μg.l–1. TP exhibited a negative correla-
tion with water depth (r = –0.419). Accordingly, 
the higher TP concentrations were restricted to the 
shallow water zone. Bicarbonate concentrations 
were higher than carbonate anions. The grain size 
of surface sediment had little difference along the 
depth gradient and LOI varied between 4% and 
23%.

Diatom assemblages in surface sediment
The most common diatoms in Lake Lugu were 
the planktonic taxa Cyclotella ocellata Pant., 
Cyclostephanos dubius (Fricke) Round and Aste-
rionella  formosa Hassall. The common epiphy-
tic species were Staurosirella pinnata (Ehrenb.) 
Williams et Round, Pseudostaurosira brevis-
triata (Grunow) Williams et Round, Staurosira 
construens v. venter (Ehrenb.) Hamilton, Ach-
nanthidium minutissimum (Kütz.) Czarnecki, 
Amphora pediculus (Kütz.) Grunow, Epithemia 
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Fig. 4. PCA ordination of sample sites deter-
mined by relative community composition. 
Circled clusters represent sites of similarity 
based on water depth. Three distinct zones 
were identified.

Fig. 5. Total number of species (species richness) (A) and the species evenness represented by Hill’s N2 (B) for Lake Lugu. The 
vertical bars on the graphs are based on a depth–constrained cluster analysis. Zone Z1 is the littoral benthic region, zone Z2 is 
the mid–depth region, and zone Z3 represents the pelagic planktonic.

sorex Kütz. and epipelic taxa within Diploneis 
(Ehrenb.) Cleve. Of these, C. ocellata was con-
sistently more abundant in the plankton–domi-
nated samples, and Staurosirella pinnata in the 
non–plankton dominated samples.

Spatial patterns of diatom assemblages in sur-
face sediments
The percentages of planktonic and periphytic taxa 
varied with increasing water depth (Fig. 2). Three 
distinct groups of diatom assemblages were iden-
tified through the results of a constrained cluster 
analysis which correspond closely to the zones 
defined by PCA (Figs 3, 4). Benthic sediments of 
depth <10 m close to the shore (near–shore, Zone 

Z1) were dominated by periphytic taxa (80–90%) 
consisting primarily of small araphid species (P. 
brevistriata, S. construens v. venter and S. pinna-
ta). In addition the proportion of other periphytic 
taxa such as A. minutissimum, Am. pediculus, E. 
sorex, Navicula cryptotenella Lange–Bert. and 
Nitzschia fonticola (Grunow) Grunow were com-
mon in the shallower near–shore areas of the lake. 
A. minutissimum reached peak abundance around 
10 m. The samples grouped in the zone ranging 
from 10 to 40 m (mid–depth zone, Zone Z2), were 
characterized by the dominance of the planktonic 
taxon C.ocellata and epipelic taxa within the ge-
nus Diploneis. The percentages of C. ocellata and 
A. formosa were higher than Z1 and the epipelic 
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species Diploneis spp. peaked in relative abundan-
ce. Periphytic taxa such as S. pinnata and P. bre-
vistriata declined relative to Z1. Samples from the 
deep pelagic zone >40 m (Zone Z3), were mainly 
dominated by euplanktonic species (Fig. 3). The 
major species were C. ocellata, and A. formosa. 
The abundance of Cy. dubius was high at depths 
greater than 35 m reaching a maximum abundan-
ce between 5% to 18% in this zone. In the dee-
pest waters (>60 m) planktonic diatoms such as 
C. ocellata, A. formosa and Cy. dubius dominated 
the assemblage. In particular, the relative abun-
dance of Cy. dubius increased. From the deeper 
profundal zone to the shallower near–shore zone, 
the diatoms changed from planktonic assembla-
ges, composed primarily of C. ocellata, Cy. du-
bius and A. formosa, to an assemblage dominated 
by epiphytic taxa (Fig. 3).

Species diversity, richness and evenness
Species richness (total number of species) and 
species evenness (Hill‘s N2) were examined 
across the water–depth gradient. It was found that 
the total number of species (species richness) of 
diatoms was highest in samples collected in the 
littoral and mid–depth zones where the water dep-
th was less than 30 m (Zones Z1 & Z2), with an 
average of 30–50 species (Fig. 5A). The number of 
species was lower in the planktonic zone (>30 m, 
13–35 species, Zone Z3), with an average number 
of species ranging from 17 to 35 between 34 and 
55 m and declining to an average of 13–21 taxa 
at depths ≥60 m. Overall, the pattern of species 
richness was one of a gradual progression from 
high to low as the zones changed from near–sho-
re into deeper waters, which was correlated with 

water depth (Fig. 6A).
Species evenness, represented by Hill’s N2, was 
highest in Zone 2 reaching an average of 21.3 
between 12.5 and 30 m (Fig. 5B), declined at a 
depth of 34 m with an average of 5.3–10.6 and 
reached the lowest values at depths ≥60 m. This 
indicated a similar pattern to that observed in the 
species richness, with higher evenness in the ben-
thic zone and mid–depth zone when compared to 
the planktonic zone. Species diversity decreased 
with the increase in water depth (Fig. 6A). The 
ratio of planktonic and periphytic diatom assem-
blages in the surface sediments increased from the 
littoral to the deep water zone (Fig. 6B).

Optima and tolerances of diatom species with 
sedimentary surface depths
In the DCA ordination, eigenvalues of the first two 
axes were λ1= 0.216 and λ2 = 0.169, and accoun-
ted for 38.5% of the variance. The gradient length 
of the first DCA axis was 1.99 (standard deviation 
(S. D.) units) and the second axis was 1.77 S. D. 
which indicated that techniques based on linear 
species distribution were the most appropriate.

In order to determine environmental and di-
atom community relationships a RDA was used. 
In this RDA, the first (λ1 = 0.387) and the second 
(λ2 = 0.095) RDA axes explained 48.2% of the to-
tal variance in the diatom data (Fig. 7). The spe-
cies–environment correlations were high for both 
axis 1 (0.948) and axis 2 (0.802), and accounted 
for 83.7% of the species–environment relations, 
which demonstrated a strong correlation between 
the environmental variables and species included 
in the RDA. Only three variables (water depth, 
LOI and TP) had significant (P≤0.05) explanatory 

Fig. 6. The relationship between the lake water depth and species richness (A) and the ratio of planktonic to periphytic diatoms 
(B) in surface–sediment samples from Lugu Lake.
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powers (Fig. 7). There was a clear negative dep-
th gradient correlated with Axis 1 (r = –0.92). TP 
was positively correlated with Axis 1 (r = 0.50), 
while percent organic content (LOI) showed a ne-
gative correlation (r = –0.40) with axis 2.

Water depth optima and tolerances for 
53 diatom taxa were developed using weighted 

averaging (WA). A strong correlation was found 
between measured and inferred water depth using 
a linear WA regression model (Fig. 8). Species 
known to be planktonic had depth optimum over 
28 m (except Cyclotella rhomboideo–elliptica), 
and the most abundant periphytic taxa (S. pinnata, 
P. brevistriata, S. construens v. venter) had infer-

Fig.7. Redundancy Analysis (RDA) results showing relationships between environmental variables and diatom taxa distributi-
on (p≤0.05). Taxa shown in the diagrams were found at least once in > 1% abundance. Diatom taxa: (Ach–cur) Psammothidium 
curtissimum (Carter) Aboal; (Ach–min) Achnanthidium minutissimum (Kütz.) Czarn.; (Ach–zie) Platessa ziegleri (Lange–
Bert.) Lange–Bert.; (Amp–ina) Amphora inariensis Krammer; (Amp–lib) Amphora copulata (Kütz.) Schoeman et R.E.M.
Archibald; (Amp–ped) Amphora pediculus (Kütz.) Grunow; (Ast–for) Asterionella formosa Hassall; (Cam–hib) Campylo-
discus hibernicus Ehrenb.; (Coc–plli) Cocconeis placentula v. lineata (Ehrenb.) Van Heurck; (Cyc–oce) Cyclotella ocellata 
Pant.; (Cyc–rho) Cyclotella rhomboideo–elliptica Skuja; (Cycs–dub) Cyclostephanos dubius (Fricke) Round; (Cym–micr) 
Encyonopsis microcephala (Grunow) Krammer; (Dip–ell) Diploneis elliptica (Kütz.) Cleve; (Dip–oblo) Diploneis oblongella 
(Nägeli ex Kütz.) Ross; (Dip–ocu) Diploneis oculata (Bréb.) Cleve; (Dip–pet) Diploneis petersenii Hustedt; (Epi–adn) Epi-
themia adnata (Kütz.) Bréb.; (Epi–sor) Epithemia sorex Kütz.; (Fra–cap) Fragilaria capucina Desm.; (Fra–cape) Fragilaria 
capucina v. perminuta (Grunow) Lange–Bert.; (Fra–ten) Fragilaria tenera (W. Sm.) Lange–Bert.; (Gom–ang) Gomphonema 
angustatum (Kütz.) Rabenh.; (Gom–sub) Gomphonema subtile Ehrenb.; (Gyr–accu) Gyrosigma accuminatum (Kütz.) Ra-
benh.; (Nav–cos) Hippodonta costulata (Grunow) Lange–Bert., Metzeltin et Witkowski; (Nav–cryc) Navicula cryptocephala 
Kütz.; (Nav–cryt) Navicula cryptotenella Lange–Bert.; (Nav–exi) Navicula exigua (W.Greg.) Grunow; (Nav–luc) Fallacia 
lucinensis (Hust.) D.G.Mann; (Nav–rad) Navicula radiosa Kütz.; (Nav–rhy) Navicula rhynchocephala v. biceps (Ehrenb.) 
Grunow; (Nav–sal) Navicula salinarum Grunow; (Nav–prae) Navicula praeterita Hust.; (Nav–sunu) Eolimna subminuscula 
(Manguin) Gert Moser, Lange–Bert. et Metzeltin; (Nav–subr) Navicula subrotundata Hust.; (Nav–tene) Navicula tenelloi-
des Hust.; (Nav–vir) Navicula viridula (Kütz.) Ehrenb.; (Nav–vita) Navicula vitabunda Hust.; (Nei–pro) Neidium productum 
(W. Sm.) Cleve; (Nit–ang) Nitzschia angustata (W. Sm.) Grunow; (Nit–anla) Nitzschia angustatula Lange–Bert.; (Nit–didi) 
Nitzschia dissipata v. dissipata (Kütz.) Rabenh.; (Nit–dime) Nitzschia dissipata v. media (Hantzsch) Grunow; (Nit–fle) Nitz-
schia flexoides Geitler; (Nit–fon) Nitzschia fonticola (Grunow) Grunow; (Nit–gra) Nitzschia gracilis Hantzsch; (Nit–pal) 
Nitzschia paleacea Grunow; (Pse–bre) Pseudostaurosira brevistriata (Grunow) Williams et Round; (Rho–gib) Rhopalodia 
gibba (Ehrenb.) O.Müll.; (Sta–cove) Staurosira construens v. venter (Ehrenb.) Hamilton; (Sta–pin) Staurosirella pinnata 
(Ehrenb.) Williams et Round; (Suri–lin) Surirella linearis W. Sm.
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red depth optima shallower than 11 m. The most 
abundant planktonic taxa C. ocellata, A. formosa 
and Cy. dubius showed the highest weighted–a-
verage depth–optima estimates (28 m, 33 m and 
36 m, respectively; Fig. 9). Thirty taxa represen-
ting 10 genera had water–depth optima estimates 
in the range of 11–30 m. Water depth optima <11 
m were represented by 19 taxa in 11 genera. The 
lowest water–depth optima estimates were for 
Platessa ziegleri (Lange–Bert.) Lange–Bert. 
(3.2 m), Neidium productum (4.6 m) and Surirella 
linearis W. Sm. (5.1 m).

Discussion

Depth and diatom assemblage compositions
Published studies have shown the importance 
of lake water depth as an environmental driver 
structuring living diatom communities (Stone & 
Fritz 2004; Angeli & Cantonati 2005; Cantonati 
et al. 2009). The bathymetry of a lake is key to 
determining the diatom community structure in 
relation to depth. Differences in water depth exert 
a strong influence on the geochemical composi-
tion of surface sediments, with resulting distinct 
changes in the microhabitat (Leira & Cantonati 
2008). These benthic microhabitats are influenced 
by light conditions, water temperature, nutrients 
and physical characteristics like grain size and 
organic matter (%). Limnological studies have 
shown that diatom assemblages can change in a 
sequential manner from the near–shore littoral 
zone to the deep profundal zone along a gradient 
of water depth (e.g. Stone & Fritz 2004; Canto-
nati et al. 2009; Laird et al. 2010; Puusepp & Pun-

ning 2011). Our study indicated a similar pattern 
in species distributions across the water–depth 
gradient, with some species having a significant 
shallower (<10 m) or mid–depth (10–30 m) zone 
distributions, whereas others showed a clear dis-
tribution in the deeper zone. For example, a num-
ber of araphid species reached abundances >10% 
only in samples from <10 m depth (e.g. S. pinnata, 
P. brevistriata, S. construens v. venter). These ara-
phid taxa have been identified as having a prefe-
rence for shallow waters (Hustedt 1930; Douglas 
& Smol 1995), whereas actively motile taxa (e.g. 
Navicula sensu lato and Nitzschia spp.) exhibited 
a deeper zone preference (Hoagland & Peterson 
1990). Periphytic taxa, occurring within a number 
of microhabitats, dominated the near–shore zone, 
and likely influenced by light intensity, increased 
wave action, and heterogeneous substrates (Ste-
venson & Stoermer 1981; Hoagland & Peterson 
1990; Cantonati et al. 2009). The most domi-
nant taxon in the near–shore zone was S. pinnata 
(53%) which colonized the bottom sediments of 
waters with varying conditions of fluctuating phy-
sical or chemical characteristics (Griffiths et al. 
2002; Punning & Puusepp 2007). The mid–depth 
zone (Z2) was characterized by reduced light, and 
less substrate area compared to the near–shore 
zone. Periphytic taxa valves decreased to 0.3–2%, 
while the valves of planktonic taxa C. ocellata, 
and A. formosa were dominant. However, in this 
zone, the benthic taxa Diploneis spp. (D. elliptica 
(Kütz.) Cleve, D. oblongella (Nägeli ex Kütz.) 
Ross, D. oculata (Bréb.) Cleve) increased in rela-
tive abundance which indicated the functional im-
portance of mobility within this zone (Stevenson 
& Stoermer 1981). The dominance of sedimented 

Fig. 8. Plots of observed log10water depth, versus diatom–inferred log10water depth and plots of observed log10water depth, 
versus residual log10water depth, based on weighted–averaging regression and calibration models.
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valves from planktonic species like C. ocellata, 
Cy. dubius, and A. formosa in the deep water ano-
xic sediments (e.g. Lugu Lake, Zone 3) have been 
well documented (Reynolds 1984). 

Within the water column, TP was negati-
vely correlated with water depth. The associati-
on between TP and diatom growth has been well 
documented in limnological studies (Reynolds 
1984) as well as modern sediment diatom data 
sets (e.g. Lotter et al. 1997; Bigler et al. 2006) 
and lake paleo–sediment records (e.g. Lotter 
1998). In this study, benthic shallow water speci-
es were not observed in the deep water sediments, 
and planktonic diatoms were not abundant in the 

shallow waters (<11 m). The consistency of water 
depth as an explanatory variable, confirmed by di-
rect gradient analysis, indicated that physical dis-
turbances within the littoral zone, if present, were 
not significantly redistributing the littoral taxa 
into the deep water zones, although the gravitatio-
nal redistribution of littoral taxa towards the deep 
water basin was evident in zone 2. In contrast, the 
open–water planktonic flora was not mixing in a 
significant way with the shallow littoral waters. 
The stability in sediment diatom assemblage com-
positions among the zones establishes the future 
use of diatom–depth proxies for interpreting tem-
poral water level changes within Lake Lugu.

Fig. 9. Species optima for water depth estimated by weighted averaging. The dominant taxa labeled. Diatom taxa with codes: 
(1–10) Platessa ziegleri, Neidium productum, Surirella linearis, Cyclotella rhomboideo–elliptica, Navicula exigua, Fragi-
laria capucina v. perminuta, Gomphonema subtile, Cocconeis placentula v. lineata, Navicula subrotundata, Gomphonema 
angustatum; (11–20) Staurosirella pinnata, Nitzschia dissipata v. dissipata, Nitzschia fonticola, Rhopalodia gibba, Gyrosigma 
accuminatum, Pseudostaurosira brevistriata, Amphora copulata, Nitzschia angustata, Staurosira construens v. venter, Navi-
cula viridula; (21–30) Navicula cryptotenella, Encyonopsis microcephala, Navicula radiosa, Amphora pediculus, Navicula 
salinarum, Psammothidium curtissimum, Fragilaria capucina, Nitzschia paleacea, Nitzschia gracilis, Navicula cryptocephala; 
(31–40) Nitzschia dissipata v. media, Nitzschia angustatula, Navicula tenelloides, Achnanthidium minutissimum, Epithemia 
sorex, Eolimna subminuscula, Fragilaria tenera, Epithemia adnata, Nitzschia flexoides, Navicula rhynchocephala; (41–50) 
Navicula praeterita, Diploneis oculata, Navicula vitabunda, Diploneis oblongella, Diploneis elliptica, Amphora inariensis, 
Campylodiscus hibernicus, Hippodonta costulata, Cyclotella ocellata, Fallacia lucinensis; (51–53) Asterionella formosa, Di-
ploneis petersenii, Cyclostephanos dubius.
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Species diversity
Species richness (total number of species) and 
species evenness (Hill’s N2) were chosen to eva-
luate species diversity in this study. Species di-
versity decreased with the increase in water depth 
which is the result of decreased habitat diversity 
in the profundal area (Moos et al. 2005; Wolin 
& Stone 2010) (Fig. 5B). In shallower areas, the 
increase in microhabitats (e.g. substrates, such 
as sand, stones, mud) and aquatic macrophytes 
growth supported diatom taxa with many diff-
erent life history strategies which results in the 
co–existence of more species (Caballero et al. 
2002). The depth to which light penetrated exer-
ted a strong effect on microhabitat availability and 
the growth of species. Light is a major regulator 
of photosynthesis (Reynolds 1984) controlling 
the co–existence of diatom species in the shallow 
water due to the greater variation in light quality 
and quantity (Moos et al. 2005). Compared to the 
deep zone, higher species richness and evenness 
in the near–shore and mid–depth zone observed in 
this study, are similar to the results by Angeli & 
Cantonati (2005), Moos et al. (2005), Punning & 
Puusepp (2007) and Cantonati et al. (2009). 

Species optima and tolerances
Water depth, organic matter and TP within the 
water column above the benthic sample site, were 
found to explain the greatest amount of variation 
in our sediment diatom data. While these variables 
were identified as significant, they only account 
for ~ 48.2% of the total variation in species as-
semblage. The changing microhabitats from ben-
thic to pelagic, in comparison with a selected set 
of surface water chemistry variables can account 
for the low <50% explained variance in the diatom 
sediment assemblages. For example, previous stu-
dies have identified disturbance factors, such as 
wave action (not measured here) as primary fac-
tors impacting on diatom sediment assemblages 
(Stevenson & Stoermer 1981; Hoagland & Pe-
terson 1990). In addition, light plays an important 
role in driving algal productivity and determining 
species composition in lakes (Reynolds 1984). 
Light penetration is a controlling factor gover-
ning the maximum depth of benthic taxa (Laird 
et al. 2011). Therefore light penetration has been 
clearly defined as a major factor in defining the 
distinct zone between littoral and planktonic di-
atom assemblages (Cantonati et al. 2009). The 
clear distinction between pelagic waters and the 
near–shore littoral zone would suggest that who-

le lake mixing is limited or that the productivity 
of the pelagic waters exceeds that of the littoral 
zone, and the benthic productivity is largely de-
pendent on the depth to which the incident light 
penetrates. The large pelagic water volume rela-
tive to littorals waters would further suggest that 
planktonic species will dominate the deep water 
anoxic benthic sediments.

Depth optima for the prominent taxa show 
that the diatom composition in the sediments 
changed from the near–shore littoral zone to the 
deep profundal zone along a gradient of water 
depth. In particular, abundant taxa S. pinnata, P. 
brevistriata, F. capucina v. perminuta and S. con-
struens v. venter were identified as shallow water 
taxa. The weighted average (optimum) depth va-
lues for S. pinnata (9.4 m) and P. brevistriata (11 
m) were not in agreement with the depth optima 
listed by Yang & Duthie (1995), between 4–5 m, 
however the optima for S. pinnata did correspond 
with a depth optimum of 8.2–11.5 m presented by 
Laird et al. (2011). Depth optima can also vary 
for the same taxa, due to physical factors such as 
disturbance and sediment migration, or more like-
ly to microhabitat availability, light and different 
chemical and physical characteristics of the lake. 
The planktonic taxa C. ocellata, A. formosa and 
Cy. dubius preferred deep waters with the highest 
calculated depth optima (28, 33 and 36 m, respe-
ctively). All the planktonic species in this study 
can be classified as eutrophic taxa (Anderson 
1990, 1997; Anderson et al. 1993; Håkansson & 
Regnell 1993; Bradshaw et al. 2005).

Conclusions and implications for palaeolimno-
logical study
This study found a strong relationship between 
the spatial distribution of surface sediment diatom 
assemblages and lake depth, in a subtropical dee-
p–water lake. Three major benthic zones based 
on the composition of diatom assemblages were 
identified from the near–shore to deep waters of 
Lugu Lake: i) a near–shore assemblage of araphid 
species and other periphytic taxa (Achnanthidium, 
Amphora, Epithemia, Nitzschia, Navicula sensu 
lato); ii) a mid–depth planktonic (C. ocellata, A. 
formosa)/ epipelic taxa (Diploneis spp.) zone; and 
iii) a deep–water anoxic planktonic zone. The re-
sults showed water depth to be the dominant factor 
governing the sediment diatom (living and dead 
frustules) composition in this lake. TP and LOI 
(proxy for organic matter) were also identified as 
factors determining diatom assemblages in the 
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photic zones, but not as important as water depth. 
Further, the results indicate 1) sedimentation in 
the littoral zones were not significantly impacted 
by open waters and physical factors attempting to 
mix the waters and sediments and 2) coring deep 
water sediments will consistently highlight pe-
lagic production, which limits the assessment of 
littoral microhabitat diversity and ultimately pale-
o–reconstructions showing minimal to moderate 
lake level changes. In Lugu Lake, deep–water di-
atom assemblages were dominated by C. ocella-
ta, A. formosa, Cy. dubius which are indicators of 
mesotrophic to eutrophic pelagic waters. Littoral 
benthic assemblages were dominated by araphid 
diatoms typically associated with disturbance or 
changing habitats. The diatom assemblage and dis-
tribution pattern was similar to other lakes across 
three continents reported in the literature, which 
suggests that the physical, chemical and weather 
related stressors on the limnology of the lakes are 
similar. This study provides theoretical support for 
the use of water depth as a reconstruction variable 
in hindcasting paleo–limnological and paleo–cli-
matic conditions in Lugu Lake which is affected 
by the Asian Southwest monsoon.
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