
Journal of Oceanology and Limnology
Vol. 37 No. 2, P. 568-579, 2019  
 https://doi.org/10.1007/s00343-019-8040-1 

 Temperature and silicate are signifi cant driving factors for 
the seasonal shift of dominant diatoms in a drinking water 
reservoir* 

 ZHANG Yun 1, 2 , PENG Chengrong 1 , WANG Jun 1, 2 , HUANG Shun 1 , HU Yao 1, 2 , 
ZHANG Jinli 1, 2 , LI Dunhai 1, **  
  1  Key Laboratory of Algal Biology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, China 
  2  University of Chinese Academy of Sciences, Beijing 100049, China 

 Received Mar. 2, 2018; accepted in principle May 11, 2018; accepted for publication Jul. 2, 2018 
 © Chinese Society for Oceanology and Limnology, Science Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019 

  Abstract        The individual or combined eff ect of water temperature and silicate on seasonal shift of 
dominant diatom species in a drinking water reservoir in China was studied in this paper. These eff ects were 
analyzed based on the fi eld investigation of temporal dynamics in species composition and abundance of 
phytoplankton and environmental factors from September 2015 to August 2016. We fi rstly found that six 
dominant diatom species ( Fragilaria   nanana ,  Achnanthidium   catenatum ,  Aulacoseira   ambigua ,  Ulnaria  
 ulna ,  Cyclotella   meneghiniana  and  Asterionella   formosa  (Class Bacillariophyceae)), which accounted for 
98.7% of the total abundance of diatoms and 46.8% of the total abundance of phytoplankton, showed an 
obvious seasonal succession. Then signifi cant driving factors for seasonal shift of the dominant diatom 
species were selected by Redundancy Analysis. The result showed that water temperature and silicate were 
the main environmental factors aff ecting the growth of diatoms on temporal scales. Next, the regressions of 
water temperature and silicate and dominant diatom abundance were fi tted in Generalized Additive Model 
separately, and the smoothers of water temperature and diatom species suggested that the dominant diatom 
species adapted to diff erent optimum temperature ranges, which corresponded with the growth of seasonal 
changes. A positive linear correlation between silicate and diatom abundance was generated by Generalized 
Additive Model. Finally, the ordinal controls of water temperature and silicate on the growth of diatoms 
were analyzed on temporal scales specifi cally. We suggested that water temperature and silicate controlling 
the growth of diatoms in order. Diatoms grow well only when the two controlling factors simultaneously 
satisfy the growth conditions; as limiting factors, the two factors played their respective limiting roles in 
turn on temporal scales. 
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 1 INTRODUCTION 

 In China, reservoirs were originally built for fl ood 
control, power generation and irrigation. However, in 
recent years, these reservoirs have been used to store 
water to meet the increasing demand of freshwater 
supply. With the intensifi cation of pollution in rivers 
and lakes, the reservoirs play an increasingly 
important role in water supply (Han, 2010). Although 
the water quality in reservoirs is better than shallow 
lakes currently, most of reservoirs are suff ering the 
pollution in industrialized and urbanized areas. 

Therefore, more and more attention has been paid to 
the prevention of water quality deterioration.    

 As a type of artifi cial structure, reservoirs are 
constructed by dams to adjust the water level. The 
frequently fl uctuations of water level often resulting 
in aquatic organisms lacking suffi  cient time to 
complete their life cycle and maintaining their 
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population. Therefore, the organisms in reservoirs are 
mainly dominated by r-strategists, such as 
phytoplankton (Han, 2010). As single-celled or 
simple colonial organisms with short regeneration 
times, phytoplankton respond more rapidly in terms 
of species composition and abundance to 
environmental changes than larger organisms (Yang 
et al., 2012). As the base of aquatic food webs, 
phytoplankton community structure and diversity are 
widely used to quantify water quality (Rakocevic-
Nedovic and Hollert, 2005). Diff erent from the 
shallow lakes where cyanobacteria often dominate, 
generally, reservoirs are usually dominated by 
diatoms (Class Bacillariophyceae) (Saros and 
Anderson, 2015). Especially in spring, diatoms are 
usually prevalent and some of them even form serious 
blooms, yet, also cause a series of ecological problems, 
such as low water transparency, bad odors, clogging 
or sedimentation in water treatment processes, and a 
decrease in the perceived aesthetic value of the water 
body (Kolmakov et al., 2002).  

 Diatoms are important indictors of environmental 
changes where individual species respond directly 
and sensitively to changes in chemical and physical 
variables such as nutrients, pH, light and temperature 
(Baier et al., 2004). Therefore, changes in physical 
and chemical parameters within aquatic ecosystems 
can markedly alter the dominant diatom species 
composition (Julius and Theriot, 2010). Some 
physical and chemical parameters, such as water 
temperature, nutrients concentration and light 
intensity, vary depend on the seasonal changes, may 
lead to a seasonal shift of dominant diatom species 
(Sommer et al., 1986). Numerous studies have 
explored the relationship between diatom distribution 
and physico-chemical characteristics. In most cases, 
the thermal regime (the indirect eff ect of temperature) 
and mixing in reservoirs caused changes in the 
underwater light conditions and nutrient 
concentrations, which was generally considered as 
the cause of the dynamics of algae (Hubble and 
Harper, 2002). However, few studies have focus on 
the direct eff ect of temperature on the dynamics of 
diatom species composition in subtropical reservoirs, 
and the main factors that drive the seasonal succession 
of diatoms are still poorly understand (Reynolds et 
al., 2000).  

 At present, a number of studies have focused on 
the driving factors to seasonal succession of the whole 
phytoplankton in eutrophic waters, there are few 
studies on the specifi c species of diatoms which are 

potential bloom species in drinking water reservoir. In 
this study, we investigated the temporal dynamics of 
species composition and abundance of diatom 
communities, as well as the temporal dynamics of 
physical and chemical factors, in a drinking water 
reservoir. Based on the obvious seasonal succession 
of dominant diatom species, we hypothesized that: (1) 
Temperature and inorganic nutrients are important 
factors for the succession of dominant diatom species, 
and silicate is one of the most important inorganic 
nutrients; (2) on temporal scales, the infl uence factors 
aff ect the growth of diatoms alone or in combination. 

 2. MATERIAL AND METHOD 

 2.1 Study area 

 The Jinshahe reservoir is located at Hong’an 
County, Hubei Province, China (114°32′–114°35′E, 
31°17′–31°23′N). It was built in 1965 and has a basin 
area of 108 km 2  with a total storage capacity of 
1.787×10 8  m 3 . The reservoir is of great importance for 
fl ood control and irrigation, and most importantly, it 
is the only drinking water source for Hong’an County 
and reserve water source for Wuhan city. It is one of 
the large reservoirs in the middle-lower reaches of 
Changjiang (Yangtze) River, and it is representative 
in terms of watershed characteristics, geomorphology 
and comprehensive functions. Since the completion 
of the reservoir, no fertilization and feeding for 
aquaculture has been implemented in order to alleviate 
pollution. However, in recent years, the water quality 
in this reservoir has been aff ected by industrial and 
agricultural activities. 

 2.2 Field sampling and measurements 

 The investigation can be divided into three distinct 
periods. The fi rst period was from September to 
December 2015 with monthly intervals, the second 
period was from January to February and June to 
August 2016 with two weeks intervals, and the third 
period was from March to May 2016 with ten days 
intervals. Samples were collected from fi ve sampling 
sites (Fig.1) in surface water (0–0.5 m). Water 
temperature (WT), Dissolved oxygen (DO), Specifi c 
Conductivity (SPC), pH and Oxidation-Reduction 
Potential (ORP) were measured in situ using a 
multiparameter probe (YSI-2000, USA). Water 
transparency was measured with a Secchi disc. 
Chemical oxygen consumption (COD), total 
phosphorus (TP) (mg/L), total nitrogen (TN) (mg/L) 
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and dissolved inorganic nutrients (nitrate (mg/L), 
ammonia (mg/L), phosphate (mg/L) and silicate 
(mg/L)) were carried out following standard methods 
(APHA 1999). Samples for chlorophyll determination 
were fi ltered through a Whatman GF/C fi lter (biomass 
intercepted by 1.2 μm pore size). The fi lters were 
immersed with 90% acetone and extracted in the dark 
at 4  C for 24 h. The extracting solution was measured 
using a spectrophotometer (TU-1810, DPC, China) 
and the concentration of chlorophyll  a  and  c  (Chl  a  
and Chl  c ) were calculated by the standard method 
(Arar, 1997). 

 2.3 Sample treatment 

 One liter of water samples for phytoplankton cell 
count and species identifi cation were preserved with 
Lugol’s solution and were concentrated to a fi nal 
volume of 30 mL after sedimentation for 48 h. All 
taxa of algal abundances were counted with a counting 
chamber (0.1 mL) at 400× magnifi cation (at least 400 
algal cells were counted and identifi ed). In order to 
make an accurate identifi cation of diatom species, six 
dominant diatom species from the raw water in 
Jinshahe Reservoir were isolated, purifi ed and 

cultured. The cultured diatom cells were treated with 
sulfuric acid to remove organic matters. Cleaned 
frustule suspensions were settled onto microscopy 
glass slides and dried, then slides were mounted using 
Naphrax (refractive index, 1.703) and observed in 
light microscopy at 1 000× magnifi cation (oil 
immersion lens) (Stockner and Benson, 1967). 

 2.4 Statistical analysis 

 Redundancy analysis (RDA) was used to describe 
the relationships between the diatom abundance and 
the environmental variables (CANOCO 4.5 program). 
RDA was chosen because the length of gradient of the 
fi rst DCA (Detrended Correspondence Analysis) axis 
running on diatom abundance data was 0.611; 
therefore, we chose linear ordination techniques. 
Diatom densities data were lg( x +1) transformed. The 
signifi cant driving environmental factors were 
selected by the automatic forward selection with 499 
unrestricted Monte Carlo permutations, and the 
signifi cance was evaluated by the probability values 
<0.05. Bi-plot of relationship between environmental 
factors and diatom abundance and relationship 
between sampling units and phytoplankton abundance 
were presented using Cano Draw of CANOCO 4.5. 

 Generalized additive model (GAM) (Hastie and 
Tibshirani, 1990) was set up to model the relationship 
between the abundance of diatom species and driving 
factors using R version 3.2.5 with the ‘ mgcv ’ package. 
This technique allows the identifi cation of diff erent 
types of relationships between variables, including 
nonlinear ones. If GAM indicates that the smoother is 
a straight line, then the Generalized Least Squares 
model (GLS) is used. GLS allows estimation of 
unknown parameters in linear regression models even 
when assumptions are violated (Zuur et al., 2009). 
The GAM model was, 

 Diatom i = α  i  +f  i (Environmental factors i )+ ε  i , 
 where  i  represents the six dominant diatom species,  α  
and  ε  were intercept and error respectively, and  f  i  was 
the smoothing function; environmental factors were 
water temperature or silicate. In fact, contrary to usual 
regression models, in GAM we do not have an 
equation, but a smoother, which can be evaluated by 
plotting (Zuur et al., 2009). The GLM models was, 

 Diatom i = α  i  +  β  i  × Environmental factors i  +ε  i , 
 where  i  represents the six dominant diatom species,  α , 
 β  and  ε  were intercept, slop and error respectively; 
environmental factors were water temperature or 
silicate. 
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 3 RESULT 

 3.1 Environmental parameters 

 The annual variations in environmental factors and 
chlorophyll of Jinshahe Reservoir were listed in 
Appendix Fig.S1. The lowest and the highest water 
temperatures occurred on 2 February and 31 July 
respectively. The concentration of silicate showed 
signifi cant temporal variation. It dropped markedly 
from 16 December to 30 April to the lowest value, 
and then gradually increasing to its maximum in 
August. DO showed the opposite variation trend with 
water temperature. The concentration of nitrogen in 
various forms showed a downward trend from January 
to August in 2016. The average concentration of 
phosphorus was very low and the maximum (314.22) 
and minimum (19.84) of N:P value occurred in 16 
December and 10 May respectively. The concentration 
of both Chl  a  and Chl  c  had their maximum and 
minimum in 16 September and 30 April respectively. 
Chl  c  showed high correlation with Chl  a  ( R =0.66, 
 P <0.001), but they had no signifi cant correlation with 
diatom abundance (Chl  a ,  R =0.41,  P =0.053; Chl  c , 
 R =0.19,  P =0.37).     

 3.2 Seasonal succession of dominant diatom species 

 From October 2015 to late April 2016, diatoms 
accounted for a large proportion of phytoplankton 
abundance, and the highest proportion was 85.3% at 
the end of March 2016 (Appendix Fig.S2). Six 
dominant diatom species,  Fragilaria   nanana  Lange-
Bertalot 1993,  Achnanthidium   catenatum  (Bily and 
Marvan) Lange-Bertalot 1999,  Aulacoseira   ambigua  
(Grunow) Simonsen 1979,  Ulnaria   ulna  (Nitzsch) 
Compère 2001,  Cyclotella   meneghiniana  Kützing 
1844 and  Asterionella   formosa  Hassall 1850 were 
identifi ed, which accounted for 98.7% of the total 
abundance of diatoms and 46.8% of the total 
abundance of phytoplankton (Appendix Fig.S2). 
Obvious seasonal successions of the six diatom 
species were observed (Fig.2). From the end of 
August to the middle of September,  F .  nanana  was 
the dominant species in the diatom community, and 
then it was replaced by  A .  catenatum , which accounted 
for 75.2% of the total abundance of diatoms in 18 
October.  A .  ambigua  dominated from 14 November 
to 2 February and from 30 April to 21 May, while  C . 
 meneghiniana  dominated from 2 February to 30 
April. From the end of May to the end of June, 
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 F .  nanana  dominated again, and from 16 July to 15 
August, the diatom community was dominated by 
 U .  ulna . 

 3.3 The signifi cant driving environmental factors 
selected by RDA 

 As expected, only water temperature and silicate 
explained signifi cant proportions ( P <0.05) of the 
variations of the diatom communities (Fig.3a). They 
explained 51% of the diatom variance, while it was 
77% for all variables. Water temperature was the most 
important variable and explained 41.6% of the diatom 
variance, followed by silicate explained 9.4%. The 
interaction between water temperature and silicate 
was weak, which explained only 1.3% of the diatom 
variance (Fig.3b). 

 3.4 Changes in the abundance of dominant diatom 
species with seasonal variations in water 
temperature and silicate 

 The abundances of all diatom species decreased 
rapidly at the end of March (Fig.4), at the same time, 
the concentration of silicate dropped below 1.0 mg/L. 
After 29 June, most diatoms increased in abundances, 
especially  U .  ulna , and the concentration of silicate 
rose above 1.0 mg/L again. Therefore, during the 
year, from 31 March to 29 June was the period that 
silicate limited the growth of diatoms, while in the 
remaining months, silicate satisfi ed the growth of 

diatoms, and the key factor that controlling the 
succession of diatoms was water temperature.  

 The abundance of  A .  catenatum  increased with the 
water temperature dropped from 28.0  C to 22.7  C, 
and reached its maximum at 22.7  C, however, as the 
temperature continued to decline, its abundance 
declined sharply. After 2 February, the rise in 
temperature promoted the growth of  A .  catenatum  
until it was limited by silicate, while after the threshold 
time of silicate limitation, the rise in temperature 
would inhibit the growth of diatoms (Fig.5a). The 
growth of  F .  nanana  was limited by the low 
temperature in severe winter and was promoted by the 
rising temperature from 2 February to 31 March. 
From 29 June to 31 July, it was limited by high 
temperature until the temperature started to drop 
(Fig.5b).  A .  ambigua  grew rapidly with the decline of 
temperature, and it reached the maximum abundance 
at temperature of 9.5  C on 16 December. Its 
subsequent trend was the same with  A .  catenatum  
(Fig.5c). The abundance of  U .  ulna  increased rapidly 
as the temperature increased in spring. After the 
period of silicate limitation, its abundance increased 
again with the rising temperature (Fig.5d). From 16 
September to 29 June, the abundance variation of 
 C .  meneghiniana  had the same trend with that of 
 U .  ulna , but it did not recover its proliferation at high 
temperatures in summer (Fig.5e).  A .  formosa  is a cold 
adapted species, the lower the temperature, the higher 
its abundance appeared (Fig.5f). 
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 3.5 Regression models between diatoms abundance 
and driving factors 

 Since the cross-validation between water 
temperature and silicate was weak, the relationship 
between the two factors and diatom communities 
were fi tted using GAM dividedly. According to the 
ordinal controls of water temperature and silicate on 
the growth of diatoms, water temperature and diatoms 
were fi tted with GAM when silicate met the growth 
needs of diatoms. Contrarily, the silicate and diatoms 
were fi tted with GAM when the temperature favored 
the growth of diatoms. 

 Except for  A .  ambigua , the smoothers obtained by 
fi tting water temperature and all diatoms with GAM 
were curves (Fig.6). Based on the AIC (Akaike 
Information Criterion), GAM models of the six diatom 
species included both smoothers and intercepts. The 
abundance curve of spring-autumn species ( A . 
 catenatum  and  C .  meneghiniana ) showed a narrow 
single peak with the change of water temperature. The 
abundance curve of warm adapted species ( U .  ulna ) 
presented an obvious peak at 14.4  C and a small peak 

at 34  C. A wide peak of the abundance of eurythermal 
species ( F .  nanana ) was observed. Cold adapted 
species ( A .  ambigua  and  A .  formosa ) showed signifi cant 
negative correlations with water temperature. 

 A straight line relating silicate and diatoms was 
obtained by applying the GAM on lg (abundance+1)-
transformed (Fig.7). Besides signifi cant ( P <0.001) 
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 Fig.6 Smoothing curves obtained by applying the GAM model based on diatom abundance and water temperature 
 a.  Achnanthidium   catenatum ; b.  Fragilaria   nanana ; c.  Aulacoseira   ambigua ; d.  Ulnaria   ulna ; e.  Cyclotella   meneghiniana ; f.  Asterionella   formosa . Dotted 
lines are 95% point-wise confi dence bands. 
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 Fig.7 Straight line obtained by applying the GAM model 
based on the abundance of diatom and silicate 
 Dotted lines are 95% point-wise confi dence bands. 
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intercept, the relationship of silicate between diatom 
abundance was also signifi cant ( P <0.05). GLS was 
used to highlight signifi cant slope ( P <0.05) and 
intercept ( P <0.001) between the abundance of 
diatoms and silicate. Based on the transformation of 
response variables, the relationship between the 
abundance of diatoms and silicate obtained by GLS 
can be suggested by the following model: 

 lg(diatoms(cells/L)+1)=4.9763+0.4384×silicate(mg/L). 
 This equation indicated that the abundance of 

diatoms increased logarithmically with the increasing 
silicate concentration. The abundances of diatoms 
were 3.47×10 5  cells/L and 2.07×10 5  cells/L at the 
beginning and the end of silicate restriction period 
respectively, and the corresponding silicate 
concentrations obtained from above equation were 
1.29 mg/L and 0.77 mg/L,   respectively, which should 
be the predicted thresholds for limiting the growth of 
diatoms. According to actual observations, the silicate 
threshold for limiting the growth of diatoms was 
1.0 mg/L, which was within the predicted values. 

 4 DISCUSSION  

 4.1 Seasonal succession of dominant diatom species 
in drinking water reservoir  

 Under the condition of silicate satisfaction, water 
temperature is the main factor aff ecting the succession 
of diatoms. The area of the middle and lower reaches 
of Changjiang River belong to a typical subtropical 
monsoon climate with four distinct seasons, unusually 
hot summers and cold winters. The hottest period is 
from July to August and the coldest period is from the 
end of December to early February. The apparent 
seasonal variation of temperature leads to changes in 
diatom community structure. As a typical large 
drinking water reservoir in the middle and lower 
reaches of the Changjiang River, the phytoplankton 
community in Jinshahe Reservoir was dominated by 
diatoms. The dominant diatom species adapted to 
diff erent temperatures and showed seasonal 
succession. In fact, this phenomenon is very common 
in subtropical drinking water reservoir in China, such 
as Shahe Reservoir and Hengshan Reservoir in 
Jiangsu Province (Zhu et al., 2016), Tangpu Reservoir 
in Zhejiang Province (Shi et al., 2013), and Daoguanhe 
Reservoir in Hubei Province (Lü et al., 2012). 
Furthermore, these reservoirs have the similar 
dominant diatom species and the similar seasonal 
succession pattern with Jinshahe Reservoir. Namely, 
 A .  catenatum  dominates in spring or autumn,  Ulnaria  

dominates in summer,  A .  formosa  and  A .  ambigua  
dominate in winter. This succession pattern does not 
exist in freshwater lakes, especially in eutrophic lake, 
owing to  Stephanodiscus   hantzschii  and  Cyclotella  
 atomus  usually dominate in diatoms in eutrophic lake 
(Yao et al., 2011; Wei et al., 2015). Therefore, this 
succession pattern in these dominant diatom species 
is commonly exist in most of drinking water reservoirs 
in subtropical region, especially in the area of the 
middle and lower reaches of Changjiang River. 

 4.2 Eff ect of water temperature on diatom 
communities 

 Water temperature directly controls the growth and 
proliferation of diatoms. The direct eff ect depends on 
the adaption of enzyme activity to temperatures. The 
seasonal succession among diff erent diatom species 
may be directly related to the optimum temperature 
for the growth of specifi c diatoms being diff erent 
(Cullen and MacIntyre, 2016). According to the 
GAM,  U .  ulna  peaked at 14.4  C and 34  C, the low 
abundance between the two temperatures was resulted 
from the restriction of silicate, which indicated that 
 U .  ulna  can adapt a wide and warm temperature 
range.  U .  ulna  also has been found in considerable 
amounts in summer at Decazeville (Morin et al., 
2007).  F .  nanana  had a wide peak in the GAM model. 
Prior studies suggested that  Fragilaria  genus is a 
eurythermal genus capable of surviving over a wide 
range of temperatures (Chaffi  n et al., 2012; Snitko et 
al., 2015).  A .  catenatum  and  C .  meneghiniana  peaked 
at 22  C and 13  C in the GAM model respectively. 
 A .  catenatum  has been found as the absolutely 
dominant species in spring bloom in Tangpu reservoir 
(Ma et al., 2016) and Jinshahe Reservoir (Zhang et 
al., 2015) in China, which indicates that the 
temperature in spring or autumn is suitable for the 
growth of  A .  catenatum .  C .  meneghiniana  is always 
considered as a eutrophic species and can adapt to a 
wide temperature range. In this study, it dominating 
only in early spring may be related to the restrictions 
of silicate. More remarkable, the presence of this 
eutrophic indicator species is an alert of deterioration 
of water quality.  A .  formosa  and  A .  ambigua  showed 
negative correlations with water temperature in GAM 
model.  A .  formosa  has always been reported to prefer 
low temperatures and usually dominates during the 
cold season in well-mixed reservoirs (Bertrand et al., 
2003). The blooms of  A .  ambigua  in a reservoir in 
north central Texas were found at temperature <15  C 
(Grover and Chrzanowski, 2006), which indicated 
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that it can adapt to a low temperature range. Therefore, 
there was the following succession pattern: from 
summer to spring, the warm adapted species  U .  ulna  
was replaced by spring-autumn species  A .  catenatum , 
and then the latter was replaced by cold adapted 
species  A .  ambigua  and  A .  formosa  and early spring 
species  C .  meneghiniana . Eurythermal species  F .  
 nanana  had a wider growth period. Water temperature 
has been considered as the key factor of driving 
seasonal succession of diatoms in various water 
bodies, such as soda lake (Kocer and Şen, 2012), 
freshwater lake (Wei et al., 2015), stream (Maraslioglu 
et al., 2016), as well as reservoir (Sonmez, 2011).  

 The thermal regime caused by temperature changes 
is commonly considered as an important indirect 
eff ect of temperature on seasonal shift of algae 
composition (Winder and Schindler, 2004). In spring, 
the water column is well mixed and the high 
availability of nutrients enables diatom communities 
to develop biomass peaks. As the temperature rises in 
summer, thermal stratifi cation forms, and some warm-
adapted diatom species may grow well. But other 
taxonomic groups, such as cyanobacteria, are more 
common in eutrophic waters (Znachor et al., 2013). In 
autumn, as the water temperature decreases, the water 
column is mixed again, and the diatom community 
may become abundant again (Sommer et al., 1986). 
In winter, some hypothermophilous diatom species 
usually dominate in oligotrophic reservoirs. 
Temperature may also alter the cell size (Peter and 
Sommer, 2012; Polovina and Woodworth, 2012), 
ecological stoichiometry (Xiu and Chai, 2012) and 
biogeochemical components (Wohlers-Zöllner et al., 
2012) of diatoms. Compared to smaller diatoms, 
larger diatoms ( U .  ulna ) may have diff erent response 
under high temperature conditions, and smaller 
surface area to volume ratio may be advantageous for 
diatoms at high temperatures (Yun et al., 2010).  

 4.3 The limitation of silicate to diatom communities 

 Silicon (Si) is an essential element of diatoms. 
Without Si, diatoms will not form valves and their 
cell cycle will not be completed (Koester et al., 2016). 
In Jinshahe Reservoir, the concentration of dissolved 
silicate began to decline in mid-December and 
reached the minimum value (0.3 mg/L, namely, 
3.9 μm/L) at the end of April and then increased 
gradually. The decline in silicate concentration may 
be caused by uptake and utilization. In this reservoir, 
diatoms constituted the majority of phytoplankton in 
autumn, winter and spring, and the uptake of silicate 

by diatoms for reproduction would decrease the 
concentration of silicate in the water (Downing et al., 
2016). The increase in silicate concentration in May 
might be related to rainfall. From May 2016, the 
rainfall in the middle and lower reaches of Changjiang 
River has increased signifi cantly. The total rainfall 
from May to June was 1 268.4 mm, which was more 
than six times (192.1 mm) over the last three months 
(China Meteorological Data Service Center, CMDC). 
The increase in silicate concentration could be 
explained by an intensive infl ow during the rains from 
the shoreside regions and infl ow streams. Heavy rains 
also caused a dramatic increase in nutrients in 
Dongping Lake, China (Tian et al., 2013). From April 
to July, silicate defi ciency caused all diatoms hardly 
to be detected. During silicate limitation, 
phytoplankton cells would be disfi gured, malformed, 
and discolored (Yang et al., 2004), especially for 
diatoms, the valve formation and the metabolic 
process would be inhibited, consequently, the 
reproductive capacity and abundance of phytoplankton 
decreased. 

 In 2010, there was a community shift from the 
dominance of large fast-growing diatoms to smaller 
diatoms and other smaller algae species, when the 
silicate concentration reached 2 μm/L, which was 
generally considered to inhibit the growth of diatoms 
(Eliasen et al., 2017). This concentration is lower than 
ours, it may be that diff erent diatom species have 
various thresholds of silicate concentration. The 
diff erent requirement of silicate for various species 
may be related to cell size and molecular mechanisms 
of silicate metabolism. Larger diatoms have a higher 
half-saturation constant for Si uptake (Shi et al., 
2015), and they need to synthesize larger cell walls 
during proliferation, and therefore they require more 
silicate. However, the smaller diatoms have a higher 
surface to volume ratio and survive better in Si-
depleted environment. There is also Si competition 
between diff erent diatom species.  Asterionella  
 formosa  seemed to be a better competitor for silica, 
which achieved the highest biomass during the 
decrease of dissolved reactive silicate (DRSi) 
concentrations, while  Fragilaria   crotonensis  was 
outcompeted by it (Tolotti et al., 2012).  

 The nutrients nitrogen (N) and phosphorus (P) are 
also important for the growth of algae, and P is usually 
the key limiting nutrient in most oligo-mesotrophic 
lakes and reservoirs (Dzialowski et al., 2005). In 
Jinshahe Reservoir, the average ratio of TN to TP was 
109.3, which was much higher than the Redfi eld Ratio 
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of 16 (Parsons et al., 1984) and the empirical threshold 
for P limitation (Hecky and Kilham, 1988). In this 
reservoir, the concentration of dissolved phosphate 
remained below 0.006 mg/L during the whole year 
and it had no signifi cant variation on temporal scale. 
These indicate that P was the limiting factor in 
Jinshahe Reservoir. However, the growth of diatoms 
was not aff ected by P limitation, and the variation of 
diatom abundances had no signifi cant correlation 
( R =0.18,  P =0.42) with the concentration of phosphate. 
Nevertheless, diatom abundances were positively 
correlated with the concentration of silicate which 
varied obviously with seasonal variation. We can 
conclude that Si, rather than P, is the key nutrient that 
determines the reproduction and decline of diatoms.  

 4.4 The ordinal controls of water temperature and 
silicate on the growth of diatoms 

 The ordinal controls of water temperature and 
silicate on the growth of diatoms resulted in diff erent 
dominant diatom species on temporal scale. 
Environmental variables change with seasons, which 
in turn infl uence algal biomass and species 
composition. In fact, in all lakes or reservoirs, the 
response of algal communities is most evident and 
striking when environment-mediated ecological 
thresholds are passed (Smol and Douglas, 2007; Cao 
et al., 2016). In the case of silicate satisfaction, the 
abundance of  A .  catenatum  increased rapidly when 
the appropriate temperature threshold approached in 
autumn, and it decreased rapidly when the temperature 
fell below its growth threshold. In spring, the 
abundance of  A .  catenatum  increased again until it 
encountered the silicate limitation threshold. The 
similar phenomenon was also found in other diatom 
species. Silicate and water temperature also aff ect the 
occurrence time of diatom blooms. In 14 April of 
2014, a bloom of  A .  catenatum  occurred in this 
reservoir, and its abundance reached 3.28×10 8  cells/L 
(Zhang et al., 2015). However, the  A .  catenatum  
bloom was limited by silicate limitation in the spring 
of 2016.  F .  nanana  also appeared the same 
phenomenon. Water temperature was also recognized 
that it could shift the timing of diatom blooms. 
Researchers had simulated the eff ect of climate 
warming on the timing of the phytoplankton spring 
maximum, and most of them concluded that the rise 
in water temperature would result in a more intense 
and earlier spring diatom bloom (Straile, 2002; Huber 
et al., 2008; Frenken et al., 2016). Therefore, we 
believe that water temperature and silicate all play 

important roles in limiting diatom growth in Jinshahe 
Reservoir, and they act in turn in diff erent time phases. 

 5 CONCLUSION 

 The six diatom species  F .  nanana ,  A .  catenatum , 
 A .  ambigua ,  U .  ulna ,  C .  meneghiniana  and  A .  formosa  
usually dominate in subtropical drinking water 
reservoirs in diff erent seasons. Water temperature and 
silicate were the main environmental factors that 
drive this seasonal shift. These two main driving 
factors varied seasonally, further infl uencing the 
structure and seasonal succession of dominant diatom 
communities. Diatoms grow well only when the two 
controlling factors simultaneously satisfy the growth 
conditions; as limiting factors, the two factors played 
their respective limiting roles in turn on temporal 
scales. 

 The water quality of drinking water resource is 
directly related to human health, and its protection 
should be highly valued. It is less likely to occur 
cyanobacterial blooms in oligotrophic reservoirs as in 
eutrophic lakes, but diatoms blooms are reported 
frequently in recent years in drinking water resource. 
Therefore, it is important to make out the appropriate 
growth conditions of the bloom-forming diatom 
species, aiming at providing scientifi c basis for the 
early warning of blooms and reservoir management.  
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