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  Abstract     Relationship between biodiversity and ecosystem function is one of the core issues in ecological 
research. Phytoplankton, as the main producer of aquatic ecosystem, its diversity, productivity, and 
community stability are of great signifi cance to reveal ecosystem function. There are signifi cant diff erences 
in hydrodynamics, water retention time, and phytoplankton community structure between river-type reservoir 
and newly built lake-type reservoir. The comparative analysis of phytoplankton community stability between 
the two types of reservoir has not been reported. Jiuquwan Reservoir (river-type) and Taihu Reservoir (lake-
type), the two reservoirs in the Dongjiang River source area of Zhujiang (Pearl) River Basin, were selected 
for comparison in terms of multi-year operation vs. new impoundment, river-type vs. lake-type, and shallow 
water vs. sub-deep water reservoirs. Samples were collected in dry season (December 2019), normal season 
(March 2020), and wet season (August 2020), on which the phytoplankton diversity and productivity of the 
two reservoirs, and the relationship and diff erence of community stability were examined. Results show that (1) 
the number of phytoplankton species in Jiuquwan Reservoir decreased comparing that before algal bloom and 
the restoration treatment, while that in Taihu Reservoir increased compared with that before the impoundment 
of the reservoir. There was no signifi cant diff erence in functional groups and species number between the 
two reservoirs ( P >0.05); (2) the biological stability, diversity, productivity, and resource utilization effi  ciency 
of newly built lake-type reservoir were higher than those of multi-year river-type reservoir. In addition, the 
utilization effi  ciency of phytoplankton resources was the highest in wet season in both reservoirs. The increases 
in biodiversity, richness, and evenness promoted the stability of the community, while increases in productivity 
and resource utilization effi  ciency weakened the stability of the community; (3) community stability was 
aff ected by both biotic and abiotic factors, and hydrodynamic index was the main factor. This study is helpful to 
understand the relationship and diff erences in phytoplankton diversity, productivity and community stability in 
diff erent types of reservoirs, and provides a guidance for maintaining the stability of reservoir water ecosystem 
and protecting the biodiversity. The relationships between phytoplankton diversity, productivity, and community 
stability will be investigated in depth, for which a long-term observation will be conducted on the impact of 
environmental factors and diversity on the local biostability in diff erent types of reservoirs. 

  Keyword : community stability; functional group stability; phytoplankton diversity; resource utilization 
effi  ciency; reservoir 

 1 INTRODUCTION 

 At present, biodiversity is being seriously lost due 
to the global climate change and frequent human 
activities (Cardinale et al., 2012). Biodiversity refers 
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to the characteristics of diversity and variability 
of genes, species, and functional groups, of which 
the species diversity is the most important. Species 
diversity not only refl ects the rich species resources 
of the ecosystem, but also complex interrelationship 
among species and between species and environment 
(Zhang et al., 2006a). Community stability refers to 
the self-renewal and maintenance of the community 
after reaching the climax of succession in evolution, 
so that the structure and function of the community 
can be maintained at a higher but less fl uctuating 
level for a long time; it also refers to the restoration 
of the original structure, functional state, and anti-
interference ability of the community after being 
disturbed (Holling, 1973; Pimm, 1984; Sennhauser, 
1991). At present, impact of biodiversity on community 
stability and productivity has become one of the key 
ecological issues (Giller et al., 2004). The greater the 
biodiversity, the higher the stability (Hodapp et al., 
2014). Phytoplankton, as the main primary producer 
in aquatic ecosystem, has special physiological and 
ecological characteristics. Variations in community 
composition and population refl ect directly and 
quickly the dynamic changes of water environment 
(Reynolds, 1984). However, a functional group that is 
defi ned according to the physiological, morphological, 
and ecological attributes of species has similar 
responses to environmental changes. They can replace 
each other and have a little impact on the ecosystem, 
and can well refl ect the relationship between species 
and habitats (Liu, 2008). Phytoplankton functional 
group is an important theory proposed by Reynolds 
et al. (2002) and further modifi ed by Padisák et 
al. (2009). Therefore, it is of great signifi cance to 
study the stability of phytoplankton community 
and phytoplankton functional groups for better 
understanding species change in phytoplankton 
community and ecosystem function. 

 The river-type reservoir has dual characteristics 
of river and reservoir. Diff erent from common 
reservoirs, the river-type reservoir has a shallow 
and narrow but long water surface. In dry season, 
the upstream water is insuffi  cient, and the reservoir 
would be in high water level operation, showing the 
characteristics of reservoir and lake. In wet season, 
due to the need of fl ood control, the reservoir operate 
at low water level, and the infl ow is equal to the 
discharge, showing characteristics of river channel 
(Li et al., 2013). River-type reservoirs have signifi cant 
spatial heterogeneity (Zhang et al., 2006b). Although 
the nutrient concentration is relatively high, the water 

body can still maintain a strong exchange capacity, 
and the water fl ow velocity is relatively fast, which is 
not conducive to the growth of phytoplankton and the 
maintenance of community structure organization. The 
water fl ow velocity in the reservoir area slows down, 
and the water retention time increases. The exchange 
capacity of water body is weakened and a large 
amount of suspended solids deposited, resulting in a 
signifi cant increase of transparency in the transitional 
type area, which improves the growth conditions of 
phytoplankton, thus the biomass and growth rate of 
phytoplankton are higher than those in the river areas. 
In the head area of the reservoir and the corresponding 
tributary backwater bay, the fl ow velocity is very 
slow, water retention time is long, nutrients are easy 
to be retained; therefore, water exchange capacity is 
relatively weak, vertical stratifi cation is easy to occur, 
and the retained nutrients are easy to cause the rapid 
growth of phytoplankton. On the other hand, a lake-
type reservoir is generally built in a plain, a plateau 
platform, or a low-lying area. Its shape and ecological 
environment are similar to those of a shallow lake, 
with open water surface, and fl at bottom. However, 
the water fl ow is not easy to mix and the distribution 
of water quality is uneven, especially in deep-water 
reservoirs. 

 After a reservoir is commissioned by damming and 
impoundment, a series of changes would take place in 
phytoplankton community due to drastic changes in 
the hydrodynamic conditions and water retention time 
in the habitat. Generally, it takes 4–5 years to stabilize 
the community structure (Ioriya et al., 1998). On one 
hand, the response of phytoplankton is diff erent due to 
the diff erence in hydraulic retention time before and 
after impoundment (Sun et al., 2019). On the other 
hand, after the impoundment, with the decomposition 
of the covered vegetation and the release of organic 
matter and nutrients in the soil, the reservoir would 
have a “nutrient rising period” (Straškraba et al., 
1993). At present, studies on river-type reservoir and 
lake-type reservoir focus on the water quality (Bai et 
al., 2017; Zhang et al., 2018). Most of the studies are 
based on a biological community in laboratory, and 
those on a natural ecosystem are scarce. At present, 
a comparative analysis on stability of phytoplankton 
community in river-type reservoir and lake-type 
reservoir has not been reported to the authors’ best 
knowledge. 

 Both Jiuquwan Reservoir and Taihu Reservoir are 
located in the upstream of Xunwu River, which is an 
important drinking water source for Xunwu County. 
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Jiuquwan Reservoir has been in operation for many 
years. It is a canyon-shaped river-type reservoir with 
an average water depth of less than 10 m, and has 
experienced a course from algal bloom outbreak, 
cyanobacteria control, to water ecological restoration. 
Taihu Reservoir is a newly built lake-type reservoir 
with an average water depth of about 35 m. In 
September 2018, it began to store water, and worked 
for less than fi ve years so far. The two reservoirs 
have similar geographical conditions, the same 
meteorological conditions, and both are drinking 
water sources. However, they also have signifi cant 
diff erences: many years of impoundment vs. new 
water storage, river-type vs. lake-type, and shallow 
water vs. deep water. Therefore, relationships between 
phytoplankton diversity, productivity, and community 
stability in the two reservoirs were compared and 
analyzed, and coeffi  cient of variation (CV) was used 
to measure the community stability of phytoplankton. 
In addition, the stability of phytoplankton functional 
groups was measured in the Bray Curtis dissimilarity 
index; the relationships among phytoplankton 
diversity, productivity, and community stability were 
explored; and the diff erences among them in the 
two reservoirs were revealed, aiming to provide a 
theoretical basis for water environment management 
and water ecological restoration for reservoir. 

 2 MATERIAL AND METHOD 

 2.1 The study region 

 Jiuquwan Reservoir (24°59′57.22″N– 
25°00′57.62″N, 115°35′36.63″E–115°35′53.25″E) is 
located in the middle Mati River, a branch of Xunwu 
River, and further tributary to the upper stream of 
Dongjiang River, 9 km north of Xunwu County, 
Jiangxi Province. The reservoir runs through a river 
valley with a watershed area of 71 km 2 , has a water 
surface area of 250 000 m 2 , total storage capacity of 
4.15 million m 3 , and normal water level of 352 m. The 

length and width of submerged area below normal water 
level of reservoir is 2 315 and 108 m, respectively, and 
the average water depth is 9.52 m. Additional to water 
supply, the reservoir has comprehensive utilization 
benefi ts such as fl ood control and power generation. 
Taihu Reservoir (25°08′32.25″N–25°08′48.12″N, 
115°36′46.03″E–115°37′04.36″E) is located in the 
upstream of Xunwu River tributary to Dongjiang 
River of Zhujiang (Pearl) River Basin. It is situated in 
Shuiyuan Town, 47 km northwest of Xunwu County, 
Jiangxi Province. Taihu Reservoir is a newly built 
reservoir and was impounded in September 2018. The 
basin area is 42.8 km 2 ; the water area of the reservoir 
is about 340 000 m 2;  the normal water level is 443 m; 
the total storage capacity is 23.82 million m 3 ; and the 
average water depth is 35 m. The reservoir mainly 
supplies water, and has comprehensive benefi ts such 
as irrigation and fl ood control. In this study, Jiuquwan 
Reservoir and Taihu Reservoir were sampled in dry 
season (December 2019), normal season (March 
2020), and wet season (August 2020). The sampling 
sites were selected from upstream to downstream 
according to specifi c sampling protocols and ecological 
characteristics of the reservoirs. Jiuquwan Reservoir 
was set with three sampling sites: J1 (25°00′45.28″N, 
115°35′48.15″E), J2 (25°00′25.36″N, 115°35′38.55″E), 
J3 (25°00′03.12″N, 115°35′45.16″E). The sampling 
sites are divided into three layers: surface layer 
(0.5 m), middle layer (6 m), and bottom layer 
(12 m). Taihu Reservoir was set with three sampling 
sites, i.e., T1 (25°08′45.16″N, 115°36′50.53″E), T2 
(25°08′38.32″N, 115°36′54.23″E), T3 (25°08′33.26″N, 
115°36′59.36″E), which were divided into three layers: 
surface layer (0.5 m), middle layer (15 m), and bottom 
layer (30 m) (Fig.1; Table 1). 

 2.2 Sample collection and analysis 

 A total of 99 samples were collected in this study, 
among them there were 54 samples for physical and 
chemical index analysis, and 99 samples for biological 

 Table 1 Location of sampling sites in Jiuquwan Reservoir and Taihu Reservoir 

 Sampling site  Longitude  Latitude  Description  Divided layer 

 Jiuquwan Reservoir 

 J1 115°35′48.15″E 25°00′45.28″N  The tail area of the reservoir 
 Surface layer (0.5 m)
Middle layer (6 m)

Bottom layer (12 m) 
 J2 115°35′38.55″E  25°00′25.36″N  The middle area of 

the reservoir 

 J3 115°35′45.16″E 25°00′03.12″N  In front of the dam 

 Taihu Reservoir
 

 T1  115°36′50.53″E 25°08′45.16″N   The tail area of the reservoir 
 Surface layer (0.5 m)
Middle layer (15 m)
Bottom layer (30 m)  

 T2 115°36′54.23″E 25°08′38.32″N  The middle area of 
the reservoir 

 T3 115°36′59.36″E  25°08′33.26″N  In front of the dam 
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index analysis. 
 Qualitative samples of phytoplankton: a #25 

plankton net was slowly trawled in ∞-shaped route for 
3–5 min in the reservoir, and 3%–5% Lugo solution was 
immediately added for fi xation. Quantitative samples 
of phytoplankton: 1.5 L of water was taken from each 
layer with a water sampler, and was immediately 
fi xed by adding Lugo solution, then brought back to 
the laboratory for static sedimentation for 24–48 h, 
and concentrated to 30 mL by siphon method. Algae 
identifi cation and counting were carried out under 
the microscope for identifi cation and classifi cation of 
algae species as per Hu and Wei (2006). Phytoplankton 
productivity was determined based on the primary 
productivity that was measured by black-and-white 
bottle: once the transparency at measuring point is 
about 1 m, the sampling sites were divided into fi ve 
layers: 0.0, 0.5, 1.0, 2.0, and 3.0 m. One black bottle 
and two white bottles per each layer were used; the 
initial dissolved oxygen was fi xed during sampling. 
After 24-h exposure, dissolved oxygen was determined 
by the Winkler method (Iodic Titration). 

 The water temperature (WT), dissolved oxygen 
(DO), and pH values were measured in situ by YSI 
multi-function water quality parameter instrument, 
and the transparency was measured with Secchi disk 
(SD). Chemical indexes, including total nitrogen 
(TN), total phosphorus (TP), inorganic nitrogen (DIN) 
(including nitrate nitrogen (NO 3 ̄-N), nitrite nitrogen 
(NO 2 ̄-N), and ammonium nitrogen (NH 4 +-N)), and 
orthophosphate (PO     43ˉ      -P), were determined according 

to the analytic method of environmental quality 
standard for surface water (China’s National Standard 
GB 3838-2002). Chlorophyll- a  (Chl- a ) concentration 
was measured using 500-mL water sample that was 
fi ltered through 0.45-μm cellulose acetate membrane, 
extracted by repeated freeze-thaw, and fi nally 
determined in acetone extraction method (Lin et al., 
2005). 

 2.3 Data process and analysis 

 The thickness of euphotic layer ( Z  eu ) was calculated 
as 2.7 times the transparency (Cole, 1994), and that of 
mixed layer ( Z  mix ) was estimated according to water 
temperature variation (≥1 °C). The ratio of euphotic 
layer to mixed layer in thickness ( Z  eu / Z  mix ) can be 
used to indicate the light availability in mixed layer 
(Jensen et al., 1994). 

 The relative water column stability (RWCS) 
(Padisák et al., 2003) was calculated using Eq.1: 

 RWCS=( D  h – D  s )/( D  4 – D  5 ),             (1) 
 where,  D  h  is the density of bottom water body,  D  s  is the 
density of surface water body,  D  4  and  D  5  represent the 
density of water body at 4 °C and 5 °C, respectively. 

 Water density can be calculated by the Krambeck 
equation (Rodríguez-Rodríguez et al., 2004): 

  ρ =0.999869+6.67413×10–5 T –8.85556×10–
6 T  2 +8.23031×10–8 T  3 –5.51577×10–10 T  4 ,    (2) 

 where  ρ  is the water density and  T  is the water 
temperature (°C). 

 Based on Redfi eld ratio (Redfi eld et al., 1963), 

25
°0

8′
50

″
25

°0
8′

40
″

25
°0

8′
30

″

N ●

●

●

●

●

●

●
25

°0
8′

50
″

25
°0

8′
40

″
25

°0
8′

30
″

25
°0

0′
00

″
25

°0
0′

50
″

25
°0

0′
25

″

N

N

25
°0

0′
00

″
25

°0
0′

50
″

25
°0

0′
25

″

N

115°36′50″              E 115°37′00″
115°35′40″    E 115°35′50″

115°36′50″              E 115°37′00″

115°35′40″    E 115°35′50″

T3

T2

Sampling site

Dam▀

T1

J1

J2

J3

0.5 km
0.5 km

 Fig.1 Distribution of sampling sites in Taihu Reservoir (left) and Jiuquwan Reservoir (right) 



1489No.4 WU et al.: Phytoplankton diversity-productivity-community stability of river-type and lake-type reservoir

when the ratio of nitrogen to phosphorus is greater 
than 16꞉1, phosphorus is the limiting factor, and when 
the ratio of nitrogen to phosphorus is less than 10꞉1, 
nitrogen is the limiting factor. During our investigation 
period, the ratio of nitrogen to phosphorus in Jiuquwan 
Reservoir is 56꞉1 and that of Taihu Reservoir is 
22꞉1. According to the Redfi eld ratio, phosphorus 
is the limiting factor in both reservoirs. Therefore, 
we can use the ratio of phytoplankton biomass to 
total phosphorus (TP) to measure the resource use 
effi  ciency of phytoplankton (RUEpp) (Ptacnik et al., 
2008) according to the following formula:  

 RUEpp  =Bio(Phyto)/TP,            (3) 
 where Bio(Phyto) is phytoplankton biomass (mg/L), 
and TP is total phosphorus concentration (mg/L). 
The biomass of phytoplankton was calculated via 
the density, the cell volume, and the abundance of 
phytoplankton. The cell volume of phytoplankton 
was calculated based on the volume of its similar 
geometric shape (Sun et al., 1999), and the density of 
phytoplankton was assumed to be 1 g/m 3  to calculate 
the biomass of phytoplankton (Algal cell wet weight).  

 The Shannon-Wiener index ( H′ ) was used to 
determine species diversity (Luding and Reynolds, 
1988): 

  21
=- log ,S

i ii
H P P


            (4) 

  D =( S –1)/log 2  N ,             (5) 
  J = H′ /ln S ,                     (6) 

where  D is the Margalef’s richness index, J is 
Pielou’s species evenness index. The community 
stability is described by the coeffi  cient of variation 
(CV) calculated according to the following formula 
(Tilman et al., 2006; Thibaut and Connolly, 2013; 
Venail et al., 2013): 

 

 2

CV ,

it i

t

n N
S
N

 

     (7) 

 where  P  i = n / N ,  n  is the number of single species,  N  is 
the number of all species, and  S  is the number of all 
species in the community; iN  is the average of the 
density of the  i  th  species in the time series  t ;  n  it  is the 
density of species  i  at time  t ; tN  is the mean density 
of all species at time  t . The greater the community 
variation (in CV), the higher the variability of the 
system, and the lower the stability of the system. 

 The stability of functional groups was measured by 
the Bray Curtis dissimilarity (Filstrup et al., 2014; Xu 
et al., 2016) 

 1 21
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n
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










       (8) 

 where BC is the Bray Curtis dissimilarity indicating 
the community replacement;  y  i  1  is the biomass 
(mg/L) of species  i  measured for the fi rst time in 
the community;  y  i  2  is the biomass (mg/L) of species 
 i  measured for the second time in the community; 
 n  is the total number of species identifi ed by two 
measurements in the community. The value range 
of Bray Curtis dissimilarity index (BC) is [0,1]. The 
closer the BC value is to 1; the stronger the species 
replacement is, the weaker the stability is. 

 All the data process and analysis in this study were 
completed using MS Excel 2010, Origin 8.5, and 
ArcGIS10.6. Using the Pearson correlation method, 
the Poisson coeffi  cient (P) was used to determine 
the correlation between diff erent factors, and  P <0.05 
was set as a signifi cant correlation, while  P <0.01 
is a very signifi cant correlation. Meanwhile, the 
corresponding regression equation was established. 
Independent sample  t -test was adopted for signifi cant 
diff erence test to compare the two reservoirs for the 
same seasons and to compare any two seasons in the 
same reservoir. Meanwhile, One-way ANOVA was 
executed to analyze each sampling site in the same 
reservoir or the same season. The major concepts, 
symbols, factors, and statistical analyses methods 
involved in this study are shown in Table 2. 

 3 RESULT 

 3.1 Environmental factor 

 Except for PO     43ˉ    -P, environmental factors showed 
signifi cant diff erences between the two reservoirs 
( P <0.05). Generally speaking, the indices were 
greater in Jiuquwan Reservoir than those in Taihu 
Reservoir (Tables 3 & 4). TN, TP, and DIN varied 
largely in diff erent seasons, and phosphorus decreased 
from dry season to wet season in both reservoirs. The 
average TP concentration of Jiuquwan Reservoir 
decreased from 0.061 to 0.002 mg/L, and that of 
Taihu Reservoir from 0.550 to 0.127 mg/L from dry 
season to wet season. Nitrogen in both reservoirs 
reached peak value in normal season. There was no 
signifi cant diff erence in WT and SD between the 
two reservoirs ( P >0.05). WT stayed at about 17 °C 
in dry season and normal season, and at about 29 °C 
in wet season, and SD reached the maximum in dry 
season. There was no signifi cant diff erence in pH 
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value between the two reservoirs ( P >0.05), but pH 
decreased in the wet season. DO concentration of 
Jiuquwan Reservoir was higher than that of Taihu 
Reservoir, and Taihu Reservoir was in anoxic state 
during normal season. In addition, there was no 
signifi cant diff erence ( P >0.05) in  Z  eu  and  Z  eu ꞉ Z  mix  
between the two reservoirs, but  Z  eu ꞉ Z  mix  was higher 
in dry season than in normal and wet seasons in the 
two reservoirs. Signifi cant diff erence was observed 
in RWCS between the two reservoirs ( P <0.05), 
being signifi cantly higher in Taihu Reservoir than in 
Jiuquwan Reservoir ( P <0.05). RWCS was lower in 

normal season than in dry season, and much lower 
in dry season than in wet season, which indicates 
that the water body was stable and stratifi ed in wet 
season. Independent sample  t -test result shows that 
the water environmental factors of the two reservoirs 
changed signifi cantly in diff erent water regime 
periods or seasons. Except for PO     43ˉ    -P and pH, other 
environmental factors of Jiuquwan Reservoir showed 
certain variation rules in diff erent seasons ( P <0.05), 
while in Taihu Reservoir, environmental factors 
exclusive of PO     43ˉ    -P presented certain variation rules 
in diff erent seasons ( P <0.05). 

 Table 2 Description of major concepts, symbols, factors, and statistical analyses methods 

 Concept/factor  Description and method 

 Phytoplankton 
diversity 

 Phytoplankton species diversity was characterized by Shannon-Wiener index, 
which can be calculated by the formula  21

=- logS
i ii

H P P


   

 Phytoplankton 
productivity 

 Traditionally, the gross rate of phytoplankton productivity has been obtained from the observed net productivity plus respiratory 
losses. The organisms are assumed to be photoautotrophic, and productivity is usually measured as photosynthetic carbon fi xation 

or oxygen release (Harris, 1978). It was measured by black-and-white bottle using the Winkler method (iodic titration) 

 Community 
stability 

 The community stability was described by coeffi  cient of variation (CV) calculated according to the formula: 

 2

CV

it i

t

n N
S
N

 

   (Tilman et al., 2006; Thibaut and Connolly, 2013; Venail et al., 2013)  

 Functional 
group stability 

 The stability of functional groups was measured by the Bray Curtis dissimilarity: 
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  (Filstrup et al., 2014; Xu et al., 2016)

 RUEpp 
 The resource use effi  ciency of phytoplankton (RUEpp) was measured by the ratio of phytoplankton biomass 

to total phosphorus (TP) according to the formula: RUE pp =Bio(Phyto)/TP  (Davidson et al., 2007)

 Phytoplankton 
biomass 

 The biomass of phytoplankton was calculated by the density (ρ), the cell volume (V), and the 
abundance of phytoplankton (A) according to the formula: Bio(Phyto)= ρ×V× A 

  Z  eu,   Z  mix  
 The thickness of euphotic layer ( Z eu) was calculated as 2.7 times the transparency (Cole, 1994), and 

that of mixed layer (Zmix) was estimated according to water temperature variation (≥1 °C)  

 RWCS  The relative water column stability (RWCS) was calculated using the equation: RWCS=( D  h – D  s )/( D  4 – D  5 )  (Padisák et al., 2003)

 Table 3 Comparison in environmental factors of Jiuquwan Reservoir in three seasons 

 Environmental factor 
 Season  Independent sample  t -test 

 Dry season in 
Dec., 2019 

 Normal season 
in Mar., 2020 

 Wet season in 
Aug., 2020 

 Dry season × 
normal season 

 Normal season ×
 wet season 

 Dry season × 
wet season 

 TP (mg/L)  0.061±0.014  0.046±0.003  0.020±0.002   P< 0.05   P< 0.05   P< 0.05 

 PO     43ˉ    -P (mg/L)  0.024±0.005  0.022±0.002  0.017±0.005   P >0.05   P >0.05   P >0.05 

 TN (mg/L)  1.723±0.111  2.201±0.070  1.462±0.163   P< 0.05   P< 0.05   P >0.05 

 DIN (mg/L)  1.020±0.122  1.690±0.253  1.082±0.033   P <0.05   P< 0.05   P >0.05 

 WT (°C)  16.387±0.289  17.187±0.009  28.613±1.192   P> 0.05   P< 0.05   P< 0.05 

 pH  7.670±0.548  7.320±0.142  6.113±0.012   P >0.05   P> 0.05   P> 0.05 

 SD (m)  2.067±0.330  1.833±0.085  1.267±0.125   P> 0.05   P< 0.05   P< 0.05 

 DO (mg/L)  10.320±0.523  8.903±0.311  8.6177±1.157   P< 0.05   P >0.05   P< 0.05 

  Z  eu  (m)  5.580±0.891  4.950±0.229  3.420±0.337   P >0.05   P >0.05   P< 0.05 

  Z  mix  (m)  6.017±0.532  8.753±0.354  11.900±1.217   P< 0.05   P< 0.05   P< 0.05 

  Z  eu ꞉ Z  mix   0.725±0.069  0.567±0.037  0.288±0.002   P< 0.05   P< 0.05   P< 0.05 

 RWCS  58.488±4.236  40.592±25.033  195.706±165.272   P <0.05   P< 0.05   P< 0.05 
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 3.2 Phytoplankton community structure 

 During the investigation period, 67 species (genera) 
of 7 phyla were identifi ed in Jiuquwan Reservoir, 
including 8 species (genera) of Cyanophyta, 
36 species (genera) of Chlorophyta, 16 species 
(genera) of Bacillariophyta, 1 species (genera) of 
gymnophyta, 2 species (genera) of Cryptophyta, 
3 species (genera) of dinofl agellate, and 1 species 
(genera) of Xanthophyta. Chlorophyta was the most, 
accounting for 53.73% of the total species, followed 
by Bacillariophyta and Cyanophyta, accounting for 
23.88% and 11.94% of the total species, and the 
rest account for a relatively small proportion. In 
Jiuquwan Reservoir, 23 species (genera) of 6 phyla 
were detected in dry season, 29 species (genera) of 5 
phyla were detected in normal season, and 67 species 
(genera) of 7 phyla were detected in wet season. A 
total of 61 phytoplankton species (genera) belonging 
to 7 phyla were identifi ed in Taihu Reservoir. Among 
them, 6 species (genera) belong to Cyanophyta, 
33 species (genera) belong to Chlorophyta, 13 
species (genera) belong to Bacillariophyta, 2 
species (genera) belong to Nudophyta, 2 species 
(genera) belong to Cryptophyla, 4 species (genera) 
belong to dinofl agellate, and 1 species (genera) 
belongs to Chrysophyta. Chlorophyta was the most, 
accounting for 54.10% of the total species, followed 
by Bacillariophyta and Cyanophyta, accounting for 
21.31% and 9.84% of the total species, respectively. 
There were 32 species (genera) in 5 phyla in dry 
season, 23 species (genera) in 7 phyla in normal season 
and 44 species (genera) in 5 phyla in wet season. 

There was no signifi cant diff erence in phytoplankton 
species composition between the two reservoirs. 
In Jiuquwan Reservoir, 23, 29, and 67 species were 
collected in dry season, normal season, and wet 
season (Fig.2a), while in Taihu Reservoir, 32, 23, 
and 44 species were collected, respectively (Fig.2b). 
Chlorophyta, Bacillariophyta, and Cyanophyta were 
the main phytoplankton species in the two reservoirs, 
and the number of phytoplankton species was the 
largest in wet season. Species inventory and relative 
abundance of the two reservoirs were shown in the 
supplementary material (Appendix 1). 

 The phytoplankton density of Jiuquwan Reservoir 
was (5.39  –4 427.97)×10 4  cells/L (Fig.3a), and that of 
Taihu Reservoir was (27.88–1 794.56)×10 4  cells/L 
(Fig.3b). The average phytoplankton density was 
the highest in wet season on a time scale. There was 
signifi cant diff erence in phytoplankton density between 
the two reservoirs ( P <0.05). In Jiuquwan Reservoir, 
Cryptophyta, Chlorophyta, and Bacillariophyta 
were dominant in dry season, of which the relative 
abundance are 51.26%, 21.80%, and 18.39%. 
Among them,  Cryptomonas  sp.,  Pandorina   morum , 
and  Aulacoseria   granulata  account for a relatively 
large proportion. Chlorophyta, Bacillariophyta, and 
Cyanophyta were dominant in normal season with the 
relative abundance of 50.52%, 22.56%, and 12.97%. 
Among them,  Gomphosphaeria  sp.,  Discostella  
 stelligera , and  Pseudanabaena  sp. have relatively 
high abundance. Cyanophyta is absolutely dominant 
in wet season with the relative abundance of 93.81%, 
in which  Chroococcus   minutus  has the highest 
abundance. In Taihu Reservoir, Chlorophyta and 

 Table 4 Comparison in environmental factors of Taihu Reservoir in three seasons 

 Environmental factor 
 Season  Independent sample  t -test 

 Dry season in 
Dec., 2019 

 Normal season 
in Mar., 2020 

 Wet season in 
Aug., 2020 

 Dry season × 
normal season 

 Normal season ×
 wet season 

 Dry season × 
wet season 

 TP (mg/L)  0.550±0.001  0.213±0.259  0.127±0.026   P< 0.05   P >0.05   P< 0.05 

 PO     43ˉ      -P (mg/L)  0.017±0.003  0.017±0.005  0.018±0.006   P >0.05   P >0.05   P >0.05 

 TN (mg/L)  0.590±0.022  0.860±0.126  0.355±0.085   P< 0.05   P< 0.05   P< 0.05 

 DIN (mg/L)  0.570+0.022  0.437±0.025  0.131±0.009   P >0.05   P< 0.05   P< 0.05 

 WT (°C)  17.690±0.185  16.583±0.156  29.977±0.307   P >0.05   P< 0.05   P< 0.05 

 pH  7.120±0.073  7.210±0.155  5.980±0.043   P >0.05   P< 0.05   P< 0.05 

 SD (m)  2.000+0.000  1.267±0.047  1.367±0.249   P< 0.05   P >0.05   P< 0.05 

 DO (mg/L)  7.500±0.269  4.153±0.916  7.593±0.774   P< 0.05   P< 0.05   P >0.05 

  Z  eu  (m)  5.400±0.000  3.420±0.127  3.690±0.673   P< 0.05   P >0.05   P< 0.05 

  Z  mix  (m)  10.323±3.013  11.450±4.209  16.100±7.554   P >0.05   P< 0.05   P< 0.05 

  Z  eu ꞉ Z  mix   0.574±0.177  0.359±0.163  0.329±0.220   P< 0.05   P >0.05   P< 0.05 

 RWCS  79.225±13.406  22.418±25.107  296.182±208.938   P< 0.05   P< 0.05   P< 0.05 
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Bacillariophyta were dominant in dry season with the 
relative abundance of 47.50% and 37.91%. Among 
them,  Coelastrum   microporum  and  Discostella  
 stelligera  have relatively high abundance. Dinophyta 
and Chlorophyta were dominant in normal season 
with the relative abundance of 64.52% and 16.05%. 
Among them,  Peridiniopsis   borgei  has relatively high 
abundance. Chlorophyta is absolutely dominant in 
wet season with the relative abundance of 92.90%, 
in which  Cosmarium  sp. has the highest abundance. 
The relationship between phytoplankton species and 
biomass is shown in Fig.4. There was a signifi cant 
positive correlation between phytoplankton species 
and biomass in the two reservoirs ( P <0.05), 
indicating that phytoplankton biomass increased with 
the increase of phytoplankton species. The linear 
regression relationship of Jiuquwan Reservoir was 
 y =-0.241+0.122 x , the Pearson correlation coeffi  cient 
 R =0.686,  P <0.01. The regression coeffi  cient was 

0.122, meaning that each additional species of 
phytoplankton community increased in Jiuquwan 
Reservoir, the biomass would increase by 0.122 mg/L 
on average. The linear regression relationship of 
Taihu Reservoir was  y =0.127+0.307 x , the Pearson 
correlation coeffi  cient  R =0.317,  P <0.05, which 
indicates that for every additional species increased in 
the phytoplankton community in Jiuquwan Reservoir, 
its biomass would increase by 0.307 mg/L on average. 

 3.3 Relationship of phytoplankton diversity to 
productivity and community stability 

 As shown in Appendix 2, there is no signifi cant 
diff erence in Shannon diversity index between the 
two reservoirs ( P >0.05,  t -test), and the maximum 
diversity index of Taihu Reservoir is higher than 
that of Jiuquwan Reservoir. The trend of seasonal 
variation in phytoplankton diversity of the two 
reservoirs is consistent, which was dry season > 
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normal season > wet season (Fig.5). Meanwhile, no 
signifi cant diff erence was observed among sampling 
sites in the two reservoirs in diff erent seasons 
( P >0.05, ANOVA). Based on the time series stability 
analysis of the two reservoirs, it was found that the 
stability of phytoplankton community fl uctuated in 
the three hydrological seasons, but it did not show 
obvious seasonality (Fig.6). In addition, no signifi cant 
diff erence was found in the stability between the 
two reservoirs ( P >0.05,  t -test), and the CV value 
increased with time, indicating that the stability 
of phytoplankton community was low in both the 
reservoirs. Moreover, no signifi cant diff erence in the 
stability among sampling sites was noticed in the two 
reservoirs in diff erent seasons ( P >0.05, AVONA). It 
can be seen from Appendix 2 that there are signifi cant 
diff erences in phytoplankton productivity between 
the two reservoirs ( P <0.05,  t -test). The productivity 
of Taihu Reservoir was higher than that of Jiuquwan 

Reservoir, and the trends of seasonal variation in 
phytoplankton productivity of the two reservoirs 
were the same, i.e., wet season > normal season > dry 
season (Fig.7). There was no signifi cant diff erence 
among sampling sites in Taihu Reservoir in all seasons 
( P >0.05). While there was no signifi cant diff erence 
among the sampling sites in Jiuquwan Reservoir in 
normal and wet seasons ( P >0.05), but signifi cant 
diff erence in dry season ( P <0.05). 

 The phytoplankton coeffi  cient of variation (CV) 
and diversity of the two reservoirs were signifi cantly 
negatively correlated ( P <0.05) (Fig.8). The linear 
regression relationship of Jiuquwan Reservoir was 
 y =2.326–1.704 x , Pearson correlation coeffi  cient  R = 
-0.555,  P <0.01 (Fig.8a); while the linear regression 
relationship of Taihu Reservoir was  y =2.524–1.624 x , 
Pearson correlation coeffi  cient  R =-0.527,  P <0.01 
(Fig.8b). The phytoplankton coeffi  cient of variation 
(CV) value of Jiuquwan Reservoir had no signifi cant 
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correlation with richness ( P >0.05) (Fig.8c), while the 
Taihu Reservoir showed a weak negative correlation 
( P <0.05). The linear regression relationship was 
 y =1.728–0.705 x , Pearson correlation coeffi  cient 
 R =-0.358,  P <0.05 (Fig.8d). The phytoplankton 
coeffi  cient of variation (CV) and evenness of the two 
reservoirs showed a signifi cant negative correlation 
( P <0.05). The linear regression relationship of 
Jiuquwan Reservoir was  y =1.095–0.691 x , Pearson 
correlation coeffi  cient  R =-0.381,  P <0.05 (Fig.8e), 
the linear regression relationship of Taihu Reservoir 
was  y =1.047–0.563 x , Pearson correlation coeffi  cient 
 R =-0.458,  P <0.05 (Fig.8f). In summary, the 
phytoplankton coeffi  cient of variation (CV) of the 
two reservoirs showed a certain negative correlation 
with diversity, richness, and evenness, indicating 
that the coeffi  cient of variation (CV) decreased and 
the community stability increased with the increases 
of diversity, richness, and evenness. The correlation 
coeffi  cients between phytoplankton stability and 

diversity, richness, and evenness in Taihu Reservoir 
were higher than those in Jiuquwan Reservoir. 

 The productivity of phytoplankton community was 
negatively correlated with diversity and evenness 
( P <0.05), but not with richness ( P >0.05) (Fig.9). 
The Pearson correlation coeffi  cients of productivity 
and diversity, richness and evenness in Jiuquwan 
Reservoir were -0.493 (Fig.9a), 0.257 (Fig.9c), and 
-0.645 (Fig.9e), while those of Taihu Reservoir 
were -0.593 (Fig.9b), -0.172 (Fig.9d), and -0.712 
(Fig.9f), respectively, indicating that the productivity 
of the two reservoirs decreased with the increase of 
phytoplankton diversity index ( H ′) and evenness. 
With the increase of productivity, the richness 
index did not increase nor decrease obviously. The 
relationship between phytoplankton productivity 
and the CV values are shown in Fig.10. There is a 
signifi cant positive correlation between phytoplankton 
productivity and the CV value in the two reservoirs 
( P <0.01). The linear regression relationship of 
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Jiuquwan Reservoir was  y =-0.571+4.25 1x , Pearson 
correlation coeffi  cient  R =0.664,  P <0.01 (Fig.10a); 
and those of Taihu Reservoir were  y =-1.262–14.382 x , 
Pearson correlation coeffi  cient  R =0.860,  P <0.01 
(Fig.10b). With the increase of phytoplankton 
productivity, the CV value increased and community 
stability weakened in the two reservoirs. 

 3.4 Phytoplankton community stability and 
resource use effi  ciency of phytoplankton 

 As shown in Appendix 2, there was no signifi cant 
diff erence in RUEpp between the two reservoirs 
( P >0.05,  t -test) , and the phytoplankton RUEpp was 

greater in Taihu Reservoir than in Jiuquwan Reservoir. 
The phytoplankton RUEpp in both two reservoirs had 
obvious seasonal fl uctuation (Fig.11). There were 
signifi cant diff erences in the phytoplankton RUEpp 
between wet season and dry season ( P <0.05,  t -test). 
There was no signifi cant diff erence in Jiuquwan 
Reservoir between normal season and dry season 
( P >0.05,  t -test), while the RUEpp of phytoplankton 
in wet season was signifi cantly higher than that in 
dry-and-normal seasons. The RUEpp was in peak 
in wet season, and the standard deviation of mean 
RUEpp value of the two reservoirs in wet season was 
large, which indicates that phytoplankton resources 
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utilization ability in diff erent water layers was also 
diff erent. There was a signifi cant positive correlation 
between RUEpp and the CV value ( P <0.01). The 
linear regression relationship of Jiuquwan Reservoir 
was  y =38.574+203.72 x , Pearson correlation 
coeffi  cient  R =0.707,  P <0.01 (Fig.12a), and for Taihu 
Reservoir, they were  y =43.209+97.491 x ,  R =0.264, 
 P <0.05 (Fig.12b). The results show that the CV value 
increased while the community stability decreased 
with the improvement of resource use effi  ciency of 
phytoplankton. 

 3.5 Community stability of phytoplankton 
functional groups 

 According to the classifi cation of phytoplankton 
functional group proposed by Reynolds et al. (2002) 
and Padisák et al. (2009), the identifi ed algae species 
were classifi ed. For the Jiuquwan Reservoir, they were 
classifi ed into 18 functional groups, namely A, B, D, F, 
G, J, L M , L O , MP, N, P, S1, T, T C , W1, X1, X2, and Y; for 
Taihu Reservoir, 19 functional groups were classifi ed, 
namely, B, D, E, F, G, H1, J, L M , L O , MP, N, P, S1, 

T, W1, W2, X1, X2, and Y (Table 5). The functional 
groups with relative biomass greater than 5% were 
defi ned as advantageous functional groups, and those 
with relative biomass greater than 50% as dominant 
functional groups. The advantageous function groups 
of Jiuquwan Reservoir during dry season were W1, 
Y, N, and P, that during normal water period were L O , 
B, and P, that during wet season were L O , N, and J. 
The advantageous function group of Taihu Reservoir 
during dry season included B , N, W1, W2, and P, 
the dominant function group in normal water season 
was L O , and that in wet season was N. The results 
of the analysis of phytoplankton functional groups in 
the two reservoirs in the three sampling seasons show 
that the phytoplankton community replacement of the 
two reservoirs showed alternation and fl uctuation, 
and the overall stability was low (Fig.13). But the 
stability of Jiuquwan Reservoir was higher than 
that of Taihu Reservoir. The functional group N of 
Jiuquwan Reservoir had a large fl uctuation range, 
and the stability was high during dry and normal 
seasons. The functional groups L M , T C , X1, T, J, G, 
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and A had a small fl uctuation range, and their stability 
was low. The functional groups S1, W1, and F of 
Taihu Reservoir had a large fl uctuation range. S1 had 
higher stability during normal and wet seasons. W1 
had higher stability during dry and normal seasons, 
and F had higher stability during wet and dry seasons. 
The functional groups L M , L O , H1, T, N, W2, and E 
had a small fl uctuation range, and their stability was 
low. Comparing the dominant function groups and 
non-dominant function groups of the two reservoirs, 
we found no signifi cant diff erence in community 
replacement value ( P >0.05,  t -test) between the two 
reservoirs (Appendix 2). In Jiuquwan Reservoir, 
dominant functional groups and non-dominant 

functional groups had the same trend of stability 
changes. The law of stability changes was: dry season-
normal season > normal-wet season > wet-dry season 
(Fig.14a). In Taihu Reservoir, the variation trends of 
dominant function group and non-dominant function 
group were inconsistent. The variation trend of the 
stability of dominant function group was consistent 
with that of Jiuquwan Reservoir, and that of non-
dominant function group was: wet-dry season > dry-
normal season > normal-wet season (Fig.14b). There 
was no signifi cant correlation between the number of 
phytoplankton functional groups and the community 
stability in the two reservoirs ( P >0.05) (Fig.15a & 
b). The number of phytoplankton functional groups 
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in Jiuquwan Reservoir was signifi cantly positively 
correlated with community productivity ( P <0.01) 
(Fig.15c), while in Taihu Reservoir, no signifi cant 
correlation was observed ( P >0.05) (Fig.15d). 

 3.6 Environmental factors and community stability 

 The environmental factors and community stability 
in the two reservoirs were analyzed, from which 
linear regression was performed (Tables 6 & 7). In 

Jiuquwan Reservoir, the CV value had signifi cant 
linear relationship with 13 environmental factors 
( P <0.05), and had negative linear relationship with 
TP, PO     43ˉ    -P, TN, DIN, pH, SD, DO,  Z  eu , and  Z  eu ꞉ Z  mix , 
showing that these factors could promote the stability 
of the community; and positively correlated with WT, 
 Z  mix , RWCS, and Chl  a , indicating that they inhibited 
the stability of the community. In Taihu Reservoir, the 
CV value had signifi cant linear relationship with all 
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 Fig.14 The community replacement index BC (see Eq.8) of dominant and non-dominant functional groups in Jiuquwan 
Reservoir (a) and Taihu Reservoir (b) 

 Table 5 Composition of phytoplankton functional groups 

 Functional group  Representative algae species (genus) 

 A   Rhizosolenia  sp. 

 B   Cyclotella  sp.,  Discostella   stelligera  

 D   Synedra  sp.,  Ctenophora   pulchella ,  Nitzschia  sp.,  Nitzschia   acicularis  

 E   Dinobryon   divergens  

 F   Kirchneriella   obesa ,  Westella   botryoides ,  Oocystis  sp.,  Oocystis   lacustris  

 G   Eudorina   elegans ,  Pandorina   morum  

 H1   Dolichospermum  sp.,  Dolichospermum   circinale  

 J   Desmodesmus   armatus ,  Golenkinia  sp.,  Lemmermannia   tetrapedia ,  Lagerheimia  sp., 
 Tetraëdron   minimum ,  Pediastrum   boryanum ,  Coelastrum   microporum  

 L M    Dactylococcopsis   acicularis  

 L O    Chroococcus  sp.,  Merismopedia   punctata ,  Amphora   ovalis ,  Parvodinium   pusillum ,  Ceratium   hirundinella  

 MP   Gyrosigma   acuminatum ,  Navicula  sp.,  Cymbella   cymbiformis ,  Gomphonema   gracile ,  Surirella  sp.,  Achnanthes  sp. 

 N   Cosmarium  sp.,  Cosmarium   depressum ,  Staurastrum   gracile  

 P   Closterium   gracile ,  Fragilaria  sp.,  Aulacoseira   granulata  

 S1   Oscillatoria   formosa ,  Phormidium  sp.,  Pseudanabaena  sp. 

 T   Quadrigula   chodatii  

 T C    Aphanocapsa   delicatissima  

 W1   Euglena   deses ,  Euglena  sp.,  Euglena   pisciformis  

 W2   Trachelomonas  sp. 

 X1   Chlorella   vulgaris ,  Monoraphidium   contortum ,  Schroederia   setigera  

 X2   Tetraselmis   subcordiformis ,  Komma   caudata  

 Y   Cryptomonas  sp.,  Cryptomon  a  s   erosa  
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the environmental factors ( P <0.05) except for of TP 
which had no signifi cant linear relationship ( P >0.05); 
PO     43ˉ      -P, TN, DIN, pH, SD,  Z  eu , and  Z  eu ꞉ Z  mix  showed 
a negative correlation, indicating that they could 
promote the stability of the community, while WT, 
DO,  Z  mix , RWCS, and Chl  a  showed a signifi cant 
positive correlation, showing that they could inhibit 
the stability of the community. 

 4 DISCUSSION 
 4.1 The phytoplankton community structure 

 Jiuquwan Reservoir has experienced a course from 
cyanobacteria bloom outbreak to the treatment and 
recovery. In the outbreak event in 2014, 83 species 
from 7 phyla of phytoplankton were detected (Chen 
et al., 2015). In the treatment period in 2014–2015 
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 Fig.15 Relationship of the number of functional groups to the CV value and productivity in Jiuquwan Reservoir (a & c) and 
Taihu Reservoir (b & d) 

 Table 6 Linear regression equations between each environmental factor and CV value for Jiuquwan Reservoir 

 Environmental factor ( y )  Linear regression equation  Pearson correlation coeffi  cient ( R )  Signifi cance test ( P )  Logarithm (n) 

 Total phosphorus (TP)   y =0.065–0.047 x   -0.758  <0.01  18 

 Orthophosphate (PO     43ˉ      -P)   y =0.027–0.013 x   -0.767  <0.01  18 

 Total nitrogen (TN)   y =2.088–0.613 x   -0.536  <0.01  18 

 Inorganic nitrogen (DIN)   y =1.455–0.401 x   -0.334  <0.05  18 

 Water temperature (WT)   y =13.035+16.08 x   0.820  <0.01  18 

 pH   y =8.03–2.081 x   -0.804  <0.01  18 

 Transparency (SD)   y =2.24–1.084 x   -0.786  <0.01  18 

 Dissolved oxygen (DO)   y =10.548–2.651 x   -0.717  <0.01  18 

 Thickness of euphotic layer ( Z  eu )   y =6.049–2.926 x   -0.786  <0.01  18 

 Thickness of mixed layer ( Z  mix )   y =7.273+4.541 x   0.654  <0.01  18 

  Z  eu ꞉ Z  mix    y =0.779–0.529 x   -0.815  <0.01  18 

 RWCS   y =33.39+82.44 x   0.327  <0.05  18 

 Chl  a    y =-2.541+11.58 x   0.900  <0.01  18 
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and in the recovery period in 2016–2018, 81 species 
from 6 phyla of phytoplankton were detected (Yan 
et al., 2020). In this study, 67 species from 7 phyla 
of phytoplankton from 2019 to 2020 were detected. 
Compared with the previous result, the number of 
phytoplankton species decreased, indicating that the 
species diversity of Jiuquwan Reservoir has been 
decreased and the ecosystem degenerated. Twenty-
two functional groups were classifi ed during the 
investigation period 2017–2018, namely B, C, D, 
F, G, H1, J, K, L O , M, MP, N, P, S1, S N , TC, W1, 
W2, X1, X2, X3, and Y (Yan et al., 2020), while in 
this study there were 18 functional groups detected, 
namely A, B, D, F, G, J, L M , L O , MP, N, P, S1, T, T C , 
W1, X1, X2, and Y.  

 On the other hand, 21 species of phytoplankton in 
1 phylum were detected in Taihu Reservoir in 2014 
before impoundment, and 25 species from 4 phyla 
were detected in 2019 after impoundment (Chen 
et al., 2020). A total of 61 species (genera) from 
7 phyla were detected from 2019 to 2020 in this 
study. Compared with earlier reports, the number of 
phytoplankton species has increased. Five functional 
groups were classifi ed in 2014 before impoundment, 
namely D, L O , MP, P, and X3; and 8 functional groups 
were classifi ed in 2019 after impoundment, namely 
D, J, L O , MP, P, T, X1, and X3 (Chen et al., 2020). 
In this study, 19 functional groups were classifi ed, 
namely B, D, E, F, G, H1, J, L M , L O , MP, N, P, S1, T, 
W1, W2, X1, X2, and Y.  

 There was no signifi cant diff erence in 
phytoplankton species composition between the 
two reservoirs. Chlorophyta, Bacillariophyta, and 
Cyanophyta were the main phytoplankton members in 

both reservoirs. The species number and the average 
phytoplankton density were the largest in wet season. 
There was signifi cant diff erence in phytoplankton 
density between the two reservoirs ( P <0.05). In 
Jiuquwan Reservoir, Cryptophyta, Chlorophyta, and 
Bacillariophyta were dominant in dry season, of 
which the relative abundance are 51.26%, 21.80%, 
and 18.39%. Chlorophyta, Bacillariophyta, and 
Cyanophyta were dominant in normal season with the 
relative abundance of 50.52%, 22.56%, and 12.97%. 
Cyanophyta is absolutely dominant in wet season with 
the relative abundance of 93.81%. While in Taihu 
Reservoir, Chlorophyta and Bacillariophyta were 
dominant in dry season with the relative abundance 
of 47.50% and 37.91%. Dinophyta and Chlorophyta 
were dominant in normal season with the relative 
abundance of 64.52% and 16.05%. Chlorophyta is 
absolutely dominant in wet season with the relative 
abundance of 92.90%. There was a signifi cant positive 
correlation between phytoplankton species and 
biomass in the two reservoirs ( P <0.05), indicating that 
phytoplankton biomass increased with the increase of 
phytoplankton species.  

 4.2 The relationship of phytoplankton diversity to 
the productivity and community stability 

 The higher the species richness and the more 
complex the nutrient structure, the higher the stability 
of the ecosystem when faced with environmental 
disturbance (MacArthur, 1955). Diversity promotes 
the stability of ecosystems (Loreau et al., 2001). 
Studies have also shown that while diversity increases 
the stability of the entire ecosystem, it also reduces 
the stability of individual species (Tilman, 1996). 

 Table 7 Linear regression equations between each environmental factor and community stability CV for Taihu Reservoir 

 Environmental factor ( y )  Linear regression equation  Pearson correlation coeffi  cient ( R )  Signifi cance test ( P )  Logarithm (n) 

 Total phosphorus (TP)   y =0.149–0.037 x   -0.105  >0.05  18 

 Orthophosphate (PO     43ˉ    -P)   y =0.018–0.003 x   -0.361  <0.05  18 

 Total nitrogen (TN)   y =0.746–0.294 x   -0.614  <0.01  18 

 Inorganic nitrogen (DIN)   y =0.502–0.250 x   -0.634  <0.01  18 

 Water temperature (WT)   y =17.27+8.454 x   0.651  <0.01  18 

 pH   y =7.123–0.720 x   -0.592  <0.01  18 

 Transparency (SD)   y =1.636–0.186 x   -0.245  <0.05  18 

 Dissolved oxygen (DO)   y =5.645+1.57 x   0.420  <0.05  18 

 Thickness of euphotic layer ( Z  eu )   y =4.417–0.504 x   -0.245  <0.05  18 

 Thickness of mixed layer ( Z  mix )   y =7.266–10.926 x   0.874  <0.01  18 

  Z  eu ꞉ Z  mix    y =0.580–0.326 x   -0.704  <0.01  18 

 RWCS   y =-37.05+346.1 x   0.955  <0.01  18 

 Chl  a    y =0.792+2.103 x   0.606  <0.01  18 
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Pennekamp et al. (2018) pointed out that there is a 
U-shaped relationship between species diversity and 
ecosystem stability. We found that the CV value in 
the two reservoirs was negatively correlated in a 
certain degree with diversity, richness, and evenness 
( P <0.05), indicating that with the increases of 
diversity, richness, and evenness, the CV value 
decreased and community became more stable, which 
is consistent with the results of Wittebolle et al. (2009). 
However, there is no signifi cant correlation between 
phytoplankton community stability and abundance 
in Jiuquwan Reservoir, which is consistent with the 
results of Isbell et al. (2009) and Tian et al. (2016). 
Through the comparative analysis of the relationship 
between phytoplankton stability and diversity, 
abundance, and evenness in the two reservoirs, it is 
proved that biodiversity could promote the stability 
of ecosystem in the natural system to a certain extent. 

 The relationship between phytoplankton stability 
and diversity, richness, and evenness in natural system 
is very complex. The combination eff ect shall be the 
most important mechanism (Tian, 2017). To clarify 
the relationship between them, more studies are 
required. Ecologists have found that the relationships 
between phytoplankton productivity and diversity, 
richness, and evenness is also complex and could be 
recognized as the following types: stochastic type, 
monotonic increase type, platform type, monotonic 
decrease type, and unimodal (hump) type relationship 
according to available works (Abrams, 1995; Yang et 
al., 2002; Smith, 2007).  

 In this study, the productivity of phytoplankton 
community was signifi cantly negatively correlated 
with diversity and evenness ( P <0.05), indicating 
that the phytoplankton productivity decreased with 
the increase of diversity index and evenness index 
of phytoplankton in the two reservoirs, which was 
a monotonic-decrease-typed relationship, but had 
no signifi cant correlation with richness ( P >0.05). 
With the increase of productivity, the richness index 
did not increase nor decrease signifi cantly, showing 
a stochastic-typed relationship. Waide et al. (1999) 
summarized the relationship between diversity and 
productivity of more than 200 species in published 
materials, and found that 30% of them were unimodal, 
26% positive, 12% negative, and 32% insignifi cant. 
Therefore, the relationship between phytoplankton 
diversity and productivity varies with time and 
environment. The relationship between stability 
and productivity is linked by diversity. This study 
shows that there was a signifi cant positive correlation 

between phytoplankton productivity and community 
variation (CV) ( P <0.01), indicating that with the 
increase of phytoplankton productivity, CV increased 
and phytoplankton community stability weakened. 
The stability, diversity, and productivity of the new 
lake-type reservoir (Taihu Reservoir) are higher than 
those of the river-type reservoir (Jiuquwan Reservoir). 

 4.3 The relationship between community stability 
and resource use effi  ciency 

 The resource use effi  ciency refers to the ability 
or degree of a community to use limited resources, 
indicating that the current resources have not been 
fully utilized, which provides an available niche for the 
growth and reproduction of new species (Ptacnik et al., 
2008). Striebel et al. (2009) found that phytoplankton 
species richness was positively correlated with 
resource use effi  ciency. Ptacnik et al. (2008) showed 
that species with higher diversity have stronger ability 
to utilize limited resources. In this study, there was a 
signifi cant positive correlation between the utilization 
effi  ciency of phytoplankton resources and the CV 
value ( P <0.01) in the two reservoirs, indicating that 
with the improvement of the utilization effi  ciency of 
phytoplankton resources, the CV value increased and 
the community stability decreased. 

 When multiple species coexist, species complements 
each other for the best use of local resources 
(Valentine, 1971; Cardinale, 2011). Therefore, the 
resource utilization effi  ciency is also high in the 
community with high diversity (Ptacnik et al., 2008). 
However, this viewpoint seems contradictory to 
our fi ndings that the increases in productivity and 
resource utilization effi  ciency weakened the stability 
of the community (Figs.10 & 12). This is because 
those previous studies hypothesized that each species 
of the community had complementary eff ects in 
resource using. However, only in a stable community 
can the diversity persists and plays such a role. In 
other words, the complementary eff ect can play 
the role only when there is a relatively stable niche 
(Turnbull et al., 2013). In a normal (terrestrial) plant 
community, succession of community would take a 
long time to reach the top (Clewell, 2011). The same 
happens during phytoplankton blooms or red tides, 
and the duration can last 1–2 months during which a 
steady stage can be formed. Therefore, the utilization 
effi  ciency of community resources would be high in a 
steady stage by the complementary eff ect, while when 
communities are dominated by a few species, the 
utilization effi  ciency of community resources could be 
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reduced due to the loss of diversity (Chai et al., 2020).  
 In this study, the environmental parameters 

varied considerably in the three sampling seasons 
(wet, normal, and dry), and the phytoplankton 
community structures in each season were also 
greatly diff erent. Phytoplankton grows fast under 
ideal conditions of nutrients, light, and temperature, 
and the phytoplankton community can proliferate 
into the climax community in 1–4 weeks, and a 
few dominant species would occupy the most of 
the community’s biomass (Silva et al., 2008). In 
the climax community, although the biodiversity is 
lower than that in the previous period, the dominant 
species can best adapt to the current environment 
and utilize more eff ectively for the nutrient resources 
in the water body. Researchers also found that the 
older phytoplankton communities could waste less 
energy than younger ones did (Ghedini et al., 2020). 
Moreover, diff erent from the combination of attached 
algae used in the experiment reported by Cardinale 
(2011), the phytoplankton community in this study was 
vulnerable due to reservoir discharge and the changes 
of other environmental conditions, causing diffi  culty 
to form stable communities. In addition, as Cardinale 
et al. (2011) showed that 63% of observations suggest 
that diverse polycultures yielded less biomass than 
that of the single highest-yielding monoculture, and 
could not use more resources, which is consistent 
with our study, and indicates that under low diversity 
and community stability, the resource utilization 
effi  ciency of the community could be higher.  

 Ye et al. (2019) divided phytoplankton communities 
in the English Channel and Lake Kasumigaura 
(Japan) into diff erent groups in functional diversity 
using functional diversity indexes, a more signifi cant 
nonlinear positive correlation between the utilization 
effi  ciency and diff erent type of nutrients (nitrogen, 
phosphorus, and silicon) was obtained. At present, 
our study considered only the overall effi  ciency of 
phytoplankton versus the utilization of phosphorus, and 
the diversity was expressed by Shannon-Wiener index. 
In the future study, if phytoplankton communities and 
the resources they use could be classifi ed into detailed 
functional types, we will be able to investigate 
whether there are diff erences in effi  ciency of using 
other resources such as nitrogen, silicon, light, etc., 
and diff erent results may be obtained. 

 The utilization effi  ciency of newly built lake-type 
reservoir (Taihu Reservoir) was higher than that 
of river-type reservoir (Jiuquwan Reservoir). The 
phytoplankton resource utilization ability was the 

strongest in wet season, and the standard deviation of 
the mean value of resource use effi  ciency in the two 
reservoirs was greater in wet season than that in other 
seasons, which indicated that phytoplankton resource 
utilization ability in diff erent water layers was quite 
diff erent. Therefore, the resource use effi  ciency 
of phytoplankton interacted with the community 
stability, and varied in season and water depth. 

 4.4 The community stability of phytoplankton 
functional groups 

 Eighteen functional groups in Jiuquwan Reservoir 
and 19 in Taihu Reservoir were recognized, and the 
number of functional groups showed no signifi cant 
diff erence. It is mainly because that the two reservoirs 
were shared in a common Dongjiang River basin, and 
the algae source was the same. Hooper et al. (2005) 
found that the number of functional groups and plant 
species richness were the main factors aff ecting 
the community productivity. The results show that 
the stability of phytoplankton functional groups in 
river-type reservoir (Jiuquwan Reservoir) is higher 
than that of the new lake-typed reservoir (Taihu 
Reservoir), the number of phytoplankton functional 
groups has no signifi cant correlation with community 
stability ( P >0.05). The number of phytoplankton 
functional groups and community productivity 
was related positively and signifi cantly ( P <0.01) in 
Jiuquwan Reservoir but no signifi cant correlation 
( P >0.05) in Taihu Reservoir, indicating that the 
eff ect of phytoplankton functional group diversity on 
community stability is not signifi cant, which is not 
consistent with the hypothesis of “diversity-stability” 
(Ghedini et al., 2020), indicating that the stability of 
phytoplankton community has a great relationship 
with the change of environment. 

 4.5 The environmental factors and community 
stability 

 By performing the linear regression of 13 
environmental factors (Tables 6–7) and the 
community stability (in terms of CV value) of the two 
reservoirs revealed a signifi cant correlation between 
the community stability and the environmental 
factors in both the reservoirs. For Jiuquwan 
Reservoir, the correlation of linear regression was 
signifi cant ( P <0.05). In specifi c, TP, PO     43ˉ    -P, TN, 
DIN, pH, SD, DO,  Z  eu , and  Z  eu ꞉ Z  mix  was signifi cantly 
negative, indicating that these factors could promote 
the community stability; and WT,  Z  mix , RWCS, and 
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Chl  a  was signifi cantly positive, indicating that these 
factors could weaken the community stability. For 
Taihu Reservoir, the coeffi  cient of variation (CV) had 
a signifi cant linear relationship with 12 environmental 
factors ( P <0.05) exclusive of TP ( P >0.05). The CV 
had a signifi cant negative correlation with PO     43ˉ    -P, 
TN, DIN, pH, SD,  Z  eu , and  Z  eu ꞉ Z  mix , which indicated 
that these environmental factors could promote the 
population stability, and had a signifi cant positive 
correlation with WT, DO,  Z  mix , RWCS, and Chl  a , 
showing that these environmental factors could 
weaken the community stability. 

 The correlation coeffi  cients of CV to WT, pH, 
and Chl  a  of Jiuquwan Reservoir were  R >0.8, which 
indicated that these environmental factors had great 
infl uence on the community stability. Studies have 
shown that WT has a great infl uence on the stability 
of long-term fl uctuation of phytoplankton (Gonzalez 
and Descamps-Julien, 2004). Rothenberger et al. 
(2009) found that there is a strong positive correlation 
between the long-term fl uctuation of phytoplankton 
community and WT, which is consistent with the 
results of this study. pH has an important eff ect on 
the availability of nutrients and the feeding rate 
of zooplankton, and it limits the growth rate of 
phytoplankton. The relationship between pH and the 
growth rate of phytoplankton is of unimodal type, 
with a peak value between 8.3 and 8.5 (Hansen, 2002; 
Hinga, 2002). During this study period, the pH of 
Jiuquwan Reservoir was between 6.11 and 7.67.  

 Chl  a  refl ects phytoplankton productivity. In this 
study, phytoplankton productivity was signifi cantly 
positively correlated with coeffi  cient of variation (CV), 
indicating that the increase of Chl  a  could weaken the 
community stability, which agrees to the conclusion 
of Vörös and Padisák (1991). Therefore, WT, pH, and 
Chl  a  were the main environmental factors aff ecting 
the stability of phytoplankton in Jiuquwan Reservoir. 
In Taihu Reservoir, the correlation coeffi  cient 
between the stability of the community and  Z  mix  and 
RWCS was also signifi cant ( R >0.8), indicating that 
these environmental factors had a greater impact on 
the stability of the community.  

 The vertical changes of phytoplankton functional 
groups are related to light, water stratifi cation, and 
grazing pressure (Becker et al., 2009). After the 
Taihu Reservoir was built and impounded, the entire 
reservoir area is similar to an artifi cial lake, its water 
infl ow, fl ow, throughput, and surface runoff  are 
quite diff erent from those of river-type reservoirs. In 
addition, the Taihu Reservoir is a sub-deep reservoir 

with a maximum water depth of 50 m. There are 
big diff erences in the relative stability of the water 
mixture layer and the water column in dry, normal, 
and wet seasons. In the reservoir, it was easy to form 
stable thermal stratifi cation in wet season, with large 
temperature diff erences between the upper and lower 
layers, and the relative stability of the water body 
was relatively high. The water body was completely 
mixed during dry and normal seasons, and the relative 
stability of the water body was low. Therefore,  Z  mix  
and RWCS became the main environmental factors 
aff ecting the stability of phytoplankton for Taihu 
Reservoir. In addition, the concentrations of TN and 
TP in both reservoirs exceeded the internationally 
recognized eutrophication threshold (TN=0.2 mg/L, 
TP=0.02 mg/L). Therefore, nitrogen and phosphorus 
were no longer the limiting factors aff ecting the 
stability of the phytoplankton community. In 
summary, the main factors that aff ect the community 
stability of the river-type reservoirs (such as Jiuquwan 
Reservoir) and newly-built lake-type reservoirs 
(such as Taihu Reservoir) were local hydrodynamic 
parameters (WT, pH,  Z  mix , RWCS), not nutrients. 

 5 CONCLUSION 

 Based on the investigation on river-type Jiuquwan 
Reservoir and lake-type Taihu Reservoir, the 
relationship and diff erence in phytoplankton diversity, 
productivity, and community stability between the 
two reservoir were compared and analyzed, showing 
the following conclusions. 

 (1) There was no signifi cant diff erence in 
functional groups and species number between the 
two reservoirs. The stability, diversity, productivity, 
and resource use effi  ciency of Taihu Reservoir were 
higher than those of Jiuquwan Reservoir, and the 
phytoplankton resource utilization ability was the 
strongest in wet season. 

 (2) In natural systems, biodiversity can promote 
productivity and ecosystem stability. The relationship 
between phytoplankton diversity and productivity 
or stability varies with time and environment. The 
diversity of phytoplankton functional groups had no 
signifi cant eff ect on community stability. 

 (3) The stability of phytoplankton community 
is aff ected by both biotic and abiotic factors. 
Hydrodynamic parameters (water temperature, pH, 
thickness of mixed layer, and relative water column 
stability) are the main environmental factors aff ecting 
the stability of phytoplankton community. 
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