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a b s t r a c t 

The global decline of freshwater biodiversity caused by climate change and human activities 

are supposed to disrupt ecosystem services related to water quality and alter the structure 

and function of aquatic communities across space and time, yet the effects of the com- 

bination of these factors on plankton community ecosystem has received relatively little 

attention. This study aimed to explore the impacts of disturbances (e.g. human activity, tem- 

perature, precipitation, and water level) on phytoplankton community structure (i.e. com- 

munity evenness and community composition) and function (i.e. resource use efficiency) in 

four subtropical reservoirs over 7 years from 2010 to 2016. Our results showed that commu- 

nity turnover (measured as community dissimilarity) was positively related to disturbance 

frequency, but no significant correlation was found between phytoplankton biodiversity (i.e. 

evenness) and disturbance frequency. Phytoplankton resource use efficiency (RUE = phyto- 

plankton biomass/ total phosphorus) was increased with a higher frequency of disturbance 

with an exception of cyanobacteria. The RUE of Cyanobacteria and diatoms showed signifi- 

cantly negative correlations with their community evenness, while the RUE of Chlorophyta 

exhibited a positive correlation with their community turnover. We suggest that multiple 

environmental disturbances may play crucial roles in shaping the structure and function- 

ing of plankton communities in subtropical reservoirs, and mechanism of this process can 

provide key information for freshwater uses, management and conservation. 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 
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Introduction 

The correlation between biodiversity and ecosystem func- 
tioning (BEF) has been a hot topic on ongoing ecological 
researches in recent years due to increasing biodiversity 
loss in ecosystems and its impact on ecosystem functioning 
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( Loreau et al., 2002 ; Balvanera et al., 2006 ; Hooper et al., 2012 ; 
Ye et al., 2019 ; Chai et al., 2020 ). The maintenance of biological 
diversity and ecosystem integrity in the face of environmental 
perturbations has many practical implications, potentially af- 
fecting ecosystem goods and services that humans rely upon 

( Cardinale et al., 2012 ). However, there is still no general con- 
sensus on the underlying drivers of biodiversity effects, es- 
pecially in man-made aquatic ecosystems (e.g. reservoir) in a 
changing environment. 

Over the past few decades, the combined effects of both 

the natural and anthropogenic disturbances have severely im- 
pacted the ecological communities ( Sousa, 1984 ; Lenihan and 

Oliver, 1995 ; Supp and Ernest, 2014 ). The bulk of previous re- 
search on the responses to environmental change normally 
focused on a single disturbance at a time. However, there is 
ample evidence showing that the response of natural ecosys- 
tems to environmental change is often associated with multi- 
ple disturbances ( Schindler, 2001 ; Wilson et al., 2006 ; Lu et al., 
2019 ). Different kinds of disturbances may have profound 

impacts on community structure and ecosystem function- 
ing through changes in biodiversity ( Vinebrooke et al., 2003 ; 
Wilson et al., 2006 ; Yang et al., 2017 ; Hodapp et al., 2019 ). Many 
BEF studies have focused on narrow topics in biodiversity and 

ecosystem functions, as well as selections of model commu- 
nities, yet the combined impacts of climate change and hu- 
man activities on aquatic ecosystem functioning has received 

relatively little attention ( Hillebrand and Matthiessen, 2009 ; 
Filstrup et al., 2014 ; Pires et al., 2018 ). Understanding of the 
combined effects of multiple disturbances on ecosystems is 
difficult as they cannot be explained by single-stressor stud- 
ies. Disturbances are synergistic and/or antagonistic when 

their cumulative impacts are larger and/or less than expected 

by the calculation of their individual effects, respectively 
( Folt et al., 1999 ). 

Globally, freshwater biodiversity is experiencing greater 
declines than those in terrestrial ecosystems due to the com- 
bined effects of human activities and climate change in their 
watersheds ( Schindler, 2001 ; Rigosi et al., 2014 ). For example, 
reservoir and lake ecosystems are highly susceptible to vari- 
ations in the surrounding environmental features influenced 

by both local human activities (e.g. land use and artificial wa- 
ter transfer) and regional climate changes (e.g. temperature 
and precipitation) ( Paillisson and Marion, 2011 ; Jeppesen et al., 
2015 ; Yang et al., 2017 ; Isabwe et al., 2018 ). Shifts in ecosystem 

state may cause ecological degradation and alter the integrity 
of whole reservoir ecosystems ( Johnson et al., 2001 ). Therefore, 
reservoirs have been presented as a classic example for illus- 
trating the response of plankton composition and ecosystem 

processes to multiple disturbances ( Yang et al., 2017 ). How- 
ever, there are still large gaps in the understanding of eco- 
logical feedbacks that occur in subtropical reservoirs under 
multiple disturbance conditions ( Evtimova and Donohue, 
2014 ). 

Phytoplankton communities are a crucial function 

component in maintaining ecosystem stability, and 

they clearly support a positive BEF relationship in lakes 
and reservoirs ( Ptacnik et al., 2008 ; Filstrup et al., 2014 ). 
Elser et al. (2000) showed that aquatic biodiversity is closely 
related to the resources use efficiency (RUE) of organisms. 
The definition and quantification of RUE vary considerably 

across different types of ecosystems ( Hodapp et al., 2019 ). 
For example, in freshwater and marine ecosystems, the RUE 
was measured as standing stock (i.e. biomass or biovolume) 
standardized by the limiting nutrient (i.e. nitrogen or phos- 
phorus) for the community ( Ptacnik et al., 2008 ; Hillebrand 

and Matthiessen, 2009 ). Recently, Hodapp et al. (2019) unified 

the concept of RUE and quantified it as the ratio of biomass 
per unit of available resource. Likewise, phytoplankton 

functioning can be estimated as the ratio of phytoplankton 

biomass per unit limiting nutrient ( Ptacnik et al., 2008 ). 
Many phytoplankton species can coexist despite the limited 

number of resources for which they compete each other (i.e. 
the Paradox of Plankton; Hutchinson, 1961 ). For example, 
based on a dataset from Fennoscandian lakes and Baltic Sea, 
Ptacnik et al. (2008) quantified phytoplankton RUE from phy- 
toplankton biomass and demonstrated that phytoplankton 

RUE was increased with taxonomic richness. Further, there 
is evidence showing that phytoplankton RUE varied with dif- 
ferent trophic levels along the food chain ( Duffy et al., 2007 ). 
Cross-correlations between producer community richness 
and fertilization can be positive or negative according to the 
type of ecosystem, but higher nutrient availability consis- 
tently leads to lower species evenness (higher dominance) 
( Hillebrand et al., 2007 ). In highly productive ecosystems, 
evenness may be a better indicator of biodiversity met- 
rics than species richness to describe BEF relationships, as 
species richness tends to over-emphasize the importance of 
rare species ( Filstrup et al., 2014 ). Recently, the use of turnover 
metrics has been strongly encouraged, as biodiversity metrics 
such as evenness or species richness may underestimate the 
extent of compositional change ( Hillebrand et al., 2017 ). Pre- 
vious studies have found that communities and ecosystems 
with high species diversity may also exhibit higher stability 
and show less turnover with time ( Ptacnik et al., 2008 ). 

Variation in environmental conditions could dramatically 
shift the BEF relationships within an ecosystem ( Wardle and 

Zackrisson, 2005 ; Steudel et al., 2012 ; Isbell et al., 2015 ; 
Verbeek et al., 2018 ). However, only a few studies have focused 

on the processes underlying observed disturbance-induced 

alterations in BEF relationships ( Hodapp et al., 2016 ). Given 

the fact that the variety of environmental disturbances are 
likely to be more severely impacted by climate change and 

human activities, there is a pressing need to better under- 
stand how freshwater ecosystems are influenced by multiple 
disturbances for better predicting their performance under 
a changing environment in future. For these reasons, in this 
study, we did not just focus on a single disturbance. Here, our 
main goal was to explore how does increasing environmental 
disturbance frequency alter the relationships among phyto- 
plankton biodiversity, community turnover and resource use 
efficiency in four subtropical reservoirs over a seven-year pe- 
riod. 

We hypothesized that: (1) phytoplankton communities will 
show different responses to disturbance frequency in terms of 
biodiversity and compositional turnover. Phytoplankton bio- 
diversity has a positive correlation with the frequency of dis- 
turbance (H1a), whereas phytoplankton turnover exhibits a 
positive correlation with the frequency of disturbance (H1b); 
(2) phytoplankton functional change (phytoplankton RUE) in- 
creases with increasing frequency of disturbance (H2). 
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Table 1 – General characteristics of the four reservoirs in this study. 

Tingxi ( n = 84) Shidou ( n = 84) Bantou ( n = 81) Hubian ( n = 72) 

Watershed land use Forest Forest Forest Urban 
Reservoir surface area (km 

2 ) 1.95 3.96 0.55 1.03 
Depth (m) 20.90 ± 7.31 13.57 ± 5.58 7.17 ± 2.35 5.45 ± 2.06 
Transparency (m) 1.65 ± 0.63 1.55 ± 0.61 1.15 ± 0.38 1.02 ± 0.30 
Water temperature ( °C) 23.45 ± 5.45 24.04 ± 5.58 23.73 ± 5.22 23.08 ± 6.22 
Total nitrogen (mg/L) 1.87 ± 1.34 2.00 ± 1.53 2.08 ± 1.58 2.70 ± 1.81 
Total phosphorus ( μg/L) 38.49 ± 27.53 23.94 ± 11.70 29.81 ± 14.29 42.73 ± 28.21 
Total phytoplankton biomass (mg/L) 14.51 ± 18.68 294.35 ± 828.67 25.12 ± 36.69 47.68 ± 82.06 

Fig. 1 – Location of the four reservoirs and twelve sampling 
sites from Xiamen city in Fujian province, southeast China. 

1. Materials and methods 

1.1. Study sites and sampling 

The study was conducted in four subtropical reservoirs: Tingxi 
(24 °48 ′ N, 118 °08 ′ E), Shidou (24 °42 ′ N, 118 °00 ′ E), Bantou (24 °40 ′ 

N, 118 °01 ′ E), and Hubian (24 °30 ′ N, 118 °10 ′ E) ( Fig. 1 ). They are 
all located along a gradient from urban to remote rural re- 
gions and are important drinking water sources for millions 
of local inhabitants ( Yang et al., 2016 ). Both Tingxi and Shidou 

reservoirs have deeper water depths than Bantou and Hubian 

reservoirs ( Table 1 ). Shidou (370 days) and Bantou (340 days) 
reservoirs have longer average water residence time than 

Tingxi (98 days) and Hubian (18 days) reservoirs ( Yang et al., 
2016 ). Both Shidou and Bantou reservoirs have a very well 
protect forested catchment, but are experiencing numerous 
natural and external disturbances (e.g. agriculture and de- 
forestation). Tingxi Reservoir has a more pristine watershed 

with nearly 100% of primary forest coverage. These reservoirs 

covered a wide range of nutrient concentrations, which re- 
sulted in various mean phytoplankton biomasses from 14.51 
to 294.35 mg/L ( Table 1 ). Despite high total phosphorus (TP) 
concentrations in the four reservoirs, preliminary investiga- 
tions showed that phytoplankton biomass has a stronger re- 
lationship with TP than with total nitrogen (TN), and there- 
fore TP was a much better predictor of phytoplankton biomass 
( Yang et al., 2016 ). In early 2010, both Shidou and Bantou 

reservoirs experienced a harmful cyanobacterial bloom which 

posed a serious threat to drinking water supplies in Xiamen. 
In order to protect the water quality of the watershed, a vil- 
lage that located in the upstream of Shidou and Bantou reser- 
voirs was relocated, livestock breeding was prohibited, and the 
agriculture was restricted in and after the 2010 ( Yang et al., 
2017 ). The trophic states of the four reservoirs were classified 

from oligo-mesotrophic to eutrophic levels ( Yang et al., 2012 ; 
2016 ). 

Sampling campaigns were carried out from January 2010 to 
October 2016 in four studied reservoirs. Sampling frequency 
was quarterly coinciding with the four seasons. We did not 
take water samples in Hubian Reservoir in 2016. We collected 

surface water samples from the riverine, transitional, and la- 
custrine zones, each of which corresponding to the upper, 
middle, and lower sections of the reservoir ( Lv et al., 2014 ). Wa- 
ter transparency was estimated by using a Secchi disk. Water 
temperature, electrical conductivity, pH, and dissolved oxy- 
gen of the surface water were measured with a Water Qual- 
ity Monitoring System (Hydrolab DS5, Hach Company, USA). 
Three liters of integrated water samples from the epilimnion 

(surface waters) were collected in each sampling site. Samples 
for nutrient analyses were preserved in a pre-cleaned plas- 
tic bottle and subsequently sent to the laboratory for further 
analysis. Phytoplankton samples were fixed in the field with 

1.5% neutral Lugol’s iodine solution for later species identifi- 
cation and individual counting ( Yang et al., 2017 ). 

1.2. Data collection and sample analysis 

The hydro-meteorological data, including monthly averaged 

air temperature, water level, water retention time, and precip- 
itation, were taken from Xiamen Meteorological Bureau and 

Xiamen Water Resources Bureau. 
The chemical and biological characteristics of the water 

samples were analyzed following the standard methods. Nu- 
trient parameters were measured following the method de- 
scribed by Greenberg et al. (1992) . Phytoplankton samples were 
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Fig. 2 – Weather and hydrological disturbance events recorded over the full time series in the four reservoirs. PWLF, positive 
water level fluctuation; NWLF, negative water level fluctuation. The shaded zones represent combined disturbances of PWLF 
and NWLF. Note that no data were collected for the Hubian Reservoir in 2016. 

counted using Utermöhl counting chambers under a Motic 
AE31 inverted microscope (Motic Corporation, China). Phyto- 
plankton species was identified following John et al. (2002) and 

Hu and Wei (2006) . For each sample, at least 500 individu- 
als were counted ( Yang et al., 2016 ). Species cell size was es- 
timated based on 30 cells or individuals, and converted to 
species biovolume according to standard geometric formu- 
lae presented in Hillebrand et al. (1999) . The biomass of each 

species was calculated from biovolume assuming a density of 
1 mg/mm 

3 ( Wetzel and Likens, 2000 ). 

1.3. Definition of disturbance event 

We defined a disturbance as a variable that exceeds its criti- 
cal and normal threshold and can significantly affects individ- 
ual physiology or population performance ( Yang et al., 2017 ). 
Extreme temperature events such as warming and cooling 
were characterized by temperature anomalies > + 1.5 °C and < 

−1.5 °C based on the historical data, respectively ( Fisher et al., 
2015 ). Precipitation events indicated the monthly precipita- 
tion anomalies higher than 150 mm based on the histori- 

cal data ( Kelner et al., 2014 ). Extreme water level fluctuations 
(WLF) were described as WLF anomalies above + 2 m/month 

(positive WLF, PWLF) or below −2 m/month (negative WLF; 
NWLF) for two consecutive months ( Yang et al., 2016 ). The 
frequency of the disturbance was characterized based on 

monthly resolution data in this study. Over the 7-year time 
span of the observations, one human-resettlement, 11 tem- 
perature (three cooling and eight warming events), 5 precipi- 
tation, and 28 WLF disturbances were identified in these four 
reservoirs ( Fig. 2 ; Appendix A Table S1). 

1.4. Statistical analysis 

We applied linear mixed-effects models to quantify the linear 
relationships between the response and predictor variables. 
The composition of phytoplankton community was derived 

from species abundance data. Pielou’s evenness was used as 
a measure of phytoplankton evenness which is one of ro- 
bust measurements for species diversity ( Pielou, 1969 ). Phy- 
toplankton community turnover between the two sampling 
events was quantified using the Bray-Curtis dissimilarity met- 
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Fig. 3 – Relationships between phytoplankton biomass or evenness and total phosphorus in the four subtropical reservoirs. 
Pearson correlation coefficients ( r ) are provided for regressions of all phytoplankton groups. All, all phytoplankton groups; 
Bac, Bacillariophyta; Chl, Chlorophyta; Cya, Cyanobacteria; Other, other phytoplankton groups. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 

0.001. 

ric, which takes relative abundance into account within the 
‘vegan’ package in R environment ( Oksanen et al., 2013 ). Ad- 
ditionally, phytoplankton functional change was estimated 

from the change in RUE. Phytoplankton RUE was quantified 

as phytoplankton biomass per unit total phosphorus accord- 
ing to previous publication ( Ptacnik et al., 2008 ). 

To test our hypotheses, we measure the frequency of 
disturbance, the phytoplankton community biodiversity (i.e. 
evenness), community turnover (i.e. Bray-Curtis dissimilar- 
ity), and functioning (i.e. resource use efficiency) for all phy- 
toplankton and four major groups. A positive correlation be- 
tween phytoplankton evenness and disturbance frequency 
would support H1a, whereas a positive correlation between 

phytoplankton community turnover and disturbance fre- 
quency could confirm H1b. Likewise, we tested for significant 
correlations between the frequency of disturbance and mea- 
sures of functional change (i.e. phytoplankton RUE) for hy- 
pothesis 2. 

All statistical analyses were performed by using R software 
version 3.5.0 ( R Development Core Team, 2018 ). 

2. Results 

2.1. The frequency of disturbances related to 
phytoplankton community 

We found that precipitation, temperature and total phospho- 
rus (TP) were the main factors that influenced phytoplankton 

community composition, while water level and total nitrogen 

(TN) had less effect (Appendix A Fig. S1). Both phytoplank- 
ton biomass ( r = 0.070, P < 0.05) and evenness ( r = −0.113, 
P < 0.001) were significantly related to TP across all phy- 
toplankton groups ( Fig. 3 ). When only considering the in- 
dividual groups, phytoplankton biomass and evenness dis- 
played significant relationships in Cyanobacteria and other 
phytoplankton groups ( Fig. 3 B ). Relationships between sea- 
sonal changes in phytoplankton biomass and disturbance fre- 

quency can be varied with different nutrient conditions (Ap- 
pendix A Fig. S2). In an oligo-mesotrophic environment, phy- 
toplankton biomass was significantly related to the frequency 
of disturbance across all phytoplankton groups, but not for eu- 
trophic waters. 

Phytoplankton evenness was not significantly ( r = −0.030, 
P = 0.29; Fig. 4 A ) related to the frequency of disturbance across 
all phytoplankton groups, but was significant for the composi- 
tional turnover of phytoplankton ( r = 0.104, P < 0.001; Fig. 4 B ). 
Phytoplankton evenness only displayed a significant and neg- 
ative relationship with disturbance frequency in other phy- 
toplankton groups ( Fig. 4 A ), whereas phytoplankton turnover 
significantly and positively correlated with disturbance fre- 
quency in both Bacillariophyta and Chlorophyta ( Fig. 4 B ). 
The frequency with which species occurred in phytoplankton 

communities was well described by the neutral model ( Fig. 5 ). 
The majority of species fell above the neutral prediction, but 
Cyanobacteria species were found to mainly occur below the 
predicted neutral curve. 

The relationship between phytoplankton evenness and 

phytoplankton turnover was significant across all phytoplank- 
ton groups ( r = 0.082, P < 0.01; Appendix A Fig. S3), and this 
positive correlation was also seen in Bacillariophyta and other 
phytoplankton groups (Appendix A Fig. S3). 

2.2. Relationships between disturbance frequency and 

phytoplankton RUE 

Variation in phytoplankton RUE was significantly and posi- 
tively correlated to the frequency of disturbance across all 
phytoplankton groups ( r = 0.113, P < 0.001), and this signifi- 
cant correlation was also seen in Bacillariophyta, Chlorophyta, 
and other phytoplankton groups ( Fig. 6 ). Only Cyanobacteria 
did not show significant relationship between phytoplankton 

RUE and disturbance frequency. 
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Fig. 4 – Changes in ( A ) phytoplankton evenness and ( B ) phytoplankton community turnover in relation to the frequency of 
disturbances in the four reservoirs. Pearson correlation coefficients ( r ) are provided for regressions of all phytoplankton 

groups turnover by seasons. All, all phytoplankton groups; Bac, Bacillariophyta; Chl, Chlorophyta; Cya, Cyanobacteria; Other, 
other phytoplankton groups. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. 

Fig. 5 – Occurrence frequency as a function of the overall 
abundance of species among the phytoplankton 

metacommunity in the four subtropical reservoirs. The 
solid line represents the predicted occurrence frequency of 
the neutral model community of Sloan et al. (2006) . Species 
above the model occur more frequently than predicted, and 

those below occur less frequently than predicted. Each 

species is colored by its phytoplankton phylum. Bac, 
Bacillariophyta; Chl, Chlorophyta; Cya, Cyanobacteria; 
Other, other phytoplankton groups. 

2.3. Relationships between phytoplankton community 
structure and RUE 

The change in phytoplankton RUE was significantly asso- 
ciated with phytoplankton evenness across all phytoplank- 

Fig. 6 – Relationships between seasonal change in 

phytoplankton resource use efficiency (RUE) and 

disturbance frequency in the four reservoirs. Pearson 

correlation coefficients ( r ) are provided for regressions of all 
phytoplankton groups turnover by seasons. All, all 
phytoplankton groups; Bac, Bacillariophyta; Chl, 
Chlorophyta; Cya, Cyanobacteria; Other, other 
phytoplankton groups. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. 

ton groups, but not for phytoplankton turnover ( Fig. 7 ). De- 
creases in phytoplankton RUE was resulted from an increase 
in phytoplankton evenness across all phytoplankton groups 
( r = −0.271, P < 0.001) and for each phytoplankton group 

except for Chlorophyta ( Fig. 7 A ). Phytoplankton RUE exhib- 
ited a significant and positive relationship with phytoplank- 
ton turnover for Chlorophyta and other phytoplankton groups, 
respectively ( Fig. 7 B ). 
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Fig. 7 – Seasonal change in phytoplankton resource use efficiency (RUE) correlated with (A) seasonal change in 

phytoplankton evenness and (B) interseasonal phytoplankton community turnover. Pearson correlation coefficients ( r ) are 
provided for regressions of each phytoplankton group. All, all phytoplankton groups; Bac, Bacillariophyta; Chl, Chlorophyta; 
Cya, Cyanobacteria; Other, other phytoplankton groups. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. 

3. Discussion 

Our results revealed a substantial variation in environmental 
variables, phytoplankton community composition, biomass, 
biodiversity, and functioning in four reservoirs over 7 years. 
Phytoplankton biomass showed a positive correlation with to- 
tal phosphorus, which has been well established in limnolog- 
ical literatures ( Schindler, 1977 ; Zhu et al., 2010 ; De Senerpont 
Domis et al., 2014 ; O’Donnell et al., 2017 ). Following classical 
ecological theory (the intermediate disturbance hypothesis, 
IDH), the diversity of communities can be strongly affected by 
the frequency of disturbance ( Connell, 1978 ). The correlations 
between disturbances and biodiversity strongly depend on 

the productivity and the resource supply rate ( Huston, 1994 ). 
When nutrient supply is insufficient in the environments, 
the same disturbance may oppositely affect phytoplankton 

communities as compared to environments with adequate 
nutrient supply. More eutrophic reservoirs usually harbored 

less diverse phytoplankton assemblages ( Naselli-Flores and 

Barone, 1994 ). Thus, the consistency of these results across 
sampling sites allows us to determine the relationship be- 
tween the frequency of disturbance and the change in phyto- 
plankton community structure (e.g. evenness and community 
turnover) and function (e.g. biomass production and nutri- 
ent limitation) in these subtropical reservoir ecosystems over 
seven years. 

3.1. Increased frequency of disturbance lead to no 
significant changes in biodiversity 

In our study of the four subtropical reservoirs, phytoplank- 
ton evenness, one important aspect of biodiversity, had no 
significant relationship with frequent environmental distur- 
bances, thereby refuting the hypothesis 1a. Variations in phy- 
toplankton communities were not detected in the diversity 
metric. Disturbances have a profound impact on biodiversity 
(e.g. Connell, 1978 ; Huston, 1994 ; Verbeek et al., 2018 ), and that 

the relationship between biodiversity and disturbance often 

shows a peak at intermediate levels of disturbance. However, 
based on a large number of published studies, Mackey and 

Currie (2001) reported that disturbance did not affect the di- 
versity, richness, and evenness in 28%, 35%, and 50% of stud- 
ies, respectively. In our study, the frequency of disturbances 
did not impact diversity. 

This lack of a significant relationship between biodiver- 
sity and disturbance might be due to two possible reasons. 
First, many populations can be easily affected under fre- 
quent disturbances leading to further reduce species diver- 
sity ( Connell, 1978 ). Species that declined in abundance can 

be replaced by newly immigrated or evolved species in such 

a way that the existing niches were fully occupied and, thus, 
the diversity stayed almost the same (taxonomic turnover). 
Our study also showed that the evenness index declined and 

maintained at a low level in response to frequent distur- 
bances. Second, species replacement may mask the variations 
in the diversity metric ( Pannard et al., 2008 ). The neutral model 
predicted that neutral processes of ecological drift and dis- 
persal were powerful enough on their own to generate a large 
amount of composition variation both within and among phy- 
toplankton communities, and these neutral or stochastic pro- 
cesses can explain a significant portion of the community as- 
sembly ( Fig. 5 ). 

3.2. Increased frequency of disturbance lead to high 

phytoplankton community turnover 

Our results indicated that a high frequency of disturbance ap- 
pears to be associated with a high phytoplankton community 
turnover across the reservoirs, thereby supporting the hypoth- 
esis 1b. By resampling of 38 ponds in Belgium after 10 years, 
Verbeek et al. (2018) demonstrated that differentiation in bi- 
otic composition may occur at a faster rate under harsh envi- 
ronmental conditions. At a broad-scale from 131 Midwestern 

United States lakes, Filstrup et al. (2014) also found that high 

phytoplankton species turnover associated with low even- 
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ness, once the lakes dominated by few cyanobacterial gen- 
era (e.g. Microcystis ). The change in phytoplankton composi- 
tional turnover is the sum of the differentiations between each 

species within two sampling dates, so that a modification in 

the density of a dominant species, such as cyanobacteria, can 

strongly affect the dynamics of the other species ( Yang et al., 
2017 ). Therefore, the high phytoplankton community turnover 
rate recorded here was likely a good indicator of the high sen- 
sitivity of plankton in the subtropical reservoirs. 

Previous studies clearly support an opposite diversity- 
stability relationship in phytoplankton. Phytoplankton com- 
munity would display a lower compositional turnover rate 
due to the larger number of species involved ( Ptacnik et al., 
2008 ). Tian et al. (2017) discovered that phytoplankton com- 
munity turnover significantly decreased with increasing phy- 
toplankton evenness. However, Filstrup et al. (2014) found that 
in nutrient-enriched lakes, phytoplankton communities dom- 
inated by a few species would show a slower community 
turnover rate than more even communities. In this study, we 
also found that phytoplankton evenness was positively cor- 
related with community turnover rate (Appendix A Fig. S3), 
indicating different diversity-stability relationships occurred 

in aquatic and terrestrial ecosystems ( Tilman and Down- 
ing, 1994 ). 

Global aquatic communities may become more vulnera- 
ble under the combined effects of multiple environmental 
disturbances, such as human activity and climate change 
( Michalak et al., 2013 ; Yang et al., 2017 ). The stability of phyto- 
plankton communities could be potentially altered by climate 
change and anthropogenic disturbances through modifying 
air temperature ( Jöhnk et al., 2008 ), precipitation patterns 
( Reichwaldt and Ghadouani, 2012 ; Michalak et al., 2013 ), wa- 
ter level fluctuations ( Zohary and Ostrovsky, 2011 ; Yang et al., 
2016 ), and watershed characteristics including land use and 

runoff ( Hayes et al., 2015 ). Community turnover can be used 

to describe the ability of species composition to adapt to fluc- 
tuating environments, as well as the stability of ecosystems 
( Verbeek et al., 2018 ). 

3.3. Phytoplankton community functional change 
increases with increasing disturbance frequency 

Variation in phytoplankton RUE was positively related to the 
disturbance frequency for all phytoplankton with an excep- 
tion of Cyanobacteria ( Fig. 6 ), thereby partially supporting the 
hypothesis 2. With higher nutrient loadings in an aquatic 
ecosystem, a large increase in productivity of phytoplankton 

or cyanobacteria-dominated state can occur ( Reynolds, 2006 ). 
Cyanobacterial species (i.e. Cylindrospermopsis raciborskii in 

Shidou and Bantou reservoirs in this study) tend to have a 
higher efficiency of resource use (e.g. light, CO 2 , and nutri- 
ents) than non-cyanobacteria species, which may eventually 
cause some non-cyanobacteria sensitive species disappeared 

under cyanobacteria-dominant conditions ( Burford et al., 
2016 ; Yang et al., 2017 ). More importantly, the bloom-forming 
Cyanobacteria (e.g. Microcystis sp. and diazotrophic cyanobac- 
teria) could produce the highest RUE under certain conditions 
( Filstrup et al., 2014 ; Olli et al., 2015 ). 

In highly productive reservoirs of this study, phytoplank- 
ton RUE was negatively correlated with phytoplankton even- 

ness ( Fig. 7 ). The relationship between phytoplankton RUE 
and diversity was counter to expectations from most of the 
empirical studies ( Ptacnik et al., 2008 ; Striebel et al., 2009 ; 
Tian et al., 2017 ), but was consistent with the finding of 
Filstrup et al. (2014) . The opposing phytoplankton evenness- 
RUE relationships in these subtropical reservoirs likely result 
from the high frequency of environmental disturbances. Cli- 
mate change and human activities may alter weather patterns 
and intensity of anthropogenic disturbances, via increased 

temperature, heavy precipitation events, agricultural and ur- 
ban nutrient surpluses, and decline in water level, which all 
can result in the dominance of Cyanobacteria in reservoir 
ecosystems ( Reichwaldt and Ghadouani, 2012 ; Yang et al., 
2016 , 2017 ). As bloom-forming cyanobacteria have a higher ef- 
ficiency of resource use and competition advantage than other 
phytoplankton species ( Burford et al., 2016 ; Yang et al., 2017 ), 
this can lead to a noticeable degradation in water quality and 

aquatic ecosystems. 
Phytoplankton functioning is usually related to 

community turnover. Under a theoretical framework, 
Norberg et al. (2001) demonstrated that community turnover 
can variously affect ecosystem functioning depended on 

the disturbance regime. Phytoplankton RUE only displayed 

a significant relationship with the change in Chlorophyta 
and other phytoplankton groups ( Fig. 7 B ), but it exhibited a 
positive correlation with the disturbance frequency for Bacil- 
lariophyta, Chlorophyta, and other phytoplankton groups 
( Fig. 6 ), indicating strong environmental effects on phyto- 
plankton communities depending on the phytoplankton 

taxonomic group. A high disturbance frequency can lead to 
higher community turnover rate ( Fig. 4 B ), which perhaps 
resulted in greater biodiversity and phytoplankton RUE in 

our reservoir ecosystems. This finding is consistent with one 
answer to the Paradox of Plankton ( Hutchinson, 1961 ), namely 
that constantly changing environmental conditions could 

promote phytoplankton biodiversity. In general, fluctuating 
environments allow a greater number of species coexistence, 
even in a limited-resource environment ( Hutchinson, 1961 ; 
Kenitz et al., 2013 ). 

Our results were based on a broader seasonal sampling of 
four subtropical reservoirs. There are, however, some limita- 
tions in the current study. One of them is that we only fo- 
cused on observational research rather than a controlled ex- 
periment, the other is high-frequency sampling is required to 
obtain the detail impacts of multiple disturbances at short- 
term period. The occurrence of disturbances is likely to be of 
more frequent under future climate change and human activ- 
ity (i.e. urbanization), a key priority for the current scientific 
research should focus on a higher frequency of data collection 

and additional field manipulative experiments. 

4. Conclusions 

Our work highlights the influence of multiple disturbances on 

phytoplankton community structure and function in four sub- 
tropical reservoirs over seven years. The results demonstrated 

that frequent disturbances would translate into changes 
in phytoplankton communities. Phytoplankton biomass and 

evenness were significantly related to total phosphorus con- 
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centration across all phytoplankton groups. A high frequency 
of environmental disturbance was not significantly related to 
phytoplankton evenness, but it was associated with a high 

phytoplankton community turnover. The relationship be- 
tween phytoplankton evenness and community turnover was 
significant across the four reservoirs. Further, we found strong 
positive effects of the disturbance frequency on phytoplank- 
ton RUE, and phytoplankton community structure and func- 
tion had contrasting relationships, indicating significant and 

complex environmental effects on phytoplankton communi- 
ties. As BEF relationships remains unclear in most ecosys- 
tems, our study provides insights into understanding the role 
of environmental disturbances in shaping the structure and 

function of phytoplankton communities in changing aquatic 
ecosystems. 
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