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Abstract Different aquatic organisms have different

reactions to environmental variations due to their

different ways of reaction traits. Understanding the

effect of hydrological disturbance on lake from the

perspective of multiple aquatic organisms is important

for lake management. Poyang Lake (PYL) experi-

ences severe hydrological disturbance under the

effects of flood pulse during the rainy season. In this

study, we analyzed the responses of phytoplankton,

zooplankton, and macroinvertebrates to hydrological

disturbance during the rainy season in PYL. Flood

pulse determined the spatial variation in turbidity

(Turb), transparency (Trans), dissolved oxygen (DO),

total phosphorus (TP), and soluble reactive phospho-

rus. Physical factors (Turb, Trans, conductivity)

explained phytoplankton (9.6%) and zooplankton

(15%) community variation, and the combination of

physical and nutrient factors explained macroinverte-

brate (3.8%) community variation. Cyclotella sp.,

Attheya zachariasi, and Melosira ambigua were the

keystone taxa of phytoplankton, and these taxa were

driven by Turb and Trans. Brachionus angularia,

Polyarthra vulgaris, Filinia longiseta, and Diffugia

globulosa were the keystone taxa of zooplankton and

entire aquatic organisms, which contributed a lot to

maintain the biological community stability possibly

through the food web. These keystone taxa were

stimulated by high Trans, DO, dissolved organic

carbon (DOC) and nitrate (NO3
-). We found habitat

conditions (Turb, Trans and DO) were the prominent

factors influencing the aquatic organism structure in
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strong hydrological disturbance environment. For the

keystone taxa, both habitat conditions (i.e., DO) and

exogenous nutrient inputs (i.e., DOC and NO3
-)

caused significant effect. This study provides new

insights into the holistic response of multiple aquatic

communities to flood pulse as well as the role of

keystone species in maintaining community stability,

which could guide the conservation and management

of seasonal lake ecosystems.

Keywords Poyang lake � Flood pulse � Rainy
season � Phytoplankton � Zooplankton �
Macroinvertebrates � Keystone taxa

Introduction

During the high flow period, hydrological disturbance

could cause sediment suspension, decreasing light

availability and photosynthesis, and accelerating the

releases of sediments’ nutrients (Ding et al. 2019; Luo

et al. 2016; Ni et al. 2015), which could further result

in variations in densities and biomass of the aquatic

organisms. Understanding the response of aquatic

organisms to flood pulse is vital for keeping the

seasonal lake ecosystems in balance (Li et al. 2019;

Naselli-Flores 2000; Rodrigues et al. 2019; Sevindik

et al. 2015; Tavares et al. 2019). In the lentic

ecosystems, phytoplankton, zooplankton, and

macroinvertebrates are usually the most sensitive to

the hydrological fluctuations and flow regimes (Li

et al. 2019; Meng et al. 2017; Qu et al. 2019a). These

aquatic organisms also have been used widely as

important biological indicators for aquatic ecosystem

stability (Vezi et al. 2019; Wang et al. 2007; Zhang

et al. 2018a).

Phytoplankton, zooplankton, and macroinverte-

brates often have different responses to short-term

environmental variations due to their different ways of

response traits and adaptive mechanisms (Southwood

1977). However, evaluating the effect of hydrological

disturbance on lake ecosystems from the perspective

of multiple aquatic organisms is rare. The concentra-

tion of suspended solid could control the composition

of phytoplankton community (David et al. 2005),

because the increase of turbidity (Turb) caused by

hydrological disturbance could decrease the water

light permeability, which would decline the

phytoplankton production and change the community

structure (Albay and Akçaalan 2003; Atici and Alas

2012). Phytoplankton usually supply the zooplankton

with food and nutrients through the food web

connections (Su et al. 2017), thus, the changes of

phytoplankton could influence on zooplankton. Zoo-

plankton play an important role in transforming

energy from lower trophic organisms to higher ones,

and their nitrogen excretion is the dominant nutrient

source for benthic organisms (Li et al. 2019; Protopapa

et al. 2019; Rodrigues et al. 2019; Wang et al. 2007),

suggesting that change of zooplankton also have

impact on macroinvertebrates. In addition, the sus-

pended solids variation caused by hydrological dis-

turbance could also directly affect macroinvertebrate

community structure by changing their habitat condi-

tions (Franco et al. 2012; Zhang et al. 2017b). The

mutual interactions between phytoplankton, zoo-

plankton, and macroinvertebrates are complex and

important in lake ecosystems (Ger et al. 2016; Li et al.

2019; Tavares et al. 2019; Wang et al. 2007).

Therefore, analyzing simultaneous responses of phy-

toplankton, zooplankton, and macroinvertebrates to

environmental variations in disturbance environment

is very important for a profound understanding of the

function and eventually guiding management of

aquatic ecosystems (Li et al. 2019).

Poyang Lake (PYL) is a typical Yangtze-connected

and active seasonal lake, subjecting to strong fluctu-

ations of hydrological characteristics that are affected

by the regulation of Yangtze River (Ding et al. 2019;

Feng et al. 2013; Yao et al. 2015). PYL plays a vital

role in supporting and regulating environmental

functions of aquatic ecosystems, maintaining ecolog-

ical security in the Yangtze River watershed, and

maintaining regional and global biodiversity (Wang

et al. 2019b; Zhang et al. 2017a). During the rainy

season, floods from Yangtze River flowing into the

lake, which caused extreme hydrological disturbance

(Shankman et al. 2006; Zhao et al. 2011). The curve of

water level fluctuation is unimodal, and the water level

raises regularly from January to August (Ding et al.

2019; Wang and Liang 2015). The process of water

level rise usually caused the high concentrations of

suspended particular, low level of Trans, and nutrients

variations etc., which could influence ecosystem

stability (Jiang and Guo 2019; Wang and Liang

2015; Xiang and Zhou 2011). In PYL, the drastic

changes of hydrological regimes under flood pulse

123

380 Aquat Ecol (2021) 55:379–399



causing the changes of sediment regimes, which have

potential threats to the lake ecological integrity and

biodiversity (Wang et al. 2019a). Although there are

numerous studies on the response of individual aquatic

organisms to water level fluctuations and nutrient

enrichment in PYL (Liu et al. 2019; Ni et al. 2015; Ren

et al. 2019a, b; Yang et al. 2018), the response of

multiple aquatic organisms on hydrological distur-

bance still unclear. Thus, it is important to fill the

knowledge gaps about revealing the simultaneously

response of multiple aquatic organisms to environ-

mental variations.

In this study, we examined the responses of the

aquatic organisms in terms of phytoplankton, zoo-

plankton, and macroinvertebrates on flood pulse by

using ordination and network analyses. The aims of

this study are: (1) to illuminate the spatial variations of

the aquatic organisms, (2) to illuminate the responses

of the aquatic organisms on spatial variations of

environmental variables caused by flood pulse, and (3)

to identify the key environmental variables influenc-

ing the aquatic organism community structure and

distribution. This study could provide basic and

important information for protection and management

of Yangtze-connected shallow lakes.

Methods

Area of study

PYL (115�470–116�450 E, 28�220–29�450 N) is one of
the two lakes retaining free connection with Yangtze

River. As a shallow seasonal lake, PYL is a water-

carrying and throughput lake and its hydrological

regimes mainly controlled by Yangtze River and its

five tributaries (Feng et al. 2012). The seasonal floods

of its tributaries and Yangtze River lead to large

seasonal lake hydrological disturbance (Fand et al.

2011; Zhao et al. 2011). From October to March, the

water from the lake flow reversely to Yangtze River,

causing the lake area to shrink (\ 1000 km2), water

level to decrease (\ 10 m), and form a meandering

and narrow channel (Shankman et al. 2006; Zhang

et al. 2018b). In the wet seasons from April to

September, the floods from Yangtze River flow into

PYL, resulting in the water level reach a peak

([ 15 m) with the lake surface[ 4000 km2 (Liu

et al. 2020b; Shankman et al. 2006; Wang and Liang

2015). During the rainy season, the frequent water

exchange in PYL could result in hydrological distur-

bance at water exchange areas (Ding et al. 2019; Lu

et al. 2018), and the annual average water exchange

cycle is 19d (Fand et al. 2011; Zhao et al. 2011). The

spatial variations of hydrological disturbance intensity

in different lake areas could result in profound spatial

dynamics in biological and physicochemical proper-

ties of the lake.

Field sampling and analyzing

In total, 52 sampling sites were selected in the wet

seasons (August in 2016) (Fig. 1). YSI multiparameter

instrument (professional plus) was used to measure

water temperature (WT), pH, conductivity (Cond),

and dissolved oxygen (DO) in situ. Van Dorn water

sampler was used to collect water samples at the depth

of 0.5 m. Water depth (WD) was measured using

Sounding Rod with scale, Trans was measuring using

Secchi disk, and Turb was measured using Handheld

Turbidity Meter (2100Q, Hach). Total nitrogen (TN)

and nitrate (NO3
-) were measured using chromatog-

raphy. The indophenol colorimetric method was used

to measure ammonium (NH4
?). Soluble reactive

phosphorus (SRP) and total phosphorus (TP) were

measured using the ammonium molybdate method.

Shimadzu TOC Analyzer (TOC-VCPH, Shimadzu

Scientific Instruments, Columbia, Maryland) was

conducted to analyze dissolved organic carbon

(DOC).

Phytoplankton were collected at 52 sites. 500 ml

water was collected into a plastic jar and fixed by 4%

formaldehyde. 1.5% liquid mixture of potassium

iodide and iodine were used to dye and diagnose

phytoplankton. After the sedimentation in laboratory

(72 h), we obtained the residual concentrated sample

(35 mL) by syphon off the supernatant using 2-mm-

diameter hose. Upright microscope (Olympus BX41)

was used to taxonomical determine and count at 9

400 magnifications. We classified the phytoplankton

base on the lowest taxonomical level. The definition of

higher taxonomic species names was determined

based on previous literatures (Guiry and Guiry

2016). The density was expressed as number of cells

per litter (9 10–6 cells/L), and biomass was estimated

on the basis of tables with the standard weight of the

phytoplankton organisms (Fedorov 1979). Zooplank-

ton were collected at 52 sites (Fig. 1). 50L water was
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collected and filtered through a mesh net (25 lm).

Zooplankton in the net were carefully rinsed and

preserved in a 100 ml bottle with 4% formaldehyde.

Based on the concentration of zooplankton samples,

the samples were diluted into 1-5L solutions. The

dissecting microscope was used to count and identify

species at the lowest taxa level based on specific

literatures (Shen 1999; Wang 1961; Zhou and Chen

2010). Abundance was estimated by counting the

organisms using an optical microscope (Macêdo et al.

2018). Macroinvertebrates were collected at 52 sites

(Fig. 1) using a Ponar Grab sampler (1/32 m2) with

three replicates. We disturbed the substrate using a

shovel to ensure the macroinvertebrates could floating

and directed into the net. The 40 mmmesh was used to

filter and rinse the samples, and all samples were

preserved into a 500 ml jar with 4% formaldehyde.

The samples were used to identify macroinvertebrates

at the lowest taxa level (mainly to genus) in laboratory

based on available references (Brinkhurst 1986;

Merritt and Cummins 1996; Morse et al. 1994).

Statistical analyses

The spatial variation of environmental factors and

biological parameters of the aquatic organisms was

Fig. 1 The study area map
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visualized in ArcGIS 10.2. The relationships between

environmental factors and biological parameters were

analyzed using Spearman rank correlation analyses

(SPSS Statistic 23). The UPGMA (Unweighted Pair

Group Method with Arithmetic Mean) cluster was

used to analyze the relationships within the aquatic

organisms (Vegan 2.5–3 in R 3.5.2). Redundancy

analyses (RDA) were generated to reveal the aquatic

organismal community distributions under the effect

of environmental stresses (Vegan 2.5–3 in R 3.5.2).

Monte Carlo permutations (p\ 0.05) were used to

select a set of environmental factors that had signif-

icant and independent effects on aquatic organisms,

and the not significant factors were eliminated from

the final RDA. Variance partitioning analysis (VPA)

was applied to calculate the contributions of each

environmental variables (Vegan 2.5–3 in R 3.5.2).

The relationships between each pairwise of taxa

were calculated using Spearman correlation analyses

(Hmisc 4.0–1 in R 3.5.2). Only significant correlations

(p\ 0.05 adjusted by FDR correction) were used to

construct the network. Networks were analyzed in

Cytoscape software (version 3.6.1) with the edge-

weighted spring-embedded layout. Nodes represent

the OTUs and edges represent correlations relation-

ship. The gray edges and red edges represent the

positive and negative correlations, respectively. Topo-

logical properties (e.g., network density, clustering

coefficient, characteristic path length, centralization,

and heterogeneity) were calculated using Network

Analyzer application 2.6 in Cytoscape. Network

Randomizer application in Cytoscape (version 1.1.3)

was used to generate the random networks, which have

the same number of nodes and edges with the real

network. Modular structure and groups of highly

interconnected nodes were estimated using MCODE

1.3 in Cytoscape (Banerjee et al. 2016; Halary et al.

2010; Ibekwe et al. 2019). Modularity value was

calculated in the Cluster Maker in Cytoscape (New-

man 2006). Keystone species were calculated based on

high degree, high closeness centrality and low

betweenness centrality (85% accuracy) (Banerjee

et al. 2018; Berry and Widder 2014).

Results

Hydrochemical variables

Environmental factors were divided into 3 categories

including physical factors, nutrients and organic

matter, and stoichiometry (Table 1). Turb ranged

from 2.47 to 201.67 (CV: 1.73) following Trans

(0.15 * 2.30, CV: 0.47), WD (2.50 * 7.50, CV:

0.20), and DO (3.68 * 8.50, CV: 0.15). In nutrients

and organic matter category, TP have distinct spatial

variability (CV: 1.16) following NH4
? (CV: 0.88) and

SRP (CV: 0.63). Turb, TP, and SRP had the similar

spatial patterns and peaked in eastern part of the lake

(Fig. 2). There were also similar spatial patterns

between Trans, DO, TN, NO3
-, and DOC, which

peaked in the western part of the lake (Fig. 2). Turb

positively associated with TP and SRP, while Trans

negatively associated with them (Table 2). However,

TN, NO3
-, and NH4

?were not significantly correlated

with Turb and Trans.

Aquatic organism community composition

Totally 101 phytoplankton species affiliated with 7

phylum, 67 zooplankton species belonging to 4 main

groups, and 27 macroinvertebrate taxa affiliated with

14 families (Fig. S1). Cyanophyta (89.43%) was the

dominant phylum of phytoplankton, following

Chlorophyta (6.08%) and Bacillariophyta (3.19%)

(Fig. 3a).

Moreover, Phormidium tenuis (33.69%), Pseudan-

abaenaceae sp. (32.14%), and Aphanizomenon sp.

(5.53%) were the dominant species of phytoplankton.

Cladocera (60.74%) was the dominant group of

zooplankton following Rotifera (17.99%), and Cope-

poda (13.77%) (Fig. 3b). Bosmina longirostris

(56.89%), Cyclops larva (10.54%), and Polyarthra

vulgaris (6.22%) were the dominant species of zoo-

plankton. Corbicula fluminea (38.46%), Parafossaru-

lus striatulus (22.45%), and Limnodrilus hoffmeisteri

(16.63%) dominated the macroinvertebrates (Fig. 3c).

Spatial distribution of environmental factors

and aquatic organisms

Phytoplankton, zooplankton, and macroinvertebrates

showed distinct spatial variations (Figs. 3 and 4).

Spatial patterns of phytoplankton and zooplankton
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(density, biomass, and biodiversity) were opposite to

that of Turb, TP, and SRP. High density and biomass

of phytoplankton and zooplankton were mainly

distributed at the areas with low Turb and low content

of TP and SRP. While the high density and biomass of

macroinvertebrates mainly distributed at the areas

with high Turb (Figs. 2 and 4).

The biological parameters (density, biomass, rich-

ness, and diversity) of phytoplankton were positively

correlated with Cond, DO, Trans, C/P, and N/P, while

negatively correlated with Turb, TP, and SRP

(Table 3). Zooplankton biological parameters also

were positively associated with DO, Trans, TN, NO3
-,

DOC, C/P, and N/P, and negatively correlated with

Turb, TP, and SRP (Table 3). Macroinvertebrate

biological parameters were positively associated with

WD, while negatively associated with C/P and N/P

(Table 3).

Environmental factors related to variation

of the aquatic community composition

For phytoplankton communities, the first two axes

accounted for 73.76% (axis 1: 45.11%; axis 2:

28.65%). Trans, Cond, Turb, TP, SRP, WD, C/P,

and N/P were the significant factors influenced

phytoplankton community distribution (p\ 0.05,

Fig. 5a). For zooplankton communities, the first two

axes accounted for 71.67% (axis 1: 58.42%; axis 2:

13.25%, Fig. 5b). Zooplankton community distribu-

tion was influenced by pH, Turb, DO, Cond, Trans,

WD, TN, DOC, TP, SRP, and C/P (p\ 0.05).

Macroinvertebrate communities at first axis

(38.86%) were mainly influenced by Cond, Trans,

C/P, N/P, Turb,WD, TP and SRP (axis 1: 38.86%; axis

2: 23.72%, Fig. 5c). The first two axes accounted for

72.51% of entire aquatic organisms (axis 1: 56.93%;

axis 2: 15.58%, Fig. S2). Trans, Cond, DO, C/P, N/P

Turb, TP and SRP defined the aquatic organism

distribution at the first axis. Physical factors (9.6%,

15%, 1.8%, and 15.3%) driven the distribution of

phytoplankton, zooplankton, macroinvertebrate, and

entire aquatic organisms (Fig. 5 a, b and Fig. S2b).

The combination of physical factors, nutrients, and

stoichiometry driven the macroinvertebrate commu-

nity distribution (3.8%) (Fig. 5c).

Networks and connectedness

Topological parameters of networks were calculated

to analyze the interrelationships between species

(Table S1). Clustering coefficient, clustering central-

ization, and average path length of the real networks

were higher than that of random networks (Fig. 6 and

Table S1). The positive edges accounted for 90.8% of

total edges in phytoplankton network (Fig. 6a and

Table 1 Summary of

environmental and nutrient

gradients

SD standard deviation, CV
coefficient of variation

Categories Parameters Min Max Mean ± SD CV

Physical parameters WT (�C) 29.60 35.60 33.69 ± 1.15 0.03

pH 8.30 9.50 8.76 ± 0.26 0.03

Cond (ls/cm) 70.80 99.80 93.47 ± 6.39 0.07

Trans (m) 0.15 2.30 1.38 ± 0.65 0.47

Turb (NTU) 2.47 201.67 22.82 ± 39.51 1.73

DO (mg/L) 3.68 8.50 5.18 ± 0.80 0.15

WD (m) 2.50 7.50 5.83 ± 1.17 0.20

Nutrients and organic matter TP (mg/L) 0.01 0.18 0.02 ± 0.03 1.16

SRP (mg/L) 0.01 0.06 0.01 ± 0.09 0.63

TN (mg/L) 0.73 1.40 1.04 ± 0.13 0.12

NO3
- (mg/L) 0.55 1.04 0.86 ± 0.13 0.14

NH4
? (mg/L) 0.01 0.09 0.02 ± 0.02 0.88

DOC (mg/L) 1.77 2.91 2.12 ± 0.23 0.11

C/N (molar ratio) 1.86 3.43 2.39 ± 0.35 0.15

Stoichiometry C/P (molar ratio) 30.76 485.26 315.79 ± 110.10 0.35

N/P (molar ratio) 9.39 221.37 135.32 ± 50.80 0.38
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Table S1). The clustering coefficient, centralization,

and heterogeneity of phytoplankton network were

0.305, 0.136, and 0.813, respectively (Table S1).

Based on the values of degree, centrality and between-

ness centrality, Bacillariophyta (Cyclotella sp., At-

theya zachariasi, Melosira ambigua and Rhizosolenia

sp.) were defined as keystone taxa of the phytoplank-

ton (Table 4). Trans and Turb were closely related

with the keystone taxa (p\ 0.05, Table S2). MCODE

structured five highly interconnected sub-modules

with scores ranged from 2.7 to 3.5 (Fig. 6a). Trans

and Turb influenced the MCODE1 which mainly

composed by the keystone taxa (Rhizosolenia sp. and

Staurastrum gracile).

Zooplankton network comprised 70 nodes (61

species and 9 environmental factors) and 203 edges

(positive correlation accounted for 86.2%) (Fig. 6b

and Table S1). Network clustering coefficient, net-

work centralization and heterogeneity were 0.363,

0.272, and 0.992, respectively (Table S1). Brachionus

angularia, Polyarthra vulgaris, Pedalia mira, Filinia

longiseta, and Difflugia globulosa were the keystone

taxa of zooplankton communities (Table 4). DO, Turb,

DOC, and Trans were the key environmental factors

Fig. 2 Spatial distribution of environmental variables
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influencing zooplankton communities (Table S2).

MCODE algorithm generated five highly intercon-

nected sub-modules with scores ranged from 3 to 9

(Fig. 6b and Table 4). DO driven the MCODE1 that

consisted with 9 taxa and 43 edges, and DOC driven

Fig. 3 UPGMA clustering and composition of (a) phytoplankton, (b) zooplankton and (c) macroinvertebrate communities (Others:

relative abundance\ 1%)
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the MCODE3 that consisted with 4 taxa and 5 edges

(Table 4).

Although macroinvertebrate species not construct

the effective co-occurrence network in the present

study, the entire aquatic organism network was

analyzed to explore the interaction among phyto-

plankton, zooplankton, and macroinvertebrates

(Fig. 7). This network was made of 178 nodes (167

taxa and 11 environmental factors) and 398 edges

(positive correlation accounted for 93.97%). Cluster-

ing coefficient, centralization and heterogeneity of

network were 0.482, 0.083, and 0.814, respectively

(Table S1). Moreover, Polyarthra vulgaris, Bra-

chionus angularia, Filinia longiseta and Trichocerca

pusilla also were the keystone taxa of the aquatic

entire organisms. MCODE analyses structured nine

highly interconnected sub-modules with scores ranged

from 2.7 to 8 (Fig. 7). Turb, Trans, DO, and DOC also

were the dominant environmental factors driven the

entire aquatic organism communities (Table S2), and

DO mainly driven the MCODE1 (Fig. 7).

Fig. 4 Spatial distribution of density, biomass, richness, and Shannon diversity of the aquatic organisms
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Discussion

The influence of hydrological disturbance

on nutrients

PYL is an ‘‘active seasonal lake’’, the frequent water

exchange largely affect lake sediments suspension

(Baldwin and Mitchell 2000) and lake material

transformation processes (Feng et al. 2013; Yao

et al. 2015). Suspended sediments are the primary

factor affecting the Turb and Trans of water (Li et al.

2009). In recent years, Turb has been increasingly

used as a surrogate for suspended sediments concen-

tration (Marchant et al. 2015; Minella et al. 2008).

Thus, in the present study, Turb and Trans were used

as the representative parameters which indirectly

reflect hydrological disturbance condition in PYL.

Yangtze River inflow into the PYL during the flood

season, which could cause the strong hydrological

disturbance at water exchanged area in the lake

(Shankman et al. 2006; Zhao et al. 2011). In the

present study, most of sampling sites at the eastern

Fig. 5 RDA of the aquatic organism composition and nutrient variables. VPA determined the relative contributions of environmental

factors
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region were located in the water exchange area, which

resulted in the high Turb of these sampling sites. There

were positive relationships between Turb, WD, TP,

and SRP, which indicated that the release of phos-

phorus from the sediments could influence the phos-

phorus in PYL under the strong flood pulse during

rainy season.

Previous studies suggested that endogenous replen-

ishment was the main source of phosphorus in PYL

during rainy season (Ding et al. 2019; Liu et al. 2020a;

Wang and Liang 2015), the strong agitation of water

exchange on sediment could promote the endogenous

release of phosphorus in summer (Deng et al. 2011; Ni

et al. 2015; Song et al. 2007; Xiang and Zhou 2011).

Previous studies also indicated that there were high

concentration of phosphorous in eastern tributaries of

PYL (Rao River and Xinjiang River) (Wang and Liang

2015), which indicated that the inflow of these

tributaries also increased the content of phosphorus

at lake eastern region. DO negatively associated with

Turb and WD, and positively correlated with Trans in

PYL. In shallow lakes, many processes could control

the variability of DO contents including net primary

production, suspended particulate concentration, and

gaseous oxygen dissolution (Tan et al. 2018; Yin et al.

2014). In general, the photosynthesis of phytoplankton

is the major source of DO, and the process of water

diffusivity, mixing and overturning could influence

DO concentration in water through limiting phyto-

plankton photosynthesis. In addition, there were weak

hydrological disturbance at the western part of the lake

caused low Turb and high Trans. Moreover, most of

the western tributaries were urban rivers that flows

through Xichang city, which caused these tributaries

Fig. 6 Network analyses showing connectedness among taxa of

(a) phytoplankton and (b) zooplankton communities. Each node

represents unique taxa, gray solid line represents positive

correlation, and the red solid lines represent negative

relationship. Variables in gray boxes show various environ-

mental factors. Macroinvertebrate communities did not con-

struct a community network due to low clustering coefficient
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might contained more nutrients (Ding et al. 2019). In

rainy season, these western tributaries could carry

large amounts of nutrients into the lake, which caused

high content of nitrogen and DOC in lake western

region. Moreover, no significant relationships between

Turb vs. nitrogen and Turb vs. DOC indicated that

hydrological disturbance not influenced nitrogen and

DOC in the lake, which could further imply that the

high nitrogen and DOC in the western part of lake was

mainly from the tributaries and lakeshore exogenous.

Some studies also confirmed that anthropogenic

activities and external input from tributaries and soil

were the key source of nitrogen in PYL (Deng et al.

2011; Liang et al. 2018).

Response of aquatic organisms to hydrological

disturbance

There are distinct seasonal and spatial variations of the

aquatic organism communities in PYL (Hu 2014;

Huang et al. 2018; Nie et al. 2018). In our study, Turb

was the determinant factor negatively influencing

phytoplankton community composition and distribu-

tion (Table 3). Previous study on Yangtze-connected

lakes also confirmed that underwater light penetration

was the crucial factor affecting the growth of phyto-

plankton (Liu et al. 2019, 2017). Density and biomass

of phytoplankton are mainly depending on tempera-

ture, light permeability, and available of nutrients

(Albay and Akçaalan 2003; Atici and Alas 2012; Celik

and Ongun 2008), and high Turb could suppress the

growth of phytoplankton by reducing the light pene-

tration (Liu et al. 2017). In addition, it has been

demonstrated that available nutrients play important

roles in increasing phytoplankton communities (Car-

penter et al. 1998; Li et al. 2019; Liu et al. 2017; Wang

et al. 2007). In the present study, phosphorus nega-

tively associated with the density, biomass, and

richness of phytoplankton in PYL (Table 3), which

implied that the phosphorus (TP and SRP) under the

hydrological the disturbance was the key factors

regulated phytoplankton communities. Thus, in a lake

with frequent hydrological disturbance, the environ-

ment change caused by the disturbance contributed

Table 4 Top5 keystone species of phytoplankton, zooplankton, and entire organisms

Phylum Species Degree Closeness centrality Betweenness centrality

Phytoplankton

Bacillariophyta Cyclotella sp. 13 0.411 0.338

Bacillariophyta Attheya zachariasi 12 0.407 0.328

Bacillariophyta Melosira ambigua 7 0.363 0.280

Bacillariophyta Rhizosolenia sp. 7 0.346 0.062

Chlorophyta Staurastrum gracile 7 0.349 0.013

Zooplankton

Rotifera Brachionus angularia 24 0.552 0.019

Rotifera Polyarthra vulgaris 23 0.636 0.017

Rotifera Pedalia mira 18 0.7 0.021

Rotifera Filinia longiseta 17 0.579 0.005

Protozoa Difflugia globulosa 15 0.552 0.005

Entire organisms

Rotifera Polyarthra vulgaris 19 0.279 0.105

Rotifera Brachionus angularia 18 0.274 0.101

Rotifera Filinia longiseta 17 0.260 0.059

Protozoa Difflugia globulosa 16 0.271 0.091

Rotifera Trichocerca pusilla 15 0.263 0.053

cFig. 7 Network analyses showing connectedness among taxa of

three aquatic organism communities and environmental factors.

Each node represents species, gray solid lines represent positive

linear relationship, and the red solid lines represent negative

linear relationship. Environmental parameters are presented by

gray boxes
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more to the phytoplankton community than the pure

nutrient.

DO, Turb, phosphorus, and nitrogen also were the

key factors affecting zooplankton communities in

PYL. Estuary areas also have strong hydrological

disturbance, and Turb and DO in the areas determine

the zooplankton community structure (David et al.

2005; Farhadian and Pouladi 2014; Vezi et al. 2019).

In general, phosphorus, nitrogen, and DOC are major

environmental factors determining the structure vari-

ations of zooplankton communities in lake ecosystems

(Degerman et al. 2018; Gorokhova et al. 2016; Li et al.

2019; Lorenz et al. 2019). Based on the food web

structure, these environmental factors usually bottom-

up influence zooplankton by regulating phytoplankton

growth (Li et al. 2019; Vezi et al. 2019). Besides the

direct effect, Turb, DO, and phosphorus could indi-

rectly affect zooplankton community composition by

restricting phytoplankton growth in PYL. Although

DOC and nitrogen (TN and NO3
-) were not signif-

icantly associated with phytoplankton communities,

these nutrients were the key factors impacted on

zooplankton growth (Degerman et al. 2018; Faithfull

et al. 2012). There was positively relationship between

DO and pH, and the appropriate concentration of DO

and pH is favorable for the growth of zooplankton

(Wang et al. 2018). In the present study, pH was the

key factor affected the zooplankton communities,

which was consistent with that pH could regulated

rotifers community composition (Akin et al. 2010;

Atici and Obali 2006, 2010; Wang et al. 2018; Zhuang

1993). Nevertheless, both physical factors and exoge-

nous nutrients (including nitrogen and organic mat-

ters) determined the zooplankton community

structures.

In the present study, Corbicula fluminea, Parafos-

sarulus striatulus, and Limnodrilus hoffmeisteri dom-

inated the macroinvertebrate assemblages. In general,

Corbicula fluminea usually was the dominant species

in the areas with high hydrological disturbance (Cai

et al. 2016; Franco et al. 2012; Yuan et al. 2002),

because these areas with sand substrates and high

disturbance environment favor for these species

growth (Cai et al. 2010; Yang et al. 2018). In our

study, Corbicula fluminea mainly located in the

eastern part of PYL, where have frequent water

exchange and strong hydrological disturbance. In

addition, in our study, Parafossarulus striatulu, Bel-

lamya aeruginosa and Limnodrilus hoffmeisteri

mainly lived in the western part of PYL, where have

weak hydrology disturbance and high contents of

DOC and nitrogen. Parafossarulus striatulu and

Bellamya aeruginosa usually prefer to live in stable en-

vironment with mud substrates (Gong and Xie 2001;

Yang et al. 2018), and Limnodrilus hoffmeisteri

mainly survive in stable water with low Turb and

high nutrient contents (Gong and Xie 2001; Zhang

et al. 2017b). However, different to phytoplankton and

zooplankton, WD, C/P and N/P were the key factors

influencing density, biomass, richness, and diversity

of macroinvertebrates (Table 3), furthermore, these

variable were closely associated with Turb. Previous

studies also indicated that sediment properties and

WD are determinant factors influencing macroinver-

tebrate communities (Cai et al. 2016; Meng et al.

2017; Qu et al. 2019a; Wang et al. 2011).

Response of connectedness aquatic organisms

to hydrological disturbance

Network analyses can provide unique insights into

highly complex aquatic organisms interactions, such

as the correlations of different taxa within the

assemblages (Qu et al. 2019b; Ren et al. 2019a), the

associations between species and environmental vari-

ables (Banerjee et al. 2016), as well as identify the

keystone taxa of aquatic biota communities (Banerjee

et al. 2018; Qu et al. 2019a). The modular structures of

phytoplankton and zooplankton network did not

follow taxonomic classification (Table S1), which

indicated that these communities were mainly driven

by environmental factors not phylogeny (Banerjee

et al. 2016; Burke et al. 2011). In each network, nearly

90% positive associations between the organisms,

which also indicated that these communities have

potential functional interdependencies among taxa

under disturbance environmental stresses (Man-

dakovic et al. 2018).

Although Cyanophyta was the dominant phylum of

phytoplankton, Bacillariophyta (Cyclotella sp., At-

theya zachariasi, Melosira ambigua and Rhizosolenia

sp.) was the keystone taxa. These keystone taxa could

play crucial roles in maintaining biological commu-

nity stability, and their disappearance may cause break

apart of modules and networks (Banerjee et al. 2018;

Berry and Widder 2014; Xue et al. 2018). The close

relationship between the keystones taxa and Trans

suggesting that underwater penetration light intensity
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was the limited factor for the growth of keystone taxa

(Furusato et al. 2004; Ozkan and Rorrer 2017; Yang

and Jin 2008). High Turb could limit the growth of

phytoplankton by declining underwater light penetra-

tion (Liu et al. 2017; Ni et al. 2015). All of these

keystone phytoplankton species mainly lived in the

western part of PYL, where have weak hydrological

disturbance and high Trans. There were strong under-

water light penetration at the areas with high Trans,

which could promote the growth of phytoplankton

communities (Yang and Jin 2008). In addition, rotifer

was the keystone taxa of zooplankton and entire

aquatic organisms, which suggested that rotifer play a

vital role in maintaining the connectedness of the

aquatic organisms in PYL. Rotifer could be affected

by multiple factors including N and P (Liang et al.

2017), available carbon (DOC) (Degerman et al. 2018;

Schälicke et al. 2018), food quantity and quality

(Schälicke et al. 2018; Seymour et al. 2017; Souza

et al. 2019). In PYL, rotifer positively related with

NO3
- and DOC, and previous study also confirmed

that rotifer favor to live in high nutrient environment

(Sha et al. 2018; Snell and Joaquim-Justo 2007).

Moreover, pH was the key factor regulated zooplank-

ton communities, and rotifer usually were the domi-

nant species when water pH above 7 (Atici and Obali

2010; Zhuang 1993). Based on food web structure,

previous study demonstrated that phytoplankton could

bottom-up regulate rotifer community structure (Rou-

gier et al. 2005).

In conclusion, we have examined the effects of

hydrological disturbances on phytoplankton, zoo-

plankton, and macroinvertebrate communities in

PYL. Hydrological disturbance was strong in the

eastern part of the PYL and weak in the western part of

the lake. The spatial variations in Turb, Trans, Cond,

DO, P, C/P and N/P were regulated by flood pulse.

Turb, Trans, and DO were the key factors influencing

the plankton community composition and distribution.

In addition, Bacillariophyta (Cyclotella sp., Attheya

zachariasi, Melosira ambigua and Rhizosolenia sp.)

was the keystone taxa of phytoplankton. Rotifera

(Brachionus angularia, Polyarthra vulgaris, Pedalia

mira and Filinia longiseta) was the keystone taxa of

both zooplankton and entire aquatic organisms. Most

of these keystone taxa favor to live in the western part

of the lake with low hydrological disturbance area, and

high Trans and DO promoted the growth of these taxa.

The macroinvertebrate data not construct effective co-

occurrence network. The spatial distribution of

macroinvertebrate dominant taxa that depends on

WD, C/P and N/P indicated that the dominant taxa

have adapted to live at sandy substrates areas with

strong hydrological disturbance. Habitat conditions

(Turb, Trans, and DO) and concomitant change of

phosphorus as well as the exogenous nutrient inputs

(i.e., DOC and NO3
-) were the crucial factors

determining the aquatic organism structures and

spatial distribution in the strong hydrological distur-

bance environment. This study provided the under-

standing of the holist response of aquatic organisms on

flood pulse and the role of keystone species in

maintaining community stability, which could be used

to protect and manage seasonal lake ecosystems under

strong hydrological disturbance.
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