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The relative role of spatial and environmental processes on seasonal
variations of phytoplankton beta diversity along different
anthropogenic disturbances of subtropical rivers in China
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Abstract
The phytoplankton community structure is potentially influenced by both environmental and spatial processes. In addition,
the relative importance of these two processes to phytoplankton assemblage will be affected by hydrological connectivity.
However, the impacts of anthropogenic activities on phytoplankton beta diversity and the relative importance of these two
processes to phytoplankton are still poorly understood, especially in water conservation areas. Here, we examined the
relative importance of local and regional environmental control and spatial structuring of phytoplankton communities in
five rivers with different degrees of disturbance during wet and dry seasons. We found that community structure and local
environmental conditions varied greatly in seasons and rivers. The reference river (with minimum disturbance) had the
highest homogeneity of environmental conditions and phytoplankton assemblage, while the excessive disturbance rivers
(sand mining activities) had the greatest environmental heterogeneity and species dissimilarity between sites. Variation
partitioning analysis showed that the phytoplankton community variation was mainly explained by the spatial variables in
the wet season (summer and autumn) and winter, while the local environmental variables explained the largest variation of
phytoplankton community in the dry season (spring). However, broad-scale variables were selected by redundancy anal-
ysis in both dry and wet seasons, which indicates that long-distance scales always have low river connectivity, regardless
of whether the river is overflowing or drying up. Local environmental processes explained the most variation in phyto-
plankton community within all of the rivers, suggesting that deterministic processes usually work on relatively small
spatial scales. However, this effect would be weakened by anthropogenic activities, especially sand mining activities. We
inferred that sand mining activities increased the environmental heterogeneity and species dissimilarity between sites by
causing watercourse habitat patches and obstructing river connectivity. On the other hand, as the excessive disturbance,
sand mining activities significantly reduced the species richness and abundance of phytoplankton.
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Introduction

Biological diversity can be classified into three levels: alpha,
beta, and gamma (Magurran 2004). The beta diversity reflects
the spatial or temporal differences in community structure
(Soininen 2010). It is an important concept for understanding
the functioning of ecosystems and for the conservation of
biodiversity (Nogueira et al. 2010). At present, ecologists are
not only concerned on the beta diversity itself but also on
interpreting the causes for beta diversity. Biogeography and
community ecology are two disciplines that combine stochas-
tic, dispersal processes and deterministic, environmental fil-
tering as determinants of beta diversity (Heino et al. 2017).
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The relative importance of spatial and local and regional en-
vironmental processes in determining beta diversity has been
evaluated in various metacommunities, but assessing their rel-
ative significance and understanding these perspectives have
been a long-standing challenge in ecological studies (Heino
et al. 2015b), because their relative roles on structuring com-
munities depend primarily on species functional traits, local
and regional environmental dynamics, and hydrological and
general ecosystem properties (spatial scales, geographical gra-
dients, geographical location, dispersal routes, and patch his-
tory) (Devercelli et al. 2016; Niño-García et al. 2016).
Generally, deterministic processes decrease in importance at
very broad spatial extents, as dispersal limitation precludes
species from tracking environmental variation, while stochas-
tic processes likely to be more effective at very broad spatial
scale, as increasing spatial scale should lead to increasing
dispersal limitation and spatially structured variation in com-
munity structure (Hájek et al. 2011).

Phytoplankton constitutes the base of aquatic food webs.
Unlike other larger aquatic organisms, small algae are con-
stantly undergoing rapid temporal and spatial changes (Yang
et al. 2017b). Phytoplankton is sensitive to the variation of
environmental conditions; thus, it may be susceptible to envi-
ronmental filtering. Because of the planktonic lifestyle, it has a
strong ability of dispersal, but it should depend on the con-
nectivity of the watercourse. Therefore, hydrological changes
across temporal scales play a key role in the phytoplankton
dispersal processes. In the wet season, phytoplankton has
higher dispersal ability due to the better connectivity within
watercourse, and the mass effects may occur with species
flooding into unfavorable sites; on the contrary, in the dry
season, the watercourse is highly disconnected and the dis-
persal limitation will shape communities, that is, species do
not fully track preferred conditions (Heino et al. 2015b).
Therefore, the relative importance of spatial and environmen-
tal processes in structuring phytoplankton composition or beta
diversity is also often linked to the temporal scale (flood re-
gime). In riverine environments, there is no general consensus
on how phytoplankton is assembled given that studies have
currently provided divergent and equivocal evidence (Isabwe
et al. 2018).

Human activities along rivers cause substantial hydrologi-
cal alterations that affect riverine community structure and
function (Yang et al. 2017a). Agricultural and industrial activ-
ities and domestic sewage change the water quality through
nutrient and pollutant inputs, which further affects the species
composition and abundance of phytoplankton. Sand mining
practices are widely adopted in developing countries to meet
the demand of sand for infrastructure construction. Concern
about the impacts of sand dredging on environments and
metacommunities is increasingly reported in China (Wu
et al. 2007; Lai et al. 2014). Extraction of sand not only leads
to bank erosion, riverbed degradation, and buffer zone

encroachment but also causes serious ecological problems of
river water, such as turbidity increase, diversion of water flow,
weakened riverine connectivity and interaction, and habitat
loss and fragmentation, which ultimately disrupt the integrity
of riverine ecosystem (Isabwe et al. 2018). The increasing
turbidity reduces the utilization of light energy for algae and
may directly decrease the abundance and number of species of
phytoplankton. The broken riverine ecosystem will obstruct
river connectivity and limit species dispersal, which may af-
fect the importance of spatial processes in structuring
metacommunities. The enhanced site isolationwill cause large
differences of environmental conditions and species composi-
tion between sites. Sand mining reduces the variety and abun-
dance of benthic species has been reported by a number of
authors (Boyd et al. 2005; Meng et al. 2018); however, its
effects on phytoplankton community structure are poorly un-
derstood. Understanding the key ecological processes that
govern phytoplankton community assembly in rivers under
human pressure is clearly important for sustainable watershed
management.

Our study area consists of five tributaries, all of which are
located in the upper reaches of the Hanjiang River. The
Hanjiang River is the largest tributary of the Yangtze River
and the water source of the middle route of South-to-North
Water Diversion Project (SNWDP) in China. The SNWDP
was designed to divert water from rivers in South China to
North China and alleviate the severe shortage of water re-
sources in North China. The planned area of this project in-
volves 438 million people. The middle route of SNWDP has a
total length of 1432 km, and it extracts 9.5 × 109 m3 water a
year from the Danjiangkou Reservoir in the middle reaches of
the Hanjiang River. Therefore, the water quality of this impor-
tant protected area has attracted more and more attention from
many researchers. At present, many studies have focused on
the spatiotemporal dynamics of phytoplankton and its driving
environmental factors in the lower reaches of the Hanjiang
River. However, few studies have been done on the factors
that drive the variation of phytoplankton in the upper reaches
of the Hanjiang River, especially those that combine spatial
processes with anthropogenic activities.

In this study, we examined the relative importance of local
and regional environmental control and spatial structuring of
phytoplankton communities along five rivers with different
degrees of disturbance across four seasons. We aimed to an-
swer the questions: (1) whether the main community assembly
processes underlying phytoplankton is different across con-
trasting hydrologic regimes (wet and dry seasons); (2) whether
environmental and spatial processes play different roles within
and among rivers; and (3) whether the different patterns and
intensities of anthropogenic activities affect the relative impor-
tance of environmental and spatial processes in structuring
phytoplankton communities. Based on previous studies, we
hypothesized that deterministic processes determine the
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community structure in wet seasons and small spatial scales
(within rivers), while stochastic processes play a more impor-
tant role in dry seasons and large spatial scales (among rivers).
Finally, we hypothesized that anthropogenic activities, espe-
cially sand mining, have a significant impact on the structure
and beta diversity of phytoplankton communities.

Materials and methods

Study area

The five rivers in the study area all originated from the south-
ern Qinling Mountains in Central China, and they are dis-
turbed by human activities in different patterns and degrees.
The Jinshui River (JSR) is located in a national nature reserve
and is rarely disturbed by human activities, so it was served as
a reference river in this study. The tributaries of Yue River
(YR) are mainly affected by agricultural non-point source pol-
lution, and the main stream is mainly affected by urban areas.
The Qi River (QR) is seriously affected by agricultural activ-
ities, and the downstream is also affected by dams. The upper
reaches of Si River (SR) are less disturbed, but the middle and
lower reaches are polluted by severe domestic sewage and
industrial wastewater. The whole watercourse of the Jinqian
River (JQR) is affected by the sand mining activities. Sand
mining activities began in 2007 and have become increasingly
common throughout the river since 2013, causing serious eco-
logical problems, but nomeasures have been taken to alleviate
this situation. Furthermore, the upstream of JQR is also affect-
ed by domestic sewage pollution. The geographical coordi-
nates, total length, and drainage area of the five rivers were
listed in Table 1. The study area has a typical subtropical
monsoon climate with obvious seasonal precipitation. The
wet season is from May to October, and the heaviest rainfall
occurs in July and August (summer) (Lu et al. 2014).
According to historic data, we defined summer (July) and
autumn (September to October) as wet seasons, and winter
(December) and spring (April) were defined as dry seasons
in this study.

Biological data

The data in this study were collected seasonally from
July 2016 to April 2017. A total of 295 samples (85 in sum-
mer, 70 in autumn, 70 in winter, and 70 in spring) from the
five rivers were collected. The sampling sites were shown in
Fig. 1. The numbers of sampling sites in JSR, YR, JQR, QR,
and SR were 16, 19, 22, 16, and 12, respectively. One liter of
water sample (0–0.5 m) for cell counting and species identifi-
cation of phytoplankton was preserved with Lugol’s solution
and was concentrated to a final volume of 30 mL after 48 h of
sedimentation. Algal abundance was counted at ×400

magnification under a light microscope using a counting
chamber (0.1 mL) (at least 400 algal cells were counted and
identified). In order to accurately identify diatom species, the
algal cells were treated with sulfuric acid to remove organic
matter. Cleaned frustule suspensions were settled onto micros-
copy glass slides and dried, and then the slides were mounted
using Naphrax (refractive index, 1.703) and observed in light
microscopy at ×1000 magnification (Stockner and Benson
1967).

Explanatory variables

Three types of explanatory variables were collected: environ-
mental (local scale) variables, land-cover (regional scale) var-
iables, and spatial variables. The environmental variables
were getting from in situ measurement and laboratory analy-
sis. Water temperature (WT), dissolved oxygen (DO), electric
conductivity (EC), pH, and turbidity (TUB) were measured in
situ using a multiparameter probe (YSI-2000, USA).
Permanganate index (CODMn), chemical oxygen demand
(CODCr), total phosphorus (TP), soluble reactive phosphorus
(SRP), total nitrogen (TN), nitrate (NO3

−), nitrite (NO2
−), am-

monium (NH4
+), silicate (Si), sulfate (SO4

2−), sodium (Na+),
potassium (K+), magnesium (Mg2+), calcium (Ca2+), fluoride
(F−), and chloride (Cl−) were determined following standard
methods (APHA 1999).

Land-cover variables consisted of forestland, shrub and
grassland, bare areas, agricultural areas, developed areas, wa-
ter areas, and drawdown areas (Fig. A1 of Appendix 1). The
sub-basin area for each sample site was delineated by ArcGIS
10.3 (Esri, Inc.) using Digital Elevation Models (DEM) with
30-m resolution which provided by the Chinese Academy of
Sciences (http://www.cnic.cn/) for land-cover analysis. For
each sample site, land-cover data used included available re-
mote sensing images of Landsat images, Sentinel 2, and
ASTER with 30-m resolution. The images were then
interpreted and expressed as the percentage of above seven
principal land-cover types (Liu 1996) using ENVI 5.3
(Exelis Visual Information Solutions, Inc.) within a sub-basin,
and the map’s overall classification accuracy is more than
85% (Huang et al. 2016).

Spatial variables were derived using Principal Coordinates
of Neighbour Matrix (PCNM) (Borcard and Legendre 2002;
Borcard et al. 2004). The PCNM analysis creates a number of
spatial variables based on the actual distances on the river
networks. This is an eigenvector-based approach that allows
for the modeling of spatial structures as predictor variables of
variation in species abundance from broad to fine scales. The
first eigenvectors represent broad-scale variation, whereas the
ones with small eigenvalues represent finer-scale variation
(Diniz-Filho and Bini 2005). Eigenfunction-based procedures
allow an analysis at different spatial scales and are able to
address complex patterns of spatial variation. Despite the
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problems encountered with the eigenvector techniques, for
example, eigenvector methods can inflate the variation ex-
plained by a given causal process (Gilbert and Bennett
2010), they have a number of desirable aspects (Borcard
et al. 2004), and have been used widely. In this study, only
eigenvectors with positive eigenvalues were used as explana-
tory variables (Borcard et al. 2011). Separate PCNM analyses
were run for each season and each river.

Statistical methods

Canonical analysis of principal coordinates (CAP) (Anderson
and Robinson 2003, Anderson and Willis 2003) was used to
test difference in community structure and environmental con-
ditions among seasons and rivers. CAP is a variant of principal
coordinate analysis (PCO), aiming to find axis through the
multivariate cloud of points that are best at discriminating

among a priori defined groups (Clarke and Warwick 2001).
It allows a constrained ordination to be done on the basis of
any distance or dissimilarity measure. In this study, we used
Bray-Curtis coefficients for algal abundance data and
Euclidean distances for standardized environmental data.
The significant dissimilarities of communities and environ-
mental conditions among seasons and rivers were tested by
applying two-way Analysis of Similarity (ANOSIM) (Clarke
1993) based on permutation procedures with 999 runs.

We also used permutation tests for homogeneity of multi-
variate dispersion (PERMDISP) (Anderson 2006; Anderson
et al. 2006) to examine the multivariate dispersions within
seasons and rivers. In this study, species abundance data were
used to measure the total beta diversity across seasons and
rivers. The ANOVA F statistic was used to compare the dif-
ferences among seasons and rivers in the distance from obser-
vations to their group centroid. Significant differences among

Fig. 1 Locations of the five tributaries in Hanjiang River basin. The blue lines represent the five tributaries and the blue block represents Danjiangkou
Reservoir

Table 1 The geographical coordinates, total length, drainage area, and the pattern of human disturbance of the five rivers

River The range of latitude and longitude Total length (km) Drainage area (km2) The pattern of human disturbance

Jinshui River 33° 16′–33° 45′ N, 107° 40′–108° 10′ E 87 730 No disturbance

Yue River 32° 00′–33° 28′ N, 107° 46′–108° 50′ E 113 2830 Agricultural activities and domestic sewage

Jinqian River 33° 09′–33° 47′ N, 109° 17′–110° 03′ E 246 5650 Sand mining activities

Qi River 33° 09′–33° 44′ N, 110° 54′–111° 10′ E 150 1501 Agricultural activities

Si River 32° 27′–32° 39′ N, 110° 42′–110° 55′ E 73 682 Domestic sewage and industrial wastewater
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groups were tested through permutation of least-squares resid-
uals. The analysis was performed using Bray-Curtis coeffi-
cients for biological data and Euclidean distances on standard-
ized environmental data. All tests were run using 999 permu-
tations. CAP, ANOSIM, and PERMDISP were carried out
with the software package Primer 6.0, including the addon
package PERMANOVA.

Constrained ordination was used to analyze the relationship
between phytoplankton community structure and environmental
data (local scale variables), land-cover data (regional scale vari-
ables), and spatial variables. Redundancy Analysis (RDA) was
used to select the significant driving factors related to phytoplank-
ton community structure. Multicollinearity of variables was eval-
uated by variance inflation factors (VIF, variables were excluded
withVIF > 20). Then, significant driving factors were selected by
the forward selection with Monte Carlo permutations for further
analysis. All biological abundance data and environmental data
(except pH) were log (x + 1) transformed before analysis, and the
land-use type data were transformed by inverse sine square root
transformation. RDA was run using the Bvegan^ package
(Oksanen et al. 2013) in the R environment (R version 3.4.3).

Variation partitioning analysis with partial redundancy
analyses (pRDA) was conducted to estimate the fractions of
phytoplankton community variation that could be explained
solely by each type of explanatory variables and their shared
variation. The variations were estimated using adjusted R2,
which provides unbiased estimates of the explained variation
(Peres-Neto et al. 2006). The contributions of the three explan-
atory variable groups at each season and each river were esti-
mated. The variation partitioning was performed using the
function varpart in the R package vegan (Oksanen et al.
2013). All these analyses were performed separately for each
species matrices in the same way.

Results

The variation of phytoplankton community structure

A total of 166 phytoplankton taxa were identified.
Bacillariophyceae (89) was the dominant class, followed by
Chlorophyceae (47), and other classes had less number of spe-
cies. One hundred fourteen phytoplankton taxa were found in
both summer and autumn, followed by spring (95) and winter
(71). The numbers of species, cell density, and dominance index
(Y = ni/N × fi, where Y represents the dominance index, ni
represents the abundance of species i, N represents the total
abundance, fi represents the frequency of species i occurring at
sampling sites) of dominant species in each river were listed in
Table 2.

According to CAP and ANOSIM analysis, both of phyto-
plankton community structure and local environmental condi-
tions differed significantly among seasons (R = 0.336, p =

0.001, Fig. 2a; R = 0.386, p = 0.001, Fig. 2c) and rivers (R =
0.354, p = 0.001, Fig. 2b; R = 0.446, p = 0.001, Fig. 2d). For
environmental data, correct classification rates were higher
than those for community data (Fig. 2). Summer and JSR
had the highest percentage of correct classifications for sea-
sons and rivers, respectively.

The PERMDISP analysis indicated that beta diversity had
no significant difference among seasons with both combined
data (Fig. 3a) and separate data (Fig. A2 of Appendix 4) but
was significantly (p < 0.001) different among rivers (Fig. 3b).
Beta diversity in JSR and QRwas significantly lower (p < 0.01)
than that of other three rivers. The rivers also differed signifi-
cantly (p < 0.001) in terms of their environmental heterogeneity
(Fig. 3d), and the relative environmental heterogeneity in each
river was corresponded to phytoplankton beta diversity. The
environmental heterogeneity had no significant difference
among seasons with combined data (Fig. 3c), and only JQR
showed significant difference of environmental heterogeneity
among seasons with separate data (Fig. A2 of Appendix 4).

Through the PCNM analysis, 47, 40, 39, and 39 spatial
variables showing positive eigenvalues were formed in sum-
mer, autumn, winter, and spring, respectively. But for rivers,
few positive spatial variables were formed. The significant
local variables, regional variables, and spatial variables in-
cluded in the RDAs determined by the forward selections in
different seasons and rivers were listed in Table 3.

For local variables, turbidity was selected in three seasons
and all rivers made for the species matrices. The chemical
oxygen demand, water temperature, and silicate were also se-
lected with relatively high frequency. For regional variables,
developed areas and drawdown areas were selected in all sea-
sons for the species matrices. The spatial variables representing
the broad-scale relations among the sites (PCNM1, 2, 3, 4)
were more commonly selected than the finer-scale spatial var-
iables in all seasons. For the analysis of rivers, few regional
variables and spatial variables were selected.

Variation partitioning

Seasons

The local and regional environmental variables and the spatial
variables all explained the phytoplankton community struc-
ture, and their importance varied from season to season
(Fig. 4a–d). When examining the dependent variable groups
separately, the results showed that spatial variables explained
the largest proportion of phytoplankton variations in summer
(9.4%), autumn (5.4%), and winter (6.4%), while local envi-
ronmental variables explained the largest variations in spring
(8.4%). The pure regional variables explained the least pro-
portion of phytoplankton variations in all seasons. The shared
fractions among all variables groups ranged from 3.4 to 6.2%
across four seasons, and the largest proportion was in summer.
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Table 2 The number of species,
cell density, and dominance index
of dominant species of
phytoplankton among the five
rivers

Phytoplankton community structure JSR JQR YR QR SR

Number of species 82 77 119 83 91

Algae cell density (×105 cells L−1) 1.42 0.99 3.61 5.74 3.16

Dominance index of dominant species

Achnanthidium catenatum 0.204 0.087 0.076 0.154 0.033

Cocconeis placentula var. euglypta 0.045

Cyclotella meneghiniana 0.034 0.097

Cymbella affinis 0.066

Cymbella delicatula 0.114

Cymbella perpusilla 0.036

Diatoma vulgaris 0.026 0.029 0.070

Gomphonema parvulum 0.021

Melosira varians 0.045

Navicula capitatoradiata 0.094

Nitzschia acicularis 0.056 0.043

Nitzschia palea 0.177 0.124 0.323 0.136

Nitzschia stagnorum 0.093

Stauroneis anceps 0.033 0.040

Scenedesmus quadricauda 0.052

Only the dominance index > 0.02 has been shown

a b

c d

Fig. 2 Canonical analysis of principal coordinate ordination plot for abundance data in seasons (a) and rivers (b) using Bray-Curtis coefficient and local
environmental data in seasons (c) and rivers (d) using standardized Euclidean distance. CCR represents the correct classification rate
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The variations explained jointly by the different pairs of variable
groups varied in different seasons. The shared fraction between
local and regional variables was the largest in winter (3.8%) and
the smallest in summer (0.6%). The shared fraction between local
and spatial variables was the largest in winter (5.5%) and the
smallest in spring (2.7%). The shared fraction between regional
and spatial variables was small in all seasons and was not even
detected in summer. The amount of unexplained variation was
relatively large in all seasons, with similar residuals in summer,
winter, and spring, and relative larger residual in autumn.

Rivers

The pure local variable group contributed much more varia-
tion of phytoplankton community than regional variables and
spatial variables in all rivers (Fig. 4e–i). It explained the larg-
est variation in JSR (20.1%) and the smallest variation in JQR
(10.4%). The pure regional variables and spatial variables ex-
plained the very small variation of phytoplankton community
in all rivers. The shared fractions among all variables groups
explained more of the variation in JSR and SR than in other

three rivers. The variations explained jointly by the different
pairs of variable groups were small for all rivers.

Discussion

CAP analysis showed that phytoplankton community struc-
ture and environmental conditions differed among seasons
and rivers. However, the phytoplankton beta diversity and
environmental heterogeneity had no significant differences
among seasons. This illustrated that although environmental
factors varied obviously with seasons, resulting in significant
changes in species composition and abundance, the changes
of sampling sites were homogeneous, so the differences of
spatial dissimilarity in phytoplankton community were not
detected among seasons. However, the phytoplankton beta
diversity as well as the environmental heterogeneity differed
among rivers. Beta diversity is previously considered depen-
dent on environmental heterogeneity (Astorga et al. 2014),
and high environmental heterogeneity in water bodies is ex-
pected to cause high beta diversity (Tonkin et al. 2016). In this

a b

c d

Fig. 3 Boxplots based on tests of homogeneity of dispersion analysis
representing mean distances from group centroids for phytoplankton
community abundance data in seasons (a) and rivers (b) using Bray-

Curtis dissimilarity and for local environmental data in seasons (c) and
rivers (d) using standardized Euclidean distance. The x-axis abbreviations
in (b) and (d) represent individual rivers
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study, the phytoplankton beta diversity was consistent with the
trend of environmental heterogeneity, indicating that environ-
mental heterogeneity played an important role in driving the
variation of phytoplankton beta diversity.

Determinants of phytoplankton community structure
in different seasons

We examined the effects of environmental variables (physical
and chemical variables, land-cover variables) and spatial

variables on phytoplankton community structure, which can
be translated into environmental filtering and dispersal limita-
tion (Heino et al. 2017). In this study, these two processes
played their roles in determining the phytoplankton commu-
nity structure in different seasons.

Seasonal sampling collection is usually used to discern the
impact of seasonal changes in environmental variables on
metacommunity structure (Dini-Andreote et al. 2015). High
and low water-level river stages (in wet and dry seasons) are
often considered because these periods appear to be a good

Table 3 The selected variables according to the forward selection procedure with 999 permutations for evaluation of the significance of each variable
in the redundancy analysis and their rank order

Season Local Region Spatial River Local Region Spatial

Summer Si Developed areas PCNM3 JSR WT Shrub and grassland PCNM2

CODMn Shrub and grassland PCNM1 TUB Developed areas PCNM3

WT Agricultural areas PCNM2 SO4
2− Forestland PCNM5

Water areas PCNM4 Ca2+

Forestland PCNM8 K+

Drawdown areas PCNM10 SRP

PCNM9 CODCr

PCNM23

Autumn SO4
2− Developed areas PCNM2 YR WT Agricultural areas PCNM1

WT Shrub and grassland PCNM1 Ca2+ Water areas PCNM2

TUB Drawdown areas PCNM3 Mg2+ Shrub and grassland PCNM6

CODCr Agricultural areas PCNM4 K+

pH Forestland PCNM20 SO4
2−

SRP PCNM8 TUB

JQR DO Water areas PCNM2

Winter Na+ Developed areas PCNM2 Ca2+

TUB Si

CODCr Forestland PCNM1 TUB

Si Water areas PCNM3 SO4
2−

Mg2+ Drawdown areas PCNM5 K+

NH4
+ Shrub and grassland PCNM4 QR WT Forestland PCNM2

K+ PCNM7 Si Water areas

PCNM10

PCNM6

Spring Na+ Developed areas PCNM2 TUB

Si Agricultural areas PCNM3 TP

TUB Water areas PCNM1 SR WT Forestland PCNM1

Mg2+ Drawdown areas PCNM5 NH4
+ PCNM2

SO4
2− PCNM4 Si PCNM6

TP PCNM30 TUB

CODMn PCNM8 SO4
2−

WT CODMn

SRP

CODCr

CODMn permanganate index, TP total phosphorus, SRP soluble reactive phosphorus, Si silicate, Na+ sodium, K+ potassium,Mg2+ magnesium, Ca2+

calcium, F− fluoride, SO4
2− sulfate, CODCr chemical oxygen demand,DO dissolved oxygen,WTwater temperature, TUB turbidity, JSR Jinshui River,

YRYue River, JQR Jinqian River, QR Qi River, SR Si River
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proxy for riverine connectivity (Isabwe et al. 2018).
Considering among-site connectivity via actual watercourses
is essential for better understanding spatial coexistence mech-
anisms for phytoplankton communities (Meier and Soininen
2014). Given the fact that dry seasons are characterized by
slower and less flushing water regimes and resulting in poor
connectivity and dispersal limitation (Campbell et al. 2015),
which therefore can indicate a more spatially structured phy-
toplankton community. On the contrary, there should be less
spatially structured phytoplankton communities in wet sea-
sons. However, no such phenomenon was found in this study.
The pure spatial variables explained the largest variation of
phytoplankton community in summer, autumn (wet seasons),
and winter (dry season), while local environmental variables
explained the largest variation of phytoplankton community in
spring (dry season). This finding may be due to the extensive
sampling scale among the five rivers. Spatial variables
(PCNM1, 2, 3, 4) representing the broad-scale relations
among the sites were selected in all seasons in our models.
This may indicate that long-distance scales always have low
riverine connectivity regardless of flooding or drying up. The
spatially structured phytoplankton community at small scales
during the dry season was also not supported by the analysis.
This result is partially in agreement with that phytoplankton is
able to cross dispersal barriers at small spatial scales (Finlay
2002). Beisner et al. (2006) reported that overland dispersal
(via wind or animal vectors) was also important to phyto-
plankton community structure. Also, the likely effects of

actual hydrological (such as runoff, flow velocity, residence
time) and morphological (such as sinuosity) variables as
drivers of phytoplankton community structure which are lack-
ing in our study area cannot be ignored.

The local environmental variables were more pronounced
in spring (dry season). It may be because the weak site-to-site
connectivity and longer water residence time during dry sea-
son limit the overall habitat availability and therefore may act
as Bnatural^ environmental filter (Chase 2007). John et al.
(2007) also suggested that the different environment-
controlled effect might be attributed to the involvement of
different environmental variables among the analysis in dif-
ferent seasons. In our analysis, from summer to spring, differ-
ent significant environment-controlled variables were selected
to participate in the variation partitioning analysis. However,
land-cover types and spatial geographic coordinates did not
change with the seasons in a year; thus, the local environmen-
tal variables might be the most important influencing factors
for the variations of phytoplankton community structure.
Spatial variables were more pronounced in winter may be
related to freezing, especially in the case of less water.

Local environmental variables explained more variance
than regional variables (land-cover variables) in all analyses.
This was congruent with many studies (e.g., Özkan et al.
2013; Lindholm et al. 2018). Local environmental variables,
such as chemical oxygen demand and nutrients, are often
strongly influenced by land-cover types, particularly in agri-
cultural areas and developed areas (Maberly et al. 2003). In

a b c

d e f

g h i

Fig. 4 Venn diagrams showing
the fractions of phytoplankton
community structure explained
by the local environmental
variables (Local), regional
environmental variables
(Regional), and spatial variables
(Spatial). All fractions are based
on adjusted R2 values shown as
percentages of total variation.
Values < 0 are not shown. a
Summer. b Autumn. c Winter. d
Spring. e Jinshui River (JSH). f
Yue River (YR). g Jinqian River
(JQR). hQi River (QR). i Si River
(SR)
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this study, agricultural areas and developed areas significantly
positively correlated with most local environmental factors
(Table A3 of Appendix 5), such as CODMn, most nutrients,
and ions. This may explain the relatively weak effect of land-
cover, as it has probably been accounted for, in part, by in-
cluding local environmental variables (Özkan et al. 2013).
Therefore, the local and regional environmental variables are
often analyzed as the same dependent variable group
(Alahuhta and Heino 2013; Isabwe et al. 2018).

Determinants of phytoplankton community structure
in different rivers

The variation partitioning analysis for rivers indicated that
local environmental variables group played a much more im-
portant role in structuring phytoplankton community than
pure regional variables group and spatial group in all rivers.
Although eigenvectors representing broad-scale variation
(PCNM1 or PCNM2) were selected in each river, the pure
spatial group had small contribution for the variation of phy-
toplankton community structure. This was consistent with
many studies, which showed that environmental filtering
was potentially an essential driver of variation in phytoplank-
ton community structure at small spatial scales, where dispers-
al limitation was not strong (Jyrkänkallio-Mikkola et al.
2016). Previous findings in metacommunity studies have
shown that species can better track environmental heteroge-
neity among sites at small spatial scales (Heino 2011).
ANOSIM analysis based on abundance data indicated that
phytoplankton community structure of the five rivers differed
in pairs. Environmental heterogeneity between rivers might
drive individual rivers to encompass a specific community
(Jyrkänkallio-Mikkola et al. 2016). Specifically, the concen-
tration of SRP, Na+, K+, Mg2+, Ca2+, Cl−, and EC and TUB
varied considerably among these five rivers (Table A1 of
Appendix 2), and the turbidity was selected as the driving
factor for each river. Turbidity attenuates light penetrating
the water column by scattering and absorbing solar radiation,
thereby interfering with photosynthesis of phytoplankton
(Guenther and Bozelli 2004). Also, phytoplankton can act as
adhesion surfaces, and the adhesion of clay particles onto algal
cells may lead to an increase in algal sinking (Cuker et al.
1990). These might be reflected in our study to some extent.
JQR had the significantly highest turbidity among all rivers
and the lowest phytoplankton abundance. The environmental
heterogeneity among these rivers may result from anthropo-
genic activities.

The influence of human activities on environmental
conditions and phytoplankton community structures

Land-cover types reflect the patterns and degrees of anthropo-
genic activities. Agricultural areas and developed areas

represent human activities such as runoff containing agro-
chemicals, industrial effluents, and municipal wastewater.
The nutrient input from these activities has a great effect on
water quality and sediment properties and further affects bio-
diversity (Shayo et al. 2011). In this study, JSR was most
covered by forestland, which represented the pristine ecolog-
ical conditions. It had the lowest concentration of nutrients,
ions, EC, and turbidity, as well as the lowest beta diversity of
phytoplankton and environmental heterogeneity. This is in-
consistent with many studies that pristine ecosystem has high
environmental heterogeneity and community dissimilarity
(Wyzga et al. 2011; Zeni and Casatti 2014; Jyrkänkallio-
Mikkola et al. 2016). The highest classification rate of com-
munity structure and environmental conditions was found in
JSR, which suggested that the phytoplankton communities
and environmental conditions between the sampling sites
were homogenous within JSR. This might be related to better
connectivity without artificial blockage within pristine river.
In addition, the variation of phytoplankton in JSR was well
explained by local environmental variables. This indicated
that in species sorting, species were expected to closely track
preferred environmental conditions without disturbances. YR
and QR were mainly disturbed by agricultural activities and
SR was mainly affected by urban activities (domestic sewage
and industrial wastewater). These three rivers had higher beta
diversity and environmental heterogeneity compared with
JSR. The non-point pollution from agricultural activities and
the point pollution from domestic sewage and industrial
wastewater caused an uneven distribution of chemicals and
suspended materials within a river, resulting in great differ-
ences in environmental conditions and species composition
between sites.

Sand mining activities have seriously disturbed the waters
and riverside ecosystems and increased erosion by directly
removing sand and disrupting the sediment budget
(Chaussard and Kerosky 2016). These activities increased
runoff containing sand into waterbodies and significantly in-
creased the turbidity of water (Ashraf et al. 2011). The turbid-
ity itself reduces the use of light energy by phytoplankton, and
in addition, the transport of suspended solids causes siltation
and reduces the flow rate, which limits the dispersal of
phytoplankton. In this study, the whole watercourse of JQR
was disturbed by sand mining, and our results showed that
JQR had the highest phytoplankton beta diversity and
environmental heterogeneity. Maloufi et al. (2016) attributed
the elevated phytoplankton beta diversity to elevated environ-
mental heterogeneity, mainly due to anthropic effects. Sand
mining activities may lead to extensive loss of phytoplankton
and habitats fragmentation (Walther et al. 2002), and the limit-
ed dispersal capacity and the high environmental heterogeneity
support the high beta diversity of phytoplankton. Mass effects
may prevent perfect species sorting to take place effectively,
and species may thus be temporarily present at unfavorable
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sites (Heino et al. 2015a). In addition, the significant difference
of environmental heterogeneity in JQR among seasons (Fig.
A2 of Appendix 4) also indicated that anthropogenic activities
changed environmental conditions in a short period of time.We
noticed that JQR had the highest residual variation of explana-
tion, which may be due to some unknown factors, such as
unmeasured environmental factors, total sediment load, patch
history, as well as other impacts connected with human activ-
ities (Vilmi et al. 2016).

Anthropogenic activities significantly increased the
concentration of nitrogen, phosphorus, and various ions
(Na+, K+, Mg2+, Ca2+, Cl−, and SO4

2−), and the most no-
table was the increases of EC and turbidity. These exces-
sive substances have a negative effect on river water qual-
ity (Taka et al. 2017) and also influence the growth and
diversity of phytoplankton. Sand mining activities reduced
the species richness and abundance of phytoplankton by
increasing turbidity of rivers. It had the greatest effect on
beta diversity and environmental heterogeneity, specifical-
ly increased the difference in species composition and en-
vironmental conditions between sites, which might be due
to habitat fragmentation and geographical isolation.
Agricultural activities and urban activities increased the
species richness and abundance of phytoplankton via nu-
trient and pollutant runoff. These might be explained by
the Intermediate Disturbance Hypothesis, where interme-
diate disturbance (agricultural activities and urban activi-
ties) had higher species diversity than excessive distur-
bance (sand mining activities) and mild disturbance.
Agricultural and urban activities also increased the differ-
ences in species composition and environmental conditions
between sites, mainly due to uneven point source and non-
point source pollution.

Conclusion

Long-distance scales always have low riverine connectivi-
ty regardless of whether the river is overflowing or drying
up; this resulted from that spatial process underlay phyto-
plankton communities only on large scale in both wet sea-
sons and dry seasons. Local environmental processes ex-
plained the most variation of phytoplankton community in
all rivers, suggesting that deterministic processes usually
work on relatively small spatial scales. However, this effect
would be weakened by anthropogenic activities, especially
sand mining activities. Our results showed that the river
with limited disturbance (the reference river) had the
highest homogeneity of environment conditions and phy-
toplankton community structure. However, anthropogenic
activities, especially sand mining, greatly increased the en-
vironmental heterogeneity and species dissimilarity be-
tween sites by causing watercourse habitat patches and

obstructing river connectivity. On the other hand, as the
excessive disturbance, sand mining significantly decreased
the species richness and abundance of phytoplankton via
increasing turbidity. Therefore, sand mining activities
should be controlled in case there is continuous degrada-
tion and fragmentation of habitats and continuous loss of
species richness diversity.
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