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a b s t r a c t 

Urbanization often exerts multiple effects on aquatic and terrestrial organisms, including 

changes in biodiversity, species composition and ecosystem functions. However, the im- 

pacts of urbanization on river phytoplankton in subtropical urbanizing watersheds remain 

largely unknown. Here, we explored the effects of urbanization on phytoplankton commu- 

nity structure (i.e., biomass, community composition and diversity) and function (i.e., re- 

source use efficiency) in a subtropical river at watershed scale in southeast China over 6 

years. A total of 318 phytoplankton species belonging into 120 genera and 7 phyla were 

identified from 108 samples. Bacillariophyta biomass showed an increasing trend with in- 

creasing urbanization level. The phytoplankton community shifted from Chlorophyta dom- 

inance in rural upstream waters to Bacillariophyta dominance in urbanized downstream 

waters. Furthermore, phytoplankton diversity and resource use efficiency (RUE = phyto- 

plankton biomass/total phosphorus) were significantly decreased with increasing urbaniza- 

tion level from upstream to downstream. Phytoplankton RUE exhibited a significant positive 

correlation with species richness, but a negative correlation with phytoplankton evenness. 

The variation in environmental factors (turbidity, total nitrogen, NH 4 
+ -N, total phosphorus, 

PO 4 
3 −-P and percentage urbanized area) was significantly correlated with phytoplankton di- 

versity and RUE. Overall, our results revealed the influence of urbanization on phytoplank- 

ton community structure and ecosystem function was due to its altering the environmen- 

tal conditions. Therefore, human-driven urbanization may play crucial roles in shaping the 

structure and function of phytoplankton communities in subtropical rivers, and the mech- 

anism of this process can provide important information for freshwater sustainable uses, 

watershed management and conservation. 
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Introduction 

Urbanization is the process of anthropogenic transforma- 
tion of wildlands or agricultural lands to the built environ- 
ment where people live and work ( Seto et al., 2012 ), thus 
leading to changes of land use and environment conditions, 
and altering both aquatic and terrestrial ecosystems within, 
surrounding, and even at great distances from urban areas 
( Paul and Meyer, 2001 ; Grimm et al., 2008 ; Uchida et al., 2021 ). 
These changes were largely attributed to anthropogenic ac- 
tivities and water quality changes induced by altering wa- 
ter supply, drainage and constructing impervious surface 
( Kaye et al., 2006 ; Wenger et al., 2009 ). In riverine ecosys- 
tems, many studies have found that changes in community 
assemblage, species diversity, and biotic integrity among the 
different trophic levels (diatoms, invertebrates, and fishes) 
were severely influenced by urbanization-related activities 
( Urban et al., 2006 ; Wenger et al., 2009 ; Li et al., 2020 ). Phy- 
toplankton (algae as primary producers) are a key component 
of the aquatic food webs ( Reynolds, 2006 ), and play a crucial 
role in energy flow and nutrient cycling in aquatic ecosystems 
( Cardinale et al., 2002 ). Phytoplankton biomass, diversity, and 
community composition can reflect the states of water quality 
and ecology due to their sensitive response to environmental 
conditions ( Padisák et al., 2006 ; Yang et al., 2012 ; Zhang et al., 
2021 ). Previous studies about the effects of urbanization on 

algae mainly focused on rivers and lakes in Europe and the 
United States, especially benthic diatoms ( Chessman et al., 
1999; Duong et al., 2012; Saros and Anderson, 2015 ). 

Urbanization-driven increasing of surface runoff and de- 
creasing infiltration of precipitation ( Paul and Meyer, 2001 ; 
Grimm et al., 2008 ) can affect the structure and function of 
aquatic ecosystems ( Vitousek et al., 1997 ; Yang et al., 2012 ; 
Uchida et al., 2021 ). Recently, correlation between land use 
types change and diversity and community composition of 
freshwater phytoplankton have been reported ( Katsiapi et al., 
2012 ; Isabwe et al., 2018 ). The anthropogenic activities are one 
of the important drivers affecting the phytoplankton diversity 
because they can change the supply of available nutrients, in- 
crease water temperature, decrease light availability, control 
physical transport processes, and alter hydrodynamic condi- 
tions ( Reynolds, 2006 ; Padisák et al., 2006 ; Yang et al., 2012 ; 
Sailley et al., 2015 ). Over the past three decades, a rapid and 
large-scale urbanization has been experienced in southeast 
China on an unprecedented scale, and a vast rural-to-urban 

migration of hundreds of millions of people has expanded ex- 
isting cities ( Zhu et al., 2011 ). This expansion increased wa- 
ter/soil pollutions and habitat fragmentation; with a substan- 
tial influence on aquatic physical structure and ecosystems, 
including direct or indirect loss of biodiversity, change in com- 
munities and altering ecosystem functioning ( Zhu et al., 2011 ; 
García et al., 2013 ; Best, 2019 ). To date, however, the way in 

which urbanization-driven land use change alter phytoplank- 
ton community structure and ecosystem functioning in river 
at watershed scale is poorly understood, especially in subtrop- 
ical regions. 

Resource use efficiency (RUE), is an ecological concept that 
quantifies ecosystem function by measuring the proportion 

of supplied resource and converted biomass by organisms 

( Ptacnik et al., 2008 ; Hodapp et al., 2019 ). Phytoplankton di- 
versity might be one of the best predictors for phytoplank- 
ton RUE because they have ability to grow within limiting re- 
sources ( Ptacnik et al., 2008 ; Striebel et al., 2009 ), higher phy- 
toplankton diversity (species richness) can result in a more 
efficient use of the available resources, and produce greater 
amounts of biomass than the same system at lower levels of 
diversity ( Cardinale et al., 2002 ). Several studies have shown 

that RUE of phytoplankton communities increased with in- 
creasing taxonomic richness ( Ptacnik et al., 2008 ) and sig- 
nificantly decreased with phytoplankton evenness in lakes 
and reservoirs ( Filstrup et al., 2014 , 2019 ). Further, the posi- 
tive effects of local biodiversity on ecosystem functioning may 
arise through higher niche partitioning or niche occupancy 
because it can enhance RUE in ecosystems by niche partition- 
ing ( Loreau et al., 2001 ; Cardinale, 2011 ). Ecosystems are likely 
to sustain species that are highly productive in local environ- 
mental conditions; and consequently, increased biodiversity 
may promote ecosystem functioning through complementary 
effects ( Loreau et al., 2001 ; Cardinale, 2011 ; Hodapp et al., 
2016 ). Although the positive biodiversity-ecosystem function- 
ing relationship has been observed in different types of 
aquatic ecosystem ( Loreau et al., 2001 ; Filstrup et al., 2014 , 
2019 ; Yang et al., 2021 ), but how this relationship is affected 
in riverine ecosystems by urbanization at watershed scale is 
largely unknown. 

Several studies indicated that phytoplankton RUE will di- 
rectly be influenced by human-driven environmental change 
( Steudel et al., 2012 ; Hodapp et al., 2016 ). For example, 
Steudel et al. (2012) found that the positive effects of biodiver- 
sity on ecosystem functioning decreased with increasing en- 
vironmental stress intensity. Furthermore, increased distur- 
bance frequency can result in higher RUE of phytoplankton in 

subtropical reservoirs ( Yang et al., 2021 ). A recent study indi- 
cated that the higher richness and abundance of antibiotic re- 
sistance genes in the downstream waters were closely associ- 
ated with urbanization level along the Houxi River, subtropical 
China ( Peng et al., 2020 ). However, the effect of urbanization- 
driven environmental change (especially land use) on phy- 
toplankton RUE in subtropical rivers at watershed scale or 
along rural-urban gradient remains unknown. In this study, 
we used phytoplankton RUE as a measure of ecosystem func- 
tioning in an urbanizing subtropical river (Houxi River), Xi- 
amen City, Southeast China. We first hypothesized that ur- 
banization may decrease the phytoplankton diversity and in- 
crease phytoplankton biomass along the river. Second, we ex- 
pected that urbanization may significantly alter phytoplank- 
ton community composition along the rural-urban gradient 
by altering the environmental conditions. Third, urbanization 

may significantly reduce the phytoplankton RUE from rural 
upstream to urban downstream waters. 

1. Materials and methods 

1.1. Study area 

The Houxi River (about 25 km long) is located in Xiamen City, 
Fujian Province, southeast China ( Fig. 1 ), and drains an area 
of approximately 205 km 

2 . This area has a subtropical humid 
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Fig. 1 – The map showing Houxi River watershed and nine 
sampling sites in Xiamen City of Fujian Province, southeast 
China. Four main categories of land use are indicated. 
Sampling sites 1, 2, 3, 4, 8, and 9 are lentic water 
(standing-water) habitats, while sampling sites 5, 6, 7 in 

midstream are lotic water (running-water) habitats. 

monsoon climate with an annual mean temperature of 20.7 °C 

and a mean annual precipitation of 1335.8 mm ( Zhu et al., 
2019 ). The Houxi River watershed has a rural-urban gradi- 
ent from upstream to downstream ( Peng et al., 2020 ). In this 
study, the Houxi River was divided into three parts according 
to the urbanized level: (1) upstream (non-urban region) covers 
drinking water reservoirs (Shidou and Bantou reservoirs) for > 

100,000 people; (2) midstream (urbanizing region) is a stream, 
which flows through villages and small towns; (3) downstream 

(urbanized region) is a landscape reservoir (Xinglinwan Reser- 
voir) with both recreational and aesthetic importance for Xi- 
amen City ( Peng et al., 2020 ). Four sampling sites of upstream 

section (Sites 1–4) are located in two reservoirs (Shidou and 
Bantou reservoirs), watershed area of these reservoirs is about 
67.3 km 

2 . Three sampling sites of the midstream are located 
in urbanizing region (Sites 5–7). The remaining two sampling 
sites are located in the urbanized region (Sites 8 and 9). The 
whole river system, especially midstream and downstream 

regions, is strongly impacted by human activities including 
wastewater discharge ( Fig. 1 ). 

1.2. Sampling and environmental variables 

Field sampling took place in January and July at nine stations 
along the Houxi River from 2013 to 2018 ( Fig. 1 ). In total, 108 
samples were collected and the sampling events were estab- 
lished based on the annual rainfall patterns which cause low- 
and high-water flows in cold and warm months, respectively. 
We measured a total of 14 environmental variables ( Appendix 
A Table S1 ) in this study. 

Water temperature, pH, dissolved oxygen, turbidity, elec- 
trical conductivity, salinity, and oxidation-reduction poten- 

tial were measured in situ using a Hydrolab DS5 water qual- 
ity analyzer (Hach Company, Loveland, CO, USA). Total nitro- 
gen and total phosphorus were measured spectrophotomet- 
rically after digestion. The concentrations of ammonium ni- 
trogen (NH 4 

+ -N), nitrate nitrogen (NO 3 
−-N), nitrite nitrogen 

(NO 2 
−-N), and phosphate phosphorus (PO 4 

3 −-P) were mea- 
sured according to standard methods as described in our pre- 
vious study ( Yang et al., 2017 ). We measured water flow veloc- 
ity of surface water in the river using a SonTek FlowTracker 
(Handheld-ADV® YSI, San Diego, CA, USA). 

Phytoplankton samples ( n = 108, water volume = 2.5 L) 
were taken from surface waters at nine stations along the 
Houxi River. Samples were immediately fixed with 1.5% acidic 
Lugol’s solution and kept in the dark conditions at a room tem- 
perature until further processing ( Lv et al., 2014 ). 

1.3. Land use data collection 

The data of land use changes for Houxi River watershed be- 
tween 2013 and 2018 were extracted from Landsat 8 images 
which were downloaded from the data sharing infrastructure 
of the earth system science in China ( https://www.geodata. 
cn/ ). The watershed boundaries and the river system were de- 
lineated using digital elevation model in ArcGIS version 10.4 
(ESRI, Redlands, CA, USA). Four main categories of land use 
were used ( Appendix A Table S1 ): forest areas (forest and 
grassland); agricultural areas (dry land and paddy fields) al- 
though some small-scale agricultural activities also take place 
within the forest; percentage urbanized areas (urban areas, ru- 
ral settlements, and roads); and water areas. The percentage 
of each land use category was computed by ArcGIS version 

10.4. 

1.4. Phytoplankton analysis 

Phytoplankton were identified and counted in chambers us- 
ing an inverted microscope (Motic AE31, Xiamen, China) under 
400 × magnification ( Lv et al., 2014 ). Cells, colonies, and fila- 
ments were identified to the lowest possible taxonomic level 
based on taxonomic illustrations and descriptions of freshwa- 
ter algae by Hu and Wei (2006) . More than 500 specimens were 
counted for each sample ( Lv et al., 2014 ; Yang et al., 2017 ). 
Biovolume was measured and estimated based on standard 
geometric formulae ( Hillebrand et al., 1999 ) and abundance- 
data were converted to fresh weight based on measurements 
of species-specific cell volumes, using a specific weight factor 
of 1 mg/mm 

3 ( Wetzel and Likens, 2000 ). 

1.5. Phytoplankton resource use efficiency 

The phytoplankton functioning was estimated from resource 
use efficiency (RUE) in this study. Total phosphorus (TP) was 
used as the basis for phytoplankton RUE given the impor- 
tance of phosphorus limitation in most freshwater ecosys- 
tems ( Ptacnik et al., 2008 ; Sterner, 2008 ). It is noteworthy that 
RUE is not equivalent to the rate of biomass production since 
it relies on an estimate of standing stock, and we quantified 
phytoplankton RUE by the ratio of phytoplankton biomass to 
TP following previous study ( Ptacnik et al., 2008 ). 

https://www.geodata.cn/
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1.6. Statistical analyses 

The Shapiro-Wilk normality test showed a non-normal dis- 
tribution of phytoplankton biomass and environmental vari- 
ables. Thus, environmental variables, with an exception of 
pH, were log ( x + 1)-transformed and normalized; while bi- 
otic data were square root-transformed. We separately ana- 
lyzed upstream (Shidou and Bantou reservoirs); midstream 

(river); downstream (Xinglinwan Reservoir) data sets in order 
to assess the variations in phytoplankton biomass and diver- 
sity along the Houxi River. Four biodiversity indices, namely 
species richness, Shannon-Wiener diversity, Simpson diver- 
sity and Pielou’s evenness, were investigated. The Mann- 
Whitney U test was performed to identify significant differ- 
ences between and within groups of samples. The effect of 
phytoplankton diversity on RUE and biomass was determined 
by linear regression analysis. 

The non-metric multidimensional scaling (NMDS) based 
on Bray-Curtis similarity of phytoplankton biomass was used 
to investigate the variations in phytoplankton community. 
The analysis of similarities (ANOSIM) test was employed to 
assess the significant differences in community composition 

between the three habitats (upstream, midstream, and down- 
stream), six years (2013, 2014, 2015, 2016, 2017, 2018), and 
two seasons (dry and wet), respectively. The Global R value 
indicates the degree of separation among groups, whereas 
negative value indicates no separation. In order to identify 
phytoplankton taxa that contributed to the community dis- 
similarity, we used the similarity percentage (SIMPER) anal- 
ysis. Further, Mantel test based on Spearman rank correla- 
tion was used to determine the relationships between com- 
munity structure (biomass and diversity) or RUE and environ- 
mental variables. We used a heatmap to show the relation- 
ships among environmental variables and the analyses were 
performed by using the vegan, corrplot and dplyr packages in R 
version 3.6.0 (R Core Team, 2020 ). 

The longest gradient length was < 4 standard deviations in 

detrended correspondence analysis, thereby suggesting that 
redundancy analysis was the appropriate ordination tech- 
nique to examine the relationship between phytoplankton 

community (species biomass data) and environmental vari- 
ables. Environmental factors with a variance inflation fac- 
tor (VIF) < 10 were selected and phytoplankton community 
composition data were subjected to Hellinger-transformation 

( Legendre and Gallagher, 2001 ). Redundancy analysis was per- 
formed by using the package vegan in R version 3.6.0 (R 
Core Team, 2020 ). To acquire the independent contribution of 
each environmental variable to the total variability of phyto- 
plankton communities, we also performed Hierarchical Parti- 
tioning (HP) analysis based on the package rdacca.hp in R ver- 
sion 3.6.0 ( Lai and Peres-Neto, 2020 ). We did not consider the 
significant testing for independent contributions in HP anal- 
ysis because predictor (or groups of predictors) relative im- 
portance is usually considered as an exploratory framework 
for interpreting regression rather than an inferential tool. Fi- 
nally, we used partial least squares path modeling (PLS-PM) to 
show the linkage between phytoplankton community struc- 
ture (e.g., biomass and diversity), functioning (e.g., RUE), envi- 
ronment variables and urbanization level (represented by the 
percentage urbanized area). The non-significant paths were 

removed. The goodness-of-fits (GoF) was computed using par- 
tial least squares path modeling in the package plspm in R ver- 
sion 3.6.0 (R Core Team, 2020 ). 

2. Results 

2.1. Environmental variables along the urbanization level 

Environmental variables in surface waters of Houxi River 
showed a significant difference ( P < 0.05) between the three 
urbanization levels (i.e., upstream, midstream, and down- 
stream) over six years, except for water temperature and 
oxidation-reduction potential ( Appendix A Table S1 and Ap- 
pendix A Fig. S1 ). Dissolved oxygen had the highest value 
in upstream waters; electrical conductivity and salinity ex- 
hibited a higher value in downstream waters; while turbidity 
and nutrients (TN, NH 4 

+ -N, NO 3 
−-N, NO 2 

−-N, TP, and PO 4 
3 −- 

P) showed a higher concentration in midstream waters ( Ap- 
pendix A Table S1 ). The forest land area occupied the largest 
proportion of upstream watershed (90.10% ± 0.00%), whereas 
higher percentage urbanized area (built area) was found in ur- 
banizing midstream (47.13% ± 0.01%) and downstream areas 
(58.89% ± 0.01%), respectively ( Fig. 1 and Appendix A Table 
S1 ). Clearly, relatively higher levels of nutrients (mainly ni- 
trogen and phosphorus) in midstream and downstream wa- 
ters were associated with strong anthropogenic activities and 
higher percentage urbanized area in the Houxi River water- 
shed. 

2.2. Phytoplankton diversity, biomass, community 
composition, and RUE along the urbanization level 

A total of 318 phytoplankton species belonging into 120 genera 
and 7 phyla were identified in Houxi River. Species richness, 
Shannon-Wiener diversity, Simpson diversity and Pielou’s 
evenness were significantly lower in the downstream waters 
than upstream waters ( Fig. 2 a ), indicating that phytoplankton 

diversity significantly decreased with increasing urbanization 

level. Bacillariophyta, Chlorophyta, Cyanobacteria were the 
dominant phyla, while Chrysophyta, Cryptophyta, Eugleno- 
phyta, and Pyrrophyta accounted for a smaller amount of the 
biomass ( Fig. 2 b ). The phytoplankton biomass exhibited a spa- 
tial and temporal variation ( Appendix A Fig. S1d ). The mean 

phytoplankton biomass in upstream and downstream waters 
were very similar (14.33 ± 2.86 mg/L in upstream and 14.40 
± 4.10 mg/L in downstream, respectively), but it was about 
50% lower in the midstream waters (6.72 ± 0.89 mg/L). Inter- 
estingly, Bacillariophyta biomass increased gradually with in- 
creasing urbanization level in the Houxi River, while Chloro- 
phyta showed an opposite trend ( Fig. 2 b ). 

Our NMDS and ANOSIM analyses revealed a significant dif- 
ference in phytoplankton community compositions between 

the upstream, midstream, and downstream waters (Global 
R = 0.653, P < 0.01; Fig. 3 a ), while interannual variation was 
relatively weak (Global R = 0.238, P < 0.01) and no significant 
variation was found between dry and wet seasons ( Table 1 ). 
In terms of the contribution of phytoplankton taxa (phylum 

and species) to community dissimilarity between upstream, 
midstream, and downstream waters ( Fig. 3 b and c; Appendix 
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Fig. 2 – Phytoplankton diversity ( a ) and biomass ( b ) in Houxi River from upstream to downstream waters. Error bars 
represent standard error. The different letters above the bar indicate significant difference, the statistical analysis is 
Mann-Whitney U test at P < 0.05. Up, upstream; Mid, midstream; Down, downstream. Bac, Bacillariophyta; Chl, 
Chlorophyta; Cya, Cyanobacteria; Others, other phytoplankton groups including Chrysophyta, Cryptophyta, Euglenophyta, 
and Pyrrophyta. 

Table 1 – Analysis of similarities (ANOSIM) showing 
changes in phytoplankton community along Houxi River 
continuum, years and seasons. 

Group Global R P -value 
Habitat 
Upstream vs. Midstream 0.709 < 0.01 
Upstream vs. Downstream 0.872 < 0.01 
Midstream vs. Downstream 0.114 < 0.01 
Upstream vs. Midstream vs. Downstream 0.653 < 0.01 
Year 
2013 vs. 2014 vs. 2015 vs. 2016 vs. 2017 vs. 2018 0.238 < 0.01 
Season 
Dry vs. Wet 0.007 0.22 

Higher R -value indicates stronger compositional difference be- 
tween groups. 

A Table S2 ). Bacillariophyta, Chlorophyta and Cyanobacteria 
contributed 82.17% of the total community variation at phy- 
lum level; while Cyclotella meneghiniana (Bacillariophyta) and 
Raphidiopsis raciborskii (Cyanobacteria) contributed 14.97% and 
7.49% dissimilarity at species level, respectively. The RUE of 
total phytoplankton and three dominated phyla (Bacillario- 
phyta, Chlorophyta and Cyanobacteria) in upstream waters 

was significantly higher than that of midstream and down- 
stream waters ( Fig. 4 a and Appendix A Fig. S2a ). 

2.3. Relationships among phytoplankton biomass, 
diversity, and RUE 

Phytoplankton biomass exhibited a significant negative corre- 
lation with phytoplankton evenness at local (upstream, mid- 
stream, and downstream) and watershed scales, whereas 
no significant correlation was found between phytoplankton 

biomass and species richness ( P > 0.05) at a watershed scale 
( Fig. 4 b ). However, phytoplankton species richness was signif- 
icantly and positively correlated with phytoplankton biomass 
in urbanized downstream waters ( Fig. 4 b ). 

The phytoplankton RUE exhibited a significant positive cor- 
relation with species richness ( r = 0.32, P < 0.01), while it 
showed a significant and negative correlation with Pielou’ 
evenness ( r = -0.26, P < 0.01) at watershed scale ( Fig. 4 c ). Simi- 
larly, the RUE showed a positive correlation with species rich- 
ness ( r = 0.52, P < 0.01) and a negative correlation with Pielou’s 
evenness ( r = -0.66, P < 0.01) in urbanized downstream wa- 
ters, respectively ( Fig. 4 c ). In addition, phytoplankton RUE de- 
creased with increasing phytoplankton evenness in the up- 
stream waters. We did not find any significant relationship 
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Fig. 3 – Phytoplankton community composition in Houxi River. ( a ) non-metric multidimensional scaling (NMDS) ordination 

showing phytoplankton community across the river (non-urban upstream, urbanizing midstream, and urbanized 
downstream). The contribution in the community dissimilarity at ( b ) phylum and ( c ) species levels, respectively. Other phyla 
including Chrysophyta, Cryptophyta, Euglenophyta, and Pyrrophyta. 

between phytoplankton RUE and species richness or Pielou’s 
evenness in urbanizing midstream waters. 

2.4. Relationship between phytoplankton communities 
and environmental variables 

The first two axes of redundancy analysis (RDA) showed that 
land use, nutrients and physicochemical variables only ex- 
plained 15.5% of overall variation of phytoplankton commu- 
nity at whole watershed ( Appendix A Fig. S3a ). Further, the 
hierarchical partitioning (HP) analysis indicated that the in- 
dependent contribution of each of 13 environmental variables 
explained 24.9% of the total variation in phytoplankton com- 
munity, with percentage urbanized area explaining the high- 
est variation in phytoplankton community ( Appendix A Fig. 
S3b ). 

Phytoplankton species richness and RUE exhibited more 
significant responses to 13 environmental variables than phy- 
toplankton biomass and evenness ( Fig. 5 ). Further, percent- 
age urbanized area (i.e., urbanization level), turbidity, and nu- 
trients (including TN, NH 4 

+ -N, TP, and PO 4 
3 −-P) exhibited a 

stronger correlation with phytoplankton RUE than species 
richness. In addition, phytoplankton RUE was strongly nega- 
tively related to the water flow velocity ( r = -0.56, P < 0.001) in 

Houxi River ecosystem ( Appendix A Table S3 ). The water flow 

velocity also exhibited a significant negative relationship with 

Chlorophyta biomass ( r = -0.29, P = 0.002) and Cyanobacteria 
biomass ( r = -0.30, P = 0.002), while it had a marginally signif- 
icant correlation with total phytoplankton biomass ( r = -0.18, 
P = 0.064) and Bacillariophyta biomass ( r = 0.19, P = 0.055). 

Our partial least squares-path model explained 89% of the 
variation of phytoplankton RUE through urbanization, envi- 
ronmental variables, and phytoplankton community struc- 
ture ( Fig. 6 ). Urbanization-driven land use showed a weak and 
negative effect on phytoplankton species richness, while envi- 
ronmental variables had a significant negative effect on even- 
ness. Furthermore, both urbanization and environment had 
a direct negative effect on phytoplankton RUE. More impor- 
tantly, urbanization also exhibited an indirect and negative 
effects on RUE through altering environmental variables and 
decreasing species richness. 

3. Discussion 

Urbanization-induced land use change can result in the con- 
version of natural surfaces to impervious surfaces in terres- 
trial ecosystem and alter habitat physical structure and hydro- 
logical properties in aquatic ecosystems ( Paul and Meyer, 2001 ; 
Grimm et al., 2008 ). These changes can considerably affect the 
water environment conditions by increasing nutrient loads 
and no-point pollutants from domestic sewage, industries, 
and agriculture ( Kaye et al., 2006 ; Peng et al., 2020 ). Phyto- 
plankton are important component of river-reservoir ecosys- 
tems and sensitive to environmental change ( Yang et al., 2021 ). 
Understanding the response of river phytoplankton commu- 
nity structure and functioning to urbanization is critical to hu- 
man well-being and sustainable management. 
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Fig. 4 – Phytoplankton resource use efficiency along Houxi River from rural upstream to urban downstream ( a ), the 
relationships between phytoplankton diversity and biomass ( b ), and relationships between phytoplankton diversity and 
RUE ( c ). Phytop, total phytoplankton; RUE, resource use efficiency. The different letters a, b and c indicate significant 
differences in Fig. 4 a , and the statistical analysis is Mann-Whitney U test at P < 0.05. Pearson correlation coefficients ( r ) are 
shown in Figs. 4 b and 4 c . All indicates all samples; three different colors indicate upstream, midstream, and downstream 

samples, respectively. 
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Fig. 5 – Relationships between environmental variables and 
phytoplankton community structure and function. Pairwise 
comparisons of environmental factors were displayed with 

a color gradient denoting Spearman’s correlation coefficient 
at the upper-right. Phytoplankton community was related 
to each environmental factor by Mantel test at the 
lower-left. BA, built area percentage; WT, water 
temperature; DO, dissolved oxygen; Tur, turbidity; EC, 
electrical conductivity; ORP, oxidation-reduction potential; 
TN, total nitrogen; TP, total phosphorus; Biomass, 
phytoplankton biomass; Richness, species richness; 
Evenness, Pielou’s evenness. Only significant Spearman’s 
correlations among environmental variables are shown ( P 
< 0.05). 

3.1. Urbanization reduces phytoplankton diversity 

The significant negative relationship between species rich- 
ness and percentage urbanized area indicated that urban- 
ization as the important driver of decline in phytoplankton 

species richness. Previous studies have demonstrated that ur- 
banization can reduce species richness and biotic integrity of 
invertebrates and fish communities in streams and rivers in 

the United States ( Paul and Meyer, 2001 ; Mckinney, 2008 ), how- 
ever little is known on the effects of human activities on river 
phytoplankton diversity and function with an exception of di- 
atoms, especially in subtropical regions. The comparison of 
phytoplankton biomass, composition, and diversity between 

upstream, midstream, and downstream waters in Houxi River 
provided additional insight into the effect of urbanization on 

the structure and function of phytoplankton communities in 

a subtropical urbanizing watershed. In our study, phytoplank- 
ton diversity especially species richness was significantly de- 
clined in the urbanized downstream in compare with rural 
upstream and urbanizing midstream waters along the river 
( Fig. 2 a ), indicating that increasing urbanization level can sig- 
nificantly reduce phytoplankton diversity. A recent environ- 
mental DNA-based study in the Shaying River, the tributary 
of the Huai River in temperate China, indicated human land 
use can explain the decline of the taxonomic and functional 
diversity of protozoa, fungi, and algae communities ( Li et al., 
2020 ). This result is consistent with our finding because phy- 

Fig. 6 – Partial least squares path models showing the 
relationships between urbanization, environmental 
variables, phytoplankton community structure (i.e., 
biomass and diversity), and phytoplankton function (i.e., 
resource use efficiency). Black coefficients indicate a 
significant relationship ( P < 0.05), while gray coefficients 
indicate a non-significant relationship ( P > 0.05). The 
goodness of fit index (GoF = 0.62) was used to estimate the 
prediction performance of models. Blue and red lines 
indicate positive and negative effects, respectively. 
Numbers near each arrow indicate partial correlation 

coefficients associated with each causal relationship. The 
partial correlation coefficients less than 0.05 were not 
shown for simplicity. Urbanization represented by built 
area percentage. Environment included turbidity, TN, 
NH 4 

+ -N, TP, and PO 4 
3 −-P. 

toplankton species richness decreased with increasing urban- 
ization level in Houxi River. Study on diatom (Bacillariophyta) 
in Europe and the United States by Chessman et al. (1999) sug- 
gested that human activity in a watershed generally increased 
genus richness through enrichment with alkaline salts. Simi- 
larly, the significant negative correlation between percentage 
urbanized area and phytoplankton species richness ( Fig. 5 ), 
indicates that phytoplankton communities are susceptible to 
urbanization-driven disturbances. In our study, a possible rea- 
son for lower species richness in the downstream region is 
strong in environmental stress conditions, caused by pollution 

from human activities. The effect of pollution on phytoplank- 
ton community structure can be translated into environmen- 
tal filtering ( Heino et al., 2017 ). Therefore, the low species rich- 
ness in downstream waters may be caused by the combined 
human activities of sewage discharge, urban runoff, and other 
anthropogenic contaminants. These results indicate that de- 
cline in phytoplankton diversity was closely related to urban- 
ization such as increasing impervious surface cover, housing 
density and urban population pressure. 

Our results also showed a major shift in phytoplankton 

community composition along Houxi River, from Chlorophyta 
dominance in the rural upstream to Bacillariophyta domi- 
nance in the urbanized downstream ( Fig. 2 b ). This shift in 

community composition could be attributed to the variation 

in the environmental condition influenced by local or regional 
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land use ( Yang et al., 2017 ; Isabwe et al., 2018 ). For instance, 
water quality alternation by increasing nitrogen, phosphorus, 
and turbidity may promote a selection by single species or a 
few dominant species that can survive within this stressful 
environment. Increased turbidity in water can result in a de- 
cline in light for phytoplankton growth ( Shi et al., 2017 ), and 
increasing nutrients enrichment in water can alter commu- 
nity composition in phytoplankton, macroinvertebrates, and 
fish ( Chessman et al., 1999 ; Weijters et al., 2009 ; Zhang et al., 
2021 ). When suspended particles and colloidal matter from 

surface runoff were added to the waterbody the light inten- 
sity decreased dramatically, leading to light becoming one 
of the limiting factors for phytoplankton growth and pho- 
tosynthesis in urban waters, although the downstream wa- 
ters had higher nutrient concentrations. Our results indicated 
the biggest variation in phytoplankton community compo- 
sition was explained by the percentage urbanized area ( Ap- 
pendix A Fig. S3b ). This might be attributed to the fact that 
phytoplankton community composition was influenced by 
urbanization-driven change in land use types ( Katsiapi et al., 
2012 ). We also found that phytoplankton biomass was signif- 
icantly lower in urbanizing midstream than that of rural up- 
stream and urbanized downstream waters. Normally, Chloro- 
phyta and Cyanobacteria can be impacted by water flow in ur- 
banizing midstream waters because hydrological factors (e.g., 
flow velocity, discharge, and water retention time) are im- 
portant to influence phytoplankton biomass and community 
composition ( Tornés et al., 2014 ; Descy et al., 2017 ). 

In addition, we did find single species bloom in the up- 
stream waters (e.g., cyanobacterial bloom in upstream in 

2015), and the bloom event was characterized by lower species 
diversity and higher biomass. The dominant Bacillariophyta 
species (especially Cyclotella meneghiniana ) in urbanized down- 
stream is a common indicator species of sewage-polluted wa- 
ters ( Duong et al., 2012 ; Doi et al., 2013 ), thus indicating the 
existing pollution status in the urbanized downstream in the 
Houxi River. In our study, only 24.9% of the total variation of 
phytoplankton community was explained by environmental 
variables. This might be due to lack of unmeasured variables 
such as heavy metals and micropollutants which are impor- 
tant in shaping the phytoplankton community. Another pos- 
sible reason might be due to the microbial interactions that 
can contribute to changing phytoplankton diversity and com- 
munity composition ( Xue et al, 2018 ). 

3.2. Urbanization reduces phytoplankton RUE via 
reducing diversity 

Phytoplankton RUE exhibited a significant positive correlation 

with species richness ( Fig. 4 c ), indicating that species rich- 
ness acted as a predictor of RUE in phytoplankton commu- 
nity. This relationship supported the coupling of biodiversity 
and productivity of phytoplankton communities in freshwater 
lakes and marine systems ( Ptacnik et al., 2008 ; Striebel et al., 
2009 ). Along the rural to urban gradient, we observed that 
increasing urbanization level could significantly reduce phy- 
toplankton species richness and RUE ( Figs. 2 a and 4 a; Ap- 
pendix A Fig. S2a ). These results were consistent with sev- 
eral theoretical and empirical studies ( Hooper et al., 2005 ; 
Cardinale, 2011 ). Ptacnik et al. (2008) reported that increasing 

genus-level phytoplankton diversity can result in higher RUE. 
Likewise, a meta-analysis by Cardinale et al. (2006) showed 
that the effect of decreasing species richness led to biomass 
(or abundance) decrease of the focal trophic groups, leading to 
less complete depletion of resources used by that group. Sur- 
prisingly, we found that the positive relationship between RUE 
and species richness became more pronounced in community 
with lower species richness, indicating the effect of species 
richness on RUE was stronger for less diverse communities. 
In addition, phytoplankton RUE exhibited a significant nega- 
tive correlation with phytoplankton evenness as in previous 
studies in lakes and reservoirs ( Filstrup et al., 2019 ; Yang et al., 
2021 ). However, inconsistent result was reported in Lake Nan- 
sihu, north China ( Tian et al., 2017 ), where species evenness 
exhibited a significant positive correlation with RUE. This in- 
consistency may be attributed to sampling different water- 
bodies under multiple disturbance events ( Yang et al., 2021 ). 
It is noteworthy that such inconsistent results of the negative 
correlation between species evenness and RUE were mainly 
observed in highly eutrophic lakes or reservoirs ( Hodapp et al., 
2015 ; Filstrup et al., 2019 ; Yang et al., 2021 ). 

Previous study indicated that greater numbers of co- 
existing species with different and complementary niches 
are predicted to more thoroughly utilize limiting resources 
than communities with fewer species ( Tilman et al., 1997 ). 
Cardinale (2011) found phytoplankton communities with 

more species take greater advantage of the niche opportuni- 
ties (i.e., niche partitioning) in an environment, and this could 
allow diverse ecosystems to capture a greater proportion of bi- 
ologically available resources such as nitrogen and phospho- 
rus. In addition, decline in species richness can result in less 
occupancy of trophic niches and thus less overall RUE, prob- 
ably due to the different phytoplankton species having differ- 
ent affinities to a certain form of nutrients ( Guedes et al., 2019 ). 
Therefore, urbanization-induced species loss can reduce RUE 
via weakening niche complementary or partitioning of phyto- 
plankton in riverine ecosystems. 

Furthermore, a negative relationship between phytoplank- 
ton evenness and RUE ( Fig. 4 c ) is likely due to the differ- 
ent dominant species of phytoplankton communities (e.g., 
Raphidiopsis raciborskii in rural upstream waters and Cyclotella 
meneghiniana in urbanized downstream waters, respectively). 
On one hand, R. raciborskii is a common bloom-forming 
Cyanobacteria species with high RUE under certain conditions 
because of their nitrogen fixation capability in tropical and 
subtropical deep reservoirs ( Filstrup et al., 2014 ; Tian et al., 
2017 ; Yang et al., 2021 ). This species can regulate buoyancy 
by gas vacuoles, and so gaining competitive advantages and 
inhibiting the growth of other species under limiting nitro- 
gen conditions ( Burford et al., 2016 ), thus allowing this species 
to grow better than other species under lower resource avail- 
ability. On the other hand, C. meneghiniana dominated the 
phytoplankton communities in downstream waters probably 
due to anthropogenic pollution arising from human activities 
( Saros and Anderson, 2015 ). These results indicate that cer- 
tain dominant species, or group of species, which would ex- 
hibit specific traits that would give them certain physiolog- 
ical advantages allowing for exploitation resources more ef- 
ficiently ( Filstrup et al., 2019 ). Overall, our results imply that 
urbanization-induced species loss can reduce RUE through 
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altering community composition of phytoplankton in riverine 
ecosystems. 

3.3. Urbanization reduces phytoplankton RUE via 
altering environmental conditions 

The relationship between urbanization, environmental vari- 
ables, phytoplankton diversity and RUE indicated that urban- 
ization significantly reduced phytoplankton RUE through al- 
tering the environmental variables ( Fig. 6 ). Extensive human 

settlement in urbanized regions can cause substantial hydro- 
logical alterations that influence on aquatic community struc- 
ture and function ( Yang et al., 2017 ). Further, increased human 

activities along rivers may not only increase the quantities 
of nutrients, but also change forms and proportion of nutri- 
ents and physicochemical variables, then lead to adverse ef- 
fects on water quality ( Isabwe et al., 2018 ). Thus, we specu- 
lated that change in water quality contributed to lower RUE 
of phytoplankton through altering the nutrient status. Sim- 
ilarly, we found that the ratio of phytoplankton biomass to 
suspended solids in rural upstream was significantly higher 
than in both urbanizing midstream and urbanized down- 
stream waters ( Appendix A Fig. S2b ), indicating that urbaniza- 
tion increased turbidity/suspended solids in waters by surface 
runoff. Normally, the concentration of suspended particles 
is one of the controlling factors for phytoplankton biomass 
or productivity because it can reduce light availability for 
photosynthesis, consequently affecting phytoplankton RUE 
( Hodapp et al., 2019 ). We also observed that percentage ur- 
banized area had a significant and negative effect on phyto- 
plankton RUE as well as land use-driven alternation of the 
physical conditions (e.g., turbidity) and nutrient concentra- 
tions (TN, NH 4 

+ -N, TP, and PO 4 
3 −-P). Moreover, our results in- 

dicated that phytoplankton RUE exhibited a stronger response 
to water flow velocity than phytoplankton biomass and di- 
versity ( Appendix A Table S3 ). In addition, diverse pollutants 
(e.g., pesticides, antibiotics, hormones, insecticides, and heavy 
metals) from industries, agriculture, and untreated household 
sewages might influence the phytoplankton RUE in the mid- 
stream and downstream waters ( Yang et al., 2021 ). The pos- 
itive effects of phytoplankton diversity on ecosystem func- 
tioning decreased with increasing environmental stress or 
multiple disturbances ( Steudel et al., 2012 ; Isbell et al., 2013 ; 
Yang et al., 2021 ). Overall, urbanization-driven land use and 
environmental changes have multiple effects on phytoplank- 
ton communities including changes in community composi- 
tion, biodiversity and finally ecosystem function. 

Urbanization-driven land use affected RUE through the po- 
tential pathway mediated by changing environmental condi- 
tions ( Fig. 6 ). First, phytoplankton diversity and activity in river 
are mainly influenced by the direct effect of physical-chemical 
variables and hydrodynamic conditions ( Padisák et al., 2006 ; 
Isabwe et al., 2018 ). Second, a decline of RUE could be aggra- 
vated by changes in community member interdependence or 
food web structure, in addition to loss of biodiversity. For ex- 
ample, Li et al. (2020) reported that algal communities were 
directly affected by invertebrate and protozoa. In addition, 
multi-trophic communities in rivers jointly play a regulatory 
role in the process of external stressor changing RUE, this may 
be related to the niche partitioning ( Cardinale, 2011 ). There- 

fore, urbanization-induced species loss directly affects the ef- 
ficiency of utilizing resource of phytoplankton via weaken- 
ing niche partitioning and altering community composition, 
while the RUE was substantially reduced by urbanization- 
driven environmental stresses on phytoplankton cells. Based 
on our results, we suggest that urban land use should be op- 
timized, riverbank buffer zone should be increased and im- 
proved for protecting the water quality and phytoplankton 

diversity. More importantly, a watershed-based management 
strategy must be developed for controlling the water pollution 

and protecting biodiversity, and improving ecosystem service 
( Yang et al., 2012 ). 

4. Conclusions 

By characterizing the relationships between phytoplankton 

community and urbanization related environmental variables 
in an urbanizing subtropical river over six years, we found that 
phytoplankton species richness, biomass and RUE have grad- 
ually declined from rural upstream to urbanizing midstream 

waters, and species richness has significantly declined in ur- 
banized downstream although biomass recovered to the up- 
stream level. Our results indicate land use change is closely 
related to these changes in phytoplankton community. Ur- 
banization increased Bacillariophyta biomass and reduced 
Chlorophyta biomass in the Houxi River. Our results also sug- 
gest that urbanization reduces resource use efficiency of phy- 
toplankton community through altering the environment and 
decreasing biodiversity. As biodiversity-ecosystem function- 
ing relationships are still unclear in river ecosystems, this 
work provides important insights into understanding the role 
of urbanization in shaping the structure and function of phy- 
toplankton communities in inland waters. 
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