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Abstract In this paper, the algal cell density of
cyanobacteria, green algae, and diatoms and their re-
sponses to the hydrochemical factors were analyzed to
reveal the structural characteristics of water quality in an
urban river. A total of nine sampling sites from upstream
to downstream was explored in our study. At each site,
the density of algae was identified every week during
the wet season (June—October) from 2012 to 2017, and
in situ detection was used for the relative 11
hydrochemical variables. The temporal and spatial char-
acteristics of 14 variables were analyzed using a
heatmap coupled with the cluster analysis method. The
trend of each parameter was analyzed using the smooth-
ing method with locally weighted regression. The non-
metric multidimensional scaling method was employed
to detect the temporal and spatial similarities among
algae along hydrochemical gradients. The responses of
algal density to hydrochemical variables were analyzed
using a redundancy analysis. The results showed that the
water temperature (Wmp), pH, dissolved oxygen (DO),
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cyanobacteria, and diatoms exhibited significant declin-
ing trends, and significant increasing trends were shown
in the permanganate index, chemical oxygen demand,
total nitrogen, ammonia nitrogen, and total phosphorus;
the cyanobacteria exhibited certain differences with
green algae and diatoms in summer and the downstream
areas of the river. The temporal-spatial homogeneity of
algal to hydrochemical variables showed the key
influencing factors of Wiem,, for cyanobacteria density,
chlorophyll for green algae density, DO, and pH for
diatoms. The results presented here are valuable for
deepening our understanding of river ecosystem evalu-
ations and effective environmental management, as well
as an important reference for the sustainable develop-
ment of aquatic biological resources.

Keywords Algal cell density - Hydrochemical factors -
NMDS - RDA - Urban river

Introduction

Freshwater eutrophication is a global environmental
challenge for the management of rivers, lakes, and res-
ervoirs, as well as urban and agricultural areas, especial-
ly in China (Xia et al. 2010) and Europe (Anderson et al.
2002). Furthermore, eutrophication has also become a
great international and domestic concern because of its
economic and ecological consequences, such as fre-
quent outbreaks of algal blooms that threaten the reliable
supply of drinking water (Le et al. 2010; Pan et al. 2015)
and the increase in nutrient concentrations that result in
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high productivity, which can further modify the struc-
ture of all aquatic communities (Mehner and Benndorf
1995). In particular, the structure and function of the
phytoplankton community play important roles in main-
taining the purification of urban landscape water, as well
as the important link to the control and governance of
water eutrophication. In particular, harmful
cyanobacterial blooms have increased globally in fre-
quency and intensity in recent decades. Eutrophication
and warmer temperatures are often cited as key factors
that promote these events (Davis et al. 2009; Hudnell
and Dortch 2008; Paerl 2008), and cyanobacteria
blooms have caused many problems, such as foul odors,
decreased esthetic value, deterioration of water quality,
and deoxygenation of water (Sigee et al. 1999). The
green algae themselves are not harmful to marine envi-
ronments, but their excessive growth can harm tourism,
culture, transportation, and ecosystem health (Son et al.
2015a, b), and almost invariably they are found in all
freshwater, even if in only small numbers and are
greatest under sufficient nutrients (Sandgren 1988). Di-
atoms are important primary producers in freshwater
ecosystems, and accumulating data indicate diatoms
are sensitive to many environmental variables, including
light, moisture conditions, temperature, current velocity,
salinity, pH, dissolved oxygen, inorganic nutrients (car-
bon, phosphorus, nitrogen, silica), organic carbon, and
organic nitrogen (Chen et al. 2016); therefore, they are
considered powerful indicators of environmental chang-
es, including acidification, eutrophication, and climatic
changes (Dam et al. 1994). However, these situations
are determined by several major factors, such as tem-
perature, nutrients, and organic matter. Nitrogen and
phosphorus are the most critical factors for maintaining
the growth of algae. In urban rivers, the rapid urbaniza-
tion of the population affects hydrosystems dramatically
by altering hydrochemical conditions, hydrology, water
quality, and aquatic biota (Newall and Walsh 2005). In
particular, the changes in hydrochemical factors in ur-
ban rivers have great impacts on aquatic organisms,
especially algae, and the cumulative changes to urban-
ization that impact rivers can be best reflected by an-
thropogenic activities (e.g., urban, industrial, and agri-
cultural activities, and increasing exploitation of water
resources) (Walker and Pan 2006).

In an urban river, the rapid urbanization of the pop-
ulation has caused a series of complex environmental
problems, for example, the alteration of hydrosystems
(Hopkins et al. 2015), the loosening of biogeochemical
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cycles (Pickett et al. 2011), the warming of urban meso-
climate (Zhou et al. 2004, 2014), and the impairment of
biodiversity (Grimm et al. 2008). Urbanization affects
hydrosystems dramatically by altering hydrochemical
conditions, hydrology, channel morphology, water qual-
ity, and aquatic biota (Newall and Walsh 2005). In
addition, in urban areas, water quality degradation also
may be associated with the increased area of impervious
surfaces (Ren et al. 2003), with piped stormwater drain-
age systems (Walsh et al. 2016), and with effluent from
wastewater systems (Gray and Becker 2002).

The changes in hydrochemical water quality in urban
rivers have great impacts on aquatic organisms, and the
impacts of the cumulative changes of urbanization on
rivers can be best reflected by anthropogenic activities
(e.g., urban, industrial, and agricultural activities and
increasing exploitation of water resources) (Walker
and Pan 2006). In a previous study, Singh et al. (2004)
analyzed only data on water quality variables using
different multivariate statistical techniques, Chang
(2008) studied various water quality factors and
focused on the relationship between water quality and
changes in landscape factors in urban areas, and Jafari
and Gunale (2006) mainly studied the hydrobiology of
algae in an urban freshwater river. However, there is a
lack of understanding of the response of algae density to
the hydrochemical variations caused by both nature and
anthropogenic activities. Therefore, we explored the
variations in algae species and their responses to
hydrochemical factors with an emphasis on an urban
river ecosystem.

The Fenhe River is the second largest tributary of the
Yellow River and is located in the most prosperous
position of an urban area. In recent years, eutrophication
has been of great concern because the sharp decline in
water quality and massive cyanobacterial blooms has
caused serious problems to the water ecosystem and
human health. Changes in the algae of large temperate
freshwater rivers have long been recognized to provide a
good indicator of the trophic status and environmental
quality of the system. The control of the principal envi-
ronmental factors on algal cell density is essential in
such systems. Therefore, the algae density has a rapid
response to hydrochemical factors, and studies are nec-
essary to identify the bioindicators and to clarify the
abiotic variables. However, previous studies have been
restricted to a limited period of time or a one-time algae
bloom event (Ayana et al. 2015; Lu et al. 2017; Son et al.
2015a, b). In this study, we explored the variations in
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three kinds of algae and their responses to
hydrochemical factors with an emphasis on an urban
river ecosystem. The objectives of our study are as
follows: (1) to elaborate the temporal and spatial char-
acteristics of hydrochemical variables and algal cell
density; (2) to describe the differences of algal cell
density at monthly and spatial scales; and (3) to identify
main hydrochemical factors that influence the algal cell
density at month and spatial scale. The analysis of the
temporal and spatial distribution of algal species and the
complex relationship of algal cell density with
hydrochemical factors can provide scientific evidence
relevant to water quality assessment and pollution con-
trol. These results can aid in identifying improved
methods for controlling eutrophication in the river.

Material and methods
Study area

Fenhe River is the first tributary in the middle reach of
the Yellow River with 39,000 km? of area and a total
length of approximately 710 km. The selected study
area is located in Taiyuan, Shanxi, northern China (37°
80" N, 112° 55" E) (Fig. 1). The area has a semi-humid

continental monsoon climate and an average annual
precipitation of 450~510 mm. The nature of the river
is a semi-enclosed water body. The surface width is
150 m, the buffer zone on both sides wetland is 50 m,
and the total length is 20.5 km, including the construc-
tion of a 13.5 km water storage project from Xiangyun
Bridge (S1) to Shengli Bridge (S7) and a 7 km artificial
wetland from Shengli Bridge (S7) to Chaicun Bridge
(S9).

In our study area, nine sampling sites were selected.
Sites S7, S8, and S9 are in the old industrialized region.
Sites S2 and S5 are in the transition area. Sites S1, S3,
S4, and S6 belong to the new economic development
zone, located in downstream areas of the river and have
just been exploited in recent years; the surrounding areas
are mostly schools, parks, residents, etc. The popula-
tion flows more because of its landscape, and it is
facing a serious environmental protection to coun-
teract the worst water pollution.

Sampling and analysis

To acquire the best information that can express the
responses of freshwater algae to hydrochemical factors
in an appropriate way with the practicalities of sampling
and analysis, nine sampling locations scattered in the
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Fig. 1 Map showing the study area
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main stations from upstream to downstream were se-
lected in the study (Fig. 1). The samples were investi-
gated every week during the wet season from June 2012
to October 2017. Weekly sampling strategy was deter-
mined taking into account the uncertainty of algal
blooms in Fenhe river. The water temperature (Wemp),
air temperature (Aifiemp), pH, dissolved oxygen (DO),
permanganate index (CODyy,), chemical oxygen de-
mand (CODc,), total nitrogen (TN), ammonia nitrogen
(NH,4"-N), total phosphorus (TP), chlorophyll (Ch/), and
transparency (SD) were determined according to the
corresponding standard methods, as shown in Table 1
(Wang et al. 2017).

Quantitative samples of the algae were collected
using 10 L or 20 L of raw water sampling concentrated
to approximately 50 mL through a 25# plankton net
(mesh diameter of 64 um) in 100 mL vials and fixed
immediately with a 15% Lugol’s solution (Haande et al.
2011). Then, the algal cell density was counted in a cell
counting chamber (0.1 mL) using a microscope
(OlympusBX51) at an eyepiece magnification of X 10
and an objective magnification of x 40. The cell num-
bers of different algae species in 100 random fields were
determined (Zhao et al. 2015). Under the microscope,

Table 1 Water indexes and experiment methods

cyanobacteria that can be identified based on their mor-
phology are mostly unicellular and filamentous, and a
few have false branches or true branches without chro-
matophores; green algae range in size from microscopic
unicellular organisms to large globular colonies with
extensive filamentous growths and have a flagellum;
the identification of diatoms is based on the morphology
of diatom shells and the pattern on the shell surface, they
have a high siliceous cell wall, and contain yellow-green
or yellow-brown chromatophores in the freshwater en-
vironment (Bellinger and Sigee 2010).

Statistical analyses

After all variables were determined, the weekly water
quality data and the algal cell density data were aggre-
gated, categorized, and transformed into an Excel-
format database in time. These data were subsequently
used for statistical analyses. The data structure was
analyzed using boxplots, which were performed with
the “ggpubr” library. The heatmap method coupled with
a cluster analysis was employed to illustrate the tempo-
ral and spatial characteristic of each parameter. The
heatmap plot was implemented with the “Pheatmap”

Variables Unit Experiment methods
Wieemp °C YSI 6000 multi-parameter probe (Hydrolab Datasond 4,
Hach Corporation, Loveland, USA) at a depth of 50 cm.
Aifiemp °C YSI 6000 multi-parameter probe (Hydrolab Datasond 4,
Hach Corporation, Loveland, USA) at a depth of 50 cm.
pH pH 40 A portable pH acidity meter.
DO mg/L According to the iodine quantity method (GB/7489-7489) using
visible light spectrophotometer 722 N test instrument for
determining the content of DO.
CODy, mg/L According to the dilution and inoculation method (HJ 505-2009)
with constant temperature incubator (HWS-150 type) for determining
the content of CODyyp,.
CODc¢, mg/L According to dichromate method (GB 11914-1989) using standard digestion
apparatus (K-100) determination of CODc;.
TN mg/L According to the ultraviolet spectrophotometry (HJ 535-2009) by ultraviolet
visible light spectrophotometer, UV-6100 for determining the content of TN.
NH4*-N mg/L According to the Nessler’s reagent spectrophotometry with the amount of
visible light spectrophotometer 722 N determination of NH4*-N.
TP mg/L According to the ammonium molybdate spectrophotometric method
(HJ 636-2012) using visible light spectrophotometer 722 N for
determining the content of TP.
Chl mg/m’ Acetone extraction spectrophotometric method.
SD m Secchi disk.
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library. The cluster method was a Pearson correlation
based on the Euclidean distance of Ward’s method. The
trend analysis of each parameter was conducted using
the smooth method with locally weighted regression
(LOESS), which was implemented with the “ggpubr”
library. The relevant R*/p values of the fitted curve are
shown in the trend figure.

The nonmetric multidimensional scaling (NMDS)
method was completed using the “vegan” library, which
indicated the similarity of the algae species along
hydrochemical gradients in temporal and spatial patterns
in the urban river system. The fit of the NMDS analysis
results was measured by the stress coefficient, with a
perfect fit degree (stress < 0.05), better fit (stress < 0.1),
general fit (stress <0.2), and poor fit (stress >0. 3). A
permutational multivariate analysis of variance
(PermANOVA) was used to identify the differences of
the three kinds of algae temporally and spatially (95%
confidence level), which adopted the “vegan” library.

A redundancy analysis (RDA) is a direct gradient
sorting method in ecology and is used to imply the
relationship between the variables and multiple

responses. This study used an RDA to analyze the
responses of different algal cell densities to environment
variables at a monthly scale and at a spatial scale. The
analysis was performed by the “vegan” library. The
relative permutation test was used to verify the signifi-
cance of variables temporally and spatially (with a sig-
nificance level of p <0.05).

All statistics are based on R languages (version 3.4.3;
R Project Statistical Computing, Vienna, Austria).

Results and discussion

Descriptive statistics for hydrochemical variables
and algal cell density

Descriptive statistics for temporal and spatial changes
are shown in boxplots (Fig. 2) and in Table S1. The
results conveyed that the pH values varied between 7.30
and 9.66, with an average value of 8.31, which mani-
fested a range of alkaline to basic characteristics. The
above values usually indicate the presence of carbonates

Wtemp Airtemp pH DO CODMn
. 12.54 16
30 i
a 261 91 10.01 124
N . 201 $
15 1 41
10 1 254
l . §
COoDCr TN NH4 TP Chl
N 125 ° | ® ® 0
] g 3 200
601 10.0 4 °
4 61 150
[0} 7.54 2
= 404
4+ 1004
©
- 5.0 1
20 4 254 2+ ' 501
0.0 0 0+ 0+ ;
SD rho_Cyanobacteria rho_Galgae rho_Diatoms
500
8- e (] 80 ° ’
400 0 304 8
61 H 604 [
300 4
0 401 20+
41 200+
24 100 20+ 107
0 b T O L T 0 " T 0 L T
Variables

Fig. 2 Box plots of the hydrochemical parameters and algal cell density from 2012 to 2017
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of calcium and magnesium in alkaline water (Begum
and Ramaiah 2009). The Wiey, ranged from 11.9 to
29.1 °C throughout the monitoring period. The changes
in Wiemp could originate from anthropogenic impacts,
particularly from reservoir operations and industry
(Hrdinka et al. 2012). DO and CODy, varied from
1.54 to 12.80 mg/L and from 0.92 to 16.40 mg/L,
respectively. The TN, NH,4*-N, and TP ranged from
0.46 to 12.2 with an average of 2.01 mg/L, from 0.1 to
8.05 with an average of 0.63 mg/L, and from 0.01 to
3.25 with an average of 0.1 mg/L, respectively. Eutro-
phication guidelines for freshwater give TP concentra-
tion ranges of <0.01 and>0.02 mg/L, and TN <0.2
and > 0.5 mg/L for oligotrophic and eutrophic status
according to the USEPA standards, respectively
(Eisner et al. 2016). However, the average values of
TN and TP of the river had already exceeded the thresh-
old value of a eutrophic state and resulted in water
quality in a medium eutrophication level. In addition,
from the data structure, we concluded that NH,*-N and
TP were highest at site S1, which was located in the
downstream area of the river near the urban center. The
increases in pollution generation due to human popula-
tion, domestic activities, agriculture, industrial activi-
ties, and hospitals (Carpenter et al. 1998; Jayaswal
et al. 2018), which the municipalities have no options
to treat on-site due to the lack of a sewage and municipal
wastewater treatment facility (Kannel et al. 2007,
Mahmood et al. 2018), loading rates could reach the
downstream areas of freshwater ecosystems and resulted
in high nutrient and organic matter concentrations.
These results are consistent with previous studies that
revealed that the chemical and physical parameters of
water indicated that the nutrient concentrations of the
urban downstream sites were the highest and were sig-
nificantly different from urban upstream and reference
stream sites (Barrenha et al. 2018; Chen et al. 2016).
Values of TN and NH4*-N were highest in June 2017,
and the TP appeared to peak at site SI in July 2012.
CODc;, and Chl showed relatively high fluctuations in
the range of 5.98 to 70.00 mg/L and 0.55 to 209.00 mg/
m’, respectively.

In the Fenhe River ecosystem, the main algal species
were identified, including cyanobacteria, green algae,
and diatoms. Their cell density was generally in the
following order in this area: cyanobacteria > green algae
> diatoms. They had wide ranges from 0.2 to 478.5 x
10° 0.56 to 82.8 x 10°, and 0.02 to 36.6 x 10° cells/L,
respectively. The highest cyanobacteria and diatom cell
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densities occurred at site S5 in July 2012, and the
minimum values appeared at site S4 in August. For
green algae, the peak value occurred at site S6 in Ju-
ly 2017, and the minimum value appeared at site S3. In
terms of the annual community composition, the prima-
ry dominant species were Oscillatoria tenuis,
Merismopedia tenuissima of Cyanophyta; Scenedesmus
quadricauda of Chlorophyta; and Synedra acusvar,
Cyclotella meneghiniana of Bacillariophyta.

Algal blooms could pose a serious risk to water
quality and the structure and function of aquatic ecosys-
tems. Developing a greater understanding of the
hydrochemical variables control on the timing, magni-
tude and duration of blooms is essential for the effective
management of aquatic ecosystems and phytoplankton
development. This study has highlighted that to gain
understanding of the factors controlling algal bloom
dynamics, hydrochemical variables and biological mon-
itoring data need to be acquired at high-frequency time-
scales that are commensurate with the rapid phytoplank-
ton dynamics that typically occur in rivers. Therefore,
based on the data in our results, the strategy of sampling
duration (weekly) was used because of its effectiveness
for analyzing hydrologic characteristic and this strategy
was deemed appropriate to capture algal blooms.

The temporal and spatial characteristics of parameters

Three clusters were arbitrarily divided in both temporal
and spatial scales by a cluster analysis in the heatmap
(Fig. 3). Each cluster was combined based on the cor-
relation of variables. Temporally, cluster-1 included TN
and NH,*-N, and their concentrations were higher in
2017. Cluster-2 included pH, TP, CODy,,,, CODc,, and
Chl. Tt was difficult to identify the individual groups that
came from a single source, as they reflected a complex
assimilation of certain industrial sewage (CODyy,,
CODc¢;, and TP) and the wastewater treatment plant
(TN and NH,4*-N), whereas cluster-3 included SD,
DO, three kinds of algae, Wiemp, and Airiemp, Which
demonstrated a strong correlation between temperature
and algal cell density. Spatially, cluster-1 was at site S9,
where the concentrations of TN and DO were highest
with little organic matter, the cyanobacteria cell density
was lowest, and the water quality was good. The reason
is that DO is the main factor that affects the growth of
algae and is an important index of water self-purification
ability. Cluster-2 consisted of sites S1 and S4, and they
were located near the factory and enterprise of the
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bustling area, where the concentrations of TN, TP,
CODc,, and CODy,, were highest. Cluster-3 included
sites S2, S3, S5, S6, S7, and S8. There were many
tourists and residents living around these stations, and
the discharge of domestic waste water could result in the
high cyanobacteria cell density.

Trend variations

To quantify the trends of hydrochemical factors and
dynamics of algal cell density, we performed a trend
analysis (Fig. 4). The pH and DO showed a signifi-
cantly descending trend (p <0.01). CODyy,, COD(y,
TN, NH,;*-N, and TP indicated significantly upward
tendencies (p < 0.01). Cyanobacteria and diatom cell
densities also revealed significantly decreasing trends
(» <0.01), while the green algae cell density exhibit-
ed an increasing trend. The increasing trend of or-
ganic matter and nutrient contents aroused our atten-
tion. The decreases in cyanobacteria and diatom cell
density, as well as the increase in green algae cell
density, deserve further research and discussion.

Temporal-spatial similarity of algal cell density
to the hydrochemical gradient

The NMDS method was used to detect the similarity
among algae along hydrochemical gradients in temporal
and spatial patterns in an urban river system. As shown
in Fig. S1, the nonparametric fitted curve degree was
higher (R*=0. 966) than the linear fit (R*=0. 866),
which indicated that with the survey data of algal cell
density with a nonlinear structure, NMDS could better
extract the information of the algal nonlinear agglomer-
ation distribution from the data.

Temporally, the PermANOVA significance (p =
0.001, R?=0.131) and stress value (stress = 0.185) man-
ifested a superior fitting effect of the NMDS analysis
(Fig. 5a). The NMDS ordination plot showed a clear
separation of cyanobacteria cell density with other algae
in July and August. Although the green algae and
diatoms were assembled close together and largely
overlapped, a certain difference was observed between
green algae and diatoms in October. Bracher et al.
(2008) also concluded that in summer, diatoms were
subjected to high losses, whereas they were favored in
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October, and green algae cell density was counted in
very small numbers in October, which demonstrated the
difference between diatoms and green algae.

Spatially, the PermANOVA revealed the significance
(»=0.001, R? =0.09) and the stress value (stress =
0.185) indicated a better fitting effect of the NMDS

analysis (Fig. 5b). The NMDS plot showed that the
cyanobacteria cell density had a distinct separation with
green algae and diatoms based on the downstream sites
(S1, S3, and S6). These sites, located in downstream
areas of the river, were exploited in recent years, and the
surrounding areas were mostly schools, parks, and
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residential areas, which caused water eutrophication and
generated the massive growth of algae, and thus, the
water body was seriously polluted. A small discrepancy
between green algae and diatom density was found in
the upstream areas of the river (S5, S7, and S8).

The responses of algal cell density to hydrochemical
variables

An RDA was performed to analyze the responses of
algal cell density to hydrochemical variables temporally
and spatially, as well as to further understand the driving
factors that controlled the growth of algae. Before the
analysis, a detrended correspondence analysis (DCA)
was used to test the suitability of the RDA. The results
ofthe DCA demonstrated that the gradient length of first
axis was less than 2 units, which confirmed that the

RDA was suitable for analyzing our data. The variance
in response variables explained by the hydrochemical
factors was fairly high, as manifested by the eigenvalues
obtained for the first two axes in the RDA ordination. In
a distinct ordination with the RDA, the hydrochemical
variables explained 92.68% and 90.48% of the total
variance in the data temporally and spatially, respective-
ly. The application of forward selection using the per-
mutation test for all constrained eigenvalues from the
RDA ordinations showed significance at the p <0.001
level (Table 1).

Temporally, the RDA plot indicated Wiemp, Ailtemp,
pH, COD¢,, Chl, and DO were closely related to the
algal cell density with the first component axis 1
(77.64% of variance) (Fig. 6a). The Monte Carlo per-
mutation test showed Wiemp, Aifiemp, CODpn, CODgy,
Chl, DO, pH, TN, and NH,*-N were also all significant

Fig. 6 RDA biplots of the ( a)
responses of algal cell density to
hydrochemical factors at a
monthly scale (a) and a spatial
scale (b)
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Table 2 Permutation test for RDA in constrained vectors for environmental variables at month and spatial scales

Parameters Monthly scale Spatial scale

(p<0.001, n=28) (p<0.001,n=9)

RDAI RDA2 R Pr(> 7) RDAI RDA2 R Pr(> )
Wiemp —0.95161 0.30732 0.0842 0.007 = 0.94032 —0.34029 0.0841 0.001 %
Airieyy, —0.92004 0.39182 0.0480 0.007 = 0.90033 —-0.43520 0.0480 0.001 %
pH —-0.93501 —0.35463 0.0218 0.001 %% 0.94128 0.33763 0.0205 0.001%**
DO —0.90164 —0.43249 0.0388 0.007 = 0.89569 0.44467 0.0381 0.001 %3
CODyy —0.28917 0.95728 0.0816 0.007 0.22106 -0.97526 0.0859 0.001 %3
CODc, —0.70341 0.71078 0.0826 0.0071 0.64035 —-0.96808 0.0849 0.001 %
™ 0.31167 0.95019 0.0247 0.007 —0.32145 —0.94693 0.0231 0.001 %3
NH,;*-N 0.15194 0.98839 0.0318 0.007 -0.17373 —-0.98479 0.0320 0.001 %
TP —0.50167 0.86506 0.0183 0.019%* 0.43550 —0.90019 0.0186 0.013%*
Chl —0.79546 0.60601 0.0907 0.007 0.73660 —0.67633 0.0942 0.001 %
SD 0.77918 -0.62679 0.0060 0.083. —0.73393 0.67922 0.0061 0.097.

The significance (p value) was evaluated by means of permutation test

Significant level: ***p <0.001, **p < 0.01, *p <0.05

above the 99.9% confidence level (Table 1). In particu-
lar, Wiemp, Aifiemp, CODyy,, and Chl were the primary
hydrochemical factors to change the cyanobacteria and
green algae cell densities. The cyanobacteria cell density
was closer to the Wiemyp and Airemp, which indicated the
driving factor of cyanobacteria was temperature. Fur-
thermore, the temporal cluster showed that algal cell
density, Wiemp, and Air,,, were gathered into a group
(Fig. 3a), and the RDA plot indicated July was highly
correlated with cyanobacteria because of the influence
of temperature. Therefore, the growth of this group
could be attributed to the high temperature freshwater
discharge (Harsha and Malammanavar 2004), and as the
seasonal temperatures increase from 10 to 30 °C in
freshwater ecosystems, the phytoplankton group with
the highest growth rates generally shifts from diatoms to
green algae to cyanobacteria (Butterwick et al. 2005;
Canale and Vogel 1974; Reynolds 1997). The latest
experiment also demonstrated cyanobacteria have the
highest thermal optimum, followed by green algae and
diatoms (Nalley et al. 2018). And in our study area,
cyanobacteria could be in a dormant period in winter
and massively gathered when the temperature rises in
June, whereas the growth and reproduction of diatoms
increased in autumn. We can come to a consistent con-
clusion by combining the data structure with previous
studies, and the highest cyanobacteria cell density was

observed during summer periods, particularly in July,
while green algae cell density decreased to some extent
in August in an urban river (De et al. 2005). However,
certain evidence also showed that in a nonurban area,
relative proportions of cyanobacteria declined in sum-
mer, whereas diatoms were comparatively enhanced
(Bahnwart et al. 1998). From the RDA plot, we could
conclude the response of green algae cell density to Ch/,
and the response of diatom cell density to DO and pH.
Diatom cell density also had a negative correlation with
TN and NH,*-N. George et al. (2012) also revealed the
strong negative correlation of diatoms with salinity and
strong positive correlation with DO in freshwater. The
combination of the temporal cluster with the RDA ob-
tained strong correlations between Wiey,, and Airgemp,
TN and NH,*-N, and COD¢, and CAhl.

Spatially, the RDA-manifested Wiemp, Ailiemp, PH,
CODg;, Chl, and DO were highly correlated with the
first component axis 1 (73.83% of variance) (Fig. 6b).
The Monte Carlo permutation test demonstrated that
Wiemps Aifiemp, CODwpy, CODg,, Chl, DO, pH, TN,
and NH4"-N were all extremely significant (Table 1).
In particular, Wy, and Airiey,, were highly correlated
with cyanobacteria, Ch/ was significantly correlated
with green algae, while DO and pH were important in
determining fluctuations in diatoms. The spatial cluster
also indicated the close connection between pH and
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diatoms (Fig. 3b). The RDA showed site S6 located in
the downstream area had a strong correlation with
cyanobacteria and green algae cell densities, while the
diatoms were distributed in the upstream areas of the
river (S5 and S7), and the NMDS indicated the differ-
ences among algae in the upstream and downstream
areas of the river. These results could be well verified
in the classification of cluster analysis that cyanobacteria
and green algal cell densities had the higher value at site
S6 and diatom cell density was highest at sites S5 and
S7. The increase in algal cell density in the downstream
site could be explained by the extra time for phytoplank-
ton to develop as well as greater inputs of high organic
pollution from cities and agricultural lands (Varol and
Sen 2018). The upstream areas can introduce new water
resources from the Fenhe reservoir, with better water
quality and fast flowing. Laboratory experiments re-
vealed that the fast flowing could be the driving factor
accounting for the decrease of cyanobacteria and the
increase of diatoms (Yu et al. 2015). These conclusions
are different from those in other nonurban areas; for
example, Bahnwart et al. (1998) concluded

cyanobacteria and diatom species were subjected to
large density losses along fast flowing, shallow up-
stream river sections, whereas green algae density was
favored, and diatom cell density benefited from low
flow velocity and increased water depth in the down-
stream areas of rivers. The RDA plot (Fig. 6b) revealed
that site S1 was mainly affected by TN and NH,*-N,
especially S1 located at the downstream sewage treat-
ment plant. Therefore, the biological oxidation of urban
effluents and industrial waste from the wastewater treat-
ment plant may be the most important source of nutri-
ents (Pesce et al. 2008; Sharma et al. 2008) (Table 2).

The responses of algal cell density to hydrochemical
variables among years

The responses of algal cell density to hydrochemical
variables among years are shown in Fig. 7. The
Wiemp Was the primary contribution variables for
the total cell density and the cell density of the
different algal groups in 2012 and 2013. Interesting-
ly, we found that there was a negative relationship
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Fig. 7 The responses of algal cell density to hydrochemical variables among years
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between nutrients and cyanobacteria cell density but
not-significant effect on green algae and diatoms in
2014. The negative relationship was also found in
nutrient-rich lakes at TP levels in excess of 0.1 mg/L
and TN levels in excess of 3 mg/L (Filstrup and
Downing 2017; Filstrup et al. 2018). The high nu-
trient levels significantly negative affect total cell
density in this study might be attributable to the
suppression of photosynthesis and growth due to
high ammonium levels (Glibert et al. 2016). And
the NH4*-N also had a positively correlated to TN
and TP. The concentration of organic matter was
considered beneficial to the growth and reproduction
of cyanobacteria and green algae, whereas negative
effect on diatoms in 2015, 2016, and 2017.

The water sampling surveys were carried out
during summer and fall (from July to October),
whereas the absence of data (such as the construc-
tion of sampling site) between upstream and down-
stream sampling sites could lead to the lack of
obvious differences in algal cell density. In our
study, there were some shortcomings, for instance,
the cause of such change may be locally or region-
ally driven. In addition, the discussion above has
been mainly based on our present knowledge and
understanding, although imperfect, and we know
that the urban environment is a dynamic one and
will be subject to noteworthy changes in the decades
to come due to the impact of local, regional, and
global changes. The most critical of these changes is
a trend for an increase in urban population and
industry, and such growth is likely to generate an
increase in contaminants in urban rivers and in-
creased pressure on water resources.

Conclusions

We analyzed the changes of 11 hydrochemical parame-
ters and algal cell density using multivariate statistical
methods over 6 years, and the results are summarized as
follows:

(1) The algal species of the urban river are mainly
cyanobacteria, green algae, and diatoms. The
cyanobacteria are the main group, followed by
green algae and diatoms. During the period of
study, the TN and TP exceeded the standard
values as a whole, especially at sites S8 and

S1, which had the highest values of TN and TP,
respectively, eventually leading the water body
to a mild eutrophic state or moderate eutrophi-
cation status.

(2) The concentrations of TN, NH,*-N, CODy,, and
CODc; were high at sites S1 and S4, which were
located in the most prosperous position of the
urban area, and the two areas had relatively higher
pollution because of anthropogenic activity and
industrial waste. The trend analysis showed that
TN, NH4"-N, TP, CODpyp, and CODg, had signif-
icantly upward tendencies, and cyanobacteria and
diatoms showed decreasing tendencies.

(3) As seen from the NMDS analysis, the
cyanobacteria exhibited differences with green
algae and diatoms in certain months (July and
August) because of the increasing temperature,
and at the downstream sites, (S1, S3, and S6)
under the influences of human activities and
wastewater treatment plant. A small discrepancy
existed between green algae and diatom cell den-
sity in October and at the upstream sites (S5, S7,
and S8).

(4) The RDA indicated that temperature, Ch/, DO, and
pH were the key driving factors for the change in
algal cell density, especially the response of
cyanobacteria cell density to temperature, the re-
sponse of green algae cell density to Ch/, and the
response of diatom cell density to DO and pH
temporally and spatially.

This study can be extended to other aquatic areas in
the world that currently suffer from or have suffered
from water pollution crises with regard to urban sustain-
ability. The data analysis in this study could be easily
replicated for convenience and availability. The algal
density response to hydrochemical variables could also
be conducted in other similar regions. Therefore, the
implications of this work could be more global. More-
over, the results presented here are valuable for deepen-
ing our understanding of algae variations in changing
environments and can be used to develop a practical
strategy for effective implementation of river
management.
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