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Abstract: Many studies have been concentrated on the distribution of algae in lakes, rivers, and seas,
however, few studies have been concerned about their distribution and relation with polluted urban
rivers. In this study, the spatio-temporal variation characteristics of water quality and algae community
in Nanjing city were investigated with microscopic examination for one year. Results showed that
the water pollution in this area was mainly related to high concentration of nitrogen (NH3-N and
TN (Total nitrogen). There was a total of 77 species of algae in the studied rivers from June 2016 to
May 2017, among which 73 species of planktic algae and 34 species of epipelic algae, in which the
abundance and biomass of the latter were 1925 and 904 times that of the former, respectively. The two
kinds of algae had different change tendencies which were related to seasons. For planktic algae,
the abundance and biomass decreased in this season sequence: summer, spring, autumn, and winter.
For epipelic algae, the abundance and biomass were relatively higher in winter. The dominant
community of planktic algae was Chlorophyta-Bacillariophyceae-Cyanobacteria type, while that of
epipelic algae was Bacillariophyceae—Cyanobacteria type. Most of the present algae were bi-trophic
species, and were tightly related to the pollution characteristics of the rivers. The key environmental
factors for planktic algae are T, TN, and TP, and those for Epipelic algae are N:P and TN. The relation
between the community composition of planktic and epipelic algae and environmental parameters
are highly complex, and it is worth carrying out further study to clarify their interaction mechanism.

Keywords: epipelon; heavily polluted rivers; planktic algae; water quality

1. Introduction

Algae are the primary producer of aquatic ecosystem, and play a key role in material cycling and
energy transformation processes [1]. The planktic algae can transform inorganic materials into organic
materials via solar energy, and the produced organics are then stored by consumers, which ensured
the existence and propagation of algal community [2]. After the death of algae, the residue is degraded
by microorganisms, then the produced organic debris either settle to the bottom of a water body or are
suspended in a water layer. These micro-particles can again be absorbed to the surface of algae and
affect their photosynthesis process. Additionally, the increment of soluble and particular organics in a
water body provides abundant nutrients for the growth and propagation of heterotrophic algae and
zooplankton which can exist in an environment of organic pollution. When the propagation ability of
algae exceeds the degradation ability of heterotrophic bacteria, a great amount of organics will remain
in the water body, which is the fundamental reason for water quality degradation of urban rivers [3].
On the other hand, the pollution status of urban waters (particularly nutrient pollution) also affects
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the spatial and temporal distribution and community structure of algae [4-6]. Recently, algae have
been introduced as a biological index for water quality assessment [7-9], and many studies have been
concentrated on the distribution characteristics of planktic algae and epipelic algae in lakes, rivers,
and seas, and the relationships between algae communities and environmental parameters [10-15].

The relationships between planktic and epipelic algae communities and environmental parameters
are highly complex and not yet explained by a unified theory. Various studies have been used to
analyze these relationships [16-21]. For example, Zhao et al. [17] revealed the main environmental
parameters influencing phytoplankton distribution in the Qinhuai River were water temperature
(T), conductivity (COND), and TN, and the secondary factors were DO, NH;*-N, NO3-N, CODyyy,,
TN/TP ratio, and oxidation-reduction potential. Light and Beardall [13] reported that organic matter
may be important in determining the distribution of benthic microalgal biomass. Celekli et al. [5]
indicated T, heavy metals, and nutrient contents were the major variables driving the spatial and
temporal occurrence and biochemical contents of filamentous algae species in various water bodies
in Turkey. José et al. [22] found that the annual flood was the main driving force for seasonal and
spatial variation of benthic algal crops. Gao et al. [4] showed physicochemical variables, including TP,
T, and salinity, were the most important factors influencing the variation of phytoplankton community
structure. Winter et al. [18] found the changes in the phytoplankton community of Lake Simcoe
were related to nutrient load reductions, the invasion of zebra mussels, and increasing water column
stability. Naselli-Flores [19] indicated T, conduction, and storage capacity were the main factors
influencing phytoplankton in Arancio Lake, Sicily. However, the main influence factors were high
nutrient levels, alkalinity, and changes in storage capacity in Sicilian lakes [20]. Another study found
the phytoplankton in Loch Lomond, Scotland, was mainly impacted by T, DO, Tur, and CODy,, [21].
In the Chaohu watershed, the main influence factors were chlorophyll-a, NO3-N, and PO43~ [23],
and the four variables of T, TN, TP, and NH4"-N appeared to be the most dominant environment
factors for lake Nansihu [24], while in Taihu Lake, phytoplankton showed positive correlations with
NH,;*-N:NOx-N, T, and pH [25]. In the sea area around Xiaoheishan Island, the T, PO,3~, and Cu were
the main environmental factors [26]. Studies also revealed that the same factor had different effects
on phytoplankton community structure in different seasons or with present special components in
water [27,28]. Furthermore, in some areas, metal concentrations were found to be important factors
determining phytoplankton communities [29]. So, the relation between the community composition
of planktic and epipelic algae and environmental parameters are highly complex, and it is worth
further study.

Moreover, few studies have been concerned about the distribution of algae in heavily polluted
urban rivers and the relation with water quality [30,31], because the water body of urban channels in a
plain stream network area is more complex than others. Typically, these channels have flat riverbed,
and the flow is slow or even stagnant, resulting in accumulation of pollutants. What is more, they are
affected by human activities so much and receive both of domestic and industrial wastewater [32].
Therefore, it is important to study the relations between the pollution characteristics of heavily polluted
urban rivers and the spatio-temporal distribution of planktic and epipelic algae [33].

Here, the results are reported of the spatial and temporal variation of planktic and benthic epipelic
algae and the effects of water pollution characteristics on the distribution of algae in five typical sites
in an urban rivers system of Nanjing city, in which the water quality and algal community had been
monitored for one year from June 2016 to May 2017. The aim of this study is to explore the relations
between the pollution characteristics of heavily polluted urban rivers and the ecological response of
planktic and epipelic algae on environmental factors, and to identify the key environmental impact
factors influencing the distribution and composition of planktic and epipelic algae in a typical urban
rivers system.
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2. Materials and Methods

2.1. Sampling Sites

The sampling sites of planktic algae, epipelic algae and water quality were the same. They were
all distributed in urban river network water system of Nanjing. The water system consists of several
channels. The five channels were investigated and the sampling sites were from G1 to G5 (See Figure 1).
The eastern section of the Internal Qinhuai River (site G1), which has south-north flow direction,
is relatively narrower and has slower flow. The middle section and southern section of the Internal
Qinhuai River (site G2 and Site G3), which have east-west flow direction, are relatively narrower
and have relatively slower flow. The main pollution source of site G1, G2, and G3 is domestic
wastewater discharge and urban non-point source pollution. Especially the river in G2 and G3 were
seriously polluted by domestic wastewater discharge. There are various residential districts, including
restaurants and hospitals in this area. The external Qinhuai River (site G4 and G5) are relatively wider
and have relatively faster flow, the main pollution sources of these channels are agricultural and urban
non-point source pollution from upper river of external Qinhuaihe River. The water is shallow in this

area, and the range of depth is between 1 and 3 m.
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Figure 1. The monitoring sites of Nanjing. G1: Yixian Bridge (32°02.490" N, 118°47.898’ E), G2: Wenjin
Bridge (32°02.145’ N, 118°46.099" E), G3: Xiafu Bridge (32°01.750" N, 118°46.051” E), G4: Yuhua Bridge
(32°00.577" N, 118°47.283" E), and G5: Hanzhongmen Bridge (32°02.619" N, 118°45.609” E). The arrows

in the graph show the direction of water flow.

2.2. Sampling of Planktic Algae, Epipelic Algae, and Microscopic Examination

From June 2016 to May 2017, planktic algae samples (20 cm from water surface) for qualitative
and quantitative analysis were collected from Rivers twice a month. Qualitative samples were filtered
by 25# phytoplankton mesh and fixed by formaldehyde solution. One liter of quantitative samples
was fixed by Lugol’s solution and condensed to 30 mL after sedimentation for 24 h for microscopic
examination. During microscopic examination, the phytoplankton abundance per unit water volume
was determined by a 0.1 cm? planktonic counting cell using the random field method with Olympus
cx22 optical microscope (Olympus, Shanghai), and the number of cumulative observed fields for
each sample reached at least 100. The magnification varied from 100X (for large taxa, large colonial
or filamentous forms) to 400x (for small algae, less than about 20 um). Those cells of the filaments,
chains and colonies that occur inside the square should be taken into count, whereas the cells of the
same filaments, chains and colonies occurring outside the square should not be counted. The colonial
organisms, such as colonial or filamentous algae (for example species belong to genera Scenedesmus and
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Pandorina) were treated as colonies and coenobium algal objects or units, filamentous cyanobacteria
(such as Anagnostidinema amphibium and Spirulina platensis) are to be counted in lengths of 100 pm,
number of 100 um pieces per volume of water are reported, and diatoms with any plasma inside the cell
should be counted as a living cell [34-36]. The common counting unit for the most algae with unicellular
is the cell, and the counting unit for colonial or filamentous algae should be N/mL or N/L. Each sample
should be counted twice, the difference between each count and the average of the two counts should
not be greater than +15% [37]. The volume of individual taxa algal species was estimated by applying
equivalent geometric shapes to cell forms by direct measurement of the cell dimensions, and then
converting the results to algal biomass or biovolume (fresh weight) assuming the specific weight of
every planktonic alga to be 1.0 g/mL [17,34,36,38—44]. Identification of algae species was performed
down to species level using an optical microscope or to the greatest possible taxonomic resolution using
the relevant literature [40,45-48]. The identification of cyanobacteria species was also performed with
reference to taxonomic keys and descriptions in Komdrek and Anagnostidis [49,50], and Komarek [51].
The algae species taxa were checked according to AlgaeBase (http://www.algaebase.org) and WoRMS
(World Register of Marine Species at: http://www.marinespecies.org/).

As to epipelic algae, since its amount is easily to be confused by a great amount of organic detritus
and remained dead cells, volume method was used for quantitative analysis of epipelon. During
sampling, the floating epipelic algae were collected by 13# tuck net carefully. Then, 10 mL of the sample
was taken and fixed by formaldehyde solution. Before counting, the sample was diluted to 1000 mL by
tap water, and 0.1 mL of the diluted sample was put into counting cell for counting. The methods for
algal cell abundance, biomass and algal identifying are the same as planktic algae.

2.3. Sampling and Analysis of Water Samples

Sampling and analysis methods corresponded to the regulated methods in China Environmental
Quality Standards for Surface Water (GB3838-2002). Water environmental factors, including the
concentration of dissolved oxygen (DO), pH, and temperature (T) were measured in situ using SX751
series portable electrochemical meters (San-Xin Instrumentation Inc., Shanghai, China). Turbidity
(Tur) was measured with a 2100Q Portable Turbidimeter (Hach, Loveland, CO, USA). After the water
sample was fixed with concentrated sulfuric acid, other parameters such as total nitrogen (TN) and
NH,"-N were measured within 24 h in the laboratory. TN was measured by potassium persulfate
oxidation—ultraviolet spectrophotometry, ammonia nitrogen (NH;*-N) was measured by Nessler’s
reagent spectrophotometry [52], and the permanganate index (CODy,) was measured by titration
analysis as described in the standard method (GB11892-89, 1990). Total phosphorus (TP) was measured
by alkaline potassium persulfate digestion and Mo-Sb antiluminosity [53]. Chlorophyll a (Chl-a
concentration was measured in samples filtered on a Whatman GF/F filter (47 mm diameter), extracted
in 90% acetone overnight after digestion with a glass rod and determined spectrophotometrically using
an UV/Vis Spectrometer (Perkin Elmer, Lambda 40, Norwalk, CT, USA) [54]. All the analysis methods
carried out in this paragraph were used successfully in other similar studies for water quality indexes
or other indexes with different purposes [17,52-55]

2.4. Statistical Analysis

All statistical tests were analyzed by one-tailed Student’s t-test for comparison of two groups,
or an analysis of variance (ANOVA) with repeated measures (with Greenhouse-Geisser correction
and Bonferroni post hoc test) is used to compare the significance level of difference among different
seasons for different water quality factors using a statistical software package (SPSS 22). The Pearson,
Kendall’s tau B and Spearman correlation between algae abundance and various environmental factors
are performed by SPSS 22.0.

Multivariate stepwise regression analysis (MSRA) was performed after confirming that the
data met appropriate assumptions (linear trend, normality, homogenous variance, and independent
sampling). The MSRA was carried out with the software of SPSS 22.0, with probabilities of F for entry
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and removal of 0.05 and 0.1, respectively. And the significance of T test for regression coefficients
should be less than 0.05 and the variance inflation factor (VIF) should be less than 10 (or tolerance > 0.1).
Normality was examined by one-sample Kolmogorov—Smirnov test. The independence of residuals
was identified by Durbin-Watson test value. The homogeneity of variance was identified by the
scatterplot of regression standardized residual vs. predicted value of algae abundance. Collinearity
diagnosis of environmental factors was examined by observing the tolerances and VIF value of the
independent variables in the regression model, which should be more than 0.1 for tolerances and lower
than 10 for the VIE.

Redundancy analysis: According to the data characteristic analysis, the redundancy analysis
(RDA) between environmental factors and algae data was carried out using Canoco 5.0 (evaluation
version, Microcomputer Power, New York, NY, USA). The algae data were used as species data and
various environmental factors as environmental data [56]. In figure, solid arrows represent the different
algae, while hollow arrows indicate various environmental factors. The arrow length represents the
importance degree of the environment factors, while the cosine value between two arrows represents
the correlation between species and environmental variables [57].

Identification of environmental factors affecting algae distribution: In order to identify the key
environmental factors affecting algae distribution, the order of environmental factors was sorted
according to R? value and significant level p value from Pearson, Kendall and Spearman correlation
analysis, the standardized coefficents () in Multiple Stepwise Regression Analysis (MSRA) equation,
the correlation coefficients among environmental factors, the abundance of algae and RDA ordination
axes. At last, the order of environmental factors was expressed as Cn, Cn =1, 2, 3 ..., and 10.
The importance of environmental factors in affecting the distribution of algae (In, 1 represents different
environmental factors) was calculated by the equation: In = (11 — Cn)/10, the value of In ranged from
0 to 1. The bigger the value is, the more important it is [55].

The figures were plotted using Graphpad prism 5.0, SPSS 22.0 and STATISTICS 10. The correlation
analysis and multiple stepwise regression analysis were calculated by SPSS 22.0 software.

3. Results and Discussion

3.1. Characteristics of Water Quality

The measured results of water quality of the studied rivers are shown in Figure 2 and it indicates
that the DO level was obviously higher in spring and summer than in autumn and winter. But the
difference in four seasons did not achieve significant difference (p > 0.05) based on the analysis of
variance (ANOVA) with repeated measures, this may be related to the large difference among different
sampling sites in a season. The DO level in G2, where a bio-rehabilitation project was going on,
was higher than that in other rivers, and it met the Class V standard in spring and summer, while the
DO level of other rivers was generally lower than Class V standard. The concentrations of CODjyy,,
NHj3-N, and TN were lower in summer and autumn (Class IV) than in spring and winter (Class IV to V),
significant difference among different seasons was observed (p < 0.01 or p < 0.001). However, TP, Tur
and pH level had no distinct seasonal differences (p > 0.05). In the studied area, CODyy, and TP levels
reached Class IV to V level, but the concentrations of NH3-N and TN were high, and the molar ratio of
total N/P was generally in the range of 45.4-96.3. For chlorophyll a (Chl-a), it was generally higher in
spring and summer than in autumn and winter, and was the highest in summer. After conversion of
chlorophyll a to Carlson Tropic Index, it indicates that the nutrition status of the studied rivers was
mesotrophic to meso-/eutrophic level in spring, and meso-/eutrophic to eutrophic level in summer,
while it was mesotrophic level in autumn and winter. The water temperature of the studied areas
changed with seasons, while pH value was stable. Generally, the water was neutral and slightly
alkaline. In a word, the characteristic of water quality was low organic load and high nutrient level,
and main pollution species in the studied areas are NH3-N and TN.
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Figure 2. The monitored water quality characteristics of the studied rivers. Note: the numbers of 1-5 in
the graph refer to the sampling sites (1: G1, 2: G2, 3: G3, 4: G4, 5: G5). The indexes of DO, TP, CODyyy,
NH;-N, and TN were expressed with the left axis, and the indexes of pH, Tur, T, Chl-a, and N/P were
expressed with right axis. Statistical significance was determined using the repeated-measures ANOVA
model for water quality indexes. *: p < 0.05; **: p < 0.01; ***: p < 0.001. NS—not significant.

3.2. Characteristics of Algae Community

3.2.1. Species, Abundance, and Biomass of Planktic and Epipelic Algae

There was a total of 73 species of planktic algae, among which the percentage of Chlorophyta (Chl),
Bacillariophyceae (Bac), Cyanobacteria (Cya), Dinophyta (Din), Euglenozoa (Eug), and Cryptophyta (Cry)
were 45.2%, 3.3%, 17.8%, 5.5%, 5.5%, and 2.7%, respectively. The annual mean abundance and biomass
of planktic algae in studied area were 11,143,500 N/L and 3.895 mg/L.

The diversity of epipelic algae was relatively low. Only 34 species were detected, among which
the percentage of Bacillariophyceae, Chlorophyta, Cyanobacteria, Euglenozoa, and Dinophyta were 52.9%,
26.5%, 11.8%, 5.9%, and 2.9%, respectively. However, the abundance and biomass of epipelon were
extremely high, which reached 21,455,000 N/mL and 3.524 mg/mL, respectively, 1925 and 904 times
that of planktic algae.

3.2.2. Characteristics of Algae Community and Distribution of Planktic and Epipelic Algae

Figure 3A shows the characteristics of the community and distribution of planktic algae. It indicates
that Cyanobacteria has the highest abundance (4,751,700 N/L), and Dinophyta has the lowest abundance
(3500 N/L); Chlorophyta has the highest biomass (1.30 mg/L), and Dinophyta has the lowest biomass
(only 0.011 mg/L). In terms of the distribution of planktic algae, the abundance and biomass of both
Cyanobacteria and Chlorophyta in site G3 were the highest, the second one was in site G1, and the lowest
was in site G4. The higher abundance and biomass of Cryptophyta, Euglenozoa, and Bacillariophyceae
mainly distributed in site G1.
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Figure 3. The spatial distribution characteristics of abundance and biomass of planktic (A) and epipelic
(B) algae. Notes: the left bars are the abundance of planktic algae expressed with the left axis, and the
right bars are the biomass of planktic algae expressed with the right axis.

Figure 3B shows that the abundance order of epipelic algae from high to low was Cyanobacteria,
Bacillariophyceae, Chlorophyta, Euglenozoa, and Dinophyta; the biomass order was Bacillariophyceae
(2.892 mg/mL), Cyanobacteria (0.472mg/mL), and Chlorophyta (only 0.041 mg/mL).The spatial distribution
of epipelon was uneven in these studied channels. In terms of abundance, it was the highest in site
G5, the second highest in site G1, and the lowest in site G4. In terms of biomass, it was the highest in
site G3 (18.881 mg/mL), the second one was in site G1 (15.588 mg/mL), and the lowest was in site G4
(only 2.823 mg/mL) (See Figure 3B).

The distribution of different species of epipelon was also uneven. The abundance and biomass
of Cyanobacteria were the highest in site G5, the second highest in site G1, and the lowest in site G4.
For Bacillariophyceae, the abundance and biomass were the highest in site G3 the second one was in
site G1, and the lowest in site G4. The abundance and biomass of Euglenozoa and Chlorophyta were
relatively low.

3.2.3. Seasonal Changes of Planktic and Epipelic Algae

The composition, abundance, biomass and dominant species of algae change distinctly with
seasons. Figure 4A indicates that the order of the abundance and biomass of planktic algae from high
to low were in summer, spring, autumn, and winter.

In terms of dominant species, Anagnostidinema amphibium (up to 15,750,000 N/L and biomass
1.103 mg/L in July) and Spirulina platensis (up to 2,050,000 N/L and biomass 0.410 mg/L in August)
affiliated to Cyanobacteria mainly appeared in high temperature period in summer. Cryptomonas ovata
and Chroomonas acuta affiliated to Cryptophyta are eurythermal species, and they were present all
through the year, but the highest abundance and biomass were present in April (up to 1,200,000 N/L,
1,000,000 N/L and biomass 4.8 and 0.1 mg/L, respectively). Gymnodinium aeruginosum affiliated to
Dinophyta mainly appeared in spring and autumn (up to 110,000 N/L and biomass 0.33 mg/L in
March). Cyclotella meneghiniana, Stephanodiscus hantzschii, Aulacoseira granulata and Aulacoseira granulata
f. spiralis. affiliated to Bacillariophyceae are also eurythermal species. Cyclotella meneghiniana (up to
2,150,000 N/L and biomass 1.677 mg/L in March) and Stephanodiscus hantzschii (up to 1,860,000 N/L
and biomass 3.720 mg/L in March) mainly existed in spring and autumn. Aulacoseira was mainly
present in summer (up to 6,050,000 N/L and biomass 1.997 mg/L in July). Euglena viridis of Euglenozoa
was mainly present in spring, summer and autumn (up to 250,000 N/L and biomass 0.125 mg/L in
June). Pandorina morum affiliated to Chlorophyta mainly existed in summer (up to 6,000,000 N/L and
biomass 9.000 mg/L in June). Oocystis lacustris, Scenedesmus sp. (mainly Scenedesmus quadricauda and
Scenedesmus bijuga), and Tetradesmus sp. (mainly Tetradesmus dimorphus and Tetradesmus obliquus) of
Chlorophyta were present throughout the year.

Although the abundance of the dominant species listed above only accounts for 16.4% of total
species number, the summed abundance and biomass of these species are as high as 61.4% and 78.5%
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of total number and biomass, respectively. And most of these species are bi-trophic. The details are
shown in Table 1.
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Figure 4. The seasonal changes of abundance and biomass of planktic (A) and epipelic algae (B). Notes:
the left bars are the abundance of planktic algae expressed with left axis, and the right bars are the
biomass of planktic algae expressed with right axis.

The seasonal changes of the composition, abundance, biomass and dominant species of epipelic
algae are shown in Figure 4B. It indicates that the changes of epipelon were significantly different
from those of planktic algae. The order of the abundance from high to low was summer, autumn,
spring, and winter, while the highest biomass appeared in winter, and did not change much in other
seasons. In terms of composition, the dominant species in winter and spring was Bacillariophyceae,
and in summer, Cyanobacteria was dominant. In autumn, the abundance of Cyanobacteria decreased
significantly, while that of Bacillariophyceae tended to increase (See Figure 4B).

Table 1. The seasonal changes of the abundance and biomass of the dominant planktic algae.

Spring Summer Autumn Winter Average
Algae AD B? AD B2 AD B2 AD B2 AD B2

Anagnostidinema amphibium 167 0.012 6580  0.461 567 0.004 0 0 1829 0.128

Cyanobacteria Spirulina platensis 0 0 767 0.153 417 0.083 0 0 296 0.059
Sum 1530  0.060 10166  0.743 2966  0.227 117 0.004 3695  0.259

Cryptomonas ovata 517 2.067 183 0.733 350 1.400 67 0.267 279 1.072

Cryptophyta Chroomonas acuta 727 0.073 200 0.020 150 0.015 100 0.010 294 0.029
Sum 1243 1.959 383 0.753 500 1.415 167 0.277 573 1.101

Dinophyta Gymnodinium aeruginosum 0 0 17 0.050 16.7 0.050 0 0 8.3 0.005
Sum 0 0 17 0.050 16.7 0.050 0 0 8.3 0.025

Cyclotella meneghiniana 1193 0.931 500 0.393 917 0.715 697 0.546 828 0.646

Bacillario-phyceae Stephanodiscus hantzschii 680 1.363 1330 0.267 350 0.700 33 0.067 299 0.599
Aulacoseira granulata 67 0.022 2617  0.864 850 0.281 167 0.055 925 0.305

Sum 2110  2.688 3283 1590 2183 1.836 983 0.851 2140 1.741

Euglenozon Euglena viridis 67 0.467 50 0.350 83 0.817 0 0 58 0.408
Sum 573 1.520 67 0417  166.7  0.950 33 0.067 210 0.738

Pandorina morum 0 0 2667 4.000 200 0.300 0 0 717 1.075

Chlorophyta Oocystis lacustris 633 0.317 467 0.233 283 0.142 217 0.108 400 0.200
Scenedesmus sp. ) 1133 0227 1700  0.340 667 0.133 333 0.067 960 0.192

Sum 4637  1.686 9267 5880 3400  0.770 1116 0253 4605  2.147

Note: D A: abundance, unit: 1000 N/L; 2 B: biomass, unit: mg/L. 3 Scenedesmus sp. include Scenedesmus quadricauda
and Scenedesmus bijuga.

Among the species affiliated to Cyanobacteria, Anagnostidinema amphibium was dominant from
May to September. Among the species affiliated to Bacillariophyceae, the Gomphonema parvulum,
Aulacoseira granulata, and Stephanodiscus hantzschii mainly appeared in January, August, and September,
respectively. Nitzschia palea was mainly present in winter and spring and Navicula aitchelbee mainly
appear in autumn and winter. Fragilaria amphicephaloides mainly existed in winter and spring and
Cyclotella meneghiniana was mainly present in August. The abundance of the above species only
accounts for 23.5% of the total species number, but the abundance and biomass accounts for 80.6% and
59.9% of the total abundance, respectively (See Table 2).
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To sum up, among planktic algae, Cyanobacteria was mainly present in summer, Cryptophyta and
Bacillariophyceae were mainly present in spring and autumn, Euglenozoa was present in spring, and
Chlorophyta in summer and autumn. Among epipelon species, Cyanobacteria was mainly present in
summer and autumn, while Bacillariophyceae was mainly present in spring, autumn, and winter.

Table 2. The seasonal changes of the abundance and biomass of the dominant species of epipelon.

Spring Summer Autumn Winter Average
Algae AD B2 AD B2 AD B2 AD B2 AD B2

Cyano- Anagnostidinema amphibium 250 0.050 4209 0.838 1625 0.325 0 0 1659 0.331
bacteria Sum 406 0.096 5258 1.273 2700 0.541 14 0.0001 2091 0.478
Cyclotella meneghiniana 1.1 0.043 7.6 0.304 6.1 0.245 1.1 0.044 43 0.173

Stephanodiscus hantzschii 7.4 0.296 43 0.171 11.5 0.460 8.1 0.325 8.5 0.341

Aulacoseira granulata 7.0 0.228 28.5 0.707 19.2 0.470 6.4 0.045 16.7 0.396

Navicula aitchelbee 10.2 0.371 14 0.023 11.7 0.229 22.1 0.441 12.3 0.290

Bacillario-phyceae Fr'ugilur.iu amphicephaloides 4.6 0.457 0.7 0.066 0.5 0.050 18 0.177 2.1 0.205
Nitzschia palea 7.6 0.303 15 0.044 1.0 0.030 10.2 0.803 5.5 0.322

Gomphonema parvulum 27.0 0.540 0.6 0.011 0.6 0.011 46.6 0.931 20.4 0.407

Pinnularia microstauron 1.7 0.167 1.6 0.245 0.5 0.050 2.8 0.283 1.8 0.203

Tabellaria fenestrata 2.8 0.225 0.8 0.083 0.8 0.083 43 0.344 24 0.201

Sum 84.5 2.887 52.5 1.791 85.9 2664 1405 4152 90.8 2.874

Note: V) A: abundance, unit: 10,000 N/mL; 2 B: biomass, unit: mg/mL.

3.3. The Correlations between the Pollution Characteristics and Algae Distribution

The spatial-temporal changes of planktic algae have certain correlations with the physicochemical
characteristics of urban rivers (see Table 3). Table 3 shows that the abundance of Dinophyta,
and Bacillariophyceae has significant negative correlation with NH3-N concentration (p < 0.01), while has
significant positive correlation with water T (p < 0.01) and pH (p < 0.05), which indicates that the
seasonal changes of these two types of algae are relatively distinct. Their abundances are significantly
affected by NH3-N concentration. When NH3-N concentration is high and the river was seriously
polluted, the abundance of these types of algae will decrease distinctly. That of Cryptophyta has
significant negative correlation with TN concentration (p < 0.05) and significant positive correlation
with Chl-a concentration (p < 0.05). Significant positive correlation was observed between Cyanobacteria
and TP and T (p < 0.05). Chlorophyta have relatively significant positive correlation with Chl-a
concentration and T (p < 0.05).

The correlation between the pollution characteristics and the distribution of epipelic algae is shown
in Table 3, and it indicates that the abundance of Cyanobacteria have significant negative correlation with
DO, TN, and N:P (p < 0.05), while have positive correlation with water T (p < 0.05), which is related
to the consumption of Cyanobacteria on DO and TN [58,59]. Bacillariophyceae has significant negative
correlation with TN, Chl-a, and N:P (p < 0.05). Chlorophyta shows significant negative correlation
with TN and N:P, and significant positive correlation with TP (p < 0.05). All of the epipelic algae are
significant negative correlation with N:P.
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Table 3. Correlation analysis between algae and environmental factors (n = 9).

Planktic Algae DO CODMn NH3-N TN TP Chl-a T Tur pH N:P
pY -0.06 0.42 -0.11 0.45 0.58 0.33 061* 003 -023 -038
Cya 2 K 0.00 0.28 -0.06 0.28 0.46* 0.28 0.44 * 0.17 —-0.06 -0.39
S -0.08 0.33 0.02 0.40 0.61* 0.37 0.50 0.15 —-0.03 —-0.50
P 0.55 —-0.01 -0.01 —-0.38 -0.36 0.59 * 0.05 -0.04 -0.03 0.22
Cry K 0.06 -0.11 -0.11 -0.44* -0.29 0.22 0.06 0.00 0.11 -0.11
S 0.17 -0.18 -0.30 -0.67* -0.39 0.33 0.13 0.03 0.15 -0.10
Din P -0.01 -043 -0.76 ** -0.33 -0.22 0.15 0.74* —-0.40 0.52 0.02
K -0.09 -0.09 -0.34 0.15 0.10 0.09 0.65* -0.28 046* —-0.09
S -0.13 -0.20 -0.45 0.17 0.10 0.14 0.78 ** -0.30 0.57 -0.13
P 0.56 -0.44 -0.83** -0.19 -0.45 0.73* 0.77 ** -0.46 0.29 0.40
Bac K 0.33 -0.39 -0.61* -0.39 -0.34 0.50 * 0.44* -039 0.50* 0.28
S 0.47 -0.50 —0.75** -0.32 -0.47 0.57 0.57 -043 0.67* 0.30
P 0.43 0.02 0.16 -0.30 -0.27 0.45 -0.09 -0.15 -0.23 0.16
Eug K 0.11 0.06 -0.06 -0.28 -0.11 0.28 0.00 -0.06 0.06 -0.17
S 0.15 0.08 0.02 -0.33 -0.13 0.35 -0.02 -0.02 -0.02 —-0.30
P 0.27 0.27 -0.30 0.35 0.32 0.63* 0.708 * -0.08 -0.12 -0.13
Chl K 0.28 0.22 0.00 0.33 0.29 0.56 * 0.28 0.11 0.00 -0.11
S 0.35 0.33 -0.05 0.37 0.38 0.72* 0.33 0.13 -0.03 -0.22
Epipelic algae DO CODy,  NH3-N TN TP Chl-a T Tur pH N:P
Cya P -0.62* -.33 -0.20 -0.63* 0.25 0.27 0.70 * 0.27 0.16 -0.66*
K -0.47* -0.20 -0.14 -0.42 0.34 0.03 0.46* 0.42 0.15 -0.42
S -0.57 -0.21 -0.17 -0.59* 0.49 0.05 0.55 047 0.20 -0.64*
Bac P -0.47 -0.50 0.03 -0.60* 0.16 -0.38 0.12 0.37 0.22 -0.55
K -0.32 -0.39 0.22 -0.61* 0.20 -0.50 * -0.08 0.11 0.21 -0.44*
S -0.36 -0.55 0.27 -0.70* 0.28 -0.63 * -0.14 0.17 0.22 -0.60*
P -0.52 -0.27 -0.07 -0.54 0.44 -0.17 0.45 041 0.32 -0.69*
Eug K -0.24 -0.15 -0.09 -0.32 0.29 0.03 0.29 0.32 0.13 —0.49 *
S -0.33 -0.19 -0.17 -0.46 0.39 0.07 0.41 0.35 0.16 -0.63*
Chl P -0.49 -0.39 0.00 -0.62* 0.46 -0.41 0.36 0.42 0.36 -0.75*
K -0.32 -0.28 0.00 -0.28 0.48* -0.28 0.31 0.11 0.45 -0.56*
S -0.39 -0.43 -0.03 -0.55 0.60 * -0.43 0.44 0.17 0.57 -0.75**

Note: D P: Pearson correlation; K: Kendall’s tau B correlation; S: Spearman’s rho correlation. 2) Cya: Cyanobacteria;

Din: Dinophyta; Bac: Bacillariophyceae; Chl: Chlorophyta; Eug: Euglenozoa. ® *: Correlation is significant at the

0.05 level (1-tailed); **: Correlation is significant at the 0.01 level (1-tailed).

3.4. Multivariate Stepwise Regression Analysis (MSRA)

The applicable conditions of MSRA include a linear trend between independent variables
and dependent variables, and the independence, normality, and homoscedasticity of different
residuals. The data of planktic algae were treated with decimal logarithmic transformation. After this
treatment, the distribution of planktic algae data were normal distribution tested with one-sample
Kolmogorov-Smirnov test, and the distribution of epipelic algae data were normal distribution without
logarithmic transformation.

Linear trend between independent variables and dependent variables: The 10 environmental
factors including T, pH, DO, Tur, TN, NH;3-N, TP, CODyp, Chl-a, and N:P were discussed with the
abundance and biomass of planktic and epipelic algae. The linear correlation analysis between planktic
algae and environmental factors showed that: good linear correlations were observed among 1gCya
and T, TP; among lgDin and T, NH3-N and pH; among IgBac and T, Chl-a, NH3-N and pH; among
lgChl and T, Chl-a. For epipelic algae, good linear correlations were observed among Cya and T, TN,
DO, and N:P; among Bac and TN, Chl-a, and N:P; between Eug and N:P; among Chl and TN, TP and
N:P (see Table 4).

However, a significant correlation (p < 0.05 or 0.01) was also observed among some environmental
factors (see Table 4). This implies that there are collinearity phenomena of independent variables in
the model obtained with a forward stepwise regression method. So, the collinearity phenomenon of
independent variables in regression model must be overcome when the MSRA was carried out.
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Table 4. Correlation coefficients between algae and environmental factors (1 = 9) from multivariate
stepwise regression analysis (MSRA).

DO CODmn  NH; TN TP Chl-a T Tur pH N:P
IgCya  —0.116 0.444 -0.16 0.158 0.479 0395  0797* 0219 —0249 —0.501
IgCry 0409 0.052 —0.101  -0411  -0254  059* 0290 0047 —0.088  0.039
Plankticalgae 8D <0101~ -0282  -0643*  -0244 005 009  0731* -0308 052 011
IgBac 0534 —0413 -0763* -0296 -0451  0705*  0723* —044 0232  0.338
IgEug  0.240 0.038 0.105 —0381  -0.166  0.370 0096 —0178 -0312 —0.036
IgChl  0.224 0.306 —0.256 0.162 0288  0.638* 0730* 0011 -0162 -0.224
Cya  —0621* —0334 —0197 —0.626* 0249 0272 0703* 0270 0156 —0.656*
Enipelic al. Bac 0470  -0.503 0035  —0603* 0160 -0376 0119 0368 0222 —0.546
pipelic algae
Eug ~ -0522  -0272  -0075 -0540 0438  -0167 0451 0408 0321 —0.685*
Chl 0487  -0388  -0.002 -0620* 0461  -0411 0363 0423 036 —0745*
DO 1
CODypn  —0.386 1
NH;  -0497  0.690* 1
Environ. N 0.021 0.572 0.277 1
] TP -0.614* 0906*  0.629%  0.582* 1
factors Chl-a  0.840*  —-0023  -0.486 0180  -0.262 1
T 0.110 0.04 —0.637*  0.055 0.079 0.536 1
Tur 037  0.780* 0448 0345  0615*  —0.089  0.047 1
pH 0383  —0594* —0650* —0471  -0554  0.163 0141 -0320 1
NP 0825% —0718% -0553  -0045 057 0470 —0116 —0570 0414 1

ok

** Correlation is significant at the 0.01 level (1-tailed), * Correlation is significant at the 0.05 level (1-tailed).

In order to overcome the collinearity phenomenon of independent variables in the model,
a standard stepwise regression method was adopted. The MSRA was carried out with probabilities of
F for entry and removal of 0.05 and 0.1, respectively. There are some optimal models that have higher
R? and smaller standard error (SE) of the estimate values than other models (Table 5), which meet
the conditions that the significance of T test for regression coefficients should be less than 0.05 and
the variance inflation factor (VIF) should be less than 10 (or tolerance > 0.1) (Table 6). The stepwise
regression equation of planktic algae and epipelic algae are shown in the Table 6, and the F and
significance level of F test (sig. F) of these regression equations are shown in the Table 5. Their p-value
(sig. F) are all less than 0.05, most of the R? are more than 0.5, and SE (Standard Error) are less than 0.3
for planktic algae and 150 for epipelic algae.

Test of the model rationality. A rationality linearity regression model should meet four conditions,
including regression standardized residuals of dependent variable (different algae) belonging to normal
distribution; the residuals are independent and there is no autocorrelation; homogeneity of variance,
no collinearity. So, we should test the regression model to prove its rationality. (1) Identification of
normality of residuals. The Figures S1 and S2 (in the supplementary document) shows the frequency
distribution histogram and normal P—P Plot of regression standardized residuals of different algae,
which showed that they belonged to normal distribution. (2) Identification of the independence of
residuals. In Table 5, the Durbin-Watson test values (DW) are from 1.302 to 2.102 for the regression model
of different algae. The lower (DL) and upper bounds (DU) of critical values for the Durbin—-Watson
Test of different algae regression model are 0.824 and 1.320, respectively. Because both of the DWs are
all higher than their upper bounds (DU), their relations among the residuals are independent and there
is no autocorrelation (see Table 5). (3) Identification of homogeneity of variance. The Figure S3 (in the
supplementary document) showed the scatterplot of regression standardized residual vs. predicted
value of different algae. The fluctuation range of standard residuals is basically stable with the change
of standard predicted values. It suggested the homogeneity of variance. (4) Collinearity diagnosis.
The Tables 6 and 7 showed the diagnosis results, and we can find that the tolerances of the independent
variables in the regression model are all more than 0.1, and the VIF are also lower than 10, thus the
effect of collinearity on the regression model is no problem. Therefore, the regression model is rational.
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Dependent 2 . 2 Std. Error of . .

Variable R R Adjusted R Estimate F Sig. F Durbin-Watson
lgCya®D 09152  0.837 0.783 0.279 15434  0.004 1.913
Planktic  1gDin® 0.731>  0.534 0.468 0.374 8.034 0.025 1.302
algae lgBac © 0.763¢ 0.582 0.522 0.123 9.737 0.017 1.429
1gChl 4 07304 0533 0.466 0.213 7.986 0.026 1.932
Cya € 0.861¢  0.742 0.656 2009.850 8.615 0.017 1.986
Epipelic Bac 0.603f 0363 0.273 121.639 3.997 0.046 2.099
algae Eugs 0.6858&  0.469 0.393 1.889 6.171 0.042 2.081
Chi™  0745h 0555 0.492 31.962 8741  0.021 2.102

Note: 2: Predictors: (Constant), T, NH;-N; P: Predictors: (Constant), T; ¢: Predictors: (Constant), NH3-N;
d: Predictors: (Constant), T; ®: Predictors: (Constant), T, TN; f: Predictors: (Constant), TN; 8: Predictors: (Constant),
N:P (ratio of nitrogen and phosphorus); h. Predictors: (Constant), N:P. V) Cya: Cyanobacteria; Din: Dinophyta; Bac:
Bacillariophyceae; Chl: Chlorophyta; Eug: Euglenozoa.

Table 6. Coefficients (n = 9).

Unstandardized Standardized Collinearity
%ZI:;IL?:M Model Coefficients Coefficients t Sig. Statistics

B Std. Error Beta Tolerance  VIF
(Constant) -1.639 1.209 -1.356 0.224

1gCya T 0.133 0.024 1.168 5.470 0.002 0.595 1.681

Zséo NH;3-N 0.345 0.126 0.583 2.732 0.034 0.595 1.681
< 1gDin (Constant) -1.063 0.559 -1.903 0.099

= T 0.071 0.025 0.731 2.834 0.025 1.000 1.000
E IgBac (Constant) 4.064 0.275 14.771 0.000

f NH;3-N —0.134 0.043 —0.763 —-3.120 0.017 1.000 1.000
1gChl (Constant) 2.723 0.318 8.557 0.000

T 0.041 0.014 0.730 2.826 0.026 1.000 1.000
Cya (Constant)  4965.604 5195.977 0.956 0.376

T 343.227 120.476 0.603 2.849 0.029 0.961 1.040

%o TN —-1137.081  473.557 -0.508 —-2.401 0.053 0.961 1.040
< Bac (Constant)  600.277 220.626 2.721 0.030

% TN -56.186 28.103 -0.603 -1.999 0.086 1.000 1.000
K Eug (Constant) 8.040 2.236 3.595 0.009

s N:P? -0.173 0.070 —0.685 —2.484 0.042 1.000 1.000
Chl (Constant)  149.144 37.844 3.941 0.006

N:P —3.482 1.178 —0.745 —2.957 0.021 1.000 1.000

Note: D Cya: Cyanobacteria; Din: Dinophyta; Bac: Bacillariophyceae; Chl: Chlorophyta; Eug: Euglenozoa. 2) N:P:
the ratio of nitrogen and phosphorus.
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Table 7. Collinearity Diagnostics.

Variance Proportions

Condition
Model Dimension Eigenvalue Index (Constant) T NH;3-N TN N:P
1gCya 1 2.938 1.000 0.00 0.00 0.00 / /
2 0.059 7.079 0.00 0.29 0.09 / /
3 0.004 27.667 1.00 0.70 0.91 / /
lgDin 1 1.975 1.000 0.01 0.01 / / /
planktic algae 2 0.025 8.837 0.99 0.99 / / /
lgBac 1 1.989 1.000 0.01 / 0.01 / /
2 0.011 13.334 0.99 / 0.99 / /
1gChl 1 1.975 1.000 0.01 0.01 / / /
2 0.025 8.837 0.99 0.99 / / /
Cya 1 2.939 1.000 0.00 0.01 / 0.00 /
2 0.050 7.635 0.00 0.54 / 0.27 /
3 0.011 16.413 0.99 0.46 / 0.72 /
Epipelic Bac 1 1.983 1.000 0.01 / / 0.01 /
algae 2 0.017 10.790 0.99 / / 0.99 /
Eug 1 1.960 1.000 0.02 / / / 0.02
2 0.040 6.961 0.98 / / / 0.98
Chl 1 1.960 1.000 0.02 / / / 0.02
2 0.040 6.961 0.98 / / / 0.98

Note: “/” refers to no data. Cya: Cyanobacteria; Din: Dinophyta; Bac: Bacillariophyceae; Chl: Chlorophyta;
Eug: Euglenozoa.

3.5. Redundancy Analysis (RDA) of Algae and Environmental Factors

Redundancy analysis: the main environmental factors affecting the distribution of algae are
discussed with RDA (Figure 5). The statistical results are shown in Tables S1 and S2 (in the
supplementary document). As Table S1 shows, the eigenvalues of the first two species axes were 0.535
and 0.086, respectively, the total eigenvalue was 1.000, and the first two ordination axes can account
for 93.3% of the total abundance of information. The tables also show that the correlation coefficients
between the first two species axes and the first two environmental axes are 0.874 and 0.680, respectively,
indicating that these axes are well correlated. In contrast, the correlation coefficient between the two
species axes was 0.255, showing these axes were poorly correlated. The correlation coefficient of
the two environmental axes was 0.000, indicating they were orthogonal. This demonstrates that the
ordination results can reflect the relationships between the abundance of algae and environmental
factors [17,56,57].

The first ordination axis represents the negative amount of Cya and the positive amount of
Cry, Chl and Eug, and the second ordination axis primarily represents the positive amount of Chl
and the negative amount of Din and Bac (Table 52 and Figure 5). Cya was significantly positively
correlated with T (r = 0.598, p = 0.004), and significantly negatively correlated with DO (r = —0.578,
p =0.006), TN (r = —0.631, p = 0.002), and N:P (r = —0.621, p = 0.003), indicating that higher temperature
contributes to the growth of Cya, and the mass growth of Cya resulted in the lower TN, DO, and N:P.
DO showed high positive correlation with Cry and Din (r = 0.433, p = 0.036 and r = 0.453, p = 0.030).
TN also has a significant negative correlation with Bac (r = —0.429, p = 0.038), suggesting the growth of
Bac can absorb a large number of TN. CODyy, was highly positively correlated with Chl (r = 0.448,
p = 0.031). This implied that the difference of environmental factors due to the spatial-temporal variety
resulted in the change of dominant species of planktic and epipelic algae [33,60], the results of Tables 1
and 2 can also support the conclusion.
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Figure 5. RDA ordination between the abundance of algae and environmental factors. Note: the G1-G5
refer to the planktic algae samples in different sites, the G21-G24 refer to the planktic algae samples in
G2 site and G21 is spring sample, G22 is summer sample, G23 is autumn sample, and G24 is winter
sample. The G1s—G5s refer to the epipelic algae samples in different sites, the G21s-G24s refer to the
epipelic algae samples in G2 site and G21s is spring sample, G22s is summer sample, G23s is autumn
sample, and G24s is winter sample. Cya: Cyanobacteria; Din: Dinophyta; Bac: Bacillariophyceae;
Chl: Chlorophyta; Eug: Euglenozoa.

3.6. ldentification of Environmental Factors Affecting the Distribution of Algae

The relative importance of different environmental factors in affecting the distribution of algae
based on the calculation of Pearson, Kendall, and Spearman correlation analysis, MSRA and RDA are
shown in Figure 6. It can be found that different algae were affected by different key environmental
factors. For planktic algae, the T, N:P, TP, and TN have important effects on the distribution of Cya.
Cry was mainly affected by TN, TP, Chl-a, and DO. Din was mainly affected by T, pH, and NH;3-N.
Bac was mainly affected by T, Chl-a, and NH3-N. The TN, N:P, Chl-a, and DO have important effects
on the distribution of Eug. Chl was mainly affected by T, Chl-a, TN, TP, and CODy,. For epipelic
algae, N:P was the most important environmental factor, and the second one was TN. The T and DO
were also the important effect factors for Cya of epipelic algae. And the importance of CODyy,, DO,
and Chl-a for Bac, T and DO for Eug, and pH, TP, and DO for Chl were also observed.

It is expected that environmental variables significantly affected the distribution of the algal
community in the studied rivers, which was evidenced by the significant correlation between algal
community composition and water T, turbidity, and nutrient-related variables (i.e., CODy, TP, TN,
N:P) (Figures 5 and 6 and Table 3). This finding was in agreement with previous studies on algal
distribution [16,17,20,25,61-63], suggesting that environmental factors could affect the distributions of
both planktic and benthic algal communities. These results were reasonable, because temperature,
light intensity and nutrient are crucial factors for algal growth [64-67].
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Figure 6. Identification of environmental factors affecting the distribution of planktic algae (left)
and epipelic algae (right). P, K, and S: the correlation analysis of Pearson, Kendall, and Spearman;
M: multiple stepwise regression analysis; R: Redundancy analysis; T: temperature; Tur: turbidity;
N:P: ratio of nitrogen and phosphorous. Cya: Cyanobacteria; Cryptophyta (Cry); Din: Dinophyta;
Bac: Bacillariophyceae; Eug: Euglenozoa; Chl: Chlorophyta. The color change from green to red shows
the increase of importance on the effect of algae distribution. For the calculation method see Section 2.4.

3.7. Understanding the Relation between River Pollution and Algae Distribution

Pollution characteristics of urban rivers: In the studied area, the main pollution source is domestic
wastewater discharge and urban non-point source pollution (for example site G1, G2, and G3),
and agricultural non-point source pollution from upper river of the Qinhuaihe River (for example
site G4 and G5), due to lack of large-scale collection and treatment infrastructure. It is not difficult to
understand that NH3-N and TN are the main pollution factors (Figure 2). The pollution characteristics
of the studied urban rivers change with season. Since in summer and autumn, the water temperature
is relatively high and microorganisms are more active, DO is relatively high, while the concentration of
CODpp, and TN are lower than in spring and winter. Although nitrogen level in summer is relatively
low, the concentration of chlorophyll a is high. The possible reason is that the environmental conditions
in summer, such as nutrient, temperature, etc., are beneficial for the growth of algae, the biomass growth
of algae could absorb a large numeber of nutrition, such as nitrogen and phosphorus [7,40,61,68,69].
The investigated results of the abundance and biomass of planktic algae also give proof to this
presumption (the abundance and biomass of planktic algae are the highest in summer). In other
seasons, trophic level is relatively low, and the abundance and biomass of planktic algae are also
low [64,69].

Characteristics of the algae in heavily polluted rivers: The algae in heavily polluted rivers generally
have bi-nutrition characteristics [2,70]. Examples in this study include Anagnostidinema amphibium,
Phormidium, and Anabaena affiliated to Cyanobacteria; Cryptomonas ovata and Chroomonas acuta affiliated
to Cryptophyta; Gymnodinium aeruginosum and Peridinium affiliated to Dinophyta; Cyclotella meneghiniana,
Aulacoseira granulata, Stephanodiscus hantzschii, Navicula aitchelbee and Nitzschia palea affiliated to
Bacillariophyceae (Tables 1 and 2). They can use both inorganic and organic carbon, both soluble
and suspending organic matters in water [6,64,71]. Some of them also have the ability of nitrogen
fixation [3]. Therefore, their community and dominant species are various.

Because heterotrophic bacteria present in the rivers cannot digest all organic matters, the sediment
becomes blackish. The remained organics also provide nutrients for the growth and propagation
of epipelon. The dominant species of epipelon are mainly heterotrophics, such as Anagnostidinema
amphibium, Phormidium, Gomphonema parvulum, Aulacoseira granulata, Stephanodiscus hantzschii, etc.
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in this study. Generally, these algae can grow well even in weak light condition, while they have
compensating function. Even when the light intensity is as low as 50-200 lx, they can grow and
propagate normally. Species development of epipelon is easy to be completely satisfied in high
transparency water body [61,66,67,72].

The variety of algal community: Generally, the composition and structure of phytoplankton and
epipelon communities follow certain trends, and they are mainly influenced by relevant physical,
chemical, biological, and environmental factors, such as storage capacity, T, pH, alkalinity, conduction
(COND), DO, Tur, COD,y,,, nutrient levels, and so on, these factors differ with location and different
water bodies [16,17,20-25,63]. In the studied rivers, the molar total N/P ratio of water was generally in
the range of 45.4 to 96.3, which exceeds greatly the optimal value of about 16 [70] for plentiful growing of
algae. Therefore, even there is plentiful source of algae, most of them cannot grow well in the overlaying
water because of unfavorable nutrient conditions. The abundance and biomass of Cyanobacteria and
Chlorophyta have significant negative correlation with TN concentration. It may be because these two
algae can fix and absorb nitrogen from waterbody. While significant positive correlation between the
abundance and biomass of Cyanobacteria and Chlorophyta and TP, shows that P is the limiting factor
of these two algae’s growth. These results are consistent with the reported [23-25].

The dominant species was changing, and both the community of epipelon and planktic algae
changed with season and sampling sites (Tables 1 and 2). According to this study, there are mainly
two explanations, difference of competition ability of different species and different environmental
conditions (here mainly nutrient status and water temperature are discussed) [15,73]. Tilman et al. [69]
established the first conceptual model about resource competition, which emphasizes the impact of
resource supply rates on algal species composition. An algal species will outcompete others, when it is
able to reduce the availability of a limiting factor to such an extent that the competing species is not
able to compensate for its population losses. That is the explanation of the dominance of algal species
in this study.

For the spatial and temporal changes of algae community, we use the explanation by difference
of environmental conditions. Nutrient supply ratio is significant for fresh water algal species
composition [60,68]. The nutrient supply ratio (molar total N/P ratio) in this study changed with
seasons and sites. The ratio was relatively high in winter, and correspondingly the abundance and
biomass of planktic algae were relatively low. Temperature was generally thought to be the most
important factor influencing the structure of phytoplankton communities [74]. In some shallow lakes
and rivers, temperature played an important role in promoting Microcystis blooms [17,75]. Different
water temperature in different seasons also leads to great variability in the composition, abundance
and biomass of algae in the studied rivers. Warm temperature is beneficial for the growth of both
epipelon and planktic algae, which is evidenced by the highest abundance in summer when water
temperature is the highest in this study.

Difference between epipelon and planktic algae community: Epipelic algae perform a range of
ecosystem functions including biostabilisation of sediments, regulation of benthic—pelagic nutrient
cycling, and primary production [71,72]. There is a growing need to understand their ecological
role [76]. Some of the factors often found to be important for distribution of benthic river diatoms are
water chemistry (particularly pH, ionic strength, nutrient concentration), substrate, current velocity,
light, and grazing [76,77]. In this study, the similarity in the species composition of the plankton and
epilithon in study areas was due to the similarity in water chemistry. Moreover, The abundance and
biomass of epipelon was much more than those of planktic algae. That may be due to the nutrient
status and other conditions are suitable for the growth of algae at the benthic zone [78]. Further studies
will be carried out for the correlation of epipelon community and benthic environment quality. When
the environment conditions of overlaying water become close to the growth conditions of algae, some
of the epipelon may suspend into the overlaying water. Also, hydraulic disturbance may result in
the re-suspension of epipelon [73]. The existence of large abundance of planktic algae results in the
decrease of water clarity, which affects the sensory quality of water. Since the water function of these
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rivers is mainly scenery, algal bloom affects the function of these rivers, and measures should be taken
to change this situation.

Because of the high abundance and biomass of epipelon, the accumulated sediment is a big
potential for eutrophication of these studied rivers. This indicates that for the improvement of water
quality of such kind of urban rivers, besides the control of external pollution sources, internal source
is non-negligible. Our previous bench-scale experiments about N and P release from sediment also
showed the significant contribution of internal pollution sources to water quality degradation of
overlaying water [79,80]. Therefore, measures should be taken to either remove accumulated sediments
or control the nutrient supply ratio in the overlaying water or both.

4. Conclusions

There was a total of 77 species of algae in the studied rivers, among which there were 73 species of
planktic algae and 34 species of epipelon. The abundance and biomass of epipelon were 1925 and 904
times that of planktic algae, respectively. Epipelon was much more than planktic algae. Their abundance
and biomasses changed with seasons and sampling sites. For planktic algae, the abundance and
biomass decreased from summer, spring, autumn, to winter. For epipelon, the abundance and biomass
were relatively high in winter, and did not change significantly in the other three seasons. For epipelon,
Cya was mainly present in summer and autumn, while Bac was mainly present in spring, autumn
and winter.

The planktic algae in heavily polluted rivers generally have bi-nutrition characteristics and are
tightly related to the pollution characteristics of the rivers. The key environmental factors for planktic
algae are T, TN, and TP. That for Cya are T, N:P, TP, and TN; for Cry are TN, TP, Chl-a, and DO; for Bac
are T, Chl-a, and NH3-N; and for Chl are T, Chl-a, TN, TP, and CODyyy,; for Eug are TN, N:P, Chl-a,
and DQO; for Din are T, pH, and NH3-N.

The dominant species of epipelon algae belong to heterotrophics in the studied seriously polluted
rivers. N:P was the most important environmental factor for epipelic algae, and the second one was
TN. The T and DO were also the important effect factors for Cya of epipelic algae. And the importance
of CODypy,, DO, and Chl-a for Bac, T and DO for Eug, and pH, TP, and DO for Chl were also observed.

The great difference between the abundance and biomass of epipelon and planktic algae indicates
that sediment is a big potential stress on water environment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/5/1311/s1,
Figure S1: The normal distribution histogram of regression standardized residual of different algae. Figure SIA-D
are planktic algae, A: IgCya, B: IgDin, C: IgBac, D: IgChl. Figure S1E-H are epipelic algae, E: Cya, F: Bac, G: Eug, H:
Chl., Figure S2. The Normal P-P Plot of Regression Standardized Residual of different algae. Figure S2A-D are
planktic algae, A: IgCya, B: IgDin, C: IgBac, D: IgChl. Figure S2E-H are epipelic algae, E: Cya, F: Bac, G: Eug, H: Chl,
Figure S3. The scatterplot of regression standardized residual vs. predicted value of different algae. Figure S3A-D
are planktic algae, A: [gCya, B: IgDin, C: IgBac, D: IgChl. Figure S3E-H are epipelic algae, E: Cya, F: Bac, G: Eug,
H: Chl, Table S1. Eigenvalues for RDA axis and the correlation of species-environment factors (n = 18), Table S2.
Correlation coefficients among environmental factors, flux, and RDA ordination axes.
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