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Abstract

:

In order to explore the characteristics of the periphytic algae community structure and its relationship with environmental factors in the Taiyuan region of the Fenhe River, a total of six sampling sites were investigated in July and December 2021. The effects of water quality status and environmental factors at each sampling point on the community structure of epiphytes were detected. The results showed that a total of 7 phyla and 54 genera of periphytic algae were identified in the Taiyuan region of the Fenhe River, and the species composition was mainly Bacillariophyta, Cyanophyta, and Chlorophyta. According to the analysis results of the biodiversity index, the water body of the Taiyuan region of the Fenhe River is in a state of moderate pollution. The correlation analysis between the epiphytic algae and environmental factors showed that the cell density of algae was significantly correlated with dissolved oxygen (DO), phosphate (   PO  4  3 −   -P), chemical oxygen demand (COD), total phosphorus (TP), and transparency (SD) in the wet season. The algal cell density in the dry season was significantly correlated with water temperature (WT), TP,    PO  4  3 −   -P, and COD. According to the redundancy analysis, the community distribution of the epiphytic algae in the Taiyuan region of the Fenhe River was closely related to physical and chemical factors such as COD, nitrate nitrogen (  NO    − 3    -N), WT, dissolved organic carbon (DOC), total nitrogen (TN), and TP, and COD is the main environmental factor driving the change in the community distribution of the periphytic algae in the wet season. TN is the main control factor driving the change in the biological community distribution of periphytic algae in the dry season.
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1. Introduction


Periphytic algae refer to microscopic plant communities attached to various artificial or natural substrates on the surface of all objects in water [1]. According to the different substrates attached, the periphytic algae can be divided into epipelic algae, epilithic algae, and epixylic algae [2]. Periphytic algae are important primary producers of river ecosystems [3], which widely exist in various water bodies and play a key role in the aquatic ecosystem, with diverse habitat types, a large number of species, and a complex community structure [4]. Because of its short life cycle, it can have a rapid response to river water quality or environmental change, and different algae have different tolerances, sensitivities, and adaptabilities to different pollutants, which has become one of the main research objects of river ecology [5]. Periphytic algae are widely associated with specific environments in different geographical regions [6]. Some studies have shown that habitat complexity has a positive impact on the diversity of epiphytic algae communities, and complex habitats promote the diversity and availability of resources [7]. The composition and structure distribution of attached algae communities are highly correlated with the seasonal changes in the environment, which are reflected in the changes in water physicochemical properties, hydrological rhythm, climate, and other factors based on space and time [8].



The Fenhe River is the largest river in Shanxi Province in northern China and the second largest tributary of the Yellow River. It originated in Ningwu County, Xinzhou, Shanxi Province, with a total length of 713 km and a drainage area of 39,721 km2, accounting for about a quarter of the total area of the province. The Taiyuan urban section of the Fenhe River is located in the middle section of the Fenhe River, with a total length of about 30 km, running through the five major regions of the Taiyuan. With the development of urban industry and the rapid expansion of the population, untreated domestic sewage, industrial, and agricultural wastewater are continuously discharged into the water body of the Fenhe River, resulting in the deterioration of the water quality and the increasingly serious eutrophication of the water body [9]. At present, there have been many reports on the biological monitoring of the Taiyuan urban section of the Fenhe River, but most of them use phytoplankton and protozoa as monitoring indicators [10]; there are few reports on the distribution of the periphytic algae in the Taiyuan region of the Fenhe River. DeNicola believes that periphytic algae may monitor the impact of fixed-point pollution sources around lakes or coastal developments faster than planktonic algae [3]. By contrast, planktonic algae can be taken away from other areas by means of water flow, and wind and wave migration, to avoid being in an unfavorable environment for a long time, while periphytic algae are relatively fixed in their habitats and will be affected by other factors throughout their life cycle. The continuous impact of physical, chemical, and biological environmental changes in the habitat area makes it difficult to avoid the impact of adverse environmental stress [11]. Therefore, the periphytic algae may have a better response to the continuous changes in the water environment. In this study, we studied the community structure characteristics of the periphytic algae in the Taiyuan region of the Fenhe River, as well as the impact of environmental factors on the periphytic algae in the wet season (summer) and the dry season (winter). The differences in physical and chemical properties of water and algal cell density in time and space were also explored. The primary objectives of the study were to answer the following questions. (1) What is the composition of the periphytic algae community structure in the Taiyuan urban section of Fenhe River? (2) How does the periphytic algae community respond to seasonal changes? (3) What are the key environmental factors affecting the distribution of periphytic algae communities? The answers to these questions can help us reveal the response of periphytic algae to the environment, to provide a scientific theoretical basis for water quality monitoring and protection in the Taiyuan region of the Fenhe River.




2. Materials and Methods


2.1. Study Area


The structure of the periphytic algal community in the Taiyuan urban section of the Fenhe River was investigated in July (wet season) and December (dry season) in 2021. A total of 6 sampling points were set from upstream to downstream according to the sewage culvert. S1 and S2 are located in the wetland park, and there are artificial planting emergent plants and artificial breeding aquatic animals in the river. S4 and S5 are located in the middle and lower reaches of Taiyuan section of Fenhe River, respectively, with a small flow velocity and relatively dense residential areas. Because of its landscape, the population flows more and faces serious environmental protection in dealing with the water pollution. The river width of each sample point is about 350–450 m, which is located in the section of the revetment treatment and sewage interception project. There are underground drainage culverts along the rivers on both sides of the river in the east and west of the river, which intercept all the tributaries or flood discharge channels on both sides of the river, and there is no confluence of tributaries on the whole line. The domestic sewage along the line is discharged into the sewage treatment plant through the sewage pipe network and pumping station. Due to the imperfect sewage pipe network and the nondiversion of rain and sewage in the city, the treatment capacity of the pumping station is limited in the case of heavy rainfall on rainy days. Some sewage cannot enter the sewage treatment plant and discharge directly into the river, resulting in river water pollution. The main pollutants in the urban section of the Fenhe River in Taiyuan are industrial wastewater and domestic sewage [12]. The specific locations of sampling points are shown in Figure 1.




2.2. Sample Collection


As it is difficult to collect natural substrates in the Taiyuan urban section of the Fenhe River, standard glass slides (25.4 × 76.2 mm) were selected as artificial substrates for collecting algal samples. The placement depth of the artificial substrate (10 fixed pieces of standard glass slides on glass slide rack to make diatom meter) sampler is generally 20 cm so that it can obtain appropriate light. At least two artificial substrates are placed at each sampling point to ensure the success of sample collection. The placement time is generally 20–30 days. After 2–4 weeks of cultivation, the artificial substrate can represent the living algae community on the natural substrate [13]. On every sampling date, ten slides were randomly collected from each site. These slides were scrubbed with a nylon brush on the site in a known volume of water and fixed immediately with a 15% Lugol’s solution [14]. Then, the algal cell density was counted in a cell counting chamber (0.1 mL) using a microscope (OlympusBX51) at 400× magnification. The cell numbers of different algae species in 100 random fields were determined [15]. Species taxonomic identification was carried out under a microscope, and the algae were identified as a genus according to their morphology by referring to “The freshwater algae of China: systematics, taxonomy and ecology” [16]. The periphytic algae abundance calculation formula is as follows:


N = n × (A/Ac) × (V/Va)








where N is the number of periphytic algae per liter of water (cells L−1), A is the area of the counting frame (400 mm2), Ac is the counting area (mm2), V is the volume of remaining water after the concentration of each liter of water sample (30 mL), Va is the volume of the counting frame (0.1 mL), and n is the periphytic algae cell number obtained by counting.




2.3. Determination of Environmental Parameters


The water samples were collected at 0.5 m below the water surface of each sample site and collected three times in parallel. After sealing, the samples were sent back to the laboratory for determination. The YSI portable water quality monitor was used to measure water temperature (WT), electrical conductivity (SPC), pH, salinity (SAL), total dissolved solids (TDS), and dissolved oxygen (DO), and transparency (SD) was measured using a Seville transparency disc. Some chemical indicators such as total nitrogen (TN), total phosphorus (TP), phosphate (PO-P), nitrate nitrogen (   NO  3 −  -N), ammonia nitrogen (   NH  4 +  -N), chemical oxygen demand (COD), and dissolved organic carbon (DOC) were determined following the methods in Wang et al. [17].




2.4. Data Analysis


After identification and enumeration of periphytic algae, the Shannon–Wiener diversity index (H’), Pielou evenness index (J), and Margalef richness index (d) were used to analyze the biodiversity index of each sample point [18]. The calculation formula is as follows:




	
Shannon–Wiener diversity index (H’):










H’ = −∑Pi × lnPi











	2.

	
Pielou evenness index (J):








J = H’/lnS









	3.

	
Margalef richness index (d):








d = (S − 1)/lnN














	4.

	
Dominance index formula (Y):











Y = fi × Pi








where Pi = Ni/N, Ni is the number of individuals of the i species of algae, and N is the sum of the individual numbers of all species of algae. S is the number of algal species. The fi is the frequency of occurrence of the specie i at each point.



The redundancy analysis was carried out using CANOCO5 software to clarify the relationship between the changes in attached algae and environmental factors. One-way ANOVA and correlation analysis were performed using SPSS21.0 software, and Origin2018 software was used for graphing.





3. Results


3.1. Physical and Chemical Conditions


The environmental factors of each sampling point in the Taiyuan urban section are shown in Table 1. It can be seen from the table that in summer, the highest temperature reached 28.15 °C and the lowest temperature was 25.05 °C. In winter, the highest temperature was 6.10 °C and the lowest was 4.05 °C. The pH value was between 8.61 and 9.12 in the wet season and between 7.27 and 8.31 in the dry season. They are weakly alkaline. The DO concentration was between 7.75 and 9.43 mg/L in the wet season and between 13.01 and 19.93 mg/L in the dry season. With the decrease in water volume from the wet season to dry season,    PO  4  3 −   -P, COD, and DOC all decreased to different degrees, while TN,    NO  3 −  -N,    NH  4 +  -N, and TP all increased. The average value of TN, TP,    NO  3 −  -N, and    NH  4 +  -N was 0.57 mg/L, 0.08 mg/L, 0.09 mg/L, and 0.36 mg/L, respectively, in the wet season, and 2.53 mg/L, 0.10 mg/L, 0.13 mg/L, and 0.48 mg/L, respectively, in the dry season. According to the one-way analysis of variance test, the environmental factors TN,    NO  3 −  -N,    NH  4 +  -N, and TP had significant differences between the dry season and the wet season (p < 0.05).




3.2. Characteristics of Periphytic Algal Community Structure


According to the sampling results of this survey (Figure 2), 45 genera of 6 phyla of periphytic algae were identified in summer, including 6 genera of Cyanophyta, accounting for 13.33%; 20 genera of Bacillariophyta, accounting for 44.44%; 13 genera of Chlorophyta, accounting for 28.89%, 1 genus of Cryptophyta, accounting for 2.22%, 3 genera of Euglenophyta, accounting for 6.67%; 2 genera of Pyrrophyta, accounting for 4.45%. A total of 49 genera of 7 phyla were identified in the dry season, including 8 genera of Cyanophyta, accounting for 16.33%; 23 genera of Bacillariophyta, accounting for 46.94%; 14 genera of Chlorophyta, accounting for 28.57%. Cryptophyta, Euglenophyta, Pyrrophyta, and Chrysophyta were identified as 1 genus, each accounting for 2.04%. From the proportion of each phylum, it can be seen that the epiphytic algae in the urban section of Fenhe Taiyuan were mainly Bacillariophyta, followed by Chlorophyta and Cyanophyta; compared with the dry season, the proportion of Bacillariophyta during the wet season decreased, while the proportion of Chlorophyta increased. Chrysophyta was found in the dry season, and the frequency of Euglenophyta and Pyrrophyta increased greatly in the wet season.



The densities of epiphytic algae cells at each sampling point are shown in Figure 3. The cell density of each sampling point was dominated by Bacillariophyta. During the wet season, the density of epiphytic algal cells varied in the range of 0.42 × 106–135.8 × 106 cells/L, and the average abundance was 42.03 × 106 cells/L. The cell density of sampling point S4 was highest, which was 58.78 × 106 cells/L, and the abundance of epiphytic algae at each sampling point was S4 > S3 > S6 > S5 > S1 > S2. In summer, Bacillariophyta and Chlorophyta were the main groups, of which Bacillariophyta had obvious advantages, accounting for 53.84% of the total abundance. Chlorophyta accounted for 25.84% of the total cell density. The variation range of algal cell density during the dry season was 0.1 × 106–126.3 × 106 cells/L. The average abundance was 35.66 × 106 cells/L, and the cell density of sampling point S5 was highest, which was 55.20 × 106 cells/L. The abundance of epiphytic algae at each sampling point was S5 > S4 > S6 > S1 > S3 > S2. Bacillariophyta and Chlorophyta were the principal groups in winter, and they accounted for 73.4% of the total cell density.




3.3. Diversity of Periphytic Algal Community and Water Quality Assessment


The biological index of periphytic algae in the wet season and dry season is shown in Figure 4. In the wet season, the mean value of the Shannon diversity index (H’) was 1.18 and the variation range was 1.15–1.25. The mean value of the Pielou evenness index (J) was 0.34 and the range of variation was 0.32–0.35. The mean value of the Margalef richness index (d) was 4.28 and the variation range was 4.38–5.07. In the dry season, the mean H’ of the periphytic algae was 1.13 and the range of variation was 1.05–1.17; the mean value of J index was 0.32 and the variation range was 0.30–0.33; the d-mean was 4.44 and the variation range was 3.91 to 4.85. It is generally considered that when H’ is 3 > H’ > 1, the water is moderately polluted. When J is 0.5 > J > 0.1, the water was moderately polluted. When d > 3, the water is lightly polluted or not polluted [19]. According to the H’ and J index, it can be seen that the water quality of the Taiyuan urban section of the Fenhe River was moderately polluted, and the pollution degree in summer was slightly higher than that in winter. ANOVA analysis based on the biodiversity index showed that there were significant differences in algae communities between the wet season and the dry seasons (p < 0.05). According to the d index, the community structure in the dry season was more complex and stable.




3.4. Correlation between Periphytic Algal Community Structure and Environmental Factors


Through the analysis of the correlation between the periphytic algae and environmental factors in the wet season (Figure 5a), it was found that the diatom cell density had a very significant negative correlation with DO,    PO  4  3 −   -P, and COD (p < 0.01); TP had a significant positive correlation (p < 0.05). Cyanobacterial cell density was significantly negatively correlated with DO,    PO  4  3 −   -P (p < 0.01), and COD (p < 0.05). There was a significant positive correlation with SD (p < 0.01). Chlorophyta had a significant negative correlation with DO (p < 0.01), whereas it had a significant negative correlation with    PO  4  3 −   -P (p < 0.05).



Through the analysis of the correlation between the periphytic algae and environmental factors in the dry season (Figure 5b), it was found that the diatom cell density had a significant positive correlation with WT (p < 0.05), while it had a negative correlation with TP (p < 0.05). Cyanobacterial cell density had a significant positive correlation with WT (p < 0.05). Chlorophyta had a significant positive correlation with WT (p < 0.01) and    PO  4  3 −   -P (p < 0.05), whereas it had a negative correlation with COD (p < 0.05).




3.5. Redundancy Analysis of Periphytic Algal Community Structure and Environmental Factors


According to the dominance index, the epiphytic algae with Y > 0.02 were listed as the dominant species. The dominant species of epiphytic algae and environmental factors were sorted and analyzed. The species and codes of epiphytic algae used for sorting are shown in Table 2. Using the data of the dominant species of epiphytic algae as the response variable, the detrended correspondence analysis (DCA) analysis was performed first. The DCA analysis results showed that the largest length gradient in the ranking axis of the wet season was 1.48; the largest length gradient in the ranking axis of the dry season was 1.37. All are suitable for linear model redundancy analysis (RDA) to explain the driving effect of environmental factors on the periphytic algal biome.



The converted data of the epiphytic algal biome and environmental factors in the wet season were formed into a data matrix, and the RDA ranking analysis was carried out (Figure 6a). The adjusted variance explained 72.7%, and the eigenvalues of axis 1 and axis 2 were 0.571 and 0.233, which explained 60.39% and 24.67% of the cumulative percentage of the species–environment relationship variation, respectively. In addition, the species–environment correlation coefficients were 0.9991 and 0.9844, respectively. Among the environmental factors, COD,    NO  3 −  -N, WT, and DOC had higher explanation rates for the distribution of periphytic algae communities. The interpretation rate of COD on community variation was 53.5% and reached a significant level (p = 0.004 < 0.05), which could be considered as the main environmental factor driving the distribution of attached algae in the wet season.    NO  3 −  -N was positively correlated with the first sorting axis and negatively correlated with the second sorting axis, WT and DOC were positively correlated with axis two, and COD was negatively correlated with axis one and two. Most algae were distributed in the second and fourth quadrants. Among the dominant algae, Cyclotella, Melosira, Pediastrum, and Oocystis were positively correlated with DOC and WT. Among them, the genus Oocystis had the strongest correlation with DOC. Tetrastrum and Scenedesmus were positively correlated with COD and Scenedesmus had the strongest correlation with COD. The distribution of each sampling point was relatively dispersed. Among them, S1 was closely related to    NO  3 −  -N; S4 was closely related to COD and S6 was closely related to DOC. The relationship between other sample points and environmental factors is not clear.



The RDA ranking analysis was carried out on the data of periphytic algal biomes and environmental factors during the dry season (Figure 6b), and the adjusted variance explained 75.2%. The eigenvalues for Axis 1 (0.469) and Axis 2 (0.302) were calculated, which explained 49.37% and 31.77% of the cumulative percentage of the species–environment relationship variation, respectively. The species–environmental correlation coefficients were 0.9948 and 0.9946, respectively. The correlation coefficients between species–environments were relatively high, indicating that there was a close relationship between the composition of periphytic algae species and environmental factors in the Taiyuan urban section of the Fenhe River. TN, SPC, TP, and    PO  4  3 −   -P had a higher explanation rate for the distribution of the attached algal community. TN had the greatest impact on the attached algae and explained 39.3% of the community variation (p = 0.048 < 0.05). It could be considered as the main environmental factor driving the changes in the distribution of the periphytic algae biological community in winter.    PO  4  3 −   -P was positively correlated with the second ordination axis. TN, SPC, and TP were negatively correlated with axis one and axis two. Cyclotella, Gomphonema, Synedra, and Oscillatoria were positively correlated with    PO  4  3 −   -P, among which Oscillatoria had the strongest correlation. Navicula, Nitzschia, Cyclotella, and Planktothrix were positively correlated with TN, SPC, and TP. Nitzschia had the strongest correlation with TN. Cyclotella was most closely related to TP. The distribution of each sampling point was also scattered. S1 was distributed in the second quadrant and closely related to    PO  4  3 −   -P; S2 and S3 were distributed in the third quadrant and were closely related to TN, SPC, and TP; S5 and S6 were distributed in the first quadrant, S4 was distributed in the fourth quadrant, and the relationship with environmental factors was not clear.





4. Discussion


The river is an important part of the ecosystem. However, river ecosystems are increasingly affected by environmental pressures, with urbanization and industrialization leading to increased river pollution [20]. Algae are an important part of maintaining the health of aquatic ecosystems. Epiphytic algae widely exist in various water bodies and play an inestimable role in regulating the concentration of nutrients and maintaining the ecological balance of a water body [2]. In this study, the species of attached algae in the Taiyuan urban section of Fenhe River were mainly composed of diatoms. Many studies have shown that the composition and structure of epiphytic algae communities are affected by various environmental variables [21]. We found that COD and TN were the key environmental factors affecting the distribution of attached algae community.



4.1. Structural Characteristics of Periphytic Algae Community


In this study, a total of 54 genera of periphytic algae were identified in the wet season and dry season of the Taiyuan urban section of the Fenhe River. The species composition is dominated by diatoms, cyanobacteria, and green algae. There are many kinds of diatoms, and their reproductive ability and adaptability to the environment are strong [22]. Compared with the dry season, the proportion of diatoms decreased and the proportion of green algae increased during the wet season. The possible reason for this is that diatoms and Chrysophyta are suitable for growth and development in cold water, green algae are suitable for moderate water temperature, and cyanobacteria are suitable for growth in warm water [1]. As the temperature increases, high temperature will damage algae cells for living in cold water, while cyanobacteria and green algae can grow and reproduce normally [23]. The total cell density of the attached algae was 252.16 × 106 cells/L in summer and 249.64 × 106 cells/L in winter. In the wet season, the abundance of epiphytes at each sampling point is S4 > S3 > S6 > S5 > S1 > S2, while the abundance sequence of S5 > S4 > S6 > S1 > S3 > S2 occurs in the dry season. The abundance of each sampling point is not consistent, which may be related to the environmental physical and chemical factors. Different water environments will also have a certain impact on the growth and development of epiphytic algae [24]. For example, nutrients have a certain effect on the growth of algae. It has been found that the growth of algae will be inhibited when the total nitrogen concentration is too high or the nutrient concentration is too low [25]. The pH and salinity [26] in the water also have certain effects on the growth and development of epiphytic algae.




4.2. Biodiversity Index of Periphytic Algae and Water Quality Evaluation


In the water quality evaluation system, the biodiversity index is an important parameter to indicate and evaluate the health and nutritional status of water bodies [27]. Generally speaking, the three indices can confirm each other in response to water quality, but in our study, the river water quality indicated by the three indices is different. This may be due to the discovery of Chrysophyta in the dry season, which grows in water with high transparency, low temperature, and low organic matter content, and is sensitive to temperature changes [28]. Physical and chemical parameters have a significant impact on water quality and determine the water ecology of rivers. From the survey data, it is found that the average values of TN and TP in winter are several times higher than those in summer, and higher nutrient levels are more likely to drive the mass reproduction of algae [29]. A low d index in summer means low community stability, and the problem of algae community structure has gradually become prominent [30]. The reason why algal species richness is low during the wet season may be the effect of associated water properties, such as water flow rate and salinity, which are detrimental to ecological habitats and thus have an impact on the algal community structure [31]. In some studies, there are also differences in the water quality of rivers indicated by the three biodiversity indices. For example, Jun et al. [32] found that the biodiversity index was low in the study on the structural characteristics of phytoplankton community, and it was not applicable to evaluate the water environment in the Lhasa River Basin by using the biodiversity index. When evaluating water quality according to the biodiversity index, the indicators used can only reflect one or several aspects of the water environment and water ecology, and there is no scientific and systematic classification and comprehensive analysis of many indicators such as algae community structure [33]. Therefore, the evaluation of Fenhe Taiyuan urban water also needs to be combined with other indicators for comprehensive evaluation.




4.3. The Relationship between Periphytic Algae and Environmental Factors


Changes in environmental factors have a direct or indirect impact on the growth of algae [34]. Algae communities in different habitats have different community characteristics [35]. For example, Medeiros et al. [36] found that under the combined action of physical and chemical factors and water flow, the spatial differences of algae were significant. Shevchenko et al. [37] found that the species composition of epiphytic algae changed due to different flow velocities, water level fluctuations, and wind-driven waves in different waters of reservoirs and rivers, and cell density and biomass were significantly different. In our study, environmental factors such as DO,    PO  4  3 −   -P, COD, SD, WT, and TP were found to have an impact on the algae growth distribution of the Fenhe Taiyuan urban area, according to the correlation analysis between epiphytic algae and environmental factors (Figure 5). In the wet season, the density of algal cells was significantly correlated with DO. The change in dissolved oxygen content was closely related to the growth of algae [38]. In summer, with the increase in light, photosynthesis continues to increase. When the oxygen production rate of photosynthesis by algae exceeds the oxygen consumption rate of respiration, the generated oxygen is dissolved in water, resulting in the increase in DO in water. The temperature in summer is significantly higher than that in winter, and the concentration of dissolved oxygen in water is affected by temperature and has both a seasonal and a daily cycle. Cold water tends to accumulate dissolved oxygen more easily than warm water, i.e., when the water temperature is low, the dissolved oxygen concentration is often high. Therefore, when the water temperature is high in summer, the dissolved oxygen concentration is usually low [14]. In the dry season, there is a significant correlation between the density of algal cells and WT, and the suitable temperature for each species is different. The wider the suitable temperature range, the more likely the algae are to become dominant species. At the same time, the competition of rapidly growing algae for nitrate nitrogen is enhanced [39]. The growth of algae is affected by a variety of environmental factors, and environmental factors are also affected by time and space changes, so water quality and algae show different structural characteristics with time and space changes. Rhomad et al. [40] showed that nitrate nitrogen is one of the key factors controlling the distribution of algae. Chou et al. [41] believed that phosphorus had an important effect on algal biomass. With the increase in phosphorus load, algal biomass would increase significantly in summer.



In our study, it can be seen from the redundant analysis that COD (wet season) and TN (dry season) had the greatest impact on the attached algae. COD in summer (28.31 mg/L) was significantly higher than that in winter (17.86 mg/L). TN in winter (2.53 mg/L) was significantly higher than that in summer (0.57 mg/L). Chemical oxygen demand represents the content of organic matter in water, and the higher the value is, the more seriously the organic pollution in water and the algae community will be affected [42]. The COD of water species is large, indicating that there are more reducing substances, organic matter, and microorganisms in water, and the DO will thus be very low, which is consistent with the measured DO value. On the one hand, high temperatures in summer can promote the growth of algae, which weaken the self-purification capacity of water and cause water pollution to varying degrees [43]. On the other hand, there is a lot of rainfall in the wet season, and nitrogen and phosphorus are released from the sediments due to the water disturbance [44]. It was possible that some species could adapt to living conditions in sewage and accumulate in large quantities, leading to a decline in algal density [45]. Our result is similar to related research results. For example, Yu et al. [46] through redundancy analysis showed that time was the main factor to promote the succession of the algae community structure. DO,    NH  4 +  -N, TN, TP, BOD, and COD are also important environmental variables affecting the community structure of algae. Yang et al.’s [47] research and analysis showed that total dissolved solids, permanganate index, TN, and TP were the environmental factors driving the epiphytic algal community structure in Taizi River Basin. In our study, it was found that the environmental factors affecting the structure of the epiphytic algal community were different in the wet season and the dry season. The possible reason is that the different sampling seasons and times will change the environmental factors that form the spatial pattern of the algal community structure in the river [48]. Some environmental factors are limiting factors in a certain period, but their limiting factors also change with the changes in seasons and time [49].





5. Conclusions


The analysis of the physical and chemical properties of water and the quantitative analysis of the algae diversity of six monitoring stations in the Taiyuan urban section of Fenhe River showed that seasonal changes can affect the aquatic ecosystem. A total of 54 genera of attached algae were identified, and the main species were diatoms, cyanobacteria, and green algae. The species and total cell density of attached algae were different in each sampling point. In summer (wet season), the abundance of epiphytes at each sampling point was S4 > S3 > S6 > S5 > S1 > S2, while the abundance of S5 > S4 > S6 > S1 > S3 > S2 occurred in winter (dry season). According to the analysis of the biodiversity index, the water body is in a state of moderate pollution, but further comprehensive evaluation needs to be carried out in combination with other indicators. Correlation analysis showed that attached algae were closely related to environmental factors. The explanation rates of COD (wet season) and TN (dry season) on the distribution of the attached algae community reached the significant indigenous level, which was the main environmental factor driving the distribution change in the periphytic algae community.
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Figure 1. Distribution of sampling points in Taiyuan urban section of Fenhe River. 
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Figure 2. Community structure of periphytic algae during the wet season (a) and dry season (b). 
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Figure 3. Changes in abundance of periphytic algae at each sampling point during the wet (a) and dry (b) seasons. 
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Figure 4. Biodiversity index of periphytic algae. Shannon–Wiener diversity index (a), Pielou evenness index (b), Margalef richness index (c). 






Figure 4. Biodiversity index of periphytic algae. Shannon–Wiener diversity index (a), Pielou evenness index (b), Margalef richness index (c).



[image: Water 14 02151 g004]







[image: Water 14 02151 g005 550] 





Figure 5. Correlation heat map of periphytic algae and environmental factors in summer (a) and winter (b). 
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Figure 6. RDA analysis of periphytic algae and environmental factors in summer (a) and winter (b). 
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Table 1. Monthly values (mean ± SD, N = 6) of water parameters at six sampling sites in the Taiyuan urban section of the Fenhe River.
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Factors

	
S1

	
S2

	
S3

	
S4

	
S5

	
S6




	
Summer

	
Winter

	
Summer

	
Winter

	
Summer

	
Winter

	
Summer

	
Winter

	
Summer

	
Winter

	
Summer

	
Winter






	
WT (°C)

	
25.05 ± 0.55

	
4.50 ± 1.80

	
27.10 ± 1.00

	
4.05 ± 1.25

	
27.15 ± 0.85

	
5.05 ± 1.85

	
28.15 ± 0.15

	
4.15 ± 1.15

	
27.75 ± 0.15

	
5.45 ± 2.45

	
28.05 ± 0.05

	
6.10 ± 2.30




	
pH

	
8.61 ± 0.32

	
8.31 ± 0.69

	
8.69 ± 0.34

	
8.02 ± 0.38

	
9.11 ± 0.05

	
7.91 ± 0.42

	
8.81 ± 0.36

	
7.87 ± 0.30

	
9.12 ± 0.06

	
7.87 ± 0.42

	
8.76 ± 0.30

	
7.27 ± 0.04




	
SPC (us/cm)

	
869.50 ± 17.50

	
1036.05 ± 316.95

	
855.00 ± 19.00

	
990.65 ± 340.35

	
848.00 ± 39.00

	
795.90 ± 227.10

	
809.50 ± 38.50

	
653.90 ± 142.70

	
797.00 ± 11.00

	
538.50 ± 36.10

	
860.00 ± 14.00

	
661.35 ± 1.05




	
SAL (ppt)

	
0.43 ± 0.01

	
0.51 ± 0.160

	
0.42 ± 0.01

	
0.49 ± 0.17

	
0.41 ± 0.02

	
0.39 ± 0.11

	
0.40 ± 0.02

	
0.32 ± 0.07

	
0.38 ± 0.02

	
0.26 ± 0.02

	
0.42 ± 0.01

	
0.32 ± 0.01




	
DO (mg/L)

	
7.75 ± 0.77

	
15.40 ± 0.62

	
8.71 ± 3.14

	
17.70 ± 2.77

	
8.97 ± 3.33

	
18.71 ± 4.94

	
8.84 ± 3.52

	
19.93 ± 2.03

	
9.30 ± 1.47

	
17.54 ± 1.99

	
9.43 ± 3.79

	
13.01 ± 0.20




	
TDS (mg/L)

	
565.55 ± 12.95

	
675.68 ± 208.33

	
605.75 ± 40.25

	
643.83 ± 220.68

	
552.50 ± 26.00

	
516.43 ± 146.58

	
529.75 ± 22.75

	
425.10 ± 92.95

	
520.00 ± 6.50

	
350.35 ± 23.40

	
559.01 ± 6.45

	
429.65 ± 0.65




	
SD (cm)

	
0.60 ± 0.10

	
0.76 ± 0.14

	
0.46 ± 0.08

	
0.68 ± 0.16

	
0.55 ± 0.20

	
0.63 ± 0.03

	
0.48 ± 0.06

	
0.95 ± 0.15

	
0.50 ± 0.02

	
0.94 ± 0.22

	
0.51 ± 0.01

	
0.95 ± 0.15




	
TN (mg/L)

	
0.53 ± 0.06

	
3.67 ± 2.44

	
0.59 ± 0.18

	
3.16 ± 2.14

	
0.53 ± 0.11

	
2.98 ± 2.39

	
0.51 ± 0.05

	
1.94 ± 1.16

	
0.49 ± 0.05

	
1.83 ± 0.94

	
0.78 ± 0.04

	
1.61 ± 0.72




	
   NH  4 +   (mg/L)

	
0.31 ± 0.05

	
1.14 ± 0.05

	
0.32 ± 0.06

	
0.94 ± 0.24

	
0.30 ± 0.02

	
0.38 ± 0.32

	
0.38 ± 0.07

	
0.30 ± 0.26

	
0.34 ± 0.03

	
0.09 ± 0.01

	
0.50 ± 0.25

	
0.04 ± 0.01




	
   NO  3 −   (mg/L)

	
0.17 ± 0.01

	
0.16 ± 0.02

	
0.11 ± 0.05

	
0.15 ± 0.03

	
0.09 ± 0.02

	
0.13 ± 0.03

	
0.07 ± 0.01

	
0.12 ± 0.02

	
0.06 ± 0.01

	
0.10 ± 0.01

	
0.06 ± 0.01

	
0.13 ± 0.01




	
TP (mg/L)

	
0.04 ± 0.01

	
0.10 ± 0.03

	
0.07 ± 0.03

	
0.13 ± 0.06

	
0.06 ± 0.03

	
0.12 ± 0.01

	
0.07 ± 0.03

	
0.10 ± 0.01

	
0.09 ± 0.02

	
0.08 ± 0.01

	
0.15 ± 0.09

	
0.08 ± 0.01




	
   PO  4  3 −    (mg/L)

	
0.02 ± 0.01

	
0.01 ± 0.01

	
0.05 ± 0.04

	
0.01 ± 0.01

	
0.05 ± 0.04

	
0.01 ± 0.01

	
0.06 ± 0.04

	
0.01 ± 0.00

	
0.05 ± 0.03

	
0.01 ± 0.01

	
0.04 ± 0.02

	
0.01 ± 0.00




	
COD (mg/L)

	
21.67 ± 13.20

	
14.67 ± 5.67

	
21.17 ± 5.74

	
15.67 ± 7.67

	
34.33 ± 12.47

	
22.17 ± 5.50

	
37.00 ± 4.29

	
16.00 ± 7.00

	
26.83 ± 19.28

	
21.67 ± 6.67

	
28.83 ± 20.04

	
17.00 ± 6.33




	
DOC (mg/L)

	
6.08 ± 0.15

	
5.93 ± 0.37

	
5.69 ± 0.18

	
6.28 ± 0.56

	
5.72 ± 0.07

	
5.70 ± 0.02

	
6.08 ± 0.55

	
5.70 ± 0.12

	
6.08 ± 0.23

	
5.70 ± 0.08

	
6.13 ± 0.40

	
5.64 ± 0.15
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Table 2. Species and numbers of periphytic algal communities in the RDA ranking map.






Table 2. Species and numbers of periphytic algal communities in the RDA ranking map.





	Number
	Dominant Species
	Number
	Dominant Species





	Sp1
	Cyclotella
	Sp10
	Fragilaria



	Sp2
	Gomphonema
	Sp11
	Scenedesmus



	Sp3
	Melosira
	Sp12
	Pediastrum



	Sp4
	Navicula
	Sp13
	Tetrastrum



	Sp5
	Nitzschia
	Sp14
	Oocystis



	Sp6
	Synedra
	Sp15
	Ulothrix



	Sp7
	Pinnularia
	Sp16
	Cryptomonas



	Sp8
	Oscillatoria
	Sp17
	Merismopedia



	Sp9
	Planktothrix
	Sp18
	Oedogonium
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