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Abstract

:

Periphytic diatoms play important functional roles in aquatic ecosystems. Their community compositions are widely used in water quality monitoring due to their wide distribution, short reproductive cycles, and sensitivity to environmental changes. In this study, 116 samples of periphytic diatom samples were collected from lakes in the lower reaches of the Yangtze River. The weighted average without tolerance down-weighting regression method was used to develop total phosphorus (r2 = 0.661), total nitrogen (r2 = 0.699), and chemical oxygen demand (r2 = 0.423) models, and the optimal and tolerance values of 78 periphytic species were calculated. Then, a new index, the comprehensive diatom index (CDI), was established on the basis of the optima and tolerances of these 78 species concerning the three environmental variables (TP, TN, and COD) to assess the water trophic status of the lakes in this region. According to the CDI, the trophic statuses of 8, 17, 23, 30, 22, and 14 sample sites were oligotrophic, mesotrophic, light eutrophication, moderate eutrophication, heavy eutrophication, and ultra-eutrophication, respectively. The CDI was more strongly correlated with the conductivity, pH, TP, TN, COD, and TDS than other diatom indices. These results demonstrate that the CDI is a useful metric for assessing the water trophic status of the lakes in the lower reaches of the Yangtze River.
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1. Introduction


Diatoms have been studied as environmental indicators since the 19th century [1]. In particular, periphytic diatoms are widely distributed worldwide and are very sensitive to changes in limnological variables, including temperature, pH, dissolved oxygen levels, salinity, conductivity, nutrient concentrations, and turbidity [2,3,4,5,6,7]. They occur on various substrates (e.g., stones, plants, and sediments) in most water bodies. They are key components of aquatic ecosystems and play fundamental roles in food webs [8,9,10]. Their rapid rate of reproduction and simplicity of sample collection and preparation make them low-cost alternatives for evaluating the status of water bodies [11]. Consequently, it has been argued that diatoms are the best biological assessment index targets for assessing water quality [12,13,14,15,16,17].



Diatom indices are based on diatom species-level classifications and are divided into different levels on the basis of diatom ecological preferences and pollution resistance to determine the degree of organic pollution or level of nutrients in the environment. Diatom indices are currently widely used to evaluate the ecological quality of rivers and lakes. The first diatom index was developed in Belgian basin of the river Meuse and was used to assess the pollution degree of the water [18]. Later, other researchers improved diatom indices according to the environmental conditions of other research areas and established new diatom indices. Most of these diatom indices are based on the relative abundances of species and their sensitivity to environmental gradients within rivers [1,5,19,20,21,22,23]. In addition, several diatom indices have been established for lakes [24,25]. To facilitate diatom index studies, Lecointe et al. (1993) developed the “Omnida” software program, which is currently used by scholars globally [26].



Some countries have established their own diatom indices on the basis of diatom community structures and the ecological preferences of species in certain regions. Nevertheless, some problems remain in the application of diatom indices, especially for assessing the quality of water environments in China. Several studies have indicated that diatom indices developed in certain regions are less successful when applied to other regions [4,10,15,27,28]. Furthermore, several studies have suggested that species typically exhibit regional variation in ecological tolerances that are influenced by a range of environmental factors such as climate, catchment geology, soil, river geomorphology, topography, and vegetation [4,29,30,31,32]. In addition, periphytic diatoms can be region-specific, and more than 100 new diatom species have been reported in China in recent years. Thus, the pollution sensitivity and ecological indicator values of these species require further investigation before they can be applied to diatom indices. Lastly, different countries and regions have their own guidelines for water quality parameters, and differences also exist in water quality evaluation standards among countries [33]. Therefore, the establishment of regional diatom indices will render assessment results more scientifically accurate and reasonable for application.



China comprises a large area and features various types of water environments that contain diverse diatom species that differ from those in other countries. Moreover, there are also considerable differences in the diatom compositions of the different watersheds within China. Consequently, the direct use of a diatom index developed for use in other countries to assess water bodies in China is controversial [34,35]. The use of physical and chemical monitoring methods to assess water quality in China is more common, while the use of diatom biological monitoring approaches is rare. Furthermore, an in-depth study of diatom indicators for waters bodies in China has not been conducted, and a suitable diatom index for biomonitoring of lakes and rivers in China has not been developed [36]. Many lakes exist in the lower reaches of the Yangtze River, which is the area with the densest distribution of lakes in China. The lakes in this region host rich freshwater resources, but the degree of eutrophication is also very serious in this area and is an ecological and environmental problem that requires urgent mitigation. Diverse periphytic diatoms are also present in the water bodies in this region. Thus, the development of a suitable diatom index is needed to better assess the trophic status of the water bodies in this area.



The aim of this research was to develop a comprehensive diatom index (CDI) for lakes in the lower reaches of the Yangtze River, which can improve water trophic status assessment for the studied systems. The CDI is based on the growth optimal and tolerance characteristics of a periphytic diatom species in relation to the total phosphorus (TP), total nitrogen (TN), and chemical oxygen demand (COD), brought together in a final metric, which provides an integrated value of water trophic status of lakes in the lower reaches of the Yangtze River.




2. Materials and Methods


2.1. Study Region


The lower reaches of the Yangtze River comprise the area from Jiangxi to Shanghai. The region includes Jiangxi, Anhui, Jiangsu, Zhejiang, and Shanghai and has a drainage area of about 120,000 km2. The terrain is flat and the altitudes are mostly below 50 m. The area is mainly composed of plains and hills and includes the Jiangsu Anhui River plain, the Poyang Lake Plain, and the Yangtze River delta plain. The lower reaches of the Yangtze River have a subtropical monsoon climate, with an average annual temperature of 13–18 °C and four distinct seasons. The summers are hot, humid, and rainy; the winters are cold, dry, and less rainy. There is abundant rainfall in the basin, with an average annual rainfall of about 1100 mm, but the rainfall mainly occurs from April to October. Many lakes are present in the plain region of the lower reaches of the Yangtze River, most of which are shallow freshwater lakes, making this one of the most densely distributed freshwater lake areas in China [37]. In the plain area of the lower reaches of the Yangtze River, there are 233 lakes with areas of greater than 1 km2, 13 lakes with areas of greater than 100 km2, and two lakes with areas of greater than 1000 km2. Poyang Lake, Taihu Lake, and Chaohu Lake are located in this area. The lakes in the lower reaches of the Yangtze River represent rich freshwater resources, but the degree of eutrophication is also very serious and represents an urgent ecological and environmental problem that requires resolution [38]. The development of agriculture has led to an increased flow of pollutants such as pesticides and chemical fertilizers into the lakes with rainfall. Furthermore, increased discharge of domestic sewage and industrial wastewaters, in addition to pollution caused by lake aquaculture, has accelerated lake eutrophication, leading to a decline in the lake water ecosystem functions in the lower reaches of the Yangtze River. Moreover, the ecosystems and biodiversity within these lakes have become seriously affected. In addition, the water quality of the lakes in this area has been seriously affected, thereby critically threatening the drinking water sources of the residents of the region, resulting in water resource shortages, and even affecting the health of residents [39].




2.2. Diatom Sampling and Identification


Periphytic diatom samples were collected from 116 sites of 34 lakes during August 2017 and 2018 (Figure 1). The diatom samples were collected from natural substrates, including stones, rocks, and aquatic macrophytes. If the above substrates were absent, other substrates were sampled, including wharfs, piers, navigation markers, dead wood, and fishing nets. The samples were brushed from the substrates using clean toothbrushes and were rinsed several times with distilled water into a container. The resulting samples were collected in plastic bottles (50 mL) and preserved with formalin (4% final concentration).



The organic material was removed from the diatom samples using concentrated nitric acid and a microwave-accelerated reaction system [40,41]. Permanent slides were then prepared using Naphrax (Brunel Microscopes Ltd., Chippenham, UK) and were observed using a light microscope at 1000× magnification. At least 400 diatom valves were counted for each slide [19], and the diatoms were identified to the species level at least. The diatom identification and the nomenclature used were those described by Krammer and Lange-Bertalot [42,43,44,45], Zhu and Chen [41], Lange-Bertalot et al. [46], Diatoms of North America (http://diatoms.org/ (accessed on: 15 July 2019)), Diatom New Taxon File (http://symbiont.ansp.org/dntf/index.php (accessed on: 15 July 2019), and Institute for Biodiversity Science and Sustainability (http://researcharchive.calacademy.org/ (accessed on: 15 July 2019)).




2.3. Environmental Data


The temperature, pH, dissolved oxygen (DO), total dissolved solids (TDS), and conductivity (Cond) of the water were measured using a YSIPro Plus multiparameter meter (Yellow Springs, Ohio, OH, USA). The water samples (1 L) were collected 0.5 m below the water surface and were analyzed to determine their TP, TN, and COD (Table S1 in the Supplementary Materials). The TP was measured using alkaline potassium persulfate digestion ultraviolet spectrophotometry, the TN was measured using potassium persulfate digestion ammonium molybdate spectrophotometry, and the COD was measured using the potassium permanganate index method [47]. Principal component analysis (PCA) was used to explore the relationship between diatoms and water chemistry (Figure S1 in Supplementary Materials).




2.4. Model Development and Statistical Analyses


The environmental optima and tolerances of the diatom species were estimated using the weighted average method (WA) [48]. The theoretical foundation of this method is that species occur in the highest abundances near their ecological optima. Thus, the environmental optimum of a diatom species for a particular environmental variable is the mean of the variable values at sites where the taxon is present, and it is weighted by the species abundances in analyzed samples. Thus, the optimum can then be calculated using Equation (1).


   û  vk   =     ∑   i = 1  n   y  ik    x  vi       ∑   i = 1  n   y  ik     ,  



(1)




where ûvk is the v environmental variable optimum for a species k, yik is the is the abundance of species k at site i, and xvi is the value of the v environmental variable at site i.



The tolerance of the species is the weighted standard deviation,


   ǒ k  =     ∑      y  ik      x  vi   −  û  vk        2    N − 1     ,  



(2)




where ǒk is the environmental tolerance of species k, and N is the sample size.



The estimated optimum can be used to infer a lake’s given environmental variable (xi) from its diatom assemblage as follows:


   x i  =     ∑   k = 1  m   y  ik    û  vk       ∑   k = 1  m   y  ik     .  



(3)







In addition, the species tolerance-weighted value is


   x i  =     ∑   k = 1  m     y  ik    û  vk      ǒ k        ∑   k = 1  m     y  ik      ǒ k 2      .  



(4)







Using the random sampling method, 83 samples were selected as the test group, and 33 samples were selected as the control group. Regression was used to develop TP, COD, and TN models using data for 83 samples and by calculating the TP, COD, and TN optimal and tolerance levels (defined as one standard deviation) of the individual species. The calibration step allowed testing of this model via calibration against the 33 samples in the control group. The calculations were performed using the R Studio program. The root-mean-squared error (RMSE) of the prediction values was calculated directly using the calibration set.



On the basis of the optimal and tolerance values for TP, COD, and TN, the trophic status indicator (v) and sensitive indicator (s) values for the diatoms were determined. The trophic status indicator values (v) for TP, COD, and TN were slightly modified according to national standards and were divided into five grades (1–5). On the basis of the TP tolerance of the diatoms, the sensitivity values were divided into four grades (1–4). Then, the comprehensive diatom index (CDI) for evaluating the degree of eutrophication of the lakes waters was established as a function of the comprehensive indices of TP, COD, and TN according to the equation described by Zelinka and Marvan [17].


  CDI =   WMS × 25   − 25 ,  



(5)






  WMS =   ∑  a k   s k   v k    ∑  a k   v k    ,  



(6)




where ak is the relative abundance of the species k, vk is the sensitivity value for species k for the comprehensive indicators, sk is the nutritional status indicator value for species k as a function of the comprehensive indicators, and WMS is the weighted average value for species k as a function of the environmental factors (values of 1 to 5). The value of the index varies between 0 and 100.





3. Results


3.1. Predictive Models of Environments of Diatom Assemblages


A total of 354 diatom species were identified in the samples from 116 sampling sites within 34 lakes, but only 78 species had relative abundances of greater than 1% and a frequency among sites of greater than four, which led to their inclusion in the subsequent analysis (Table S2). A total of 83 samples were randomly selected as the experimental group, while 33 diatom samples were used as the control group. The weighted averaging without tolerance descending region (WAtol) method was used to establish transfer function models for TP (Figure 2). This yielded an r2 value of 0.661 for the correlation between the inferred and measured values of TP and an RMSE of 0.064 mg/L. The correlation for the control group was r2 = 0.418 (RMSE = 0.096 mg/L). The WAtol method was also used to establish the transfer function models for TN, with an r2 of 0.423 for the correlation between the inferred and measured values of TN and an RMSE of 1.007 mg/L. The correlation of the control group was r2 = 0.201 (RMSE = 0.893 mg/L) (Figure 3). Lastly, the WAtol method was used to establish transfer function models for COD. This yielded an r2 value of 0.699 for the correlation between the inferred and measured values of the COD. The correlation for the control group was r2 = 0.4 (RMSE = 7.73 mg/L) (Figure 4). The TP, TN, and COD models were suitable for predicting the optima and tolerances of the species and confirming the indicator values of the species at different trophic levels.




3.2. Environmental Optima and Tolerances of the Diatoms


The optimal values and tolerances of the primary diatom species regarding TP, COD, and TN are presented in Table S3 in the Supplementary Materials. The 10 species of periphytic diatoms that had TP optima of greater than 0.22 mg/L were primarily within the genera Nitzschia and Fragilaria. Fragilaria vaucheriae exhibited the highest optimal (0.46 mg/L) and tolerance (0.48 mg/L) values, indicating that the TP tolerance range of this species was highest. In contrast, Gomphonema exilissimum (optima: 0.05 mg/L; tolerance: 0.01 mg/L), Pinnularia obscura (optima: 0.08 mg/L; tolerance: 0.01 mg/L), Luticola goeppertiana (optima: 0.08 mg/L; tolerance: 0.01 mg/L), and Luticola pitranenis (optima: 0.09 mg/L; tolerance: 0.01 mg/L) exhibited the lowest tolerances to TP. Thus, these species were the most sensitive to changes in TP according to their narrow tolerance ranges.



Sixteen species of periphytic diatoms exhibited COD optima of greater than 20 mg/L, with Fragilaria vaucheriae exhibiting the highest optimal (29.1 mg/L) and tolerance (14.08 mg/L) values. Some of the species exhibited lower optimal values and higher tolerance values, including Navicula erifuga (optima: 12.19 mg/L; tolerance: 12.9 mg/L), Melosira varians (optima: 11.67 mg/L; tolerance: 12.11 mg/L), and Aulacoseira granulata var. angustisima (optima: 10.67 mg/L; tolerance: 10.18 mg/L). Thus, these species exhibited a wide range of COD adaptations. In addition, several species exhibited lower optimal and tolerance values, including Gomphonema insularum (optima: 7.17 mg/L; tolerance: 1.64 mg/L), Achnanthidium pyrenaicum (optima: 6.6 mg/L; tolerance: 1.74 mg/L), and Achnanthidium exile (optima: 6.36 mg/L; tolerance: 1.74 mg/L). Consequently, these species were the most sensitive to changes in the COD.



A total of 10 periphytic diatoms species exhibited TN optima of greater than 2.88 mg/L. Navicula catalanogermanica exhibited the highest optima value (2.88 mg/L), and Gomphonema exilissimum exhibited the lowest tolerance value (0.69 mg/L). The TN tolerances exhibited trends similar to the TP and COD, whereby the species with lower tolerance values also had lower optimal values. Achnanthidium eutrophilum (optima: 1.17 mg/L; tolerance: 0.28 mg/L), Encyonema lange-bertalotii (optima: 1.14 mg/L; tolerance: 0.29 mg/L), and Gomphonema acidoclinatum (optima: 0.78 mg/L; tolerance: 0.33 mg/L) exemplified these trends. Thus, these species were the most sensitive to changes in the TN.




3.3. Development of the Comprehensive Diatom Index


On the basis of the optimal and tolerance values for TP, COD, and TN, the trophic status indicator (v) and sensitive indicator (s) values for the diatoms were determined. The trophic status indicator values (v) for TP, COD, and TN were slightly modified according to national standards and were divided into five grades (1–5). Among these, the TP concentration ranges corresponding to each grade of the trophic status indicator value (v) were as follows: grade 1 (<0.06 mg/L); grade 2 (0.06–0.09 mg/L); grade 3 (0.09–0.12 mg/L); grade 4 (0.12–0.22 mg/L); grade 5 (>0.22 mg/L). The trophic status indicator values (v) based on the TN ranges were as follows: grade 1 (<1.2 mg/L); grade 2 (1.2–1.5 mg/L); grade 3 (1.5–1.8 mg/L); grade 4 (1.8–2 mg/L); grade 5 (>2 mg/L). The trophic status indicator values (v) based on the COD ranges were as follows: grade 1 (<7.5 mg/L); grade 2 (7.5–12 mg/L); grade 3 (12–15 mg/L); grade 4 (15–20 mg/L); grade 5 (>20 mg/L).



According to the tolerances of the diatoms toward TP, the sensitivity values were divided into four grades: grade 1 (0.012–0.05 mg/L); grade 2 (0.05–0.1 mg/L); grade 3 (0.1–0.2 mg/L); grade 4 (0.2–0.479 mg/L). The four grades for the tolerance sensitivity values of the diatoms to COD were as follows: grade 1 (1.64–6 mg/L); grade 2 (6–8 mg/L); grade 3 (8–12 mg/L); grade 4 (12–14.08 mg/L). The four grades for the tolerance sensitivity values of the diatoms to TN were as follows: grade 1 (0.28–0.71 mg/L); grade 2 (0.71–1 mg/L); grade 3 (1–1.5 mg/L); grade 4 (1.5–2.87 mg/L). The comprehensive eutrophication status of the diatoms based on TP, COD, and TN was subsequently determined as a function of the above three indicators. In particular, the indicator value (v) and sensitivity indicator value (s) of the diatom index were divided into three categories, wherein one-third of each index was assigned to the three environmental indicators. The indicator (v) and sensitivity (s) values for each diatom index are listed in Table 1.



Then, the comprehensive diatom index (CDI) for evaluating the trophic degree of lake waters was then established as a function of the comprehensive indices of TP, COD, and TN according to the equation described by Zelinka and Marvan [17], as shown in Equations (5) and (6). The range of CDI values was from 0 (oligotrophic) to 100 (ultra-eutrophication) (Table 2).




3.4. Application of the Comprehensive Diatom Index


According to the CDI, the water eutrophication statuses of eight sites was oligotrophic; 17 sites were in a mesotrophic state, 23 were in a light eutrophication state, 30 were in a moderate eutrophication state, 22 were in a heavy eutrophication state, and 14 were in an ultra-eutrophication state (Figure 5).



The CDI was more highly correlated with the conductivity, pH, TP, TN, COD, and TDS compared to the other diatom indices (Table 3).



The CDIs of the test group were more highly correlated with the COD, TP, Cond, pH, TN, and TDS; the CDIs of the control group were more highly correlated with the TP, Cond, COD, and TDS (Table 4).





4. Discussion


4.1. A Predictive Model of Diatom Associations in the Environment


Lake eutrophication is one of the most pressing global issues. Human activities have played an important role in the progression of lake eutrophication; consequently, researchers have invested significant effort in monitoring and controlling lake eutrophication. In this study, a diatom index was constructed on the basis of the relationships between the diatoms and environmental factors to evaluate the trophic status of the lakes in the lower reaches of the Yangtze River. Three environmental factors (TP, COD, and TN) were evaluated in relation to diatom assemblages and the transfer function models between the diatom communities, and the three environmental indicators were established using weighted average regression modeling. Similar function models have mostly been used to evaluate the effects of TP, pH, salinity, or conductivity, but few functional conversion models have evaluated relationships between diatoms and TN or COD. Transfer function models between diatom assemblages and pH, salinity, or conductivity have primarily been based on sediment diatoms and have been used to reconstruct the paleoenvironmental conditions of lakes or rivers [8,49,50,51,52,53,54]. Nevertheless, several transfer function models of diatoms have been developed using TP. In this study, the transfer function model of the diatoms in relation to TP yielded an r2 = 0.661 and an RMSE = 0.064 mg/L, with the r2 being slightly lower (and the RMSE far lower) than the transfer function models of Bennion (r2 = 0.79, RMSE = 0.16) [55] and Stenger Kovács et al. (r2 = 0.96, RMSE = 0.17 mg/L) [24]. In addition, Ponader et al. constructed a transfer function model for diatoms in relation to TP (r2 = 0.72, RMSE = 0.23, log10 μg/L) and TN (r2 = 0.58, RMSE = 0.23, log10 μg/L) for streams in New Jersey, USA [56]. The r2 values of the models for diatoms in relation to TP developed in the latter study and this study are similar, but the RMSE of the model developed in this study is much lower. Furthermore, the r2 of the model of the diatoms in relation to TN developed in this study is lower; however, the range of observed TN values in this study (0.69–2.88 mg/L) is smaller than that in the study conducted by Ponader et al. (0.36–4.41 mg/L), which may be one reason why the model developed in this study is relatively weak. In particular, Ponader et al. suggested that the ranges of physical and chemical factors evaluated in a study are among the most important factors affecting models [56].



The weighted average method was used to determine the optimal and tolerance values of 78 species of diatoms to TP, TN, and COD in lakes in the lower reaches of the Yangtze River. Thirty-two diatom species were not identified in this study compared with the investigation conducted by Van Dam et al. [57], which may be related to the geological, climatic, and hydrological characteristics of the study area. Van Dam et al. suggested that Pinnularia diatoms primarily occur in oligotrophic water, but Pinnularia obscura (Krasske) was identified as an indicator species of eutrophic water in this study. Furthermore, other studies have suggested that Cymbella are more abundant in oligotrophic water [57,58], but Cymbella affinis (Kützing) and C. tumida ((Brebisson) Van Heurck) were identified as indicators of oligotrophic water in this study, and C. turgidula was identified as an indicator of eutrophic water. Several studies have suggested that Fragilaria and Gomphonema diatoms are broadly distributed ecological indicators [57], with great differences in the ecological characteristics of the species within the genus, which is consistent with the results of this study. Specifically, Fragilaria crotonensis (Kitton), F. tenera (Smith) Lange-Bertalot, Gomphonema exilissimum (Grunow) Lange-Bertalot, G. insularum (Kociolek, Woodward & Graeff), and G. turris (Ehrenberg) primarily occurred in the lakes with a low trophic state, while F. nevadensis (Linare), F. vaucheriae (Kützing) Petersen, G. parvulum (Kützing) Kützing, and G. gracile (Ehrenberg) primarily occurred in eutrophic lakes. Achnanthidium and Encyonema diatoms were found to mainly occur in oligo-mesotrophic to mesotrophic lakes [59,60,61,62], and the results of this study confirm these observations. Moreover, Nitzschia elegantula (Grunow), N. subcohaerens var. scotica (Grunow) Van Heurck, and N. perminuta (Grunow) Peragallo were identified as indicators of water bodies with a low eutrophication state.




4.2. Comparison of Different Diatom Indices


The CDI was developed in this study to assess the eutrophic states of lakes in the lower reaches of the Yangtze River. The CDI ranges from 0 to 100 and is divided into five eutrophication grades. According to the CDI, the trophic statuses of 8, 17, 23, 30, 22, and 14 sample sites were oligotrophic, mesotrophic, light eutrophication, moderate eutrophication, heavy eutrophication, and ultra-eutrophication. Thus, the CDI is representative of the trophic status of the lakes in the lower reaches of the Yangtze River. In this study, most of the heavy or ultra-eutrophication status sampling sites had high TP, TN, and COD concentrations, and the oligotrophic status lakes had lower TP, TN, and COD concentrations. These results are highly consistent with the comprehensive trophic status index based on physical and chemical factors. To further evaluate the accuracy of the CDI, it was compared with several other widely used diatom indices. The Trophic Diatom Index of Lakes (TDIL) was developed on the basis of relationships between diatoms and TP and is suitable for evaluating the trophic status of shallow lakes [24]. The index involves 127 diatom species, including 48 that were absent in the CDI. These two indices similarly assigned comprehensive nutritional status indicator (v) and sensitivity indicator (s) values for each diatom. However, the TDIL is not suitable for assessing the trophic status of the lakes in the lower reaches of the Yangtze River. The biological diatom index was established as a function of pH, conductivity, dissolved oxygen, biological oxygen demand, ammonium, orthophosphate, and nitrate levels to evaluate the water quality status of rivers in France [63,64]. This index includes 838 diatoms, 19 of which were absent in the CDI. In addition, the Pampean Diatom Index (PDI) was developed on the basis of 210 diatoms and by integrating the organic pollution and eutrophication statuses of water bodies to evaluate the status of rivers and streams [22], but 65 species in this index were absent from the CDI, representing more than 80% of the total species. Differences were also observed in the values for the same two indices. The PDI was developed to evaluate the status of lakes in the lower reaches of the Yangtze River. However, the results were not ideal or suitable for this area. In addition, the Trophic Diatom Index was established as a function of the relationships between TP and 70 diatom species, and it has been used to evaluate the eutrophication status of rivers [20]. However, 60 species from this index were not present in the CDI, and the evaluation methods of the two also differ. The Specific Pollution Sensitivity Index is the most widely used and is also based on the relationships between diatoms and the TP [65]. The index incorporates 550 species and is most appropriate for evaluating the water quality of rivers. However, 58 species in this index were absent in the CDI, accounting for more than 50% of the total number of species.



In addition to the above discrepancies, differences were observed in the numbers of diatoms and the assigned indicator values between the CDI and the other diatom indices. The reasons underlying these differences may arise from the specific characteristics of the study area, including water morphology, geographic environment, and/or from the number of samples used in each study. Each index should be considered according to the specific characteristics of the particular study area to ensure that the diatom indicator values are reasonably calibrated and accurate. The Generic Diatom Index (GDI) was developed as a function of the relationships between diatoms and the TP at the genus level. It contains 44 genera and has been used to evaluate river water quality [66]. The largest advantage of the GDI is its easy application and the low necessity for identification by researchers, although the latter is also a disadvantage. Single diatom species can indicate the trophic status of water bodies. Nevertheless, if the indicator values of diatoms from the same genus are determined according to similar standards, the accuracy of the assessments can be affected. For example, Nitzschia elegantula (Grunow) and N. palea (Kützing) Smith) are both members of the Nitzschia genus, but N. elegantula is an indicator of water bodies with low nutrient levels while N. palea is an indicator of water bodies with high trophic levels. Likewise, Cymbella affinis (Kützing) and C. turgidula (Grunow) belong to the genus Cymbella, but C. affinis is an indicator of water bodies with low trophic levels, while C. turgidula is an indicator of water bodies exhibiting eutrophication.



Overall, the various aforementioned diatom indices are based on relationships between diatoms and river/lake water environmental indicators, as well as the unique environmental conditions of the study areas, including the climate, altitude, human activities, temperature, the composition of the diatom community structure, and the response of diatom communities to regional environments [4,30,67]. Consequently, researchers have used the relationships between diatoms and environmental factors to establish diatom indices for monitoring the water environment. Numerous diatom indices have been established for globally distributed regions that are based on specific diatom species and their sensitivity to environmental factors. Nevertheless, the particular characteristics of each index differ. Indeed, the specific characteristics of the water bodies in each research area have guided the revision of each index; thus, the environmental indicator values and the tolerance values for each diatom are tuned to environmental changes to make each index suitable for use. In this study, we determined the indicator and tolerance values for diatoms in lake environments to establish a new diatom index for evaluating the trophic levels of the lakes in the lower reaches of the Yangtze River. In future studies, the CDI will be modified to expand the application scope of this index to encompass characteristics of other water types, including rivers and streams, in addition to improving its applicability across regions.





5. Conclusions


The periphytic diatoms in the lakes in the lower reaches of the Yangtze River are diverse and are good indicators of the trophic status of these water bodies. Here, in this study, we analyzed the correlations between the compositions of the periphytic diatoms and the environmental factors to develop the transfer function models of TP, TN, and COD, as well as to establish a new CDI based on the TP, TN, and COD optima and the tolerances of 78 periphytic diatoms toward these parameters. Correlational analysis indicated revealed the CDI is more highly correlated with Cond, pH, TP, TN, COD, and TDS than the other diatom indices. In addition, the CDI is more highly correlated with Cond, TP, TN, and COD for the test group and control group. Thus, the CDI is a useful metric for assessing the water trophic status of the lakes in the lower reaches of the Yangtze River. In addition, the CDI provides a theoretical framework for improving China’s environmental monitoring and assessment in China by providing a basis for similar research in other regions.
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Figure 1. Sample sites in the lakes in the lower reaches of the Yangtze River. 
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Figure 2. Relationship between the observed and diatom-inferred TP obtained via weighted averaging without tolerance down-weighting regression: (a) test group; (b) control group. 
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Figure 3. Relationship between the observed and diatom-inferred COD obtained via weighted averaging without tolerance down-weighting regression: (a) test group; (b) control group. 
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Figure 4. Relationship between the observed and diatom-inferred TN obtained via weighted averaging without tolerance down-weighting regression: (a) test group; (b) control group. 
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Figure 5. Distribution of CDI values along the water quality gradient (group 1: oligotrophic; group 2: mesotrophic; group 3: light eutrophication; group 4: moderate eutrophication; group 5: heavy eutrophication; group 6: ultra-eutrophication). 
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Table 1. List of TP, TN, COD, and comprehensive indicators (indicator (v) and sensitivity (s) values) of the periphytic diatoms.
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Species

	

	
TP

	
TN

	
COD

	
Comprehensive




	
Code

	
v

	
s

	
v

	
s

	
v

	
s

	
v

	
s






	
Achnanthidium duthii (Sreen.) Edlund

	
ADDU

	
4

	
3

	
2

	
1

	
4

	
4

	
3.33

	
2.67




	
Achnanthidium ennediense (Compere) Compere & Van De Vijver

	
AENN

	
1

	
2

	
3

	
2

	
1

	
1

	
1.67

	
1.67




	
Achnanthidium eutrophilum (Lange-Bertalot) Lange-Bertalot

	
ADEU

	
1

	
2

	
1

	
1

	
1

	
1

	
1.00

	
1.33




	
Achnanthidium exile (Kützing) Heiberg

	
ADEX

	
1

	
2

	
2

	
1

	
1

	
1

	
1.33

	
1.33




	
Achnanthidium minutissimum (Kützing) Czarnecki

	
ADMI

	
2

	
1

	
3

	
3

	
2

	
1

	
2.33

	
1.67




	
Achnanthidium pyrenaicum (Hust.) Kobayas

	
ADPY

	
1

	
2

	
2

	
1

	
1

	
1

	
1.33

	
1.33




	
Achnanthidium rivulare Potapova and Ponader

	
ADRI

	
3

	
2

	
3

	
3

	
2

	
3

	
2.67

	
2.67




	
Achnanthidium subatomus (Hustedt) Lange-Bertalot

	
ADSU

	
1

	
2

	
2

	
1

	
1

	
1

	
1.33

	
1.33




	
Actinocyclus normanii (Greg.) Hustedt

	
ANMN

	
5

	
4

	
5

	
4

	
5

	
4

	
5.00

	
4.00




	
Aulacoseira ambigua f. japonica (Meister) Tuji & Williams

	
AUAJ

	
2

	
1

	
2

	
1

	
3

	
2

	
2.33

	
1.33




	
Aulacoseira granulata var. angustissima (Müll.) Simonsen

	
AUGA

	
4

	
4

	
3

	
1

	
2

	
3

	
3.00

	
2.67




	
Aulacoseira pusilla (Mesister) Tuji & Houki

	
AUPU

	
4

	
3

	
2

	
2

	
4

	
3

	
3.33

	
2.67




	
Aulacoseira granulata (Ehrenb.) Simonsen

	
AUGR

	
4

	
2

	
4

	
2

	
5

	
4

	
4.33

	
2.67




	
Caloneis falcifera Lange-Bertalot, Genkal & Vekhov

	
CFAF

	
2

	
1

	
2

	
1

	
4

	
2

	
2.67

	
1.33




	
Cocconeis pediculus Ehrenberg

	
CPED

	
4

	
2

	
2

	
2

	
4

	
1

	
3.33

	
1.67




	
Cocconeis placentula (Ehrenberg) Grunow

	
CPLA

	
4

	
1

	
5

	
4

	
3

	
1

	
4.00

	
2.00




	
Cyclotella meneghiniana Kützing

	
CMEN

	
4

	
3

	
3

	
3

	
4

	
4

	
3.67

	
3.33




	
Cymbella affinis Kützing

	
CAFF

	
2

	
1

	
1

	
2

	
2

	
2

	
1.67

	
1.67




	
Cymbella tumida (Brebisson) Van Heurck

	
CTUM

	
2

	
1

	
3

	
3

	
2

	
2

	
2.33

	
2.00




	
Cymbella turgidula Grunow

	
CTGL

	
4

	
3

	
2

	
1

	
5

	
3

	
3.67

	
2.33




	
Discostella pseudostelligera (Hustedt) Houk & Klee

	
DPST

	
4

	
2

	
4

	
1

	
3

	
3

	
3.67

	
2.00




	
Discostella stelligera (Cleve & Grunow) Houk & Klee

	
DSTE

	
2

	
2

	
2

	
1

	
2

	
2

	
2.00

	
1.67




	
Encyonema lange-bertalotii Krammer

	
ENLB

	
4

	
2

	
1

	
1

	
5

	
2

	
3.33

	
1.67




	
Encyonema minutum (Hilse) Mann

	
ENMI

	
2

	
1

	
3

	
3

	
2

	
1

	
2.33

	
1.67




	
Encyonema silesiacum (Bleisch) Mann

	
ELSE

	
3

	
2

	
2

	
2

	
4

	
3

	
3.00

	
2.33




	
Encyonema ventricosum (Agardh) Grunow

	
ENVE

	
3

	
2

	
2

	
1

	
4

	
2

	
3.00

	
1.67




	
Encyonema vulgare Krammer

	
EVUL

	
2

	
1

	
1

	
1

	
3

	
1

	
2.00

	
1.00




	
Encyonopsis microcephala (Grunow) Krammer

	
ENCM

	
1

	
1

	
2

	
1

	
1

	
1

	
1.33

	
1.00




	
Eolimna minima (Gruow) Lange-Bertalot

	
EOMI

	
4

	
3

	
3

	
4

	
4

	
2

	
3.67

	
3.00




	
Eolimna subminuscula (Manguin) Gerd Moser

	
ESBM

	
5

	
4

	
2

	
2

	
5

	
3

	
4.00

	
3.00




	
Fragilaria crotonensis Kitton

	
FCRO

	
2

	
1

	
3

	
1

	
1

	
1

	
2.00

	
1.00




	
Fragilaria nevadensis Linare

	
FNEV

	
5

	
2

	
2

	
4

	
5

	
2

	
4.00

	
2.67




	
Fragilaria pararumpens Lange-Bertalot, Hofm & Werum

	
FPRU

	
3

	
2

	
2

	
3

	
4

	
3

	
3.00

	
2.67




	
Fragilaria tenera (Smith) Lange-Bertalot

	
FTEN

	
2

	
1

	
2

	
1

	
3

	
2

	
2.33

	
1.33




	
Fragilaria vaucheriae (Kützing) Petersen

	
FVAU

	
5

	
4

	
5

	
4

	
5

	
4

	
5.00

	
4.00




	
Gomphonema acidoclinatum Lange-Bertalot & Reichardt

	
GADC

	
2

	
1

	
1

	
1

	
4

	
1

	
2.33

	
1.00




	
Gomphonema augur Ehrenberg

	
GAUG

	
2

	
1

	
3

	
2

	
2

	
2

	
2.33

	
1.67




	
Gomphonema exilissimum (Grunow) Lange-Bertalot

	
GEXL

	
1

	
1

	
1

	
1

	
4

	
1

	
2.00

	
1.00




	
Gomphonema gracile Ehrenberg

	
GGRA

	
4

	
2

	
4

	
4

	
4

	
2

	
4.00

	
2.67




	
Gomphonema hebridense Gregory

	
GHEB

	
3

	
2

	
3

	
4

	
4

	
1

	
3.33

	
2.33




	
Gomphonema insularum Kociolek, Woodward & Graeff

	
GILR

	
1

	
2

	
2

	
1

	
1

	
1

	
1.33

	
1.33




	
Gomphonema lagenula Kützing

	
GLGN

	
4

	
3

	
3

	
2

	
4

	
3

	
3.67

	
2.67




	
Gomphonema minutum (Agardh) Agardh

	
GMIN

	
2

	
1

	
3

	
2

	
2

	
2

	
2.33

	
1.67




	
Gomphonema parvulum (Kützing) Kutzing

	
GPAR

	
5

	
4

	
5

	
4

	
5

	
3

	
5.00

	
3.67




	
Gomphonema turris Ehrenberg

	
GPTN

	
2

	
1

	
1

	
1

	
4

	
1

	
2.33

	
1.00




	
Gomphosphenia biwaensis Taisuke Ohtsuka

	
GOPP

	
2

	
1

	
5

	
3

	
2

	
2

	
3.00

	
2.00




	
Luticola goeppertiana (Bleisch) Mann

	
LGOP

	
2

	
1

	
2

	
1

	
2

	
1

	
2.00

	
1.00




	
Luticola pitranenis Levkov Metzeltin & Pavlov

	
LPIT

	
2

	
1

	
1

	
2

	
2

	
1

	
1.67

	
1.33




	
Melosira varians Agardh

	
MVAR

	
4

	
3

	
5

	
4

	
2

	
4

	
3.67

	
3.67




	
Navicula catalanogermanica Lange-Bertalot & Hofmann

	
NCAT

	
4

	
2

	
5

	
4

	
4

	
2

	
4.33

	
2.67




	
Navicula cryptocephala Kützing

	
NCRY

	
4

	
4

	
3

	
3

	
4

	
2

	
3.67

	
3.00




	
Navicula cryptotenella Lange-Bertalot

	
NCTE

	
3

	
1

	
4

	
3

	
2

	
1

	
3.00

	
1.67




	
Navicula erifuga Lange-Bertalot

	
NERI

	
4

	
3

	
4

	
3

	
3

	
4

	
3.67

	
3.33




	
Navicula lundii Reichardt

	
NLUN

	
3

	
3

	
2

	
2

	
2

	
3

	
2.33

	
2.67




	
Nitzschia acicularis (Kützing) Smith

	
NACI

	
5

	
3

	
2

	
1

	
5

	
3

	
4.00

	
2.33




	
Nitzschia amphibia Grunow

	
NAMP

	
3

	
2

	
1

	
2

	
4

	
3

	
2.67

	
2.33




	
Nitzschia elegantula Grunow

	
NELE

	
2

	
1

	
3

	
1

	
2

	
3

	
2.33

	
1.67




	
Nitzschia filiformis (Smith) Van Heurck

	
NFIL

	
5

	
3

	
5

	
3

	
5

	
3

	
5.00

	
3.00




	
Nitzschia inconspicua Grunow

	
NINC

	
4

	
1

	
1

	
2

	
3

	
1

	
2.67

	
1.33




	
Nitzschia intermedia Hantzsch & Grunow

	
NINT

	
4

	
4

	
1

	
1

	
4

	
2

	
3.00

	
2.33




	
Nitzschia liebetruthii Rabenhorst

	
NILM

	
4

	
3

	
4

	
2

	
4

	
2

	
4.00

	
2.33




	
Nitzschia lorenziana Grunow

	
NLOR

	
4

	
4

	
2

	
1

	
5

	
2

	
3.67

	
2.33




	
Nitzschia palea (Kützing) Smith

	
NPAL

	
5

	
4

	
5

	
4

	
5

	
4

	
5.00

	
4.00




	
Nitzschia perminuta (Grunow) Peragallo

	
NIPM

	
3

	
1

	
3

	
2

	
2

	
3

	
2.67

	
2.00




	
Nitzschia regula var. robusta Hustedt

	
NIRE

	
4

	
2

	
2

	
2

	
5

	
4

	
3.67

	
2.67




	
Nitzschia soratensis Morales & Vis

	
NSTS

	
5

	
2

	
5

	
3

	
4

	
3

	
4.67

	
2.67




	
Nitzschia subacicularis Hustedt

	
NISS

	
4

	
3

	
1

	
1

	
5

	
2

	
3.33

	
2.00




	
Nitzschia subcohaerens var. scotica (Grunow) Van Heurck

	
NZSH

	
2

	
1

	
2

	
2

	
3

	
1

	
2.33

	
1.33




	
Nitzschia supralitorea Lange-Bertalot

	
NZSU

	
4

	
2

	
4

	
2

	
3

	
2

	
3.67

	
2.00




	
Pinnularia obscura Krasske

	
POBS

	
2

	
1

	
2

	
1

	
2

	
2

	
2.00

	
1.33




	
Planothidium lanceolatum (Brebisson & Kützing) Lange-Bertalot

	
PTLC

	
2

	
1

	
2

	
2

	
1

	
1

	
1.67

	
1.33




	
Seminavis strigosa (Hustedt) Danieledis & Economou-Amilli

	
SMST

	
4

	
3

	
3

	
4

	
5

	
4

	
4.00

	
3.67




	
Stephanodiscus minutulus (Kützing) Round

	
STMI

	
3

	
1

	
3

	
2

	
2

	
2

	
2.67

	
1.67




	
Stephanodiscus parvus Stoermer and Håk.

	
SPAV

	
4

	
4

	
3

	
3

	
5

	
2

	
4.00

	
3.00




	
Tabularia fasciculata (Agardh) Williams & Round

	
TFAS

	
4

	
2

	
4

	
3

	
3

	
3

	
3.67

	
2.67




	
Ulnaria acus (Kützing) Aboal

	
UACU

	
2

	
1

	
1

	
1

	
3

	
2

	
2.00

	
1.33




	
Ulnaria ulna (Nitzsch) Compere

	
UULN

	
3

	
2

	
3

	
3

	
2

	
2

	
2.67

	
2.33




	
Ulnaria ulna var. danica (Kützing) Liu

	
UUDA

	
2

	
1

	
4

	
3

	
3

	
2

	
3.00

	
2.00
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Table 2. Class boundaries and trophic status of the lake according to the CDI.






Table 2. Class boundaries and trophic status of the lake according to the CDI.





	Class Boundary
	Trophic Status





	<30
	Oligotrophic



	30–50
	Mesotrophic



	50–60
	Light eutrophication



	60–70
	Moderate eutrophication



	70–80
	Heavy eutrophication



	80–100
	Ultra-eutrophication
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Table 3. Spearman correlations between the diatom indices and some physical–chemical properties (n = 116).






Table 3. Spearman correlations between the diatom indices and some physical–chemical properties (n = 116).















	
	IBD
	IPS
	IDG
	TDIL
	TDI
	PDI
	CDI





	DO
	–0.115
	–0.099
	–0.011
	0.034
	–0.095
	0.043
	–0.39



	COD
	–0.383 **
	–0.393 **
	–0.425 **
	–0.491 **
	–0.395 **
	–0.564 **
	0.621 **



	TN
	–0.140
	–0.178 *
	0.016
	–0.028
	–0.129
	–0.098
	0.197 *



	TP
	–0.307 **
	–0.317 **
	–0.316 **
	–0.368 **
	–0.338 **
	–0.413 **
	0.611 **



	pH
	–0.152
	–0.076
	–0.176 *
	–0.258 **
	–0.157
	–0.224 **
	0.291 **



	TDS
	–0.351 **
	–0.260 **
	–0.466 **
	–0.505 **
	–0.403 **
	–0.273 **
	0.467 **



	Cond
	–0.342 **
	–0.251 **
	–0.469 **
	–0.496 **
	–0.400 **
	–0.277 **
	0.463 **







* Significant correlation at the 0.05 level. ** Significant correlation at the 0.01 level.
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Table 4. Pearson’s correlation coefficients between the CDI index and environmental variables (test group: 83 samples; control group: 33 samples).






Table 4. Pearson’s correlation coefficients between the CDI index and environmental variables (test group: 83 samples; control group: 33 samples).










	
	Test Group
	Control Group





	TN (mg/L)
	0.197 *
	0.259



	TP (mg/L)
	0.611 **
	0.583 **



	COD (mg/L)
	0.621 **
	0.492 **



	Cond (μs/cm)
	0.463 **
	0.502 **



	pH
	0.291 **
	0.143



	DO (mg/L)
	−0.39
	−0.31



	TDS (mg/L)
	0.467 **
	0.587 **







* Significant correlation at the 0.05 level. ** Significant correlation at the 0.01 level.
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