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Abstract

:

The Lalin River Basin (LLRB) is a major drainage basin in northeastern China, that has been significantly influenced by agricultural activities. This study focused on exploring diatom taxonomic composition linked to environmental factors at the taxonomic levels of genus and species during ice-covered periods. Nine sampling stations were divided into three groups based on trophic state index (TSI). hierarchical cluster analysis (HCA) and redundancy analysis (RDA) were performed to identify diatom distribution patterns and their relationships to environmental factors. Diatom richness, composition and distribution were analyzed at the levels of genus and species. Our results showed the epipelagic diatom Melosira varians was very abundant at most stations. Benthic diatoms Achnanthidium minutissimum, Encyonema minutum and Gomphonema parvulum were dominant in group-3, which had the highest trophic states. HCA showed the similarity of diatom taxonomic composition spatial distribution patterns between genus and species levels. RDA revealed that the key factors related to genus level distributions are COD, TP and EC, while TP was the key factor in structuring diatom taxonomic composition at the level of species. These results suggest identification of diatoms at genus level can be used as a potential indicator to assess ecological health status of agricultural-influenced rivers during ice cover periods. Further research is necessary to explore the utility of genus level diatom composition as a biological indicator in rivers.
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1. Introduction


Rivers are exposed to increasing human pressure all over the world particularly from agricultural activities [1]. During the past decades, however, agricultural practices have significantly increased, causing visible effects on rivers (overuse of pesticides or fertilizer, etc.), but their impacts have been very difficult to assess [2,3]. Ice-covered periods of rivers can play an essential role in nutrient cycling and biodegradation in rivers of the temperate zone [4]. Furthermore, the ice-covered periods can be closely associated with climate reconstruction [5], organic pollution [6] and winter algal blooms [7,8]. In recent years, most studies have focused on developing tools for assessing environmental changes of aquatic ecosystem [9,10]. Diatoms have been widely applied for this purpose and used in bio-monitoring studies in peatlands [11], rivers [12] and lakes [5] as they can tolerate low light levels and low water temperatures, and they can respond rapidly to environmental change [13]. Specifically, the distribution of diatoms in rivers can reflect the combined effects of environmental gradients and reveal the health of river ecosystems [12]. Increasing intensity of agricultural land practices affects rivers, and these impacts would closely limit diatom community assembly [9].



Eutrophication and organic contamination of Chinese agricultural practices, which are undergoing rapid growth due to both economic and population increases, have become a serious threat to river basins [14]. Heilongjiang Province is located in the northeastern of China, which is one of the fastest developing agricultural regions in China. Lalin River Basin (LLRB) is the main grain production district in Heilongjiang Province [15]. More than half of the river area in LLRB is now occupied by grain cultivation [1]. Dense agricultural practices and intensive human activities resulted in high nutrient levels and organic contamination in the LLRB [1,15]. Studies indicate that genus-level identification might increase the accurate prediction of environmental change [16,17]. Diatom-based assessment studies of anthropogenic eutrophic rivers of NE China are still few [18,19], and none of these studies examined conditions during ice cover.



Herein, we hypothesized that the use of genus-level characterization of diatom taxonomic composition has the potential to provide a signal linking river environmental change during ice-cover. In this study, diatom taxonomic composition at both genus- and species-levels and environmental factors were conducted from Lalin River Basin during the ice cover period in 2018. Comprehensive trophic state index (TSI) was used to define the trophic states, hierarchical cluster analysis (HCA) and redundancy analysis (RDA) were performed to determine the diatom distribution pattern and their association with environmental factors at the genus- and species level. The purposes of this study were to (1) determine diatom taxonomic composition in a typical anthropogenic eutrophic river of northeastern China and (2) examine the association of environmental factors and diatom taxonomic composition at genus and species levels during ice cover.




2. Materials and Methods


2.1. Study Area, Sample Collection and Laboratory Analyses


The Lalin River Basin (LLRB) is located in NE China, and it is characterized by long cold winters and warm summers with a mean annual rainfall of ~500–800 mm, maximum temperature in summer of 35.6 °C, and minimum temperature in winter of −45.4 °C [1]. The ice-covered period is more than 100 days per year. This region is famous for its huge grain production and has been referred to as “rice city”. Most of the region of LLRB is eutrophic due to agricultural actives [20]. In this study, a total of 9 stations were established to collect the ice-water samples in February 2018 (Figure 1). These sampling stations spanned from upstream to downstream of LLRB. Remote sensing (RS) showed that the intensity of agricultural practice increased from upstream to downstream. At each sampling station, geographic coordinates were determined using a Garmin Etrex GPS. RS information was downloaded from Resource and Environment data cloud Platform of China (http://www.resdc.cn/) and applied in ArcMap 10.3. The ice-water samples were collected by “ice piton sampler”. A total of 10 L of ice-water samples were collect by plastic bottle preserved with 1% Lugol’s solution and refrigerated under dark conditions until laboratory analysis [21]. A YSI multi-metric probe was used to measure physical factors in the field, such as water temperature (WT), dissolved oxygen (DO), conductivity (EC) and pH. Chemical factors such as total nitrogen (TN), total phosphorus (TP) and chemical oxygen demand (COD) were determined by Chinese national standards for water quality in laboratory within 24 h [22].



Before qualitative and quantitative analysis, diatom samples were transferred into a beaker and heated to 80 °C with 30% H2O2 [13]. All digestion and centrifugation were according to Chen et al. [11]. Diatom counts from each station were expressed as relative abundances to eliminate the effects of rare species [23]. At least 600 diatom frustules (>2 µm) were counted under at 1000× magnification using Zeiss imager A2 microscope. Dominant species were defined as those with a relative abundance >5% in at least one station. Diatom taxa identification was mainly based on Lange-Bertalot et al. [24], Lange-Bertalot et al. [25], and Wojtal [26].




2.2. Multivariate Statistical Analysis


In total, 10 physicochemical factors were considered for multivariate statistical analysis, including WT, DO, EC, pH, ORP, Tur., Chl-a, TN, TP and COD. All 10 factors and diatom data were normalized by [log10(x+1)] transformation. Comprehensive trophic state index (TSI) was used to describe the trophic status [22]. The equations for TSI are as follows:


TSI(TN) = 10(5.453 + 1.694 ln TN)










TSI(TP) = 10(9.436 + 1.642 ln TP)










TSI(Chl-a) = 10(2.5 + 1.086 ln Chl-a)










TSI(COD) = 10(1.2 + 1.566 ln COD)










TSIM(∑) = [TSI (TN) + TSI (TP) + TSI (COD) + TSI (Chl-a)]/4











Evaluation standard：0 < TSIM < 30 oligotrophic, 30 < TSIM < 50 mesotrophic, TSIM > 50 eutrophic, 50 < TSIM < 60 light eutrophic, 60 < TSIM < 70 middle eutrophic, TSIM > 70 high eutrophic.



Hierarchical Cluster analysis (HCA) was performed for both species- and genus-level data to examine diatom distribution patterns along the trophic gradient. HCA, Ward method based on Euclidian distances was conducted by HemI software. Ordinate model was conducted by CANOCO 4.5 on environmental factors and diatom data. Linear model or unimodal model were determined by Detrended Correspondence Analysis (DCA) [27]. When gradient lengths were less than 3, linear model RDA was fit for ordinate; conversely, unimodal model CCA was more suited for ordinate while gradient lengths were more than 4. Moreover, CCA and RDA were compatible while the gradient lengths were within 3-4. In this study, dominant diatom taxa and 10 environmental factors were selected to carry out model (16 species and 11 genera, respectively). Monte Carlo permutation test (499 permutations) was necessary to determine the significant of relation between environmental factors and diatom taxonomic composition (cut-off point of p = 0.05). Independent-samples t test (t-test) was performed to identify the different of environmental factors, which was conducted by SPSS 22.0.





3. Results


3.1. Environmental Gradient of LLRB during Ice Cover


Sampling stations in this study were alkaline (mean pH 8.46) and had high nutrient concentrations (mean TN, TP and COD were 4.41, 0.60 and 33.44, respectively) (see Table 1). TSI indicated that trophic states of these 9 sampling stations ranged from mesotrophic to highly eutrophic (Table 2). The trophic traits conformed to the prior studies and RS information (Figure 1) [1,20]. According the TSI, the 9 sampling stations were divided into three groups manually. Group-1 included stations 1-2, which were mesotrophic states; group-2 included stations 3-5 and stations 8-9, which were middle eutrophic states, and group-3 included stations 6-7, which were highly eutrophic states. T-test showed that most physical factors had no significant difference beside EC (p < 0.05). Meanwhile, in chemical factors, TP and COD had significant differences (p < 0.05) among the three groups (Table 2).




3.2. Diatom Taxonomic Composition at Genus And Species Levels


In this study, a total of 50 diatom taxa were identified, which belong to 25 genera. Most taxa were pennate diatoms, and higher richness was mainly observed in Navicula (7 taxa), Gomphonema (6 taxa), Fragilaria (4 taxa), Surirella (4 taxa), Nitzschia (3 taxa) and Cymbella (3 taxa). The dominant species (relative abundance of more than 5% in at least one sample) included Achnanthidium minutissimum, Cocconeis placentula, Cymbella tumida, Encyonema minutum, Encyonema silesiacum, Fragilaria vaucheriae var. capitellata, Gomphonema acuminatum, Gomphonema parvulum, Hannaea arcus, Melosira varians, Navicula viridula var. rostellata, Navicula viridula, Surirella angusta, Surirella minuta, Surirella visurgis and Synedra ulna. These 16 dominated species contributed 79.33–90.33% of relative abundance in all sampling stations.



Hierarchical clustering (HCA) (Ward, Euclidean Distance) based on species level diatom taxonomic composition indicated all 9 sampling stations can be divided into three categories: mesotrophic to middle eutrophic (staiton-1, station-2, station-3, station-4 and station-9), middle eutrophic (station-5) and middle eutrophic to high eutrophic (station-6, station-7 and station-8). At genus-level HCA showed a comparable pattern with species-level, especially station-6 and station-7, which had the highest TSI and clustered into the same category (Figure 2a,b).



Species level data yielded diatom richness for three groups as 27, 44 and 26 taxa, respectively. The sixteen common species occurred in all three groups (Figure 3a). Along the trophic gradient, the common species show a decreasing trend, which is 10 (group-1 and group-2), 5 (group-2 and group-3) and 0 (group-1 and group-3) (Figure 3a). In group-1, Melosira varians was the pre-dominant species with 37% relative abundance, which was much higher than that in the other two groups. In addition, Navicula viridula, Gomphonema parvulum and Achnanthidium minutissimum were found to be relatively important in group-1 (Figure 4a). Melosira varians was pre-dominant in group-2. Achnanthidium minutissimum and Encyonema silesiacum were co-dominant in group-2, which were found to have higher relative abundance than group-1. Achnanthidium minutissimum was pre-dominated in group-3, which contributed more than 40% relative abundance (Figure 4a).



In the genus-level analysis, the diatom richness of three groups (group-1 to group-3) was 19, 25 and 18 genera, respectively. Thirteen common genera occurred in all three groups (Figure 3b). Similar to the species-level data, the common species exhibited a decreasing trend, which is 5 (group-1 and group-2), 2 (group-2 and group-3) and 0 (group-1 and group-3) (Figure 3b). We found that the dominant diatoms in the genus level analysis had a pattern similar to the species-level data. The dominance of common genera changed significantly, with Melosira being replaced by Achnanthidium and Encyonema (Figure 4b). The change in dominant taxa in both the genus-level and species-level data that was also seen with increasing nutrients suggested that the diatom taxonomic composition had a vital link to environmental changes during the ice-covered period.




3.3. Diatom Taxonomic Composition Linked to Environmental Factors


A total of 16 dominant species were included in the ordination analysis. DCA showed the length gradients were 1.45 and 1.64 in species-level and genus-level data, respectively. Thus, the linear model RDA was selected to explore the correlation between diatom diversity patterns and environmental factors.



At the species level, the results of RDA showed that the first and second ordination axes explain 29.3% and 11.9% of the total variance, respectively. Monte Carlo permutation test indicated that TP (p < 0.002) was the key factor that facilitates dynamic diatom community ecological distribution during ice cover. The first axis is significantly positively correlated with TP (r2 = 0.67, p < 0.002) (Table 3). The second axis is negatively correlated with DO and ORP (r2 from −0.47 to −0.48, p > 0.05). Therefore, the first axis represents the effects of eutrophication on diatom diversity pattern, while axis 2 represents the impacts of physical factors. At the genus level, the results of RDA showed that the first and second ordination axes explain 40.3% and 20.9% of the total variance, respectively. COD, TP and EC were key factors related to diatom genus-level community assembly. The first axis is significantly negatively correlated with the COD, TP and EC (r2 = from −0.67 to −0.79, p < 0.002 or p < 0.05). The second axis is negatively correlated with pH and Tur. (r2 from −0.47 to −0.48, p > 0.05). As with the species level analysis, the eutrophic conditions affected the diatom composition strongly, while physical factors did not significantly correlate with diatom community structure as reflected in the genus-level data.





4. Discussion


In this study, we determined the diatom taxonomic composition of a typical agriculture-impacted, eutrophied river in NE China during ice cover. In addition, we explored the relationships between diatom richness, relative abundance and dominant taxa distribution with environmental factors at species-level and genus-level. Based on trophic state indices, all 9 sampling stations exhibit an obvious nutrient gradient during the study period (group-1 to group-3). Our results verified our hypothesis that genus-level diatom taxonomic composition was a potential signal for indicating river environmental changes during ice cover.



Compared with blue-green algae, diatoms have a great ability to tolerate extreme conditions such as low water temperature, low light, extreme pH and nutrient deficiencies [11,21,28]. Less light can penetrate opaque snow and ice during most of the ice-covered period in aquatic ecosystems [29]. During winter of LLRB, the ice cover period is long and low water temperatures prevail throughout the whole winter [1]. Compared with the warm seasons in LLRB, the diatom biodiversity is very low, 130 taxa vs. 50 taxa (unpublished data). Similar results were also reported in temperate aquatic systems in North America and Europe [10,30]. Thus, we suggest the low richness of LLRB was attributed to limited light penetration and low WT during ice cover. Ice cover was considered to have a direct impact on diatom community assembly by limiting the ability for movement [10]. Moreover, snow and ice cover obstructed the refraction of light in water body [5]. Centric diatoms were widely used as an indicator of changing lake thermal structure and capable of tolerating low light levels; they dominated in an ice-covered lake [29]. Katz et al. [8] reported that epipelagic Melosira had a potential ability to cause the under-ice blooms in winter. In this study, the dominant species (or genera) Melosira varians is generally considered to be tolerant of low light and ice cover [8]. Nutrient addition, it was shown, can increase the benthic diatom abundance in template rivers [12]. In this study, benthic diatom Achnanthidium, Encyonema and Gomphonema were co-dominants in highest nutrient state stations (group-3). Encyonema silesiacum and Gomphonema parvulum are considered as relevant eutrophic indicators that commonly occur in warm seasons of eutrophic lakes [31] and rivers [9,32]. The dominance of Encyonema silesiacum and Gomphonema parvulum in highest trophic stations of LLRB suggested that these two species had a potential ability to indicate the ecological states in agricultural eutrophic rivers during ice-covered periods. It is interesting to note that Achnanthidium minutissimum replaces Melosira varians as the dominant taxon in group-3, which had the highest nutrient conditions. Achnanthidium minutissimum was reported to have a wide range of tolerance for temperature, acidity, conductivity and higher primary productivity [12] and was capable of dominating in the fast flow of lotic environments during ice melt [33]. In our study, group-3 stations are located in downstream of LLRB, which present highest EC, Chl-a, TN and TP concentrations (Table 1). The habitat of group-3 provided an appropriate condition for Achnanthidium minutissimum population. Although some research has shown that Achnanthidium minutissimum was sensitive to high P_PO4 concentration in warm seasons (0.3 mg/L) [9], it occurred with high TP concentrations in several stations during ice cover. Moreover, the mechanism of Achnanthidium minutissimum being adept at high TP habitats still need further exploration.



Understanding how diatom community assembly is linked to environmental factors is a vital key to improving agricultural eutrophic rivers ecosystem management [2]. In Lalin River Basin, the main factors emanating from agricultural activities that impacted the aquatic organisms were organic and persistent organic pollutants [1,20]. Our results indicated that environmental factors were closely associated with diatom taxonomic composition at genus and species levels. In RDA, the station scores the weight sums of the species ecological information [34]. Therefore, the position of one sampling station (station here) in the ordination diagram represents the weights of all species in the site to the two axes. RDA showed three group regions were separately clustered together along eutrophic gradient, although there are some crossing points among them. Stations from group-3 are located in the axis 1, which are included in the arrows of TP. These results represent the higher eutrophic in this group. Stations of the group-2 are scattered in the diagram, mostly on opposite sides of TP, suggesting a middle eutrophication in this area. Group-1 grouped on the positive side of axis 1, indicating the relative lower trophic level in the area. Based on RDA, we found that spatial distribution of eutrophication limited the diatom community assembly, on the contrary, the physical factors had no significant correlation with diatom taxonomic composition expected from EC during ice-covered periods. At the species level, the diatom community strongly associated with the TP gradient (Axis-1) included Achnanthidium minutissimum and Gomphonema acuminatum. The results suggest that TP enhances the capability of Achnanthidium minutissimum and Gomphonema acuminatum to adapt in bad conditions and we infer these species have a potential ability to indicate eutrophication during ice-covered period. The effects of TP on the ecological distribution of diatoms have been revealed in freshwater [12], marine [35], and estuaries ecosystems [13]. General N:P ratio was the key issue to dynamic phytoplankton diversity pattern in aquatic ecosystem [35]. TP was linked to diatom nutrient utilization; when N:P ratio > 16:9, the phytoplankton ecological distribution was mainly determined by phosphorus [12]. In this study N:P ratio was 6.84, in which TP limited diatom community assembly. The three groups station distribution in RDA based on genus-level showed a comparable pattern with species level (Figure 5b). Furthermore, RDA showed the genus-level data were more sensitive to COD and EC than the species composition (Figure 5b). In genus level, stations in the Group-3 are located in the negative direction of axis 1, which are included in the arrows of EC, COD and TP. EC is an index of the total ionic concentration in rivers and had an effect on the diatoms community assembly, with individual diatoms showing affinity for particular ions under effect of herbicide contaminate rivers [36].The effects of EC on the distribution of diatom taxonomic composition have been reported by recent studies in rivers [37], lakes [38] and wetlands [39] during warm seasons. Pestryakova et al. recorded that diatom composition changed significantly along conductivity gradients in cold lake [40]. Agricultural activity had resulted in polycyclic aromatic hydrocarbon pollution and high ionic concentration in LLRB [1,20]. The measured EC values ranged from 34.7 to 270.4 μS cm−1, with the median value of 164.3 μS cm−1. EC was significantly different between Group-1 and Group-3. Our results suggested that the genus diatom taxonomic composition had a similar response along the EC gradient during ice cover. COD is an indicator of change in organic source of water column derived from agricultural waster sewage and herbicide abuse [41] and was reported to influence the benthic diatom taxonomic composition in a heavily polluted stream at similar latitude river in warm season. However, the mechanisms that link COD to diatom in ice-covered rivers are rarely reported. In our study, RDA indicated that COD was another covariate factor to dynamic diatom taxonomic composition distribution at genus level, and positively correlated with TP and EC. Chen et al. [1] noted that the organic pollution of LLRB was mainly in the form of agricultural sewage, and this is the reason why pollution-tolerant benthic taxa Encyonema and Gomphonema were co-dominants here. Most physical factors such as pH, WT and DO did not have any significant effect on diatom taxonomic composition during our research study. The effects on phytoplankton community assembly of physical factors are mostly dependent on the water flow regime during ice cover [33]. Notably, we found the nutrient stated had a change in some stations (station-8, see in Table 2). Rivers can recover the pollutant load within certain limits [42]. The TSI change at station 8 suggested that limitation of river self-purification ability to diatom diversity cannot be ignored in agricultural influenced rivers during ice cover [43]. Thus, the chemical factors, self-purification ability and velocity monitor in further river regulations during ice cover is necessary.



Diatom taxonomic composition has been linked to environmental change in rivers and lakes during cold or ice-covered periods [29,30]. Based on TSI, we found a significant nutrient gradient, where downstream stations (group-3) were higher in organic materials than middle and upstream stations (group-2 and group-1). T-test indicted EC, TP and COD, which are the key dynamic factors linking diatom taxonomic composition to environmental change in this study, were significantly different (p < 0.05 or p < 0.01). The Venn diagram showed that the common taxa number along the environmental gradient had the same trend in both the species-level and genus-level data. The hierarchical cluster analyses grouped together the sampling stations with similar nutrient states at species-level and genus level. The results suggest that species level diatom taxonomic composition was coupled to environmental gradients. The results of the HCA based on genus level data showed station-6 and station-7, where highest nutrient states were divided into the same category. The hierarchical cluster further proved that genus level diatom taxonomic composition had a potential ability to indicate environmental change. Previous studies argued that diatom at genus level shows only a weak link to environmental reconstruction [44]. Some studies indicated assessment of the integrity at genus level led to the loss of any signal of sensitivity of diatom diversity [45]. Exploring the key factors for dynamic community assembly is the vital component of a mechanism for assessment of aquatic ecological function and health. In our study, we found that RDA showed that genus level had a higher total variance (61.2%) than species level (41.2%) in diatom taxonomic composition linked to environmental factors. RDA revealed that genus-level attributes for environmental conditions in ice-covered rivers appear to be relatively more precise compared to species-level attributes. This finding was consistent with a previous study in peatland of central China [16]. Furthermore, the genus-level composition was more sensitive to COD and EC changes than the species composition. Growns [17] notes that lower richness of species within each relevant genus excludes the chances of differing responses of several species with the same genus to environmental factors. In general, the diatom richness of rivers in ice-covered periods is lower [30]. Hence, the similarity of the diatom genus and species composition linked to river environments can be ascribed to the fact that most of the genera have few species in ice cover. During ice melt, some diatoms valves were broken, resulting in loss of necessary information and increasing the monitoring time in river regulation and environmental research [33]. Both of RDA and HCA showed that species level and genus level diatom taxonomic compositions corresponded to environmental gradients of LLRB. This finding is consistent with our hypotheses. Under ice-covered condition, genus level identification is timesaving and a relevant tool for exploring the diatom taxonomic composition linked to environmental change. However, to further utilize diatom genus compositions to assess ecological health in rivers during the ice-covered period, the hydrological information gathered while ice melts and freezes is necessary.




5. Conclusions


The present study demonstrated that the taxonomic composition of diatoms at the species and genus level allows to detect changes in river ecosystems during ice-covered periods caused by environmental factors as a result of agricultural activities. The lower richness of diatom (50 taxa at the species level and 11 at the genus level) were found in ice cover. Based on multivariate statistical analysis, we found that the diatom taxonomic composition was able to distinguish the habitat trophic characteristic within the LLRB, showing a dominant diatom taxa changed at all 9 stations known to be affected by agricultural contamination and other agricultural activities. The results indicated that the spatial variations of mainly chemical factors were closely related to diatom taxonomic composition at genus and species levels. Since the use of information about taxa at a genus level is not developed yet and requires substantial knowledge of the ecology of species, we inferred that the genus level diatom composition is a potential signal for indicating river environmental changes during ice-covered periods. Overall, further exploring the effectiveness of genus level diatom composition as indicator of environmental change in rivers is necessary.
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Figure 1. The location of sampling stations in Lalin River Basin. 
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Figure 2. Hierarchical clustering based on diatom taxonomic composition: (a) based on species-level identification, and (b) based on in genus-level identification. 
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Figure 3. Venn diagram of the richness of diatom at species-level (a) and genus-level (b). 
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Figure 4. The composition of diatom in LLRB at genus-level (a) and species-level (b) during ice-covered period. 
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Figure 5. Redundancy analysis (RDA) ordinations of diatom species level (a), genus level (b) and sampling station with 9 environmental factors. 






Figure 5. Redundancy analysis (RDA) ordinations of diatom species level (a), genus level (b) and sampling station with 9 environmental factors.



[image: Water 12 02067 g005]







[image: Table] 





Table 1. Environmental factors in Lalin River Basin (LLRB) during ice-covered period in 2018.
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	Stations
	WT (°C)
	DO (mg/L)
	EC (μS/cm)
	pH
	ORP (mV)
	Tur. (NTU)
	Chl-a (μg/L)
	TN (mg/L)
	TP (mg/L)
	COD (mg/L)





	S1
	1.44
	1.55
	54.47
	8.57
	405
	27.37
	0.58
	3.60
	0.06
	5.67



	S2
	0.16
	2.20
	61.73
	8.23
	404
	26.77
	0.37
	3.63
	0.05
	7.33



	S3
	3.54
	1.70
	164.5
	8.38
	394
	26.53
	1.71
	5.00
	0.22
	10.67



	S4
	1.44
	1.72
	168.2
	7.66
	409
	27.1
	1.17
	4.93
	0.29
	17.00



	S5
	0.97
	0.46
	194.6
	8.17
	406
	27.57
	1.22
	3.37
	0.44
	16.67



	S6
	0.06
	1.94
	263.5
	9.27
	410
	23.87
	2.52
	5.03
	1.67
	72.00



	S7
	0.49
	1.54
	267.63
	8.42
	415
	27.93
	6.51
	8.03
	1.77
	83.33



	S8
	0.49
	2.09
	270.47
	8.44
	436
	26.57
	0.83
	2.07
	0.58
	20.67



	S9
	0.03
	1.43
	34.07
	9.00
	449
	24.67
	1.09
	1.30
	0.34
	67.67



	T-test
	
	
	
	
	
	
	
	
	
	



	Group-1 × Group-2
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p < 0.05
	p > 0.05



	Group-1 × Group-3
	p > 0.05
	p > 0.05
	p < 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p < 0.05
	p < 0.05



	Group-2 × Group-3
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p > 0.05
	p < 0.05
	p < 0.05
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Table 2. Comprehensive trophic index (TSI) of LLRB during ice-covered period in 2018.
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	TSI (Chl-a)
	TSI (TN)
	TSI (TP)
	TSI (COD)
	TSI (∑)
	Trophic Status





	S1
	19
	76
	49
	47
	48
	mesotrophic



	S2
	14
	76
	46
	54
	48
	mesotrophic



	S3
	31
	82
	70
	64
	62
	middle eutrophic



	S4
	27
	82
	74
	76
	65
	middle eutrophic



	S5
	27
	75
	81
	76
	65
	middle eutrophic



	S6
	35
	82
	103
	115
	84
	high eutrophic



	S7
	45
	90
	104
	119
	89
	high eutrophic



	S8
	23
	67
	85
	82
	64
	middle eutrophic



	S9
	26
	59
	77
	113
	69
	middle eutrophic
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Table 3. Summary statistics of Redundancy analysis at species level and genus level.
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Environmental Factors

	
r2

	
p




	
Species-Level

	
Genus-Level

	
Species-Level

	
Genus-Level




	
Axis-1

	
Axis-2

	
Axis-1

	
Axis-2






	
WT

	
−0.601

	
0.104

	
0.575

	
0.111

	
0.260

	
0.168




	
DO

	
−0.127

	
−0.472

	
−0.075

	
0.112

	
0.422

	
0.912




	
EC

	
0.549

	
0.130

	
−0.674

	
−0.037

	
0.278

	
0.038




	
pH

	
0.449

	
−0.340

	
−0.509

	
−0.419

	
0.232

	
0.204




	
ORP

	
0.306

	
−0.482

	
−0.253

	
0.257

	
0.298

	
0.816




	
Tur.

	
−0.260

	
0.304

	
0.448

	
0.416

	
0.362

	
0.150




	
Chl-a

	
0.455

	
−0.281

	
−0.576

	
0.133

	
0.540

	
0.220




	
TN

	
0.020

	
0.175

	
0.167

	
0.102

	
0.954

	
0.832




	
TP

	
0.674

	
−0.190

	
−0.724

	
−0.004

	
0.004

	
0.030




	
COD

	
0.638

	
−0.406

	
−0.793

	
0.053

	
0.076

	
0.002












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
000000
000000

cocoas<

=
=
=

666666666666666666

pjun vipaudg %/%ﬁ/%% NRKR % papaulg
s18uns1a°g 7//// //// ,, 4

v _ \ NN D]j2414Nng
///////WMMW

vpnunu- ,/// A
Suzuzc.“ W//// W ////H , | Dno1ADN]
pnpLIA‘N] Wﬁ/ﬂ//ﬂ//ﬂ// N DA1SO)2 ]

Dv|[2}s04 “ipa DnpriaN N | 3
SUDLIDA“JY 7//// ‘  avuunyy

SHOUD | ,N/ // //// W/// H

vuouoyduor)

wnawdn § ////
SE\&N@Q UDAN] WM/W%MMW%

PLDISDL]

.,

winovIsajs*y | . / ////% vuwduodousy
w5 ///////% /// | pjjaqud)
PRUTD 7/////////////////% | NN §1010000)
e R
ISSynUIUCY —_— N\ nlu/ /{% |

o

~
S
N’

(b






nav.xhtml


  water-12-02067


  
    		
      water-12-02067
    


  




  





media/file2.png
45°0'0"N-

44°0'0""N-

126°0'0"E 127°0'0"E 128°0'0"E
01020 40 N Legend
mmw——  Kilometers .
————Main stream
Downstream —— Tributary
- e Sample sites

- Cropland

Upstream

-45°0'0"N

-44°0'0"N

! T
126°0'0"E 127°0'0"E

I
128°0'0"E





media/file5.jpg





media/file3.jpg
vasoppy

Q
X
///NM
N susuoyduon

vovuugy






media/file1.jpg
e e w00E
CRTEORED
— Kilometers N~ Legend

-~~~ Main stream
Downstream ~—Tributary

© Sample sites.
Cropland

Upstream

e

e

e





media/file7.jpg
o





media/file10.png
1.2

()

Navicu,‘a
Encyonema sile

Navicula viridula var. rostellat
Tur.

"Axis-2

piridula O
jacum

Surira visurgis
Surirella angusta

O Al f: rirella minuta )
Gomphonema gguminatum
WT I
4.3 _ : EC 1.2
Axis-1
,. \ idium mmtmsszmum
Frl lC e :- r caplte ata
Melosiravarians O annaeq arcu
Cymbella fumida j)
DC Encyonema minutum
o¢coneis placentula
Synedra unla
Gomphpnema parvulum
-1.2
1.2| &
w
(b) 2
O
Synedra
o y
A
Gomphonema el Tur.
EC gceonels
Achnanthidi€ > D0 N
{GOD ' "‘_ % Melosira
TP‘— RP Cymbella Axis-1
Encyonema
Surirella
pH = &
— Diatom taxa O
A Group-1 @)
[0 Group-2
O Group-3
-+ Env.factors
Navicula
-1.2






media/file9.jpg





media/file0.png





media/file8.png
()

Group-3 S6 T | | Synedra
<o | | | | [T ] C_iSurirella
X I | | | I | || Navicula
e— S8 1 [l [ ] | = Melosira
S5 I—l I:l | | l I;(mnaea
£ omphonema
sa LT [ T ] T | Frogiaria
S3 | | I I | | | I | Encyonema
S2 = Cymbella
Group-1 __ + N | [ | Cocconeis
S1 | || “ | I [ | Achnanthidia
L {m
| T T 7
(b) o 20 40 60 '
. 80 100
Group_3 2; + | I I I_I " I I | ; Synedra unla
|| S.visurgis
|| =TT T
S9 | I | | I | I I || S.angusta
SS " I | || Nowiridula
Group-z I | I |—I | I I ; N.viridula var. rostellata
| | M.varians
SS B ” | I I D I I | | [ |H.arcus
S4 | | I I ; G.parvulum
-+ I I I_l || G.acuminatum
S3 " I I | I ; F.var. capitellata
SZ | I | “ | | L E.silesiacum
Gl‘Ollp—l S1 | | | | | | j 1(:" :Zi’"'l[""”
“tumida
[ 117 1 [ T T lcriamm
0 210 4]0 T T L A.minutissimum
60 80 100





media/file6.png
(a) Group-3
(b) Group-3





