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Abstract

:

In order to determine the relationship between stream habitat and fish assemblages, an investigation of fish assemblages and environmental variables in different habitat types was carried out in the headwater stream section of Lijiang River, China, from September to November 2016. In total, 2968 individuals belonging to 4 orders, 11 families, 26 genera and 37 species were collected. Cypriniformes emerged as the most species-rich order, accounting for 62.2% of the total species. The dominant species were Pseudogastromyzon fangi, Zacco platypus, Acrossocheilus parallens and Erromyzon sinensis. Non-metric multidimensional scaling (NMDS) and permutational multivariate analysis of variance (PERMANOVA) revealed that fish assemblages were not affected by habitat type. However, one-way ANOVA results showed that species richness, fish abundance, fish density and Shannon index were significantly affected by habitat type. Redundancy analysis (RDA) further revealed that altitude, velocity, conductivity, turbidity, depth and wetted width had significant relationships within fish assemblages, whereas water temperature, dissolved oxygen and substrate size were less important in this study, and different fish species preferred different environmental variables potentially due to differences in species’ ecological requirements. Although habitat type did not affect overall fish assemblages, habitat heterogeneity played an important role in fish diversity. Hence, maintaining diverse stream habitats or restoring them are of key importance for fish diversity conservation and sustainability management of rivers.
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1. Introduction


In the broad sense, river habitat includes all the physical, chemical and biological characteristics in a river. In practical application, river habitat generally refers to the physical structure of rivers, including the river bed, bank and riparian zone, and it is a key component of stream ecosystems, playing a major role in determining biotic assemblages and stream integrity [1,2]. Since the 1980s, river ecologists have paid considerable attention to the study of river habitats, and biological factors have been widely used to assess the habitat quality of aquatic organisms [3,4]. Fish are particularly sensitive to changes in river habitats. They are therefore good response indicators as they integrate the effects of multiple stressors [5]; they persist and recover from natural disturbances and may also reflect both current and long-term environmental effects [6]. The relationship between fish assemblage and river habitat has been the subject of many studies worldwide, and it is evident that river habitat is an important determinant of the condition of fish assemblage in rivers [7,8]. Fish species diversity has been shown to increase as habitat diversity increases [9]. Habitat alterations that reduce complexity or decrease the stability of environmental conditions have been shown to reduce fish diversity and abundance [10,11]. Habitat type and connectivity are considered as the two most important factors in shaping divergent dispersal behavior in a desert-dwelling fish [12]. In addition, environmental variables such as current velocity, water depth, substrate size and pH have important effects on the growth and reproduction of the fish assemblages [13,14].



Research on mountainous stream habitats has concentrated on developed countries, such as those in Europe and North America, in the past decades [15,16,17,18]. In China, the study of river habitat and its correlation with biological communities is only in its early stage, and only a limited number of studies on mountainous stream habitat are available. In recent years, classification and assessment of river habitat have been widely used in, for instance, Liao River Basin, Naoli River Watershed, and Dong River [19,20,21]. Some studies on river habitats and biological communities have focused on benthic animals, but there are only a few studies on the relationship between river habitat and fish assemblages [22,23]. It is well known that fish biodiversity in Chinese rivers has dramatically decreased [24,25,26]. It is therefore very important to reveal the relationship between fish assemblages and environmental variables and stream habitats, which can be beneficial for fish biodiversity conservation and river rehabilitation [27,28,29].



Different habitat types within a stream often harbor different fish assemblages, and the relationship between fish assemblage and environmental variables has been acknowledged [30,31]. However, which factors (substrate composition, stream width, current velocity, physico-chemical factors, altitude, etc.) contribute most to fish assemblage variations is not well studied [32]. Headwater streams differ widely in physical, chemical, and biotic attributes, thus providing habitats for a range of unique species, which contribute to the biodiversity of a river system [33]. Given the strong spatial variation of habitat types within rivers, we expected strong variations in fish assemblages (hypothesis i). Likewise, differences in species ecological requirements may lead to spatial variation in community structure and assemblages (hypothesis ii). Therefore, the main purposes of this study were: (1) to compare the differences in fish assemblages among different habitats; and (2) to highlight which environmental variables have the most influence on fish assemblages.




2. Materials and Methods


2.1. Study Area


Lijiang River is located in Guangxi, and it originates from Mao’er Mountain (altitude 2141.5 m), the highest mountain in South China (Figure 1). The catchment area is 2173.29 km2 with a mean slope of 0.58‰. Dominant substrata consist of gravel and cobble with a mean particle size of 0.03–0.06 m [34]. Lijiang River flows southward with a length of 214 km and an average width of 305 m. Lijiang River has typical rain source characteristics and the bankfull flow is 7810 m3/s, usually occurring in May and June [35]. Strong seasonal variations in river flow affect hydrological characteristics and the aquatic ecosystem, especially in dry season, which occurs between October and March with a flow of 20% average annual runoff [36]. The river has an extremely uneven flow during the year, mainly due to the huge heavy rainfall during the southeast monsoon in the upstream of the river flowing in a steep watershed. Overexploitation could be the largest threat to fish biodiversity in Lijiang River, and dam construction and sand extraction in the upstream sections could also contribute to the decrease of fish diversity [35,37].



This study area is located in upstream section of Lijiang River, including Jishui stream, Ludong stream, and Huajiang stream (Figure 1). The average annual rainfall is up to 2600 mm and the average annual temperature is 16.5–20.2 °C. The substrate is dominated by pebbles [38]. All stream sections with an average width of 45 m are mountainous with a turbulent water-flow and a large hydraulic gradient (31.7‰). The vegetation on both sides of the stream is mixed, mostly consisting of coniferous forest, broad-leaved forest and bamboo forest [39]. The Fuzikou Reservoir was established in January 2018 in Ludong stream by means of a dam for the purpose of flood control, ecological hydration of Lijiang River, and power generation. The reservoir has a water storage capacity of 1.88 × 108 m3 with an impoundment level of 267 m, which can compensate water to Lijiang River with a total of 1.11 × 108 m3 annually. Moreover, low head weirs are widely distributed in the tributaries, which allows local residents to use water for household and agriculture (Figure 1).




2.2. Classification of Habitat Types


According to the characteristics of the flow pattern, average velocity, slope and substrate component in the study area [40], the habitat was classified into three groups: lentic habitat (water depth > 40 cm; velocity < 10 cm/s), slow flow-habitat (water depth < 30 cm; velocity: 10–30 cm/s) and fast-flow habitat (water depth < 30 cm; velocity > 40 cm/s). Each group was classified into several categories. Thus, the lentic habitat included pool and step pool, the slow-flow habitat included glide, run and secondary channel, and the fast-flow habitat included riffle and cascade. The slope, flow patterns and substrate composition of each habitat type are shown in Table 1.




2.3. Field Sample Collection


Fish samples were collected from 26 sampling sites (Figure 1) based on habitat representativeness and accessibility from September 10–20, October 10–20, and November 10–20, 2016. The average distance between two adjacent sampling sites was 2.34 km. Fish were collected by a backpack electro-fisher (CWB-2000P, China; 12 V import, 250 V export), which was applied from downstream to upstream at each sampling site. Each sampling site was 150–200 m long with 3–5 different habitat types, and each sampling habitat type at a given site was sampled separately for about 30 min. Prior to fish sampling, block nets (mesh size = 3 mm) were installed at upstream and downstream ends of each site to avoid fish escaping and guarantee the capture of fish. Finally, a total of 102 samples were collected, including pool (22 samples), step pool (8 samples), glide (15 samples), run (6 samples), secondary channel (9 samples), riffle (28 samples), and cascade (14 samples). Collected fish with body length greater than 20 mm were identified in terms of species and then counted and returned to the stream. Fish with a body length of less than 20 mm were excluded [6]. The identification of fish species was mainly based on Freshwater fishes of Guangxi, China [41] and Fishes of Pearl River [42].



Eight environmental variables were measured three times in each habitat (i.e., current velocity, water temperature, pH, dissolved oxygen, conductivity, turbidity, wetted width, depth), and substrate size was obtained by measuring the median particle diameter of ten randomly chosen particles in each habitat type [43]. Current velocity was recorded in the middle of total depth using a printing flow velocity meter (LJD-10A, Runsun Instruments Inc., Chengdu, China). Water temperature, pH, dissolved oxygen and conductivity were measured at the same place using a portable multi meter (HQ40d, Hach Company, Colorado, USA). Turbidity was measured applying a portable turbidity meter (2100Q, Hach Company, Colorado, USA). Wetted width of stream, maximum depth and substrate size were determined using a straightedge.




2.4. Data Analyses


Relative abundance (RA), RA = (Number of individuals for species A/Total number of individuals) × 100%, was computed to determine the dominant species with a value more than 10% and rare fish with a value lower than 1% [44]. Shannon index was calculated as follows:


Shannon index=−∑i=1SPilnPi, (Pi=niN)








where S is the number of species; N is the total number of individuals within the community; ni is the number of individuals of the i-th species; and Pi represents the proportion of the number of individuals of the i-th species relative to the total number of individuals in the sample [45].



To highlight differences in environmental variables (i.e., current velocity, depth, substrate size, wetted width, water temperature, pH, dissolved oxygen, conductivity and turbidity) and fish community attributes (i.e., species richness, abundance, fish density and Shannon index) between different habitat types, we performed analysis of variance (ANOVA) using the function aov in R software (R Core Team, Vienna, Austria). Only if it was significant, a Tukey’s HSD test could be performed to get the differences between any two different habitats using the function TukeyHSD in R.



To visualize the differences in fish assemblage composition between habitat types, we performed non-metric multidimensional scaling (NMDS) using the function metaMDS in the R package vegan 2.5-3 (R Core Team, Vienna, Austria). Permutational analysis of variance (PERMANOVA) was used to make comparisons between fish assemblages in different habitat types. Before performing PERMANOVA, the multivariate homogeneity of group dispersions was tested by the function betadisper, which indicated that there was no difference in dispersion between groups (F = 0.49, p = 0.82). The habitat type was used as explanatory variable for PERMANOVA, which was tested using the function adonis in the R package vegan [46,47].



Redundancy analysis (RDA) was used as a direct gradient approach in order to determine how much variation in fish assemblages could be explained by environmental variables. Before ordination analysis, rare species were removed with occurrence frequency lower than 5% [48]. Then, fish abundance data with 21 species were Hellinger transformed using the function decosdtand in the R package vegan, in order to reduce the weight of abundant species while preserving Euclidean distances between samples in the multidimensional space [49]. A preliminary detrended correspondence analysis (DCA) performed on the transformed species data revealed a gradient length of 3.51 along the first axis, suggesting that redundancy analysis (RDA) was appropriate [50]. We performed RDA using the function rda and tested the significance using the function anova. In order to reduce the number of environmental variables entering the RDA, we used forward selection to get a parsimonious model. Forward selection was performed using the function ordiR2step with permutation test (999 permutations) in the R package vegan. The selected variables were then used as explanatory variables for RDA, and ANOVA was run with 9999 permutations to assess the significance of constraints using the function anova in the R package vegan. We ran the model (global test) for each constrained axis (setting: by = “axis”) and each predictor (setting: by = “margins”). The predictors were log-transformed to meet the assumptions of normality and equal variance. All statistical analyses were run in R version 3.5.1 (R Core Team, Vienna, Austria) [51].





3. Results


3.1. Environmental Variables of the Stream Habitats


One-way ANOVA revealed that cascade had the highest average velocity (96.38 ± 34.15 cm/s), followed by riffle (37.42 ± 7.94 cm/s). The current velocities of cascade and riffle were significantly higher than other habitat types (p < 0.05). The average depths of pool and step pool were significantly higher than other habitat types (p < 0.05). Dissolved oxygen, pH, turbidity and conductivity were not significantly different between habitat types. The substrate size in step pool was significantly larger than other habitat types except the run (p < 0.05) (Table 2).




3.2. Fish Assemblage Composition


A total of 2968 fish were collected during this study, belonging to 4 orders, 11 families, 26 genera and 37 species (Table 3). Among these, Cypriniformes was the most species-rich order, accounting for 62.2% of the total species. The dominant species were Pseudogastromyzon fangi (24.8%), Zacco platypus (21.0%), Acrossocheilus parallens (12.8%) and Erromyzon sinensis (10.5%), which comprised 69.1% of the total fish abundance in our study. The dominant species varied in habitat type. For instance, Z. platypus, P. fangi and A. parallens were generalists, which were dominant species in most habitats. Moreover, Rhinogobius similis was a dominant species in glide and secondary channel, whereas E. sinensis and Rhinogobius leavelli were dominant species in riffle and cascade, respectively.




3.3. Correlation between Fish Assemblage and Habitat Types


Results of one-way ANOVA showed that the species richness in fast-flow habitat (riffle and cascade) was significantly higher than those in lentic habitats (pool and step pool) (p < 0.05). Fish abundance and fish density in fast-flow habitat (riffle and cascade) were significantly higher than those in other habitat types (p < 0.05). However, Shannon index was significantly lower in pools than in glides (p < 0.05) (Table 4). Permutational analysis of variance and NMDS revealed fish assemblages were not significantly affected by habitat type (PERMANOVA, pseudo-F  = 1.2, P  =  0.292) (Figure 2), which rejected hypothesis i.




3.4. Relationship between Fish Assemblage and Environmental Variables


A total of 21 fish species were selected for redundancy analysis (RDA) with frequency of occurrence higher than 5% (Table 3), and 6 environmental variables were selected after a forward stepwise selection including altitude, current velocity, conductivity, turbidity, depth and wetted width. The first two axes (RDA1 and RDA2) accounted for 57.49% and 31.24% of the variation of 21 fish species, respectively (Figure 3). Different fish species preferred different environmental variables, which supported hypothesis ii. For instance, P. fangi, E. sinensis, Ospariichthys bidens, Rhinogobius duospilus and Vanmanenia lineata were positively correlated with velocity but negatively related to depth. Acrossocheilus parallens was positively related to depth, but negatively related to velocity. Moreover, Z. platypus, R. similis, R. leavelli and Coreoperca whiteheadi also were positively correlated with conductivity, turbidity and wetted width, and negatively correlated to altitude.





4. Discussion


The fish in the study area account for 40.7% of the total species richness in Lijiang River, contribute to fish diversity [37], thus suggesting that headwater streams play an important role in fish diversity in river networks [25,33]. Moreover, the rare species with a relative abundance value lower than 1% contribute a lot to fish diversity in this area, accounting for 70.3% of total species richness. A total of 10 fish species occurred only in one habitat type and 4 fish species only distributed in two stream habitats. For instance, Carassius autatus, Onychostoma gerlachi, Sinioerca scherzeri and Pterpcryptis cochinchinensis only distributed in riffle, and Rhodeus ocellatus, Traccatichthys pulcher and Oreochromis niloticus only occurred in the secondary channel, whereas Mircrophysogobio kiatingensis and Siniperca undulata only distributed in glide. One exotic species (O. niloticus) was recorded in this study area, whereas it was only previously recorded in downstream sections of Lijiang River [37]. It implied that the monitoring of O. niloticus should be considered due to its negative effect on native species [52], because its population will increase in coming years in the rivers of South China [53,54].



Different habitats are essential for fish assemblages in this study area. The total species richness in pool and step pool were found to play an important role in the breeding and growth for the fish community, and it is a refuge for fish assemblages in dry season, accounted for 63.9% of total native species [55,56]. The fast-flow habitat (i.e., riffle and cascade) with high velocity was the most prevalent in mountain stream, where the species richness and abundance accounted for 78.4% and 64.1%, respectively. Many species preferred this type of habitat, such as Z. platypus and a variety of species of Gobiidae, Cobitidae and Balitoridae. Meanwhile, many fishes are well adapted to high-gradient, rapid flowing habitats and exhibit numerous morphological modifications in mouth, body shape and other associated structures and color patterns [48,57]. For instance, the pectoral fins of those fish in Balitoridae and Gobiidae evolve into a sucker-shaped form, allowing the fish to adhere to the substrate and thus avoid being washed away by rapid flow. Feeding patterns also have a certain impact on the habitat selection of fish [58]; thus, some small-size fish such as Microphysogobio chenhsienensis, Squalidus atromaculatus, and R. ocellatus prefer slow-flow habitat. For instance, secondary channels are usually separated by bars or stable island [59], which are good habitats for aquatic organisms [60,61]. Furthermore, more than 60% of fish species distributed in secondary channel, including 11 rare fish species, Cyprinus carpio, R. ocellatus, T. pulcher, Schistura incerta, Schistura fasciolata, Pseudorasbora parva, Mircrophysogobio chenhsienensis, S. atromaculatus, Parasinilabeo assimils, C. whiteheadi, and O. niloticus. Therefore, secondary channels are key elements for fish in the upstream sections of Lijiang River. Some studies revealed that individuals of the same species use different habitats depending on different stages of ontogeny [62,63]. However, we only studied from September to November in this study, which failed to uncover its function for larval and juvenile fish in breeding seasons. Thus, the utilization of different habitats for different fish species temporally, including larval and juvenile fish, should be further studied, which could be beneficial for fish diversity conservation in Lijiang River.



Habitat homogenization would lead to a decrease in species richness and fish diversity [64], and our study showed that fish richness and fish diversity were significantly affected by habitat type. Low-head weirs are widely distributed in upstream sections of Lijiang River, which might play a substantial role in reshaping habitats in terms of water depth, velocity, substratum composition and the transition between free-flowing water and interstitial zone, resulting in habitat homogenization on a small scale [65,66]. Moreover, the Fuzikou Reservoir in this study area started to be impounded in January 2018, with a storage capacity of 1.88 × 108 m3. By then, most of the sampling sites in our study would potentially be affected, which may reduce the fish species richness due to the increase of permanent lentic habitats and the decrease in hydrological connectivity. Dam or low-head weirs construction is the major threat to fish diversity in upstream sections in Lijiang River [33,37,67], whereas the effect of dam or weirs on fish assemblages mechanistically is poorly understood. Thus, these effects of low-head weirs or dams on fish assemblage in this area could be further studied in the near future.




5. Conclusions


The fish assemblages have insignificant differences among various habitat types in upstream section of Lijiang River, but fish richness and biodiversity are affected by habitat type. Altitude, velocity, wetted width, depth, turbidity and conductivity have also been shown to have a significant influence on the distribution of fish assemblages. For instance, different fish species preferred different environmental variables potentially due to differences in species ecological requirements. Although habitat type does not affect overall fish assemblages, habitat heterogeneity plays an important role in fish biodiversity. Hence, maintaining diverse stream habitats or restoring them are of key importance for fish diversity conservation and sustainability management of river.
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Figure 1. Study area location and sampling sites in upstream section of Lijiang River. 
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Figure 2. Non-metric Multidimensional Scaling (NMDS) ordination of fish assemblage in different habitat types in upstream section of Lijiang River. 
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Figure 3. Redundancy analysis (RDA) ordination between fish assemblage and habitat types and environmental variables in upstream section of Lijiang River. (Notes: species names were used by generic acronym and the first four letters of the species name in Table 3.) 
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Table 1. River habitat types and their characteristics in upstream section of Lijiang River.
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Habitat Types

	
Feature






	
Lentic habitat

	
Pool

	
Gentle slope, deep water (>40 cm), smooth surface, very low velocity (<10 cm/s), often connected with riffle and glide. The substrate consists of fine sand and cobble (<15 cm).




	
Step pool

	
Deep water (>40 cm), very low velocity (<10 cm/s), located in the larger gradient of the river, often form a step-pool pattern, water disorder with little spray splashing. The substrate consists of fine sand and boulders (>20cm) mostly.




	
Slow-flow habitat

	
Glide

	
Low gradient, shallow water (<30 cm), slow water flow (10–30 cm/s), smooth surface with little turbulence. The substrate consists of cobble (<15 cm) mostly.




	
Run

	
Slightly deep water (20–40 cm), higher velocity than pool but still belongs to slow-flow (10–30 cm/s), smooth surface without stirring. The substrate consists of fine sand and cobble (<15 cm).




	
Secondary channel

	
Low gradient, slow flow (10–30 cm/s), located in the multiple channel sections and isolated from main channel. The substrate consists of fine sand and cobble (<15 cm).




	
Fast-flow habitat

	
Riffle

	
High gradient, shallow water (20–30 cm), high velocity (30–60 cm/s), water disorder with white splashes. The substrate consists of fine sand and cobble (<15 cm).




	
Cascade

	
High gradient turbulence, shallow water (20–30 cm), very fast flow (>60 cm/s), water disorder with white spray splashing. The substrate consists of fine sand and cobble (<15 cm) mostly.
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Table 2. Results of one-way analysis of variance (ANOVA) with Tukey’s HSD test for environmental variables (Mean ± SD) among different habitat types in upstream section of Lijiang River.
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	Habitat Types
	Velocity (cm/s)
	Substrate Size (cm)
	Depth (cm)
	Conductivity (μS/cm)
	Dissolved Oxygen (mg/L)
	pH
	Turbidity (NTU)





	Pool
	6.78 ± 2.09 a
	12.52 ± 5.42 a
	49.06 ± 15.95 a
	64.37 ± 48.57
	8.60 ± 0.67
	7.88 ± 0.89
	2.53 ± 3.80



	Step pool
	8.35 ± 1.24 a
	23.54 ± 8.69 b
	46.36 ± 16.05 a
	57.36 ± 56.05
	8.19 ± 0.27
	7.87 ± 1.15
	0.82 ± 0.52



	Glide
	20.52 ± 7.50 a
	10.15 ± 3.73 a
	24.28 ± 9.26 b
	82.33 ± 51.78
	8.76 ± 0.46
	8.11 ± 0.86
	2.94 ± 4.51



	Run
	16.60 ± 4.64 a
	17.67 ± 6.27 b
	28.65 ± 10.31 b
	28.22 ± 10.32
	8.28 ± 0.42
	7.28 ± 0.67
	1.30 ± 1.35



	Secondary channel
	18.17 ± 6.46 a
	10.67 ± 2.10 a
	33.12 ± 12.91 b
	59.51 ± 40.35
	7.75 ± 1.55
	7.53 ± 0.70
	1.33 ± 0.86



	Riffle
	37.42 ± 7.94 b
	11.67 ± 4.59 a
	27.29 ± 10.20 b
	56.40 ± 38.38
	8.54 ± 0.49
	7.78 ± 0.78
	2.94 ± 4.75



	Cascade
	96.38 ± 34.15 c
	12.23 ± 3.45 a
	30.16 ± 12.73 b
	54.29 ± 28.81
	8.60 ± 0.43
	7.76 ± 0.47
	4.94 ± 6.75







Notes: Different habitat types with different letters (a, b, c) in the same column indicate significant differences.
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