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Being increasingly constructed worldwide, dams are a main driver of flow regime change
and biodiversity decline. Although small run-of-river dams have exceeded the number of
large dams, their impacts on taxonomic and functional B-diversity as well as community
assembly process of aquatic organisms have been largely neglected. Ninety sites
within twenty three small run-of-river dams in the Xiangxi River were selected, and the
hydrological and physicochemical variables for each site were measured. We analyzed
the traits and p-diversity of benthic diatoms, and explored the key driving mechanism of
benthic diatom community assembly. Our results indicated that the construction of small
run-of-river dams could affect the p-diversity of benthic diatoms and the mechanism of
community assembly. Specifically, we found that small run-of-river dams could change
the relative contribution of nestedness components to the trait-based B-diversity of
benthic diatoms, but generally the taxonomy-based B-diversity was relatively higher than
the trait-based B-diversity. Furthermore, the community assembly process of benthic
diatoms was also affected. In areas affected directly by small run-of-river dams, dispersal
assembly was the key mechanism for community assembly. Compared to unregulated
habitats, the dispersal assembly process between the impacted and the unregulated
habitats has been enhanced. We advocate that this study can be expanded to other
organisms (such as macroinvertebrates, phytoplankton, fish) in future to fully understand
impacts of small run-of-river dams on biodiversity from a multi-trophic level aspect.
Based on our results, we suggest that maintaining genetic and ecological connectivity
based on an effective impact assessment in dry seasons is a potential solution to
mitigate the impacts of such dams, as key to adaptive management and sustainability.

Keywords: p-diversity decomposition, DNCI, nestedness, small hydropower, turnover, Xiangxi River

INTRODUCTION

Due to its economic benefits, hydropower, as a clean and renewable energy source, often becomes
the first choice in most countries (Huang and Yan, 2009). The hydropower plants can be divided
into large hydropower plants (LHPs) and small hydropower plants (SHPs). The construction of
LHPs brings huge social and ecological costs, such as negative impacts on water volume and quality,
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biodiversity, fisheries and other ecosystem services (Ansar et al.,
2014; Kahn et al., 2014; Deemer et al., 2016). In contrast, SHP,
as an important part of the future energy strategy, has become
the consensus of all countries in the world due to its relatively
small impact on the environment (Paish, 2002; Tang et al., 2012).
Studies have shown that there are 82,891 SHPs in operation
or under construction around the world. If all potential power
generation capacity is to be developed, the number of SHPs
will be twice as many as it is now (Couto and Olden, 2018).
The construction of hydropower plants will affect the ecosystem
in various ways, such as changing the continuity of rivers,
changing water quality, increasing habitat fragmentation and
degradation, and loss of biodiversity (Mallik and Richardson,
2009; Vaikasas, 2010). The research on the impact of LHPs on
freshwater biological communities is relatively mature, but the
research on the environmental impact of SHPs is still rare (Jia
etal., 2009; Atilgan and Azapagic, 2016; de Faria et al., 2017; Aung
etal., 2020). With the increasing number of SHPs, more and more
scholars are aware of their impact on river ecosystems (Baskaya
etal., 2011; Lange et al., 2018; Sarauskiene et al., 2021).

B-diversity not only includes the relationship between
a-diversity and y-diversity, but also can show the changes
in species composition on a temporal and spatial scale.
Recent advances in ecology believe that differences in species
composition between communities originate from two different
processes: species turnover and nestedness (Baselga, 2010).
Among them, species turnover means species replacement
between different communities, while a nestedness pattern
presents if the communities with lower species richness is a subset
of the communities with higher species richness (James et al.,
2012; Staniczenko et al., 2013). B-diversity decomposition is to
distinguish the effects of these two processes on total B-diversity,
and to explore how these two processes together affect species
distribution patterns in different temporal and spatial dimensions
(Baselga, 2010; Podani and Schmera, 2011). Decomposition
facilitates a deeper understanding of the distribution pattern
of biodiversity and its maintenance mechanism (Baselga and
Leprieur, 2015; Wu et al., 2022).

The formation of p-diversity is considered to be the result of
combined effects of the two ecological processes of niche and
dispersal (Soininen et al., 2007). The niche process believes that
the range of the distribution area of a species is determined
by the adaptation characteristics of the environment, while
the dispersal process believes that the spreading ability of the
species determines the distribution of the species (Green and
Ostling, 2003). Probing the importance of niche and dispersal
process in community assembly is conducive to strengthen the
understanding of community assembly and protect biodiversity.
Gaining more information on B-diversity allows for the correct
identification of key mechanisms of community assembly for
efficient selection of suitable protected areas (Sarkar, 2006).
However, there are still controversies about how to apply
appropriate statistical analysis methods to study B-diversity
(Legendre et al., 2005; Tuomisto and Ruokolainen, 2006,
2008). The null model and variation partitioning methods are
commonly used methods to quantify the process of community
assembly, but they also have limitations. For example, the

null model method relies on detailed data on community
composition, environmental factors, and geographic location.
Variation partitioning method cannot correctly represent the
environmental and spatial components of community variation,
making it difficult to explain the underlying process (Smith
and Lundholm, 2010; Clappe et al,, 2018). To overcome the
data and methodological limitations of previous methods, a
dispersal-niche continuum index (DNCI) has been proposed
based on PER-SIMPER, which can effectively identify community
assembly mechanisms (Vilmi et al, 2021). DNCI measures
the relative strength of the community assembly process in a
simple and easy way, which can be compared across data sets.
Vilmi et al. (2021) developed DNCI based on stream diatoms,
macroinvertebrates, fish, bacteria, and macroinvertebrates data
and has been implemented in fleas and small mammals
community assembly (Gibert et al., 2021). The construction of
small run-of-river dams has caused the fragmentation of rivers
and is likely to change the community construction mechanism.
Currently, relevant research is still blank.

Benthic algae in rivers have the advantages of short life cycle,
easy access, sensitive to physical and chemical changes in water
bodies. As a consequence, they are increasingly used as indicators
for water quality assessment (Lepisto et al., 2004; Wu et al,
2017). However, the current research on the impact of small
run-of-river dam construction is mainly focusing on taxonomy-
based a-diversity. For example, Wu et al. (2010) found that
the construction of small run-of-river dams had affected the
richness, diversity and traits of benthic diatoms. To our best
knowledge, there are no studies on the impact of biological
B-diversity yet.

In this study, we examined the potential impacts of small
run-of-river dams from a Chinese mountain catchment (i.e.,
the Xiangxi River with 5 different habitat groups: HOI1-
HO05) on taxonomy- and trait-based PB-diversity of benthic
diatom communities and their components (i.e., turnover and
nestedness) (Figure 1). We had three main research questions:
(7) can small run-of-river dams change the relative contributions
of turnover and nestedness components to total taxonomy-
and trait-based p-diversity of benthic diatom communities? (ii)
what is the key mechanism of community assembly (dispersal
assembly, niche assembly or joint dispersal-niche assembly) in
the area impacted by small run-of-river dams? (iif) do small run-
of-river dams affect the community assembly process of benthic
diatoms? Since species sharing similar niches are grouped into
same traits, taxonomic species replacements do not always result
in traits turnover. Furthermore, anthropogenic activities such as
dam construction often cause segmentation and homogenization
of stream habitats, and taxa in similar environments tend to share
common traits (Goldenberg Vilar et al., 2014; Castro et al., 2018).
Thus, we hypothesized that taxonomy-based B-diversity should
be relatively higher, particularly a higher turnover, than trait-
based p-diversity (HY1); the two facets of 3-diversity at impacted
habitats (e.g., H03 and HO05) should be relatively lower than those
at unregulated habitats (HY2). Since the main consequences from
dam construction are losses of stream connectivity, we expected
the dominant community assembly processes of both species and
trait compositions will be affected. More specifically, the dispersal
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assembly process should be intensified between the impacted
habitats (e.g., H03 and HO5) and unregulated habitats (HY3).

MATERIALS AND METHODS
Study Area

Xiangxi River, originating from Shennongjia Mountain, lies in the
west of Hubei Province. It is the largest river in Hubei Province
and the closest tributary to the Three Gorges Dam. It has a total
length of 469.7 km and an area of 3,099.4 km? (Fu et al., 2006).
The characteristic of the river course is typical, and the basin is
very rich in precipitation and water resources. In order to make
full use of hydropower resources, many small run-of-river dams
have been built on both sides of the Xiangxi River. Most of the
water in the river channel is introduced into special penstocks
by using the elevation difference to generate electricity, and only
a small part of the river water is left to maintain the normal
function of the river channel. In the Xiangxi River Basin, 23 small
run-of-river dams and 5 sites on each of the river sections for
investigation were selected (S1-S5) (Figure 1). Since the small
run-of-river dams constructed by cascades caused site overlap,
we selected a total of 90 sites for sampling in October 2005. 5
sites were selected before and after the small dams. S1 and S2
were located upstream of the water intake. S1 selected a point
where the river course was not affected by the dam, which was
located about 50-100 m upstream of the dam. S2 was located
at upstream of the dam and was less affected. S3 and S4 were
located between the water intake and the water outlet. S3 was a
pool formed by overflow and erosion in the rainy season under

the water intake. S4 was located at upstream of the water outlet,
and the water flow could only be restored when the downstream
of S3 collects water. S5 was a deep pool formed downstream of the
water outlet. We divided the 90 sites into 5 habitat groups (HO1-
HO5) according to the impact degree of small run-of-river dams.
HO01-HO05 correspond to S1-S5, respectively.

Field Sampling and Processing

The sampling process was divided into two parts: sampling and
identification. Algae samples were collected at the 90 sites. At
each sample point, three to five representative stones with a
diameter of ~25 cm were selected, and the algae in the sampling
area with a diameter of 2.7 cm was brushed, and then rinsed with
350 ml distilled water. Algae samples were then preserved with
4% formalin for subsequent identification. The identification
of benthic algae included two steps, the identification of non-
diatoms and the preparation of permanent diatom slides. First,
a 400x magnification microscope was used to identify non-
diatoms in the 0.1 ml counting chamber. Second, permanent
diatom slides were prepared with nitric acid and sulfuric acid. We
counted at least 300 diatom valves using a 1,000x magnification
microscope under oil immersion conditions. We used available
information to determine algae as the lowest classification level
from Anonymous (1992). Hu et al. (1980), Zhang and Huang
(1991), and Zhu (2000). Ind/m? represented the unit of density
of benthic algae. As the most abundant group of benthic algae
in the Xiangxi River was diatoms (about 80% of the total
abundance) (Wu et al., 2010, 2012), we focused on diatoms in
the following analyses.
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FIGURE 1 | Small run-of-river dams within the Xiangxi River watershed (B) in the People’s Republic (P. R.) of China (A) and sketch map of sampling sites (C). SHP,
small hydropower station; letters in (B) are names of SHPs. The figure was modified from Wang et al. (2022).
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Environmental Variables

Hydrological factors such as river width (Width), water
depth (Depth), and velocity (Velocity) (using LJD-10 water
current meter; Chongqing hydrological machines manufactory,
Chonggqing, China) were measured at each point. Meanwhiles,
water temperature (WT), dissolved oxygen (DO), calcium
concentration (Ca), pH, conductivity (COND), turbidity
(TURB), total dissolved solids (TDS), salinity (Sal), Chloride
(Cl), and oxidation reduction potential (orp) were measured
in situ using a Horiba W-23XD (multiprobe sonde). ~1 L of
river water was collected in a pre-cleaned bottle to measure the
two chemical variables of phosphate (PO4) and total phosphorus
(TP) in the laboratory (Chinese Environmental Protection
Bureau, 1989).

Diatom Traits

The benthic diatoms collected at 90 sampling points were
classified by trait. The trait information of all observed species
comes from the literature (Passy, 2007; Wagenhoff et al., 2013;
Wu et al., 2017; Witteveen et al., 2020). We divided it into
three categories: cell size, guild, and life form, which included
15 different traits: cell size (large, macro, meso, micro, or nano),
guild (high profile, low profile, motile, or planktonic guild), and
life form (filamentous, unicellular, or colonial life form; high,
medium, or low attachment) (Table 1). We have chosen as the
study area the reaches of the river where small run-of-river dams
are located to ensure that all communities at least partially share
the same regional species pool.

Data Analysis

R (version 4.0.2) (R Core Team, 2020) was used to perform
all analyses. First, we decomposed p-diversity into two aspects:
taxonomy- and trait-based P-diversity. Using the beta.pair
function in the R package betapart, based on presence-
absence data (using Serensen distance), the total taxonomy-
based B-diversity was divided into two parts: turnover and
nestedness (Baselga and Orme, 2012). The trait-based B-diversity
matrix included three components: total p-diversity, turnover,
and nestedness, which were generated using the above 15
characteristics (using Serensen distance). First, the gowdis
function in the R package FD was used to calculate the distance
between species based on trait data. Second, the Gower distance
was used for principal coordinate analysis (PCoA), and the pco
function in the R package labdsv was used to generate the trait
vector. Third, the function functional.beta.pair in the R package
betapart was used to generate three trait-based PB-diversity
matrices, using the first two PCoA vectors and species data. By
decomposing B-diversity, we can know the relative contribution
of turnover and nestedness components to the total taxonomy-
and trait-based B-diversity, and compare the differences among
the 5 different habitats (HO1-HO05) (question i). Furthermore,
we ran Mantel test (using the function mantel in R package
vegan) (Oksanen et al., 2019) to test the relationship between
taxonomy- and trait-based B-diversity components to examine
whether both facets of B-diversity provide complementarity of
ecological information.

TABLE 1 | Diatom traits, their categories, codes, and descriptions
used in this study.

Traits Categories Codes Descriptions
1. Cell size Nano CellSize01 Due to the higher nutrient
(Berthon et al., (0-100 pm?3) absorption rate and growth
2011; Rimet and rate, smaller cells have
Bouchez, 2012; greater anti-interference
Wu et al., 2017) ability. Compared to larger
cells, they have advantages
under nutrient-limiting and
high-disturbance
conditions.
Micro (100- CellSize02
300 pmd)
Meso (300~ CellSize03
600 pmd)
Macro (600- CellSize04
1,500 pm?3)
Large CellSize05
(>1,500 pmd)
2. Guild Low profile LowPro Differentiate ecological
(Passy, 2007; guilds based on their
Rimet and potential to tolerate
Bouchez, 2012) nutritional limitations and
physical disturbances.
High profile HigPro
Motile taxa MotTax
Planktonic PlaTax
taxa
3. Life form Unicellular life LF_Uni Distinguish life forms
(Biggs et al., form according to their resource
1998; gathering and disturbance
Wagenhoff et al., tolerance.
2013; Lange
etal., 2016)
Filamentous LF_Fil
life form
Colonial life LF_Col
form
Low ATT_Low According to the
attachment attachment of diatoms to
the substrate to distinguish
the intensity of their
disturbance.
Medium ATT_Med
attachment
High ATT_Hig
attachment

To explore what is the key mechanism of community assembly
processes in the study area impacted by small run-of-river
dams (question ii) and how do they affect community assembly
processes of benthic diatoms (question iii), we calculated and
compared the pairwise DNCI values (function DNCI_multigroup
in R package DNCImper) (Gibert, 2021) for both species and
trait composition of benthic diatoms among 5 different habitats.
The DNCI can effectively estimate whether dispersal or niche
processes dominate community assembly without environmental
or spatial data, and it allows the comparisons of processes among
different datasets (Vilmi et al.,, 2021). At the same time, the
DNCI method relies on the distribution of taxa, which can better
clarify the importance of the niche and dispersal process in the
community assembly, and strengthen the understanding of the
community assembly (Chase et al., 2011; Vilmi et al., 2021). In
addition, the interpretation of DNCI values is relatively simple:
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if the DNCI is not significantly different from 0, we can assume
that the dispersal and niche processes contribute equally to
variations in community composition; if the DNCI is significantly
lower than 0, dispersal processes are the primary determinants
of community composition, whereas if the DNCI is significantly
higher than 0, community composition is mainly driven by niche
processes. In order to produce more robust results, we made pairs
of groups even by random sampling of the largest groups (i.e.,
symmetrize = TRUE).

RESULTS

Environmental Variables

Hydrological factors such as velocity, width and depth were
obviously affected by the construction of small run-of-river dams
(Supplementary Table 1), especially habitats such as H03, HO5
that were disconnected due to the small dams. The rest 12
environmental variables (i.e., WT, DO, TP, POy, pH, Sal, COND,
orp, TURB, TDS, Cl, and Ca) had no significant differences
among the 5 habitat groups (HO1-HO05). It could be seen that
the construction of small run-of-river dams mainly affected
hydrological factors, while no obvious impact was found on other
physical and chemical variables.

Small Run-of-River Dams Affect Two
Facets of B-Diversity and Its

Components

The main patterns observed in the Xiangxi River Basin were
turnover of taxonomy-based p-diversity and nestedness of trait-
based B-diversity, and the contribution of turnover (0.489) was
greater than nestedness (0.338) (Figure 2). As expected by HY],
taxonomy-based B-diversity (0.584) was relatively higher than
trait-based B-diversity (0.243). The contribution of nestedness
to trait-based P-diversity was significantly lower in impacted
habitats (e.g., H03: 0.147, H05: 0.143) than unregulated habitats
(e.g., HO1: 0.214, HO02: 0.253, HO04: 0.232). From the perspective
of environmental variables, the construction of small run-of-
river dams had a great impact on the hydrological factors of
HO03 and HO5 two types of habitats. The difference between
habitats had a great influence on the trait of the benthic diatom
community, and changed the relative contribution of nestedness
components to the total trait-based p-diversity of the benthic
diatom community, which answered our first question (question
i). It could be seen from the Figure 2 that the total trait-based
pB-diversity of impacted habitats (e.g., H03: 0.192, HO05: 0.168)
were lower than the unregulated habitats (e.g., HO1: 0.257, H02:
0.296, HO04: 0.269), partially supporting our HY2.

The Mantel test showed that the correlation between
taxonomy- and trait-based P-diversity components were
significant (p < 0.001), but correlation coefficient (i.e., Mantel
r) was not high, indicating that the two provide different
ecological information. Among them, the Mantel correlation
coefficient between nestedness was the highest (r = 0.474),
followed by total B-diversity (r = 0.188) and turnover (r = 0.149)
(Supplementary Figure 1). In different habitat groups, the

results of the Mantel test were different. Compared with other
habitat groups, the Mantel test showed that the nestedness in the
two impacted habitats HO3 (r = 0.413) and HO5 (r = 0.558) was
higher, followed by turnover (HO03: r = 0.302, HO5: r = 0.364),
the correlation was significant (p < 0.001) (Supplementary
Figures 2-6). However, Mantel correlation coeflicient between
nestedness in H04 (r = 0.837) was the highest, which was
significant (p < 0.001) (Supplementary Figure 5). There were
also insignificant correlations in different habitat groups.

Small Run-of-River Dams Influence

Community Assembly Process

The pairwise DNCI values of 5 different habitat groups of
benthic diatom species and traits were all negative (Figure 3),
demonstrating that dispersal was the main assembly process.
This answered our second question (question ii), and we found
that the key mechanism of small run-of-river dams affecting
benthic diatom communities was dispersal assembly. Among the
pairwise DNCI values based on species, the highest absolute value
appeared in the comparison between H03 and H05 (DNCI = -
11.01), indicating that the potential intensity of the dispersal-
dominant assembly process between HO03 and HO05 was the
largest, while the absolute value of DNCI between H02 and H04
was the lowest (DNCI = -6.27), indicating that the intensity of
dispersal was the smallest (Supplementary Table 2). However,
in the pairwise DNCI values based on trait, the absolute value
of DNCI between H02 and HO03 was the highest (DNCI = -
16.90), followed by H03 and HO05 (DNCI = -10.76), and the
smallest absolute value between HO1 and H04 (DNCI = -6.27)
(Supplementary Table 2). The absolute value of the pairwise
DNCI average value based on trait (DNCI = -8.74) was greater
than the absolute value of the pairwise DNCI average value based
on species (DNCI = -8.37), reflecting the greater intensity of
the dominant process of dispersal of the trait (Supplementary
Table 2). We found that whether it is based on species or trait, the
absolute values of DNCI between other habitats and H03 and HO5
are relatively large, which answered our third question (question
iif). Small run-of-river dams affected the community assembly
process of benthic diatoms. Due to the construction of small run-
of-river dams, the dispersal assembly process between impacted
habitats (e.g., HO3 and HO05) and unregulated habitats has been
strengthened, confirming our third hypothesis (HY3).

DISCUSSION

Small Run-of-River Dams Changed the
Contribution Rate of Turnover and

Nestedness

As hypothesized by HY1, for the benthic diatom assemblages
in the entire study area, taxonomy-based B-diversity was higher,
particularly a higher turnover, than trait-based p-diversity. In
the context of spatial and environmental gradients, factors such
as competition, geographic barriers, and environmental filtering
can all lead to species turnover (Angeler, 2013; Gutiérrez-
Cénovas et al,, 2013; Legendre, 2014). We speculated that the
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FIGURE 2 | Statistical descriptions of two facets (taxonomy- and trait-based) of the p-diversity components (i.e., total, turnover, and nestedness) for benthic diatoms
at all sites (A) and different habitat groups (B-F, HO1-H05).

reason why the species turnover of the Xiangxi River Basin was
much higher than that of nestedness may be as follows. First
of all, the construction of small run-of-river dams led to the
fragmentation of habitats, and there were obvious differences in
hydrological variables in the watershed. Geographical isolation
might limit the dispersal of benthic diatoms that were originally
continuously dispersal, leading to the formation of allopatric
speciation (Leprieur et al., 2011). Through species filtering on
environmental gradients, different species appeared in their
specific habitats suitable for survival, which led to rapid
species turnover among communities. Second, huge human
disturbances such as the construction of intensive small run-of-
river dams have provided abundant hydropower resources, but
they have caused huge changes to the river habitat and overall
environmental conditions of the Xiangxi River Basin, and may
also affect the current benthic diatom communities. Priority
effect might also play a role here. In a specific habitat, species that
colonize first would reject species that arrive later, resulting in a
higher rate of species turnover between communities (Fukami,
2015). The main contribution of turnover to taxonomy-based
total B-diversity was also found in previous studies (Rocha et al.,
2019; Branco et al., 2020; Wu et al., 2021).

The trait-based P-diversity in the impacted habitats (such
as HO03, HO5) was relatively lower than that of unregulated
habitats, but the taxonomy-based B-diversity was not much
different, which partially supported our HY2. The construction
of small run-of-river dams changed the relative contribution of
nestedness component to the trait-based B-diversity of benthic
diatom communities, but had little effect on the taxonomy-
based B-diversity. Due to the construction of small run-of-river

dams, the two habitat groups H03 and HO5 have been greatly
affected. The hydrological factors of HO3 and HO5, such as
velocity, width and depth, were very different from other habitat
groups. Similarly, HO5 was a deep pool formed by the outlet of
a small run-of-river dams. Habitat homogeneity and dispersal
limitations due to huge human disturbance might cause the traits
of benthic diatoms to converge, resulting in lower trait-based
pB-diversity (Logez et al., 2010; Svenning et al., 2011). For example,
benthic diatoms in high-velocity habitats mostly exhibit high

Species ) Trait
H T
strong weak equal too similar : strong
dispersal  dispersal nichetdisp. or wedl niche niche

non-contiguous

FIGURE 3 | Dispersal-niche continuum index (DNCI) value calculated based
on species and trait. The overall and pairwise analysis are pictured as a
colored gradient bar and network plots, respectively. The width and color of
the links between nodes correspond to assembly process intensity. The
darker and wider the link, the stronger the assembly process. The figure on
the left is based on species, whereas figure on the right is based on trait. ©®-®
corresponds to HO1-HO5.
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attachment (Wang et al., 2022). In some highly heterogeneous
habitats, benthic diatoms also showed the characteristics of high
heterogeneity. Perhaps we could also use selective extinction to
explain why nestedness had little effect on trait-based p-diversity
in these two habitats. Because different benthic diatoms had
different sensitivity to environmental changes, species with
higher sensitivity were likely to disappear in habitats with higher
environmental pressure due to selective extinction, but species
with higher tolerance to environmental changes could survive
in the habitat (Gutiérrez-Cdnovas et al., 2013; Si et al., 2017).
Nestedness was dominant in trait-based B-diversity patterns,
which was in the line with previous studies (Rocha et al., 2019;
Wu et al., 2021).

Mantel test showed that the correlation coeflicient between
taxonomy- and trait-based B-diversity components was not high,
indicating that they provided different ecological information.
We compared the contribution of turnover and nestedness to
B-diversity, and found that the taxonomy-based total B-diversity
was much higher than that of total trait-based p-diversity. The
reason was that the turnover of trait-based B-diversity was lower.
Due to the limited dispersal caused by the construction of small
run-of-river dams, the functional convergence between benthic
diatoms might lead to lower trait-based p-diversity (Logez et al.,
2010; Svenning et al, 2011). In trait-based P-diversity, the
contribution of nestedness was greater than the turnover. This
indicated that the benthic diatom community in the Xiangxi
River Basin has experienced a high level of trait convergence. For
the nestedness contribution of trait-based p-diversity, impacted
habitats (e.g., HO3 and HO05) were lower than unregulated
habitats. This showed that the construction of small run-of-river
dams had a great impact on the trait of the benthic diatom
community, and reduced the relative contribution of nestedness
components to its total B-diversity.

The large amount of overlap between benthic diatom
assemblages in the functional space could explain the low level
of functional conversion. Among the 5 habitat groups, the water
flow of HO4 can only be restored after HO3 water is collected.
Human disturbance led to high homogeneity of the habitat,
and the nestedness of environmental conditions led to the high
nestedness of trait (Rocha et al., 2019). HO3 and HO05 were also
seriously affected by the construction of small run-of-river dams.
Compared with turnover, nestedness also played a greater role in
community composition.

Assembly Process

Community assembly is affected by both the dispersal process
and the niche process, but the relative importance of the two
processes differs depending on the scale, geographic area, and
species group (Qian and Ricklefs, 2007; Buckley and Jetz, 2008).
The dispersal process considers that the dispersal of a single
species tends to be concentrated, and the ability of dispersal
determines the distribution of species (Ney-Nifle and Mangel,
1999; Green and Ostling, 2003). The significantly negative DNCI
result did not indicate that the niche-based process did not play
a role in the community assembly process, but represented that
the niche process was weak, and its role in species assembly was
not as important as the dispersal-based process. They always

appear in natural combinations (Aratjo and Rozenfeld, 2014). By
comparing multiple DNCI values, the differences in the assembly
process between different groups can be more accurately
identified. In our research, all 5 different habitats had the
advantage of dispersal-based assembly process. The species and
trait of benthic diatoms mainly depended on historical processes
(dispersal). This answered our second question (question ii). In
areas impacted by small run-of-river dams, dispersal assembly
was a key mechanism for community assembly.

Studies have found that the structure of diatom communities
can be explained by environmental and spatial variables in
river, such as altitude, substrate type, and water quality effects
(Schmera et al, 2018; Wang et al., 2020). Hydrological,
physical and chemical factors might also affect the process
of community assembly (Isabwe et al, 2018). Wu et al
(2021) found that spatial and local environmental factors
exceeded the geographic climate gradient when constructing
the B-diversity of benthic diatoms based on taxonomy and
trait. The increase in flood residence time leads to changes
in the chemical and physical properties of the water body,
which affects community assembly and abundance (Corline
et al., 2021). The construction of small run-of-river dams has
led to changes in the hydrological and environmental factors
between habitat groups, and also has a certain impact on
hydrological connectivity. Studies have found that hydrological
connectivity was a key factor affecting the assembly of
phytoplankton communities (Lopez-Delgado et al., 2020; Meng
et al., 2020). Hydrological connectivity affected the structure and
assemblage of phytoplankton by affecting the spatial variability
of CDOM, and might also interact with species dispersal
functions, thereby affecting community assembly (Mayora et al.,
2016). The penstock connecting H02 and HO5 transports
river water directly from HO02 to HO5, causing the connected
environment to be cut off, but not completely. The different
intensities of the dispersal capacity among these habitats
might be caused by changes in some environmental factors
between the habitat groups due to the construction of small
run-of-river dams, such as velocity, width, and depth. The
extremely small negative value of DNCI indicated severe habitat
homogeneity, resulting in no significant difference in species
richness and trait richness of benthic diatom communities.
Whether based on species or trait, the absolute value of
DNCI between other habitat groups and H03 and HO5 was
relatively large, this showed that especially in the habitat
separated by the construction of small run-of-river dams,
the signs of dispersion driving benthic diatom communities
were particularly obvious. The construction of small run-of-
river dams seriously affected the environmental factors between
habitats, resulting in insufficient ecological differences between
habitats. It answered our third question (question iii). Small
run-of-river dams affected the community assembly process
of benthic diatoms, especially the impacted habitats (e.g., HO3
and HO05). This also supported HY3 that the construction
of small run-of-river dams have affected the community
assembly process of benthic diatoms, and strengthened the
dispersal assembly process between the impacted habitat and the
unregulated habitat.
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Management Implications

B-diversity decomposition is to explore how the two processes
of species turnover and nestedness together affect species
distribution patterns in different spatial and temporal
dimensions, and helps to understand the distribution patterns
and driving mechanisms of various biological groups (Baselga,
2010; Podani and Schmera, 2011). But at present, the research on
the B-diversity of benthic diatoms is mostly based on taxonomy,
whereas little attention is paid to the trait-based PB-diversity
(Rocha et al., 2019; Branco et al., 2020; Wu et al,, 2021). In
the spatial dimension, the species turnover and nestedness
components of B-diversity can reflect different conservation
strategies. Exploring how the two processes of species turnover
and nestedness together affect species distribution patterns
is particularly critical in the research of biogeography and
conservation biology (Williams, 1996; Baselga and Leprieur,
2015; Socolar et al, 2016). In our research, the turnover
process dominated the taxonomy-based total B-diversity, which
means that all research sites contribute similarly to p-diversity,
which can help decision makers decide on protected areas
and conduct restoration progress assessments (Lopez-Delgado
et al,, 2020). Therefore, in river management, in addition to
considering severely homogenized habitats, it should also include
highly heterogeneous habitats without priority (Baselga, 2010;
Gutiérrez-Cdnovas et al., 2013).

In order to better protect biodiversity and maintain the
healthy development of ecosystems, areas with high trait diversity
should be protected first, and then the trait diversity of impacted
habitats should be restored. Due to the differences in B-diversity
among taxa, a conservation plan based on one taxon may
not be able to protect the diversity of other taxa well. In the
future, this study can be expanded to other organisms (such
as macroinvertebrates, phytoplankton, fish) to study species
distribution patterns and interactions, so as to fully understand
the impact of small run-of-river dams on biodiversity from
a multi-trophic level aspect, and provide suggestions on the
planning and layout of the protected area.

From the research results, species with similar biological
taxonomy would replace each other, and dispersal assembly
was the key mechanism of community assembly in the
study area. Changes in the composition of benthic diatom
communities may be better explained by spatial distance and
environmental variables. Due to the construction of small
run-of-river dams, river connectivity has been interrupted,
and there were large differences in hydrological variable
between habitat environments. The distribution of species
with strong dispersal ability may be more restricted by
the niche process. The stronger the dispersal ability, the
more likely it can occupy a suitable habitat. Ecological
flow refers to the minimum flow required to maintain or
restore the basic structure and function of the river, lake,
and reservoir ecosystem in order to ensure the ecological
service function of the river (Poff and Matthews, 2013). Our
research results showed that the ecological flow should not
only consider water quality and the structure and function
of the river ecosystem, but also include the protection of
biodiversity. We hereby suggest that maintaining genetic

and ecological connectivity based on an effective impact
assessment in dry seasons.

CONCLUSION

Our research proved that the construction of small run-of-
river dams affected the B-diversity of benthic diatoms and the
community assembly mechanism, thus verifying our hypothesis.
We concluded that small run-of-river dams changed the
relative contribution of nestedness components to the trait-based
total B-diversity of benthic diatoms, and the taxonomy-based
pB-diversity was relatively higher than the trait-based p-diversity.
Another important result was the discovery that small run-of-
river dams affect the community assembly process of benthic
diatoms. In areas impacted by small run-of-river dams, dispersal
assembly was a key mechanism for community assembly.
Compared to unregulated habitats, the dispersal assembly process
between the impacted habitat and the unregulated habitats
has been enhanced. Therefore, our research suggests that
maintaining river connectivity and approving ecological flows,
and maintaining genetic and ecological connectivity based on an
effective impact assessment in dry seasons to reduce the impact
of such dams, as key to adaptive management and sustainability.
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