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Biodiversity and ecosystem functioning (BEF) relationships are important research
issues in the context of biodiversity loss. However, most studies only explored BEF
relationships using species richness as a proxy for biodiversity without considering
the effects of species evenness and importance of functional diversity on
ecosystem functioning. In the present study, we explored multiple relationships
among in-stream environmental variables, species diversity (species richness and
species evenness), functional diversity (functional richness, functional evenness
and Rao’s quadratic entropy index) and biomass of benthic diatomm communities
from a Chinese mountainous river network. We tested two hypotheses: (1)
species richness and evenness affect community biomass independently, and (2)
species diversity directly affects community biomass and also indirectly affects
community biomass by influencing functional diversity. We found that benthic
diatom diversity and biomass were influenced by wetted width, conductivity,
and pH. Species richness and evenness had positive and negative effects on
community biomass, respectively; while, the effect of richness (with a pathway
coefficient of 0.39) was stronger than that of evenness (—0.28). However, we have
not found an interaction pathway between species richness and species evenness
in structural equation models, indicating that the two effects on community
biomass were independent of each other. Both functional richness and Rao’'s
quadratic entropy index had positive effects on community biomass, although
effects of other variables blurred the relationship between functional richness
and community biomass in structural equation modeling. Besides direct effects,
species diversity also indirectly affected community biomass through influencing
Rao’s quadratic entropy index, with direct effects (0.27) were more than twice
stronger than indirect effects (0.12). Our findings imply that the selection effect
played a dominant role in the relationship between diatom diversity and biomass,
indicated by the negative species evenness and biomass relationship; meanwhile,
the complementarity effect was also important. The inclusion of more diversity
indices to explore the biodiversity-biomass relationship would help to provide
a deeper and more comprehensive understanding of this relationship and its
driving mechanisms. We suggest carrying out more studies on BEF relationships
in streams and rivers to support protection practices for sustaining biodiversity
and their ecosystem functions in natural lotic ecosystems.
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1. Introduction

The biodiversity and ecosystem functioning (BEF) relationship has
attracted more and more attention in the context of unprecedented loss
of biodiversity in recent decades (Chapin et al., 2000; Cardinale et al.,
2012; Tilman et al., 2014; Malhi et al., 2020). As a result, numerous studies
ranging from controlled experiments to field observations have been
carried out to explore how ecosystem functioning responds to changes in
biodiversity. Most studies discovered positive biodiversity effects on
community functioning such as community biomass production, stability,
and nutrient uptake as commonly expected (Baert etal., 2016; Duffy et al,,
2017; Barry et al, 2020). Meanwhile, negative, non-significant, or
environmental context-dependent BEF relationships were also reported
(Dangles et al,, 2011; van der Plas, 2019). Inconsistent BEF relationships
stimulated further exploration of mechanisms underlying BEF
relationships and two general mechanisms for positive BEF relationships
were proposed: the complementarity effect and the selection effect
(Garnier et al., 1997; Tilman et al., 1997; Loreau and Hector, 2001). The
complementarity effect refers to that when species diversity increases in a
community, complementary niches between species will promote
resource utilization, thus enhancing ecosystem functioning. By contrast,
the selection effect suggests that when species diversity increases, the
possibility of species with highly productive traits in the community
increases, and these species may become dominant and thus contribute
more to ecosystem functioning. Vanelslander et al. (2009) found that
mixtures contributed more to production than most productive
component species in naturally intertidal mudflats diatom communities,
indicating that the positive diversity effects were most driven by
complementarity effects. However, a study on fish communities found
that high fish biomass was associated with a few dominant species who
can exploit a wider range of energy, which indicated the importance of
selection effects (Maureaud et al., 2019). The two effects usually coexist in
a given assemblage and jointly drive a positive species richness-biomass
relationship, with one being dominant and the other subordinate (Polley
et al., 2003; Hillebrand et al., 2008; Smeti et al., 2019).

Although our knowledge on BEF relationships is steadily growing,
some issues are still unresolved. One issue is whether more indices,
besides richness, should be concerned to indicate species diversity in BEF
relationship studies. Species richness was the most commonly used
diversity index as it means the number of species in a given assemblage.
Although species richness is an intuitive measure of biodiversity, it does
not provide information on species abundance distribution that would
also affect ecosystem functioning mechanically. Species evenness, i.e., a
measure indicating how equitably distribution of species abundance
within a given community, together with species richness, has been
included in recent BEF relationship studies. Species richness and species
evenness cover different diversity components, and many studies have
shown they are not always positively correlated, so their effects on biomass
are not always consistent (Hillebrand et al., 2008). Positive, negative, and
non-significant relationships between evenness and ecosystem
functioning were observed (Mulder et al., 2004; Passy and Larson, 2019;
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Sonkoly et al., 2019). Differences in relationships between the two species
diversity indices and ecosystem functioning imply variable importance of
the two underlying mechanisms (Ali et al., 2018; Maureaud et al., 2019).
When the BEF relationship is mainly driven by the complementarity
effect, it is the number of species rather than the degree of species
dominance that determine community functioning, and there would be a
non-significant or positive evenness-functioning relationship. In contrast,
if the selection effect is the main mechanism, the dominant species will
contribute most to community functioning, thus a negative evenness-
functioning relationship will emerge while the species richness-
functioning relationship is still positive. Various evenness-functioning
relationships were supported by some controlled experiments with a
small number of species (Polley et al., 2007; Isbell et al., 2009). However,
it is unclear whether both species richness and evenness would
be important to ecosystem functioning in natural ecosystems where
species are generally diverse while species abundance distribution is
severely uneven.

Another issue is whether functional diversity should also
be considered in BEF relationship studies. Some researchers suggested
that species diversity affected ecosystem functioning via functional
diversity (Hooper et al., 2005). Functional diversity is a quantification of
the distribution of species traits within a community, considered as a
proxy for niche or species function. Therefore, functional diversity has a
mechanistic link with ecosystem functioning (Cadotte et al., 2011; Chao
et al, 2014). Like species diversity, functional diversity also has
quantitative indices with different focuses, such as functional richness,
functional evenness, functional divergence and other trait-based indices.
Functional diversity usually increases with species richness in
communities that with inconspicuous functional redundancy. For a given
community, high functional diversity may lead to more efficient
utilization of resources, thereby enhancing ecosystem functioning.
Moreover, functional diversity may be associated with the portion of
functional changes caused by community turnover that cannot
be captured by species diversity (Cadotte et al,, 2011). For instance, the
number of traits may change when community structure changes while
species richness remains constant. However, research on couplings
between functional diversity and ecosystem functioning, as well as
pathways that species diversity affects ecosystem functioning through
functional diversity, remains scarce, especially for natural ecosystems.

Natural streams and rivers exhibit a disproportionately high
biodiversity, possessing greater diversity in smaller area compared to
terrestrial ecosystems; nevertheless, lotic ecosystems are highly
threatened by human activities (Strayer and Dudgeon, 2010; Geist, 201 1).
Therefore, exploring BEF relationships in lotic ecosystems could provide
meaningful guidance for conservation practices. However, compared
with other ecosystems, studies on species diversity-functional diversity-
ecosystem functioning relationships in lotic ecosystems are scarce. In the
present study, we explored multiple relationships among species diversity,
functional diversity, and community biomass of benthic diatom
assemblages by considering multiple biodiversity indices in a subtropical
mountainous river network in China. Benthic diatoms are main primary
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FIGURE 1
Locations of sampling sites in the Xiangxi river network.
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producers in mountainous rivers with diverse ecological functions and
services (Litchman, 2007; Burliga and Kociolek, 2016; Rhodes et al., 2017;
Zhang et al., 2020). Diatoms have a high species richness while only a
handful of species have high abundance (low evenness). The primary
aims of this study were twofold: (1) to analyze the magnitude and
direction of the effects of diatom species richness and evenness on
community biomass, with the goal of providing insight into the
underlying mechanisms driving the diversity-biomass relationships; and
(2) to elucidate the pathways through which species diversity impacts
diatom community biomass, not only directly but also indirectly through
influencing functional diversity.

2. Materials and methods

2.1. Study area

The Xiangxi river originates from the Shennongjia Forest Region in
western Hubei province of China. The river is 94km long with a
watershed area of 3099km?, and includes three tributaries Jiuchong,
Gufu, and Gaolan rivers (Tang et al., 2006; Wang et al., 2012). It is
characterized by a subtropical monsoon climate zone. The annual average
temperature is 12-19°C and annual average precipitation is 1000-
1300mm (Wang et al., 2011). In this mountainous watershed (210-
2000 m above sea level), the summers are hot and humid and the winters
are cold and dry (Tang et al,, 2017). The main land use is forest but
scattered with farmland and towns and generally low levels of human
disturbance within the watershed (i et al., 2009; Jin et al., 2019).

2.2. Diatom collection and data preparation

We surveyed 76 sites across the Xiangxi River network in March/
April 2013 during the base-flow period (Figure 1). At each site, 15 stones
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were randomly collected along a 100m length of river reach. A plastic
circle of 2.5 cm radius was used to quantity sampling area by covering the
stone surface. The circled areas were cleaned using a scrubbing brush and
washed several times with stream water. Algal slurry from the 15 stones
was collected into one container and the slurry were volumed to
550mL. Then, the algal slurry was transferred to the specimen bottle and
fixed with 5% formaldehyde solution in the field. After brought back to
the laboratory, several milliliter algal samples were used to make diatom
slides following the acidification procedure (Racca et al., 2003; Hu and
Wei, 2006). Then, diatoms were identified to the species or variety level at
1,000x magnification under a compound microscope (Olympus CX21:
Olympus Optical Co., Japan). A minimum of 600 diatom valves were
counted for each site. Diatom identification was performed according to
(Lange-Bertalot and Krammer, 2000; Hu and Wei, 2006; Li and Qi, 2010,
2018). Relative abundance and density of each component species were
calculated for each site based on counting data. Species richness and
Pielou’s evenness index (i.e., species evenness) were also calculated using
R package vegan (Oksanen et al., 2019).

Algal traits, including cell sizes, life forms and morphological guilds,
were assigned to each of observed species (Supplementary Table 1). Cell
sizes were classified into nano, micro, meso, macro or very large
categories, and it is considered as response associated with available
resources (Finkel et al., 2009; Berthon et al., 2011; Rimet and Bouchez,
2012). It is obvious that assemblages with more macroalgae can have
higher biomass. Life forms were categorized as non-colonial group or
colonial group (Lange et al., 2016). The colonial diatom species usually
exist as form of diatom chains, which have different resources utilization
strategies and interactions with predators compared to single cell diatoms
(Kenitz et al., 2020). Morphological guilds contained high profile, low
profile, motile and planktonic guilds (Passy, 2007; Stenger-Kovacs et al,,
2013). These guilds response differently to turbulence and nutrient
enrichment, lead to different growth conditions in varied environments
(Passy, 2007; Ding et al., 2017). Functional diversity indices including
functional richness (FRic), functional evenness (FEve) and Raos quadratic
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entropy index (RaoQ) were calculated for each site based on the relative
abundance data and trait data (Villeger et al., 2008). Functional richness
refers to the size of niche space occupied by species in a community, while
functional evenness refers to the evenness of functional traits distribution
in niche space (Petchey et al., 2004). Raos quadratic entropy index is one
of the generalized forms of Simpson’s diversity index (Cibils et al., 2015;
Mammola et al, 2021), which takes both functional richness and
functional evenness into account and reflects the probability that two
individuals randomly selected from the community that are functionally
different. And functional diversity indices were calculated using package
FD (Laliberté et al., 2014).

Diatom community biomass was estimated for each site as the
sum of biovolume of all component species at the site, considering that
it represents an accurate measure of algal biomass (Stevenson, 1996).
The biovolume for each diatom species was calculated using its density
multiplying the geometric equation supposed by Hillebrand et al.
(1999), with length, width and height data measured under the
microscope during the identification process.

2.3. In-stream environmental variables

At each site, in-stream environmental variables were also monitored
during the fieldwork. Flow velocity (m/s) was measured with an LJD-10
water current meter. Wetted width (m) and water depth (cm) were
measured with a measuring tape. Wetted width was averaged after three
measurements at each site, and flow velocity and water depth were
averaged after five measurements at each site to increase credibility.
Hydration indices pH, dissolved oxygen (DO, mg/L), conductivity (Cond,
ps/cm), and total dissolved solids (TDS, mg/L) were measured with a
multi-parameter probe (HACHHQ40d, Yellow Springs Instruments,
United States). An additional 100 mL of river water was collected into a
clean polythene bottle and adjusted to pH <2 by adding concentrated
sulfuric acid in the field. After transported to the laboratory, water
chemical variables including total nitrogen (TN, mg/L), total phosphorus
(TP, mg/L), ammonia nitrogen (NH,-N, mg/L) and phosphate (PO,-P,
mg/L) were determined by a continuous flow water quality analyzer
(SAN++, Skalar) according to standard methods (MEE, 2003).

2.4. Data analysis

A preliminary analysis was conducted to determine correlations
among environmental variables. Environmental variables that were
highly correlated (Pearson r>0.8) with other variables but weakly
correlated with biological indices of diatom assemblages were
excluded from further analysis to reduce collinearity. Then, all
remained environmental variables, except pH, as well as diatom
species and functional diversity indices and biomass data were
log(x+1) transformed to reduce influences of extreme values.

Firstly, bivariate regression was used to explore relationships
among environmental variables, diatom species diversity indices,
functional diversity indices, and community biomass. This simple
analysis can provide preliminary information on BEF relationships for
further confirmation (Grace et al., 2014). Considering the possible
non-linear relationships, we fitted both linear and quadratic models
between variables, and then chose the model with the larger R* and
smaller p value for subsequent analysis (Chettri and Acharya, 2020).
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Then, multiple relationships among in-stream environments,
diatom diversity, and community biomass were tested using structural
equation modeling (SEM). SEM is an extension of the general linear
model, in which a variable can be either a predictor or a response
variable, and is a confirmatory tool for a priori established hypotheses
(Grace and Grace, 2006; Asparouhov and Muthen, 2009). Significant
bivariate relationships would be excluded from the SEM if the
relationships may reduce the overall reliability of the model (Grace and
Grace, 2006). We used piecewise SEM to conduct confirmation analysis.
Compared with traditional SEM, piecewise SEM relaxes the restrictions
on data distribution with only requirement of degrees of freedom,
which has obvious advantages in practical application where sample
sizes are often small (Lefcheck, 2016). We constructed two alternative
models differing in excluding or including functional diversity indices
in the model to test the importance of functional diversity in the
diversity  and
(Supplementary Figure 1). Model 1 included in-stream important

relationship ~ between  diatom biomass
environmental variables and species diversity indices of diatom
identified using bivariate regressions and diatom community biomass.
We assumed that in-stream environments had direct effects on species
diversity and community biomass, and community biomass is also
influenced by species diversity. Compared to model 1, model 2 also
included important indicators of diatom functional diversity determined
by binary regression, with two additional pathways: (1) in-stream
environments affect community biomass via functional diversity, and
(2) functional diversity affect community biomass; simultaneously,
species diversity affect community biomass via functional diversity.
Composite variables were constructed in SEMs to represent nonlinear
relationships identified by bivariate regressions (Grace and Bollen, 2008;
Song et al,, 2013). A composite variable was constructed by extracting
coefficient estimates of the linear and quadratic term of the predictors
and then multiplying the linear and quadratic term. The linear and
quadratic terms of the given variable in the model were replaced by their
composite variable for subsequent fitting. To fit the model, the predictors
with the maximum non-significant p value (>0.05) were successively
removed, and the model was refitted until all predictors had p values less
than 0.05. Then, statistically significant (p<0.05) and ecologically
meaningful pathways were added sequentially according to the degree
of significance, and model was refitted. The model with all significant
pathways (p <0.05), insignificant Chi-square test statistics (p>0.05), and
the lowest AIC (Akaikes Information Criterion), was selected as the
final model. Model 1 and 2 were fitted separately. Piecewise SEMs were
implemented using R package piecewiseSEM (Lefcheck, 2016).

3. Results

Values of most in-stream environmental variables were low
(Supplementary Table 2). Wetted width varied from 1.26 to 31.50m
among sampling sites; while velocity and depth had a relatively small
range of 0.09-0.93m/s and 6.6-41.6 cm, respectively. The average
concentrations of NH,-N (0.070mg/L), TP (0.031 mg/L), and DO
(9.51mg/L) met the class I standard of the Chinese environmental
quality standards for surface water (SEPA, 2002), respectively. By
contrast, the average concentrations of TN (1.000 mg/L) met the class
III standard. The mean value of total dissolved solids (173.8 mg/L) and
conductivity (207.3 ps/cm) were also low. The stream water was
weakly alkaline with a mean pH of 8.36.
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A total of 150 diatom species or varieties were identified.
Cocconeis placentula Ehrenberg (with an average relative abundance
of 33.76%), Achnanthidium minutissimuma Kitzing (23.95%) and
Achnanthidium lineare Smith (5.54%) were the three predominant
species with an average relative abundance >5%. Another seven
species were also abundant, with an average relative abundance >1%,
including Achnanthidium  biasolettianum Grunow (4.99%),
Rossithidium  pusillum Grunow (4.70%), Cocconeis pediculus
Ehrenberg (3.94%), Achnanthidium subatomus Hustedt (2.38%),
Achnanthidium caledonicum Lange-Bertalot (1.87%), Reimeria
sinuata W. Gregory (1.46%) and Gomphonema tenuissimum Fricke
(1.18%). Mean relative abundances of the other 140 species were less
than 1%.

Diatom species richness among all sites varied between 4 and 38 with
amean richness of 16 taxa. Of all sites, only 12 sites had richness less than
10 taxa. Pielou’s evenness varied from 0.714 to 0.976, with a mean value
of 0.881. The mean values for functional richness, evenness, and Raos
quadratic entropy index were 8.40 (range: 0.162-13.785), 0.392 (0.122-
0.676), and 5.741 (1.388-15.549), respectively. Diatom community
biomass varied from 2.91 x 10° to 4.78 X 10® pm?/cm?, with mean biomass
0f 7.09 x 10" pm?/cm?. For each site, dominant species with mean relative
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abundance >1% contributed disproportionately to community biomass
that averagely 97.2% of the entire community biomass.

3.1. Bivariate relationships among
environmental variables, diatom diversity
indices and community biomass

There were positive linear relationships between wetted width and
species richness and biomass, between conductivity and species
evenness, and between pH and diatom community biomass
( ). A negative linear relationship was found between
conductivity and two diatom indices of species richness and FRic.
Significant quadratic relationships were identified between
conductivity, water depth and community biomass ( ).

As for diatom, positive linear relationships were observed between
species richness and FRic and RaoQ (
species evenness and FEve and RaoQ (

), as well as between
). Diatom community
biomass showed positive linear relationships with species richness, FRic,
and RaoQ ( ). By comparison, species evenness displayed
a negative linear association with community biomass ( )
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3.2. Multiple relationships among

environmental variables, diatom diversity,

and community biomass

Model 1 confirmed the most important bivariate relationships

identified by regression analysis. Wetted width (with a pathway
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coefficient of 0.28) and conductivity (—0.28) had similarly strong
but opposite effects on diatom species richness. Conductivity had
similarly positive effects on species evenness and community
biomass. By contrast, pH only affected diatom community
biomass. Moreover, species richness (0.39) and evenness (—0.28)
had significant but opposite effects to community biomass.
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FIGURE 5
The best-fit structural equation model demonstrating multiple associations among environmental variables, diatom diversity, and community biomass
without (Model 1) or with (Model 2) diatom functional diversity included in the model. Standardized coefficients for each pathway (i.e., pathway
coefficients) are presented. Black lines represent significant linear relationships (p<0.05) and blue lines for quadratic relationships. The numbers above
the line indicate correlation coefficients associated with each causal relationship. R? denotes the proportion of variance explained. Model 1: Fisher’
C=11.10, p=0.80, AIC=37.10. Model 2: Fisher' C=21.91, p=0.59, AIC=57.91. Cond, conductivity; RaoQ, Rao’s quadratic entropy index.

Besides direct effects, we found that wetted width had an indirect
effect, with an indirect pathway coefficient of 0.11, on diatom
community biomass via affecting species richness. Furthermore,
conductivity not only affected diatom community biomass
directly but also indirectly via diatom richness and evenness,
while the direct effect (0.31) was stronger than of the indirect
effect (0.21) (Figure 5). Overall, model 1 explained 14, 13, and
53% of variance in species richness, evenness, and community
biomass, respectively.

When diatom functional richness, functional evenness and
Rao’s quadratic entropy were added to analysis, in addition to the
pathways confirmed by Model 1, Model 2 identified indirect
pathways that diatom species diversity affected community biomass
via functional diversity. Species richness enhanced community
biomass not only by a direct effect but also by an indirect effect via
RaoQ, in which strength of the direct effect (0.27) was about twice
as strong as that of the indirect effect (0.12). Species evenness also
affected community biomass through a negative direct effect
(—0.41) and a positive indirect (0.13) effect via RaoQ, where the
direct effect was three times stronger than the indirect effect
(Figure 5). Model 2 totally explained 14, 13, 41, and 57% of variance
in species richness, evenness, RaoQ and community biomass,
respectively.
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4. Discussion

We found that environmental variables including wetted width,
conductivity and pH had important effects on benthic diatom diversity
and community biomass in the Xiangxi River. Wetted width had
positively effects on diatom richness. For streams and rivers, wide wetted
width usually means low forest canopy and more available sunlight with
more living space, which may allow more algae species to coexist
(Whitcraft and Levin, 2007; Bixby et al., 2009; Ishikawa et al., 2012).
Conductivity had a negative effect on diatom species richness, while
positive effects on species evenness. Conductivity is an effective indicator
of human disturbance and increases in conductivity was reported to
negatively affect algal richness (Morgan et al., 2012; Simonin et al., 2021).
It is likely that only few species with high relative abundance in an algal
community could survive under high conductivity conditions, resulting
in increased evenness. A quadratic relationship between conductivity
and diatom biomass implies that low conductivity may promote diatom
biomass, while high conductivity is detrimental to algal assemblages.
Such responses were also demonstrated in a control experiment (James
etal., 2009). pH had a positive effect on diatom biomass in our study. pH
affects in-stream chemical and biological processes, such as CO,
dissolution, nutrient availability, adsorption of metal ions by algae, etc.
(Devlin and Witham, 1986; Kuo et al., 2016). An increase in pH means
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an increase in the dissolved CO, content in the water body, that is, an
increase in raw materials available for diatom photosynthesis, leading to
an increase in algal biomass (Kuo et al., 2016).

Diatom community biomass was found to increase with species
richness while decreased with species evenness in the present study.
Our findings indicate that diatom species richness enhanced
community biomass, which was also extensively observed in other
studies (Gamfeldt et al., 2013; Duffy et al., 2016; van der Plas, 2019).
One possible explanation is that more diatom species in a
community can use resources more thoroughly, resulting in more
community biomass production. This positive richness-biomass
relationship could be partly driven by the complementarity effect.
Meanwhile, our finding of the negative evenness-biomass
relationship suggests that the selection effect was also an important
mechanism for the diatom diversity and biomass relationship in our
study. This finding is coincident with the fact that the three
dominant species with relative abundance >5% accounted for 63.3%
of the total relative abundance of the benthic diatom communities
but contributed 72.4% of community biomass in the Xiangxi River.
Similar results were also reported in other studies focusing on algal
assemblages (Daam et al., 2019; Passy and Larson, 2019). The results
of the different effects of species richness and evenness on biomass,
and the absence of interaction pathway between the two species
diversity indices in SEMs, indicated that species richness and
evenness affected biomass independently and both two indices
played important roles in BEF relationships of benthic
diatom communities.

Diatom functional richness, evenness, and RaoQ were found
to be positively associated with species richness or evenness, and
species diversity affected community biomass through RaoQ. These
results indicate that the benthic diatom species and functional
diversity were significantly coupled, and functional diversity
played an important role in the diatom diversity-biomass
relationship. In addition, we found that the positive effects of
dominant species on biomass were more likely to come from
species with larger cells. For example, the Cocconeis placentula with
very large category cell size contributed 69.16% of diatom biomass
while occupied 33.75% of total relative abundance of benthic
diatom assemblages, while the Achnanthidium minutissimuma with
cell size of Nano contributed 2.93% of biomass but occupied
23.95% of relative abundance. That is, the community biomass can
increase with the abundance of species with lager cell size. Positive
correlations between diatom species and function diversity implies
that the number of functional traits carried by diatom species
increased with species richness and there was no apparent
functional redundancy in benthic diatom communities in the
Xiangxi River. Increased in functional diversity implies a wider
variety of traits in the community (Petchey and Gaston, 2002),
inducing a more thoroughly utilization of resources thus leading
to a greater community biomass (Petchey et al., 2004). In addition,
communities composed of species with more diverse characteristics
may be better adapted to the environments than those with
functionally specialized (Hong et al., 2022). In our study, Rao’s
quadratic entropy, an index containing information on both
relative abundance of functional groups and differences among
groups (Botta-Dukat, 2005), was more integrative than functional
richness and evenness in linking species diversity and community
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biomass. Communities with more traits carried by more species
generally have higher Rao’s quadratic entropy, especially when
species distributed evenly. High Rao’s quadratic entropy not only
high niche
complementarity of coexist species and low competition in

represents more traits, but also represents
communities, which leads to an efficient use of resources and
better adaptation to diverse environments, and eventually results
in high community biomass (Rao, 1982; Otto et al., 2012; Hao
et al., 2020; Yue et al., 2022).

We have attempted to explain the complex relationships among
the environmental variables, diversity indices and community
biomass of lotic diatom assemblages in a subtropical mountainous
watershed, and explored the mechanisms driving of these
relationships. The study can fill the relative gap of BEF researches in
natural mountainous rivers. Also, different roles of diversity indices
in BEF studies are highlighted by revealing different pathways and
strengths of the effects of environmental variables, species diversity
and functional diversity on diatoms biomass. The results provide
insights to help the conservation and management of river
ecosystems. However, there are still several limitations to our study.
The first limitation of our study is that our data were taken based on
only one filed survey, making it difficult to detect the impact of the
climate changes on the biodiversity and ecosystem functions of
primary producers of rivers. Secondly, although the negative effect of
conductivity on species richness in the results can indicate the threat
of human disturbances to river biodiversity to some extent, it is still
difficult to reflect the state of lotic benthic diatom communities under
human disturbances because our study area is less disturbed by
human activities. Climate changes and human disturbances are two
major threats to almost all natural environments especially to
freshwater ecosystems, and how natural communities respond to
these threats and maintain ecosystem functioning remains one of the
topics worth exploring in the future (Dudgeon et al., 2006; Strayer
and Dudgeon, 2010).

5. Conclusion

In conclusion, our analysis has shed light on the species diversity-
functional diversity-biomass relationships in natural lotic benthic
diatom assemblages, as well as the driving mechanisms behind these
relationships. We confirmed that pH and conductivity are the most
crucial environmental variables influencing benthic diatom
assemblages. Our finding indicate that species richness has a positive
effect on community biomass, while species evenness has a negative
effect on community biomass, suggesting the presence of selection
effect. Furthermore, besides direct effects, species diversity also
indirectly affected community biomass through functional diversity.
Therefore, inclusion of more diversity indices to explore the
biodiversity-biomass relationship can contribute to a deeper and
more complete understanding of the relationship and its mechanisms.
In the face of climate change and increasing human disturbance in
nowadays, a better understanding of the mechanisms by which the
environmental conditions affect biodiversity and community biomass
will help define better river regulation measures. In the future, it
would be of interest to identify environmental conditions under
which the complementarity or the selection effect dominates the
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diatom diversity-biomass relationship. Further explorations on
couplings between diatom functional traits and community biomass
would also be valuable in revealing the mechanisms of diatom
functional diversity affecting community biomass. Such studies may
also aid protection practices for sustaining diatom diversity and their
ecosystem functions in natural streams and rivers.
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