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Insight into the non-random distribution patterns of species in different regions is

a foundational aim of research in community ecology and biogeography. The

nestedness pattern, which investigates changes in species composition and

abundance, has been widely used in numerous studies. However, studies on

the nestedness of benthic diatoms are extremely rare, and consequently little has

been mentioned of their assemblage mechanisms. To fill this gap, based on 168

benthic diatom species from 147 sampling sites in the Thousand Island Lake (TIL)

catchment, we calculated their nestedness and niche width with the aim of i)

analyzing the nestedness of benthic diatoms communities with different

attachment abilities in TIL; ii) calculating niche width differences between

nested and idiosyncratic species with different attachment abilities; iii)

investigating the differences in alpha and beta diversity between nested and

idiosyncratic sites; iv) examining whether environmental variables influencing the

nestedness of benthic diatom communities are dependent on attachment ability.

The results demonstrated a significant nestedness pattern in the benthic diatom

metacommunity, and the sampling sites of low attachment species not only

exhibited a nestedness pattern, but also with a lower nestedness value compared

to the sampling sites of all species. Nested and idiosyncratic species differed in

niche width, whereas differences between nested and idiosyncratic species of

low attachment species were smaller. Additionally, significant differences in alpha

and beta diversity were observed between nested and idiosyncratic sites.

Furthermore, it was revealed that the nestedness of benthic diatom

metacommunity in our study area were mostly influenced by local

environmental variables. Our study contributes to the understanding of the

significant nestedness observed in benthic diatom metacommunity in TIL,

highlighting its relevance to biodiversity conservation efforts.
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1 Introduction

It is universally acknowledged that beta diversity patterns

consist of two separate components: turnover and nestedness

(Harrison et al., 1992; Baselga, 2010). Turnover is mainly caused

by the replacement of species between different communities, while

nestedness indicates the difference in species richness between

communities (Baselga, 2010; Legendre, 2014; Podani, 2016).

Advancements in beta diversity measures have further expanded

their applications in ecology and conservation biology, such as for

biogeographic region delineation (Williams, 1996; Baselga, 2012;

Mouillot et al., 2013), protected area siting and protected area

network setup (Wiersma and Urban, 2005; Mcknight et al., 2007;

Socolar et al., 2016). Hence, understanding the distribution pattern

of beta diversity components and its influencing mechanism is of

great importance in the fields of ecology, biogeography and

conservation biology (Potapova and Charles, 2002; Passy, 2008).

Nested structures occur when species-poor assemblages are subsets

of species-rich assemblages (Mitsuo et al., 2010). However, an

extreme case exists, when communities contain the same number

of species but no overlapping species between them, their

differences are purely driven by species replacement (Almeida-

Neto et al., 2012). At this point, the nestedness pattern calculated

by using the multipoint anisotropy index still yields a non-zero

result, which is not a nestedness pattern in the strict sense

(Almeida-Neto et al., 2012). This should be quantified in terms of

nested measures, i.e., evaluated using consistent measures that

depend on paired overlap and matrix filling, such as NODF (the

Nestedness metric based on Overlap and Decreasing Fill) (Almeida-

Neto et al., 2008). Hence, the matrix’s temperature (T) was used to

determine the degree of nestedness by measuring how the presence/

absence pattern deviates from perfect nestedness (Guimaraesjr and

Guimaraes, 2006).

Nestedness patterns have been frequently observed in both

metacommunities and networks of interacting species (Bascompte and

Jordano, 2007; Soininen, 2008; Tornés and Ruhı,́ 2013). Nestedness

quantifies the overlap in species composition between high and low

diversity sites (Atmar and Patterson, 1993) and measures the degree of

order in species gain and loss (Almeida-Neto et al., 2008). As a nestedness

pattern is an orderly arrangement of species distribution patterns, any

factor that facilitates the orderly arrangement of the community will

increase the nestedness of the community and vice versa (Baselga, 2012).

Nestedness can also be defined as a situation where a relatively large

number of idiosyncratic species occupy a subset of locations where a

wider range of species are discovered (Almeida-Neto et al., 2008). An

important aspect of the nestedness pattern is the extent to which distinct

species contribute to achieving perfect nestedness (Heino et al., 2009).

Among them idiosyncratic species refer to species that deviate from

nestedness patterns and unexpectedly appear in areas where species are

scarce and/or abundant (Atmar and Patterson, 1993). Nested and

idiosyncratic species often differ in ecology: idiosyncratic groups tend to

possess extensive ecological tolerance and efficient transmissibility,

whereas nested species are more prone to limited tolerance and

restricted transmissibility (Mcabendroth et al., 2005). Combined with

previous research, the extent to which species are nested or idiosyncratic is
Frontiers in Ecology and Evolution 02
still inadequately comprehended. An intriguing area of research would be

to explore the ecological traits that distinguish nested from idiosyncratic

species in assemblages (Soininen, 2008).

Diatoms are distributed in almost all types of aquatic

ecosystems worldwide, and their species richness is usually the

highest among the main producers of aquatic systems (Pan et al.,

1999). The distribution pattern of diatoms is often related to various

factors, including biogeography, biogeochemistry, human influence

and higher trophic levels in stream food webs (Verreydt et al.,

2012). Astorga et al. (2012) found that diatoms (efficient passive

dispersers) exhibited greater regulation by their environment and

less spatial structuring compared to bryophytes (passive dispersers

with intermediate dispersal ability) and invertebrates (inefficient

active dispersers). Therefore, diatoms are an ideal model taxon for

exploring the drives of passively dispersed microbial spatial patterns

and determining the ultimate connection between the contributions

of individual species to this pattern. The autoecology of particular

species may be linked to its spatial structure, because of individual

species’ traits that affect their ability to colonize new habitats or

their likelihood of extinction (Mcabendroth et al., 2005). In general,

diatoms are usually categorized as low attachment, medium

attachment and high attachment, and those with higher

attachment ability are better adapted to highly disturbed

environments compared to others (Passy, 2007; Rimet and

Bouchez, 2012; Lange et al., 2015; Wu et al., 2017). Rich and

widespread species with large niches and the ability to attach the

substrates can support sustained populations in diverse stream

habitats (Virtanen et al., 2011). Attached diatom species were, on

average, more widely distributed and had wider niche width than

non-attached species (Heino and Soininen, 2006). Therefore, robust

identification of nested structures in natural communities requires

collecting environmental data and functional traits related to their

constituent species (Ulrich et al., 2017).

The existence of nestedness patterns is often considered to

facilitate the maintenance of species diversity and ensure the

stability of network structure (Tornés and Ruhı,́ 2013). This

nestedness pattern has been observed in various taxonomic

groups, such as plants, in both terrestrial and aquatic

environments (Honnay et al., 1999; Sasaki et al., 2012), birds

(Cox and Blake, 1991; Simberloff and Martin, 1991), invertebrates

(Mcabendroth et al., 2005), insects (Schouten et al., 2007;

Valdovinos et al., 2009), mammals (Fischer et al., 2010) and

macroinvertebrate (Ruhi et al., 2013), including diatoms

(Soininen, 2008; Tornés and Ruhı,́ 2013). Currently, research on

diatom nestedness patterns has been conducted only in intermittent

rivers in the Mediterranean (Tornés and Ruhı,́ 2013) and in

multiple rivers in Finland (Soininen, 2008). Given that previous

studies have found freshwater biota to be highly nested in general

(Heino, 2011), we conducted this study on the nestedness pattern of

benthic diatom metacommunity in the catchment of TIL.

The proper understanding of the relationship between environment

and metacommunity is a central theme in ecology (Liu et al., 2023; Wu

et al., 2023). Therefore, the general objective of this study was to

investigate the nestedness of benthic diatom metacommunity in a

large natural catchment. Specifically, we aimed to obtain the
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environmental variables affecting nestedness when attachment ability

varies, and also to obtain the differences between nested and

idiosyncratic sampling sites (species). Because low attachment species

are more susceptible to passive dispersal and are more abundant in all

types of sampling sites, we hypothesized that (i) benthic diatom

metacommunity in the TIL shows a clear nestedness pattern, and the

degree of nestedness is higher in sampling sites with low attachment

species. Previous studies also found that idiosyncratic species have a

wider niche width with higher numbers than nested species even in

highly nested regions, and the niche width of low attachment species is

narrower (Heino and Soininen, 2006), so our hypothesis (ii) was that the

difference in niche width between nested and idiosyncratic species is

smaller in low attachment species than in high attachment species. We

wanted to characterize nested and idiosyncratic sites with regards to

their community attributes, so we hypothesized (iii) that idiosyncratic

sites tend to have a higher level of species dissimilarity (beta diversity)

than nested sites, irrespective of differences in species/functional

richness (alpha diversity). If the diatoms have high attachment, they

will not susceptible to environmental variables (Moore, 1977; Krejci and

Lowe, 1987; Round and Bukhtiyarova, 1996; Passy, 2007). Hence, we

hypothesized that (iv) the nestedness of benthic diatom

metacommunity in the TIL catchment would be affected by

environmental variables, and sampling sites where low attachment

species were located would bemore affected by environmental variables.
2 Materials and methods

2.1 Study area

Our study was carried out in the catchment of the TIL

(Figure 1), located in eastern China. The region has a catchment
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area of approximately 10,080 km2, with an elevation gradient of

over 500 m (Liu et al., 2023; Lin et al., 2024). This region has a

humid subtropical monsoonal climate, with an average annual

precipitation of 1430 mm. TIL was formed by damming the

rivers in the lower reach to build hydroelectric power station in

1959 (Lu and Bao, 2010). In the TIL catchment, the proportion of

forest is the highest among all land use types (Supplementary Figure

S1). Hence, this catchment is a large near-natural watershed,

implying critical relevance to the ecological conservation of the TIL.
2.2 Sampling and identification of
benthic diatoms

The 147 sites within the TIL catchment area were surveyed in

April and May of 2021. The selection of sampling sites aimed to

cover wadable reaches from the headwaters to the larger river in a

balanced manner (Liu et al., 2023). To minimize the impact of

human activities, such as wastewater outlets, bridges, and villages,

the sampling sites were carefully chosen. At each sampling site, we

meticulously selected five representative stones from different

microhabitats, with an approximate diameter of 6 cm. These

stones were then systematically brushed to collect algae samples,

specifically diatoms, within the defined sampling area.

Subsequently, the stones were thoroughly washed with 380 ml of

distilled water in order to obtain the diatom samples for further

analysis, and samples were immediately preserved in 5% non-acetic

Lugol’s iodine solution and sent to the laboratory for further

analysis (Wang et al., 2023). Permanent diatom slides were then

prepared in the laboratory using 30% H2O2 (Lane et al., 2003). At

least 300 diatom valves were enumerated at 1000x magnification

under oiled conditions and diatoms were identified to the lowest
FIGURE 1

Distribution of the 147 sampling sites within the catchment area of the Thousand Islands Lake (TIL) in China.
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taxonomic level (Wang et al., 2022a, Wang et al., 2022b). The

attachment ability of diatom species described in Supplementary

Table S1, which was judged on the basis of previous studies (Passy,

2007; Rimet and Bouchez, 2012; Lange et al., 2015; Wu et al., 2017).
2.3 Explanatory variables

2.3.1 Local environment and Ions variables
Hydro-morphological parameters were measured in the field,

encompassing river width (Width), depth (Depth) and flow velocity

(measured with a Global Water Flow Probe FP201). Furthermore, pH,

conductivity and water temperature were recorded using a water

quality handheld meter (YSI Multiparameter instrument professional

plus) (Liu et al., 2023). At each location, water samples were collected

and stored at -4°C prior to further analysis in the laboratory.

Concentrations of total phosphorus (TP), total nitrogen (TN),

chemical oxygen demand (CODMn), nitrate nitrogen (NO3-N),

ammonia nitrogen (NH3-N), soluble reactive phosphorus (PO4-P)

and different metal ions (e.g., Cu and As) were measured in the

laboratory according to the Analytical Methods for Water and

Wastewater Monitoring (State Environmental Protection

Administration, 2002). Habitat characteristics (including percentage

of different hydrologic conditions and substrates) were evaluated

according to the Qualitative Habitat Evaluation Index (QHEI), a

multi-scale qualitative habitat evaluation index published by the U.S.

Environmental Protection Agency in 1989 to measure the physical

integrity of streams (Taft and Koncelik, 2006). It considers six factors

including substrate, instream cover, channel morphology, riparian zone

and bank erosion, pool/glide and riffle/run quality, and gradient, and is

a fast, complete, and user-friendly approach (Gazendam et al., 2013).

For this reason, we used the QHEI to assess habitat conditions in the

study area.

2.3.2 Geo-climatic variables
We classified climate (e.g., annual mean temperature and

annual precipitation), land use and topographic data as Geo-

climatic variables (Liu et al., 2023). Data on land use were

obtained from Yang and Huang (2021). After calculating

the percentage of each land-use type in the upstream watershed

of each sampling site, the land-use types were reclassified into

six categories based on the characteristics of the study area,

namely, grassland, forest, cropland, shrub, water surface, and

imperviousness (Wu et al., 2021). The topographic variables,

including elevation, slope and gradient (Amatulli et al., 2018).

The gradient displays the stream’s elevation change over a

longitudinal range, and the proportion of the length to the width

illustrates the site’s orientation along the north-south and east-west

axis (Amatulli et al., 2018). The WorldClim 2 (Fick and Hijmans,

2017) database was utilized to extract nineteen bioclimatic variables

(Bio1 to Bio19) for each sampling site. These variables include

annual mean temperature, maximum temperature of the warmest

month, minimum temperature of the coldest month, and annual

precipitation. The data, averaged from 1970 to 2000, were obtained

at a spatial resolution of 1-km (Fick and Hijmans, 2017).
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2.4 Data analysis

Firstly, we used the software ANINHADO to determine the

overall nestedness of the biota matrix, which orders matrices based

on the number of occurrences per row and draws a diagonal

between species presence and absence (Guimaraesjr and

Guimaraes, 2006). ANINHADO computes two nestedness

metrics: the classical matrix temperature (T) (Atmar and

Patterson, 1993) and the more recently proposed nestedness

metric based on overlap and decreasing fill, i.e., NODF (Almeida-

Neto et al., 2008). T can be interpreted as a thermodynamic

disordered dynamic measurement, ranging from 0° (maximum

nestedness) for ordered systems to 100° for disordered systems.

We used T to determine whether each location and taxonomic

group is nested or idiosyncratic (Tornés and Ruhı ́, 2013).

Idiosyncratic species or sites were considered to be those with T

values greater than the original matrix values, and nesting species

were considered to be those with T values less than or equal to the

original matrix values (Heino et al., 2009). Moreover, the T can be

compared with previous studies.

The presence-absence matrix we constructed includes 168

diatom species and 147 sites. We compared nested and

idiosyncratic sites for differences in Local environmental

variables, Geo-climatic variables, and Ions variables. After that,

the data processing was realized in R (Version 4.2.2, R Core Team,

2022). Species richness was calculated in the R package vegan, and

functional richness (FRic) was calculated by the “dbFD” function in

the R package FD (Laliberté et al., 2014). Taxonomic beta diversity

matrices, using the beta.pair function in the R package betapart

(Baselga and Orme, 2012); functional beta diversity matrices, in

which total beta diversity is divided into turnover and nestedness

components using the function functional.beta.pair in the R

package betapart. Analysis of variance (ANOVA) was used to test

whether alpha and beta diversity differed between nested and

idiosyncratic sites (hypothesis iii), with alpha or beta diversity as

the dependent variable and nested structure as the fixed factor.

Permutational Multivariate Analysis of Variance (PERMANOVA)

was conducted using the betadisper function from the vegan

package to assess the significance of differences between sites in

terms of dispersion. The Tukey’s post hoc test, implemented with

the TukeyHSD function from the stats package, was employed to

determine specific pairwise differences between groups when

significant differences were detected.

In order to measure whether the contribution of each species to

nestedness is related to its own ecology (hypothesis ii), we use

Levins niche width index to calculate the niche width (using

niche.width function in R package spaa) (Zhang and Ma, 2014).

This method has been widely used in similar studies in different taxa

(Ahmad et al., 2021; De Lima et al., 2023). The niche widths were

calculated for all species and their differences between nested and

idiosyncratic species were tested using analysis of variance

(ANOVA), where niche width was the dependent variable and

nesting structure (nested and idiosyncratic species) was the fixed

factor. We also analyzed the relationship between river

physicochemical factors and nestedness (i.e., environmental
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variables that triggered low T-values). To examine the main drivers

of nested sampling sites’ T-values (hypothesis iv), we applied

multiple linear regression models between T-values and

environmental variables. Before multivariate linear regression, we

tested the linearity and then computed it in R using the

construct_fourmula function of the remotes package (Guo et al.,

2020). To simplify the model, a stepwise model selection was

performed using AICc (function stepAIC in R package MASS)

(Venables and Ripley, 2002) and the model with the lowest AICc

value was considered the best fit (Zhou et al., 2020).
3 Results

From the 147 sampling sites, a total of 168 species were

identified in the benthic diatom communities of the TIL (Wang

et al., 2023). Among them, 95 species exhibited low attachment

ability, 42 species had medium attachment ability, and 25 species

displayed high attachment ability (Supplementary Table S1). The

dominant species was Achnanthidium delmontii, while in the

upstream the dominant idiosyncratic species was Fragilaria

vaucheriae and the dominant idiosyncratic species was Melosira

varians in the mid- and downstream sites. Throughout the study

area, high attachment species consistently exhibited a higher

abundance compared to low attachment species, which in turn

surpassed the abundance of medium attachment species

(Supplementary Table S2). The observed temperature (Tobs =

13.53) was considerably lower than the value predicted by the

‘fixed-fixed’ null model (Tpre = 51.45), providing evidence for a

highly nested metacommunity structure (p < 0.001). This nested

structure was further supported by the NODF metric, with the

observed global value (NODFobs = 34.08) being much higher

compared to the null model prediction (NODFpre = 12.53). Thus,

there is a remarkably nestedness pattern of benthic diatom

metacommunity in the TIL. Similarly, the sampling sites of low

attachment species (ATT_Low) not only exhibited the high

nestedness pattern, but also with a lower nested value (6.89)

compared to the sampling sites of all species (Figure 2).

On the other hand, the sampling sites of medium attachment

(ATT_Med) and high attachment (ATT_Hig) species also

demonstrated a nestedness pattern but had high nestedness values

(TATT_Med = 13.09, TATT_Hig = 13.02) closer to values of TIL.

Despite the significant nestedness pattern observed in the benthic

diatom communities, a substantial number of idiosyncratic species

(54) were found, accounting for 32.00% of the total species (168).

The percentage of idiosyncratic species in the upstream was 42.00%,

exceeding the 38.00% in the mid- and downstream. The upstream

idiosyncratic sampling sites accounted for 43.48%, much higher

than the 32.50% in the midstream and 21.05% in the downstream. It

is noteworthy that the idiosyncratic species included 37 species

which accounted for 39.00% of the species with low attachment

ability. While 36.00% of high attachment species were idiosyncratic,

31.00% of medium attachment species were idiosyncratic. In

summary, this confirmed our hypothesis (i) that benthic diatom

metacommunity in the TIL show a clear nestedness pattern, and the
Frontiers in Ecology and Evolution 05
degree of nestedness is higher in sampling sites with low

attachment species.

Taxa with different attachment ability showed different patterns

of niche widths. Specifically, species with nested structures as well as

idiosyncratic species displayed broader niche widths as their

species’ attachment ability increased. Furthermore, as the species’

attachment ability increased, both nested and idiosyncratic species

demonstrated wider niche widths. However, the niche width of

idiosyncratic species was consistently broader than that of nested

species (p<0.05), irrespective of species’ attachment ability

(Figure 3). The differences in niche width between idiosyncratic

and nested species in the sampling sites of low attachment species

(ATT_Low) were smaller compared to other attachment species.

When considering species occurrence, the species contributing

most to the nested structure displayed lower occurrence, whereas

idiosyncratic species were more frequently observed across all

hydrotypologies (Figure 4). Overall, in combination with species

occurrence, idiosyncratic species occur more frequently in all

sampling sites and their niche widths are greater. It happens that

idiosyncratic species make up a larger proportion of low attachment

species, and that low attachment species are themselves vulnerable

to dispersal, which effectively proved our hypothesis (ii).

Furthermore, our study revealed notable differences between

nested and idiosyncratic sites in terms of species/functional richness

(alpha diversity) (Figure 5) and spatial species/functional variations

(beta diversity) (Figure 6). The results verified our hypothesis (iii)

that idiosyncratic sites, which are characterized by unique and

distinct species composition exhibited significant lower species

richness (SR) and functional richness (FRic) compared to nested

sites. This indicated that idiosyncratic sites had fewer total species

and a narrower range of functional traits. Regardless of differences

in species/functional richness (alpha diversity), idiosyncratic sites

consistently showed higher species dissimilarity (beta diversity)
FIGURE 2

The temperature T of the sampling sites where all species are
located is compared with those of sites where species with different
attachments are located. All Species represented all sampling sites,
ATT_Low, ATT_Med and ATT_Hig represented the sites where low,
medium and high attachment species were located, respectively.
The boxplots display the median (middle line), 25th and 75th
percentiles of the data, with the lower and upper whiskers
corresponding the 10th and 90th percentiles. The horizontal red
dashed lines represent the mean values.
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than nested sites. These observations indicated that the spatial

heterogeneity of community composition was more prominent in

idiosyncratic sites, whereas nested sites displayed a more consistent

pattern of species richness across diverse habitats.

We found that there were some differences between the

idiosyncratic sites, nested sites and the average of all sites

(Supplementary Table S3). We analyzed the effects of various

environmental factors on nested sites (Figure 7). Among them,

PO4-P, As and Elevation had a positive, while Cu and NO3-N had a

negative, correlation with the nestedness for nested sites. In parallel,

the nestedness of sampling sites with different attachment ability
Frontiers in Ecology and Evolution 06
species were also affected by environmental variables to varying

degrees. Among them, the nestedness of sampling sites with low

attachment ability species (ATT_Low) were affected by more

environmental variables, which confirmed our hypothesis (iv).

The nestedness of sampling sites with high attachment species

(ATT_Hig) were mainly influenced by Depth and NH3-N.

However, the nestedness of nested sampling sites with medium

attachment species (ATT_Med) were only affected by the Slope.
4 Discussion

4.1 Relationships between benthic diatom
metacommunity nestedness, attachment
ability, niche width, and
environmental variables

Our study aligned with prior research (Soininen, 2012),

suggested that the TIL serves as a natural catchment area where

closely attached small pioneer species, such as members of the

genus Achnanthidium, often dominate these communities. There

was a clear nestedness pattern of benthic diatoms in the TIL, but

there was no linear relationship between species attachment ability

and nestedness values. Previous studies have found that if the

diatom was able to attach to the substrate, it should occur more

frequently because the cells were not easily separated from the

bottom by the water current (Stevenson et al., 1996). This coincided

with the nestedness of the sampling sites with high attachment

species, which is higher than that with all species. However, this did

not apply to the sampling sites of low attachment species, which can

be explained by our results: there was small niche width difference

between nested and idiosyncratic species in low attachment species,
FIGURE 4

Relationship between nestedness (T) and species occurrence (%).
The horizontal red dashed line indicates the observed nestedness (T
= 13.53). Species falling below the red line are considered as nested,
whereas those above the line are classified as idiosyncratic.
FIGURE 3

Comparison of niche widths between nested and idiosyncratic sites. The abbreviations are as in Figure 2. ANOVA analysis was performed to
compare differences among groups, with different letters above the boxes indicating significant differences (p<0.05).
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so there may less competition between species with a higher degree

of nestedness. From our study, benthic diatoms in the TIL had the

largest proportion of low attachment species and idiosyncratic

species, and the proportion of idiosyncratic species among low

attachment species was the largest. High occurrence of idiosyncratic

species, which represents the high occurrence of low attachment

species in all types of sampling sites. Combined with the fact that

low attachment species are susceptible to environmental variables,

therefore, the susceptibility of low attachment species to passive
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dispersal is thus the reason for the high nestedness of the sampling

sites where they are located. The regional ubiquity and lack of

diversity of single-celled organisms (Heino and Soininen, 2005;

Soininen and Heino, 2007) may result in less ordered gains and

losses of species, with taxa occurring everywhere. Therefore,

although significant nestedness may occur in aquatic biota,

species with high inter population diffusion rates, effective passive

diffusion in the region seems to be logical (Rundle et al., 2002).

Compared with previous studies of benthic diatom nestedness

patterns in other regions, we found an interesting phenomenon. In

the study carried out in Finland (Soininen, 2008), T was 28.41 and

the percentage of idiosyncratic species was 44%; and in the study

conducted in the north-east Iberian Peninsula (Tornés and Ruhı,́

2013), T was 14.5 and the percentage of idiosyncratic species was

34%; and we found that T was 13.53 and the percentage of

idiosyncratic species was 32% in the catchment of TIL, It seems

that there is a positive correlation between the frequency of

idiosyncratic species occurrence and nestedness. The wider niche

width represents the species’ ability to adapt to the rich and diverse

resources and complex environmental conditions, with a high

degree of adaptability and ecological flexibility (Astorga et al.,

2012). The results of hypothesis (ii) showed that niche width of

idiosyncratic species was the largest among medium attachment

species, but the degree of nestedness was the lowest in the sampling

sites where medium attachment species were located. Therefore,

when studying nestedness in terms of species’ functional traits, the

nestedness value of sampling sites with higher attachment ability

species is not necessarily the highest.

Medium attachment species were affected by the lowest number of

environmental factors, and the sampling sites withmedium attachment

species had the lowest level of nestedness compared to the other

attachment sampling sites. The gap in niche width between nested and

idiosyncratic species was greatest among medium attachment species.

In the Niche Variation Hypothesis (Valen, 1965), populations with

wider niche widths consist of more ‘specialized’ individuals, indicating

increased heterogeneity among individuals. This suggests that

individual niche width and specialization can operate concurrently,

expanding the population’s niche. Thus, the broader niche width of

idiosyncratic species among medium attachment species resulted in a

more stable community less affected by environmental variables,

although the degree of nestedness in the sampling sites where they

were located was low in the TIL. In summary, the relationship between

species attachment ability and nestedness is diverse and needs to be

considered in the context of niche width and environmental variables.
4.2 Potential influence of spatial process
on nestedness patterns of benthic diatoms

The idiosyncrasy is greater in aquatic organisms compared to

terrestrial organisms, which may be due to high dispersal ability of

aquatic organisms (Tornés and Ruhı,́ 2013). The numbers of

idiosyncratic species and idiosyncratic sites were higher in the

upstream than in the midstream and downstream, which

coincides with the content of nestedness: the strongest dispersers

only occur in a subset of sites where their strict habitat requirements
FIGURE 5

Comparison between taxonomic (species richness, SR) and
functional (functional richness, FRic) alpha diversity at nested and
idiosyncratic sites. Explanation of boxplot is as in Figure 2, while
comparison between groups as in Figure 3, with different letters
above the boxes indicating significant differences (p<0.05).
FIGURE 6

Comparison of taxonomic and functional beta diversity between
nested and idiosyncratic sites. F and p values were generated by
permutational analysis of multivariate dispersions (PERMDISP).
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are met (Honnay et al., 1999). It has been demonstrated that the

idiosyncratic species have a broader ecological tolerance

(Mcabendroth et al., 2005), wider occupancy of sites (Soininen,

2008) and differing relationships to environmental conditions

(Malmqvist and Hoffsten, 2000). Combined with our results, it

can be surmised that the upstream has more typical environmental

conditions suitable for diatom survival. Therefore, the abundance of

idiosyncratic species in the upstream may reduce nestedness.

However, the complex diversity exhibited in the upstream of TIL

highlights the importance of its conservation in future

conservation-oriented stream studies (Heino et al., 2009).

Small-bodied organisms in the aquatic organisms are more

susceptible to passive dispersion and may exhibit reduced likelihood

of displaying spatial patterns in comparison to large-bodied

organisms (Hajek et al., 2011; De Bie et al., 2012). Nevertheless,

incorporating spatial processes enhances the reliability of

bioassessments (Liu et al., 2024), while taking dispersal processes

into account improves the accuracy of bioassessments (Leboucher

et al., 2021). At smaller spatial scales, our study also observed weak

dispersal limitations (Soininen, 2012), with Achnanthidium

delmontii being the dominant species throughout the watershed
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and belonging to nested species. Normally, the downstream

dispersal limitations will be less due to better connectivity

(Demars and Harper, 2005; Gothe et al., 2017), and even among

the idiosyncratic species, the dominant species in both the mid- and

downstream was Melosira varians in the TIL. Weak dispersal

limitation represents greater ability to exchange individuals

between sampling sites, and the more obvious the homogeneity of

the communities (Lopes et al., 2014). Therefore, our study suggested

that when the spatial scale is smaller, the nestedness of communities

may be more pronounced. A higher variety of idiosyncratic species

and number of idiosyncratic sampling sites were found in the

upstream than in the mid- and downstream. This also verifies

that the increased heterogeneity of the upstream environment may

promote changes in diatom community composition, which is

important for the conservation of regional diversity (Jyrkankallio-

Mikkola et al., 2018).

In terms of spatial structure, the absence of a direct source of

colonist in the upstream and the limited ability to receive migrants

may lead to a high degree of spatial turnover in the species

composition of upstream sites (Clarke et al., 2008; Miyasono and

Taylor, 2013; Heino et al., 2015). In the context of benthic diatoms,
FIGURE 7

Standardized regression coefficients of model predictors and associated 95% confidence intervals for nestedness (T) at nested sites (n=96).
Standardized regression coefficients are generated from model-averaging procedures and are averaged across all of the threshold values. Predictors
that have confidence intervals not crossing the zero line are significant (p < 0.05).
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seasonality also plays a significant role in shaping spatial patterns of

turnover and nestedness. Therefore, it is crucial for future research

to investigate their nestedness patterns across multiple rivers and

seasons, aiming to uncover the underlying factors that influence

these patterns. Furthermore, studying the functional characteristics

of both nested and idiosyncratic species will provide valuable

insights into the distribution patterns of diverse biological taxa, as

well as the mechanisms driving these patterns in different spatial

and temporal dimensions. Overall, the relative influence of

environmental and spatial filtering on community structure varies

across seasons, and future research on assemblage communities

should aim to reveal the mechanisms that influence community

assemblages in rivers.
5 Conclusion

Nestedness is the characteristic of metacommunities and is

relatively common in aquatic communities. In our study, we found

that the benthic diatom assemblage community in the near-natural

catchment of the TIL exhibited a distinct nestedness pattern.

Idiosyncratic sites exhibited greater spatial heterogeneity in

community composition, while nested sites demonstrated a more

uniform distribution of species richness across a variety of habitats.

Whereas spatially structured upstream areas may possess typical

habitats more suitable for different types of diatoms, not only

because of the higher environmental heterogeneity in the upstream

compared to other river reaches, but also because a higher number of

idiosyncratic species was found in the upstream areas. These

idiosyncratic species typically had wider niche widths, and the

abundance of idiosyncratic species was especially most pronounced

in medium attachment species. Overall, our study showed that there

are diverse relationships between the attachment ability of species

and the nestedness of communities, and that the effects of ecological

traits and environmental variables need to be considered together.

Our study provides important insights into the intricate patterns of

nestedness within benthic diatom communities and underscores the

necessity for additional studies to gain a comprehensive

understanding of the factors influencing nestedness and

community structure in aquatic ecosystems.
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