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Abstract
Human-induced global change dramatically alters individual aspects of river biodi-
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versity, such as taxonomic, phylogenetic or functional diversity, and is predicted to
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dependencies are critical to human well-being. Until now, however, most studies
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lead to losses of associated ecosystem functions. Understanding these losses and
have only looked either at individual organismal groups or single functions, and little is known on the effect of human activities on multitrophic biodiversity and on
ecosystem multifunctionality in riverine ecosystem. Here we profiled biodiversity
from bacteria to invertebrates based on environmental DNA (hereafter, ‘eDNA’) samples across a major river catchment in China, and analysed their dependencies with
multiple ecosystem functions, especially linked to C/N/P-cycling. Firstly, we found a
spatial cross-taxon congruence pattern of communities' structure in the network of
the Shaying river, which was related to strong environmental filtering due to human
land use. Secondly, human land use explained the decline of multitrophic and multifaceted biodiversity and ecosystem functions, but increased functional redundancy
in the riverine ecosystem. Thirdly, biodiversity and ecosystem function relationships
at an integrative level showed a concave-up (non-saturating) shape. Finally, structural
equation modeling suggested that land use affects ecosystem functions through
biodiversity-mediated pathways, including biodiversity loss and altered community
interdependence in multitrophic groups. Our study highlights the value of a complete
and inclusive assessment of biodiversity and ecosystem functions for an integrated
land-use management of riverine ecosystems.
KEYWORDS

biodiversity, ecosystem functions, functional diversity, land use, phylogenetic diversity, river
networks, taxonomic diversity
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1 | I NTRO D U C TI O N

LI et al.

all ecosystem functions (as the enzymes are exhibiting the functions encoded in genes), but also reflect the role of microbiota in

Rivers are an important ecosystem for diverse life forms on Earth

the transfer of matter and energy from low to high trophic level in

and provide invaluable goods and services for mankind (Vörösmarty

ecosystems. However, it remains unclear how these multiple and key

et al., 2010). Unfortunately, catastrophic declines in biodiversity

ecosystem functions are driven by human land use in rivers.

caused by human activities have been observed, with decreases in

Biodiversity, ecosystem functions, and their links are all directly or

species' populations over 80% since 1970 in freshwater (WWF, 2018).

indirectly regulated by specific-species interactions. Understanding

The declines have mainly been related to land-use change, pollution,

and integrating of biodiversity within and across trophic levels is highly

damming and fragmentation (Best, 2019; Grill et al., 2019). Particularly,

relevant in a biodiversity–ecosystem function (B-EF) perspective (Duffy

the marked changes in the global landscape led by expansion and

et al., 2007; Eisenhauer et al., 2019; Wang & Brose, 2018). In recent de-

intensification of land use (Gibbs et al., 2010; Hansen et al., 2013;

cades, the study on B-EF relationships has increased substantially, but

Song et al., 2018) have had dramatic effects on riverine ecosystems

most work has focused on terrestrial ecosystems (Craven et al., 2018;

(Best, 2019; Kominoski & Rosemond, 2012), including direct loss of

Schuldt et al., 2018; Soliveres et al., 2016; Wang et al., 2019). These

species (Dudgeon et al., 2006). Furthermore, changes in riparian vege-

studies have consistently suggested that multitrophic and multifaceted

tation or alteration of natural flow regimes through damming affect the

biodiversity jointly drive ecosystem functions, but the direction and in-

retention of organic matter in rivers, and subsequently alter ecosystem

tensity of the B-EF relationships vary across ecosystems. By contrast,

processes (e.g., transfer of matter and energy; Gounand et al., 2018;

aquatic ecosystems have received less attention (Daam et al., 2019;

Grill et al., 2019; Kominoski & Rosemond, 2012). However, to date, we

Little et al., 2020; Vaughn, 2010), and most of the available studies

still lack a comprehensive perspective on how human land use impacts

were limited to micro- or mesocosms models (Cardinale et al., 2002;

biodiversity and ecosystem functions in rivers.

Jabiol et al., 2013; Pennekamp et al., 2018). Because effects of biodi-

Improving biodiversity data is among the most central steps to

versity loss themselves depend on the abiotic and biotic context and

reveal the human-induced species loss and their respective roles in

the spatial scale (Bond & Chase, 2002; Chase & Leibold, 2002; Daam

ecosystem processes (Altermatt et al., 2020). Although biodiversity

et al., 2019; Vaughn, 2010), non-trivial dependencies are expected,

variables include taxonomic, phylogenetic, and functional attributes,

especially in heterogeneous and highly spatially structured river net-

most studies have focused on generic taxonomic diversity measures

works (Altermatt, 2013; Shao et al., 2019).

(usually measured as species richness or abundance), but ignoring the

Here we assessed biodiversity across major domains of life and

evolutionary lineages connecting all species (phylogenetic diversity;

ecosystem functions in a 40,000 km2 region in the Shaying River

Faith, 2006) and the growth forms and resource use strategies of spe-

basin (part of the Huai River) in China. Multitrophic biodiversity,

cies (functional diversity; Menezes et al., 2010). These three aspects of

including invertebrates, protozoa, fungi, algae, and bacteria, were

biodiversity do not necessarily relate to each other, may have contrast-

obtained using environmental DNA (eDNA) technologies. eDNA

ing effects on ecosystem functions (Le Bagousse-Pinguet et al., 2019),

technologies have rapidly advanced in their methodological develop-

and may vary differently along spatial and environmental gradients

ment, with assessment of species' abundance or biomass being still

(Jarzyna & Jetz, 2016). Furthermore, complete biodiversity assess-

more challenging than assessing species' presence/absence (Deiner

ments should include multidimensional perspectives, such as across

et al., 2017). We take full advantage of the method to capture the

taxonomic and functional groups, to better understand ecosystem

complete biodiversity and to identify the spatial hierarchic structure

functions (Eisenhauer et al., 2019). However, most studies only looked

of communities in rivers (Altermatt et al., 2020; Carraro et al., 2020;

at one or a few groups (e.g., fish, algae, or invertebrates), which do not

Deiner et al., 2016), so as to analyze the impact of human land use on

allow recognizing patterns of multitrophic biodiversity in response to

multitrophic biodiversity and its dependencies with ecosystem func-

human land use, and also hinder a complete understanding of the role

tions (e.g., decomposition and enzyme activities). Our study hypoth-

of each group for specific ecosystem functions.

esizes that: (a) increased human land use reduces multitrophic and

Ecosystem functions can be considered as endpoint con-

multifaceted biodiversity and ecosystem functions, yet the direction

sequences of ecological processes regulated by biodiversity

and intensity of their responses may be partially idiosyncratic at in-

(Cardinale, 2011; Cardinale et al., 2012). Biomass and changes in

dividual levels; (b) ecosystem functions are correlated with biodiver-

biomass are some of the most commonly measured ecosystem func-

sity, but their relationships may vary depending on the intensity of

tions, especially in terrestrial plant communities. However, biomass

human land use.

does mostly capture productivity and not necessarily other metrics,
such as decomposition or resource turnover (Gounand et al., 2020).
Therefore, in riverine ecosystem other measures have been proposed, such as decomposition, assessed in leaf litter and cotton-strip
assays (Chauvet et al., 2016; Jabiol et al., 2020). Furthermore, also

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study area and sampling

enzyme activities have been used as metrics to describe ecosystem
functions (Bodmer et al., 2016; Fuß et al., 2017; Schuldt et al., 2018).

This study was conducted in the Shaying River basin, the largest trib-

Enzyme activities not only provide the underlying mechanism for

utary of the Huai River in China. This region has a high population

|

LI et al.

density (>26.4 million people) and intensity of human land use (agriculture, urbanization and industrialization). The whole region can
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2.2 | DNA extraction, PCR amplification,
and sequencing

be divided into three major groups (Figure 1; Tables S1 and S2): an
upland area with a relatively dense riparian vegetation area and

All the filter membrane discs were extracted using DNeasy

mild human imprint (Mild Disturbance region; 5 sites), and two fur-

PowerWater Kit (Qiagen). These eDNA extractions of six replicates

ther lowland areas that are characterized by intense agriculture and

and blank controls were subjected to all subsequent handling. PCR

industry (High Agriculture/Industry region; 7 sites), and by intense

(polymerase chain reaction) assays were performed using three

agriculture (High Agriculture region; 7 sites), respectively. The sam-

primer sets (Amaral-Zettler et al., 2009; Elbrecht & Leese, 2017;

pling scheme adequately reflects the structure of river networks

Klindworth et al., 2013; Muyzer et al., 1993; Table S3) for resolving

(Altermatt et al., 2020; Mächler et al., 2019) and the intensity of

communities of invertebrates, protozoa, fungi, algae, and bacteria.

human land use. Finally, we set up 18 sites across the Shaying River

We added a unique 12 nt nucleotide tag at the 5'-ends of the forward

basin. These sites are located in single tributaries and the further

or reverse primers. All PCRs were carried out in 30 μl reaction mix-

downstream reaches of their intersection, which can capture the hi-

tures following the standard protocol (see Supplementary Note 1 for

erarchic structure of diversity and ecosystem functions.

complete methods on protocol of PCR amplification and sequencing

Field samples were collected across the Shaying River basin in

in the Supporting Information). All PCR products were quantified

April 2018. At each site, three one-liter samples of surface water

and pooled with equimolar quantities for subsequent sequencing.

were collected using sterile bottles (Thermo Fisher Scientific™),

Depending on the PCR amplicon size, sequencing templates were

and immediately transferred to cryogenic incubators with sev-

sequenced in the Ion Proton sequencer (Life Technologies) and

eral ice packs (ca. 0–4°C) until filtration treatment (within 6 hr; Li

Illumina MiSeq PE300 platform (Illumina), respectively.

et al., 2018). We set up six field replicates (or subsamples) per site,
for each of which 300–500 ml volume water (finally ca. 3 L of water
at one site) was filtered using a Millipore 0.45 μm hydrophilic nylon

2.3 | Bioinformatic analysis

membrane (Merck Millipore). All replicates of the eDNA membrane
discs were individually placed in 5.0 ml centrifugal tubes, then im-

Raw reads generated by Ion Proton and Illumina sequencer were fil-

mediately frozen and stored at −20°C until DNA extraction. At each

tered through a series of quality control steps using QIIME toolkit

site, blank controls were taken using autoclaved tap water (filtered

(Caporaso et al., 2010; Table S4). First, read quality was assessed

300 ml) to monitor possible contaminants.

using fastx_toolkit. For sequencing reads generated by Illumina

F I G U R E 1 Overview and detailed map of the Shaying River basin showing the sampling sites, waterflow direction, and outlet location
(a). Photographs are shown for rivers at different regions: stream (upland stream, Mild Disturbance, site Lihe; b), tributary (plain agricultural
region, High Agriculture/Industry, site Qingliu; c) and main stem (plain agricultural region, High Agriculture, site Shaying; d). Site codes are as in
Table S1 [Colour figure can be viewed at wileyonlinelibrary.com]
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MiSeq PE300 platform, forward and reverse sequences were

species traits and functional metrics calculation have been described

merged together using “-fastq_mergepairs” script with the default

(see Supplementary Note 3 for complete methods on functional

settings following USEARCH7 pipeline. Then, low-quality reads in

traits in the Supporting Information, Tables S7–S9).

both sequencers were discarded using “split_libraries.py” script with

To obtain an integrated index reflecting taxonomic (MultiTaxa),

“−w 50 −s 25 -l 100” parameters. Next, sequences were de-replicated

phylogenetic (MultiPhyl), and functional (MultiFunc) diversity across

by removing exact duplicates, and discarded the singletons. PCR chi-

multitrophic groups, we referred to previously published methods

meras were identified using “-uchime_denovo” script with the default

(Schuldt et al., 2018) by averaging the z-score of three kinds of diver-

parameters following USEARCH7 pipeline. All cleaned sequences

sity indices across five groups, respectively (see Supplementary Note

were clustered into OTU (Operational Taxonomic Unit) with 97%

4 for complete methods on multitrophic metrics in the Supporting

nucleotide similarity following the UPARSE pipeline. Taxonomic an-

Information, Figure S1a–d).

notation of each OTU in protozoa, fungi, algae, and bacteria communities were assigned against the Greengenes database (DeSantis
et al., 2006) and the Protist Ribosomal Reference database (Guillou

2.5 | Ecosystem functions

et al., 2013) using “align_seqs.py” script, respectively. For each OTU
in invertebrates community, the taxonomic annotation was assigned

We measured components of key ecosystem processes related to

against a custom reference database (NCBI Genbank database and

energy and nutrient flows across trophic levels in riverine ecosys-

indigenous database) using BLASTN pipeline with ≥98% similarity

tems. Leaf litter (Populus alba) decomposition and cotton strip de-

cut-off. Indigenous database on invertebrates and the summary of

composition were measured, whereby we separated pure microbial

results were presented in the Supplementary Note 2 for complete

decomposition from decomposition also including larger inverte-

methods on barcode library for the Shaying River invertebrates in

brates (Chauvet et al., 2016). Microbial activities were surrogated

the Supporting Information. We kept only those taxa and OTU in

by metrics of four functional enzyme activities that play important

invertebrates community that have been recorded in the Shaying

roles in decomposition processes and nutrient (C/N/P) cycling by

River (Tables S5 and S6).

degrading cellulose (β-glucosidase, β-xylosidase), chitin (chitinase),
and polyphosphates (alkaline phosphatase; Schuldt et al., 2018; Tlili

2.4 | Diversity measures

et al., 2017). All of these components were analyzed and linked to
land-use drivers independently as well as in aggregated multifaceted
way. Aggregated indices on ecosystem multifunctionality (EMF) of

Any taxa and OTU detected in the blank controls were removed

each sample were obtained following a previous study (Maestre

from all subsamples for subsequent analyses. Any OTU with relative

et al., 2012). Briefly, the individually measured functions men-

abundances <0.001% and <10% detection frequency in all subsam-

tioned above were first standardized using the z-score transforma-

ples were discarded, these thresholds were used to clear all OTUs

tion, and were then averaged to obtain a multifunctionality index.

from the extraction and PCR negative controls. Next, OTU with

Details on sample collection, treatment, and formula involved in the

detection frequency <50% among six subsamples in each site were

measurement of ecosystem functions are described herewith (see

discarded. Finally, the remaining OTU of subsamples were merged

Supplementary Note 5 for complete methods on ecosystem func-

as reliable OTU detection in one site, the number of sequences in

tions in the Supporting Information).

subsamples were averaged as the actually detected reads of each

While the EMF index obtained by this simplified approach has

OTU in one site, and the relative abundance of each OTU was used

some limitations (e.g., one function having high values compensating

for subsequent statistical analysis.

for a second function with low values), it provided a straightforward

At each site, the taxonomic (species richness [Chao1 richness],

and easily interpretable measure of the ability of different commu-

Shannon's diversity index [H′], Pielou's evenness index [J′]), and phy-

nities to sustain multiple ecosystem functions. In addition, we also

logenetic (Faith's phylogenetic diversity index [PD]) diversity index

found that there were significant relations among the EMF index and

of five trophic groups were calculated using alpha_diversity.py script

single functional components (Figure S1e). For simplicity, we carried

in QIIME toolkit. Species traits of invertebrates, protozoa, and algae

out the average approach in this study for obtaining the EMF index

were summarized using different functional categories including

of each sample.

body size, reproduction, respiration, food preference, and feeding
habits (Abonyi et al., 2018; Bruno et al., 2019; Usseglio-Polatera
et al., 2000; Yao et al., 2017). Three functional diversity indices were

2.6 | Spatial analysis

calculated to characterize all communities above (Bruno et al., 2019):
functional richness (FRic), Rao's quadratic entropy (FD), and func-

River geospatial parameters, including spatial distance to outlet (to

tional redundancy (FRed). FRic and FD indices were calculated using

the main stem of Huai River) and topological distance between all

the dbFD function in the FD package (Casanoves et al., 2011). FRed

sites, were calculated using the Hydrology Tool, Data Management,

was estimated as the difference between taxonomic diversity

and Network Analysis tools in ArcGIS software (10.2 version). These

(using the Gini–Simpson diversity index) and FD index. Details on

two parameters reflect the inherent properties of river's dendritic

|
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structure, and the flow distance and residence time of water in the

A priori hypotheses were proposed based on the known effects and

river. Digital elevation model (DEM) data (250 m resolution) derived

relationships among human land use, biodiversity, and ecosystem

from SRTM (Shuttle Radar Topographic Mission) V4.1 dataset was

functions (Figure S3). The goodness of fit of the SEM was evaluated

used to delineate watershed boundaries and watercourse using the

using following measures (Rodrigues et al., 2018): the root of mean

Hydrology tool in ArcGIS software. Human land-use raster maps

square error of approximation (RMSEA, ≤0.05), the comparative

(30 m resolution) interpreted from Landsat 8 remote-sensing image

fit index (CFI, ≥0.95), the standardized root-mean-squared residual

in 2018 were used to calculate parameters of land-use patterns. At

(SRMR, ≤0.08), and low chi-square value.

each site, we focused on six buffer regions (at 500 m, 1, 5, 10, 25,
and 50 km radius, see also [Seymour et al., 2016]) for the upstream of
that site, and calculated the percentages of four land-use types (see
Supplementary Note 6 for complete methods on land-use patterns
in the Supporting Information, Figure S2; Table S2). This range describes a continuum of human activities from local to regional scales.

3 | R E S U LT S
3.1 | Spatial patterns of multitrophic biodiversity
and their response to human land use

Land-use parameters in the buffer created above were extracted
through buffer tools in ArcGIS software. All remote-sensing images

A total of 624 invertebrates OTUs, 903 protozoa OTUs, 490 fungi

were downloaded or purchased from the resource and environment

OTUs, 1,008 algae OTUs, and 8,310 bacteria OTUs were obtained

data cloud platform of the Chinese Academy of Sciences (http://

by eDNA method with multiple PCR assays, annotating to 55 phyla,

www.resdc.cn/).

171 classes, 313 orders, 496 families, 785 genera, and 445 species,
respectively (Table S10; Figure S4). Details on the species composi-

2.7 | Statistical analyses

tion of each community were presented in Supplementary Note 7
for eDNA results in the Supporting Information.
Communities' structure across five taxonomic groups had similar

All datasets, including diversity and functional metrics, were stand-

patterns along the spatial distance (from headwater to the outlet;

ardized by z-score transformation (mean of 0 and SD of 1), and were

Figure 2a–e). The significant differences of communities' structure

then used for all statistical analyses. To identify the difference in

across five taxonomic groups among different regions were iden-

land-use types, diversity, and functional metrics between each re-

tified by PERMANOVA test (pseudo-Finvertebrates = 2.237, p = .007;

gion, one-way analysis of variance tests was conducted, followed

pseudo-Fprotozoa = 1.751, p < .031; pseudo-Ffungi = 3.011, p = .007;

by post hoc Bonferroni tests. To test the variation of communi-

pseudo-Falgae = 2.656, p < .011; and pseudo-Fbacteria = 1.356,

ties' structure among three regions, non-metric multidimensional

p = .051). The dissimilarity in communities' structure (β diversity)

scaling (nMDS) ordination based on Jaccard (invertebrates) and

increased following the increase of river networks topological dis-

Bray–Curtis (protozoa, fungi, algae, and bacteria) dissimilarity ma-

tance between sites (Figure 2f; Figure S5).

trices were used (Anderson, 2001; Clarke, 1993), and the significant

Most measures of taxonomic diversity (Chao1 richness, Shannon

differences were tested by permutational multivariate analyses of

diversity, and Pielou's evenness), phylogenetic diversity, functional

variance (PERMANOVA) with the Monte Carlo 999 permutations

richness (FRic), and diversity (FD) were highest in Mild Disturbance

test in PRIMER-e (version 7) with PERMANOVA+ add-on software

region (Table S11). Functional redundancy (FRed) of invertebrates

(PRIMER-E Ltd).

and protozoa was highest in High Agriculture/Industry region, which

To analyze the significant correlation between communities'

was on average 18% and 13% higher than other two, respectively.

dissimilarity and topological (along the river networks) or land-use

Although the individual aspects of diversity responses to human

distance (the difference between any two sites of land-use data),

land use were partially idiosyncratic, their response at overall levels

a Mantel test was performed using the “Kendall tau” correlation

showed a clear and consistent pattern of a loss in biodiversity at an

method, incorporating 999 permutations (Mantel, 1967). To explore

increasing land-use intensity (Figure 3a–f; Figure S6; only functional

bivariate relationships between each biodiversity and ecosystem

redundancy showed an opposite pattern). The impact of both crop-

functions, generalized linear mixed-effects models (GLMM) were

land and impervious cover on biodiversity in the 5 km buffer region

separately fitted. We used the Akaike information criterion cor-

was higher than other buffer regions, followed by the 10 km buffer

rected (AICc) to select the most parsimonious models with the low-

region. In addition, β diversity also increased with the increase of

est value (ΔAICc ≤ 2) using the “lme” package (Pinheiro et al., 2020) in

human land-use intensity (Figure 3g,h; Figure S7).

R platform (R Core Team, 2018). AICc is a second-order bias correction to Akaike's information criterion for small sample size.
Structural equation modeling (SEM) was performed with the
“lavaan” package (Rosseel, 2012) in the R platform to infer possible

3.2 | Ecosystem functions and its dependence on
biodiversity

direct or indirect effects of human land use on biodiversity and ecosystem functions. Before modeling, we did collinearity analyses of all

Leaf litter and cotton strips decomposition were highest in Mild

parameters and excluded the redundant variables (Pearson's r > .7).

Disturbance regions and lowest in High Agriculture/Industry regions

6872
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F I G U R E 2 Ordination plots of invertebrates (a), protozoa (b), fungi (c), algae (d), and bacteria (e) community structure and the relationships
between communities' dissimilarity (β-diversity) and spatial distance (f) across the river networks. The dots in 2D ordination space indicate
communities' structure at one site in relationship to other sites. Sites located closer to each other share a larger percentage of taxa. Polygons
contain all sites in the same region, and lines in the background show the contour lines of spatial distance (distance to the outlet of each site).
Solid lines indicate the relationships by linear regression fit, shade represents the 95% confidence interval (95% CI), the r2 and r values in the
panel are derived from linear regressions and Mantel's tests, respectively [Colour figure can be viewed at wileyonlinelibrary.com]

(Table S12). Invertebrate-driven decomposition rates of leaf litter

were the stronger predictors of the organic matter decomposition

were higher in Mild Disturbance and High Agriculture regions, com-

and C cycling than protozoa and algae. Phylogenetic and functional

pared to High Agriculture/Industry regions. Furthermore, leaf litter

diversity were more strongly associated to ecosystem functions than

decomposition in High Agriculture/Industry regions and the cotton

taxonomic diversity. For example, functional diversity of protozoa

strips decomposition were more associated to microbiota (Figure S8).

and phylogenetic diversity of fungi could better predict the N cycling

Compared with leaf litter and cotton strip decomposition, the dif-

in ecosystems than others. In addition, the direction of these de-

ference in activities of four enzymes among three regions was not

pendencies in single groups was largely consistent with the direction

obvious (Table S12). Overall, the reduced ecosystem functions were

of multitrophic drivers (e.g., MultiTaxa, MultiPhyl and MultiFunc) in

correlated with an increased land-use intensity, however, the inten-

multifunctionality analyses. The B-EF relationships at an integrative

sity and direction of the response of individual function were not

level were concave-up (non-saturating) over the parameter space

consistent (negative, positive, or flat; Figure S9). For example, de-

looked at (Figure 4b–d).

composition and C-cycling enzymes' activities decreased with the
increase of human land use, while alkaline phosphatase and chitinase
activity increased or showed no dependency, respectively.
Metrics on biodiversity were directly and positively related to

3.3 | Effects of human land use on ecosystem
functions via biodiversity-mediated pathways

most ecosystem functions, but diverse dependencies were observed
(Figure 4a). For example, most metrics in taxonomic, phylogenetic,

Human land use indirectly affects ecosystem functions through

and functional diversity were positively correlated with functional

multiple pathways of biodiversity changes (Figure 5). Firstly, human

metrics (e.g., organic matter decomposition, C/N cycling), but were

land use had negative impacts on diversity of all taxonomic groups,

negatively correlated with metrics on P cycling and functional

which reduced ecosystem functions. For example, cropland had

redundancy. For single groups, invertebrates, fungi, and bacteria

a stronger negative drive on invertebrates (standardized path

LI et al.
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F I G U R E 3 Effects of human land use on taxonomic (a, d), phylogenetic (b, e), and functional (c, f) diversity at multitrophic groups at six
buffer regions, and relationships between β diversity (based on Jaccard or Bray–Curtis dissimilarity matrix) and land-use distance in 5 km
buffer region (g, h). Land-use distance refers to the difference between any two sites of land-use data. Solid lines indicate the relationships
by polynomial regression fit, shaded areas represent the 95% CI, the r2 and r values in the panel are derived from linear regressions and
Mantel's tests, respectively. “MultiTaxa,” “MultiPhyl,” and “MultiFunc” are the integrated metrics reflecting taxonomic, phylogenetic, and
functional diversity across multitrophic groups, respectively [Colour figure can be viewed at wileyonlinelibrary.com]

coefficient = 0.41; p < .001) and fungi (standardized path coeffi-

ecosystem functions. We still found that invertebrates, fungi, and

cient = 0.46; p = .021), and impervious cover had more restrictions

algae were at the central (have strong and dense paths) of all the

on invertebrates (standardized path coefficient = 0.38; p < .001)

regulatory pathways by which human land use affects ecosystem

and algae (standardized path coefficient = 0.30; p = .007). Secondly,

functions. The C cycling was driven directly and positively by inver-

human land use affected the community interdependence in multi-

tebrates, fungi, and algae, the N cycling was positively influenced

trophic groups, thereby reducing ecosystem functions. For instance,

by more groups (except invertebrates), and only fungi and bacte-

invertebrates and protozoa were directly involved in shaping algae

ria are significantly linked to P cycling, but the links were negative.

and fungi in these regulatory pathways and thus indirectly mediated

Overall, the data fitted our model well (RMSEA = 0.028, CFI = 0.977,

6874
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F I G U R E 4 Biodiversity and ecosystem function relationships. The top panel shows the predictors' standardized estimate for ecosystem
multifunctionality and carbon, nitrogen, and phosphorus cycling (a). Red bubbles represent monotone negative effects, blue bubbles indicate
monotone positive effects, gray bubbles belong to non-monotone effects, and the size of bubbles gives the strength of the relationships.
“MultiTaxa,” “MultiPhyl,” and “MultiFunc” are the integrated metrics on taxonomic, phylogenetic, and functional diversity across multitrophic
groups, respectively. “Inver,” “Protz,” and “Bact” present the invertebrates, protozoa, and bacteria, respectively. “FRic,” “FD,” and “Fred”
are for the functional richness, functional diversity, and functional redundancy of community, respectively. “-ktotal,” “-kinvertebrate,” and
“-kmicrobial” are for the total, invertebrate-driven, and microbial-driven decomposition rates of leaves and cotton strips, respectively. Solid
lines in the below panels show the relationships between taxonomic (b), phylogenetic, (c) and funcional (d) diversity of multitrophic groups
and ecosystem multifunctionality with the 95% CI in shade [Colour figure can be viewed at wileyonlinelibrary.com]

SRMR = 0.053), all the pathways accounted for 65% of C cycling

activities on biodiversity. Cross-taxon congruences of spatial patterns

variation, 46% of N cycling variation, and 45% of P cycling variation

of communities' structure occurred among five organismal groups at

in riverine ecosystems, respectively.

large spatial scales from headwater to the outlet. Most measures of
taxonomic, phylogenetic, and functional diversity of invertebrates,

4 | D I S CU S S I O N

protozoa, fungi, algae, and bacteria consistently decreased, while
functional redundancy and β diversity increased along an increasing
level of human land-use intensity. In a traditional understanding, dif-

Using eDNA-based data on multitrophic biodiversity in the Shaying

ferent taxonomic groups are thought to have unique spatial patterns

river basin, we found strong and consistent fingerprints of human

in river networks due to the distinct dispersal properties of certain

LI et al.
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F I G U R E 5 Structural equation modeling (SEM) shows the direct and indirect effects of human land use (cropland and impervious cover
in 5 km buffer region) on river biodiversity and ecosystem functions. We hypothesized that human land use indirectly affects ecosystem
functions by changes in biodiversity. The model fit the data well (root mean square error of approximation, RMSEA = 0.028; comparative
fit index, CFI = 0.977; standardized root-mean-squared residual, SRMR = 0.053). The red and blue arrows indicate the negative and positive
effects, respectively, and the dashed gray arrows represent non-significant effects. The numbers on the arrows are the standardized
coefficients, which represent the strength of the effect of one factor on another. The width of arrows is weighted according to standardized
path coefficients, and the percentage values in the bracket indicate the total explanation of the total variation based on the endogenous
variables modeled [Colour figure can be viewed at wileyonlinelibrary.com]
taxonomic groups (He et al., 2020; Liu et al., 2013; Tonkin et al., 2018).

function. For example, leaf litter diversity promotes the litter de-

For example, microbiota are mainly controlled by local environmental

composition (Santschi et al., 2017). However, an increase of human

factors and thus exhibit a spatial pattern of greater species diversity in

land use reduces the riparian vegetation coverage and diversity,

headwater than downstream (Besemer et al., 2013; Savio et al., 2015),

followed by a decrease of leaf litter diversity, ventually leading to

while fish and insects have a higher biodiversity in the downstream

a decline of leaf litter decomposition. Secondly, human land use

than in the upstream due to their strong dispersal capacity in the

could negatively affect biodiversity, which subsequently has neg-

river networks (Altermatt, 2013; Shao et al., 2019). However, it has

ative effects on ecosystem functions. Actually, biodiversity and

recently been suggested that environmental variables outperform

ecosystem functions are directly and positively correlated across

the spatial factors in structuring algal community in river networks

the whole Shaying riverine network (Figure 4), and the highest val-

(Jamoneau et al., 2018; Wu et al., 2018). A microcosm model study has

ues of biodiversity and ecosystem functions were spatially highly

also demonstrated that disturbances reverse the commonly expected

correlated (Tables S11 and S12). Human land-use change (e.g., de-

spatial pattern of diversity in river-like networks (Harvey et al., 2018).

forestation and increased impervious cover) reduces the supply of

Together, these human-induced new spatial patterns do not only af-

terrestrial C (e.g., leaf litter) to riverine ecosystems and declines

fect single taxonomic groups, but may also restructure the entire food

the retention of organic matter in watercourses, which leads to

web (Bartley et al., 2019).

a simultaneous decline in biodiversity, such as invertebrate and

Ecosystem functions were significantly reduced by intensive

fungi, and then ecosystem function such as metabolism (Kominoski

human land use. For example, leaf litter or cotton strip decompo-

& Rosemond, 2012; Marks, 2019). Furthermore, the negative rela-

sition significantly decreased with an increase in human land use.

tionships between functional metrics and human land use provide

The results could be explained by multiple mechanisms. Firstly,

an important indicative information for the assessment of the eco-

the direct effect is that an increasing human land use is chang-

logical status using functional indicators. The functional metrics

ing availability of resources/nutrients for a certain ecosystem

are more spatially stable, and often reflect the endpoint effect of
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ecosystem processes. For example, enzyme activities (including

regulatory pathways (Figure 5), which indicate the potential top-

β-glucosidase, β-xylosidase, and chitinase) had strong positive cor-

down and bottom-up regulations of ecosystem functions by biodi-

relations with organic matter decomposition (see Figure S1e). The

versity in the river's diverse food web.

alkaline phosphatase was almost negatively correlated with metrics on diversity and functions. This unique property is associated
with changes in water quality. For example, alkaline phosphatase

5 | CO N C LU S I O N S

positively correlated with turbidity, chemical oxygen demand, and
chlorophyll a (Yuan et al., 2017), meaning that regions with high

The Shaying riverine ecosystem has been affected by human land

disturbance may have higher phosphatase activity. Our data con-

use in several ways: (a) a spatial cross-taxon congruence pattern

firm this hypothesis, and show that phosphatase activity was high-

was formed by the homogenization of multitrophic communities;

est in High Agriculture/Industry region (see Table S12).

(b) multitrophic and multifaceted biodiversity were reduced, but

Biodiversity and ecosystem functions were positively cor-

functional redundancy was increased; (c) ecosystem functions de-

related at integrative levels, and even have a non-saturating

clined indirectly due to the biodiversity loss and altered community

(concave-up) shape over the parameter range of B-EF relationships

interdependence in multitrophic groups. Importantly, these effects

observed in the Shaying riverine ecosystem. This is closely linked

by human land use were not mutually exclusive or completely syn-

to the increase of comprehensive metrics on multitrophic and mul-

ergistic in riverine ecosystems. Overall, our study illustrates that the

tifaceted biodiversity. For example, taxonomic, phylogenetic, and

complex interactions between human land use and biotic factors

functional diversity had positive associations with functional met-

jointly shape multitrophic communities and ecosystem functions

rics. Phylogenetic and functional diversity had better prediction

across an entire catchment, and how the outcome of those inter-

for C/N enzymes activities than taxonomic diversity, and the mul-

actions generates the specific context that allow each taxonomic

titrophic metrics have stronger dependence on ecosystem func-

group to survive or not, leading to large spatial-scale variation in

tions (Figure 4). While ecosystem functions must logically saturate

communities' structure and ecosystem functions.

at some level, our results indicate that the parameter space studied is not yet reaching this eventual saturation (similarly to initial
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