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1  | INTRODUC TION

The biodiversity–ecosystem functioning relationship (BEF) has re-
ceived considerable research attention in ecological studies over the 
past several decades (Ammer, 2019; Duffy, Lefcheck, Stuart-Smith, 
Navarrete, & Edgar, 2016; Isbell et al., 2015; Le Bagousse-Pinguet 

et al., 2019; Lefcheck & Duffy, 2015; Tilman, Isbell, & Cowles, 2014) 
as researchers seek to gain a better understanding of the effects 
of ongoing biodiversity loss (Alroy, 2017; Giam, 2017) on eco-
system functioning (Chapin et al., 2000; Duffy, 2009; Hooper 
et al., 2012; MacDougall, McCann, Gellner, & Turkington, 2013; 
Naeem, Thompson, Lawler, Lawton, & Woodfin, 1994). The BEF 
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Abstract
Aim: We examined the diversity–biomass relationship in stream fish communities 
and quantified direct and indirect effects of abiotic variables on this relationship.
Location: France.
Time period: 1992–2012.
Major taxa studied: Stream fishes.
Methods: We analysed the relationship between biodiversity (species richness and 
functional diversity) and fish community biomass at 1,357 stream sites distributed 
throughout France. We used piecewise path analysis to quantify effects of abiotic 
and biodiversity variables on biomass and assess relative contributions of native and 
non-native species on the diversity–biomass relationship.
Results: Biodiversity showed a direct positive relationship with biomass after con-
trolling for sampling effort, and direct effects of biodiversity variables on community 
biomass exceeded those of climate and physical habitat variables. Our analysis indi-
cates that positive effects of species richness on biomass exceeded those of func-
tional diversity. Indirect effects of abiotic variables mediated by biodiversity metrics 
indicated that biomass increased in warmer, lowland habitats. Human impact had 
no effect on native biodiversity but had a positive effect on non-native biodiversity.
Main conclusions: We provide evidence that direct effects of biodiversity on com-
munity biomass outweigh those of abiotic variables in riverine fish communities, but 
resource partitioning alone is unlikely to drive the effects of biodiversity on biomass 
in this system. Quantification of the relative roles of anthropogenic impacts, biodi-
versity and environmental context in the regulation of ecosystem functioning will be 
necessary to understand the potential consequences of ongoing global change.
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describes how ecosystem functioning varies as a direct consequence 
of the level of biodiversity in a given system (Tilman, Lehman, & 
Thomson, 1997). Extensive literature on this topic generally supports 
a positive BEF (Cardinale et al., 2007; Hooper et al., 2005; Loreau 
et al., 2001) that may arise through a variety of mechanisms. For 
example, positive effects of local biodiversity on ecosystem func-
tioning may arise via niche partitioning that enhances the efficiency 
of resource use in biodiverse systems (i.e., niche complementarity; 
Tilman et al., 1997). Alternatively, biodiverse communities may be 
more likely to contain species that are highly productive in local 
environmental conditions; and therefore, increased biodiversity 
may promote ecosystem functioning via “selection effects” (García, 
Bestiona, Warfielda, & Yvon-Durochera, 2018; Isbell et al., 2018; 
Loreau, 2000; Loreau et al., 2001; Tilman et al., 1997).

Functional traits have become a key component of studies in-
vestigating BEF because they characterize how organisms interact 
with their abiotic and biotic environment (Petchey & Gaston, 2006) 
and are therefore useful to test the existence of niche-based mech-
anisms for postive BEF (Cadotte, 2017; Cardinale et al., 2012). 
Direct comparisons of functional and taxonomic diversity metrics 
on ecosystem functioning often indicate that functional effects can 
outweigh those of their taxonomic counterparts, supporting predic-
tions of the niche complementarity hypothesis (Gagic et al., 2015; 
Lefcheck & Duffy, 2015; Mokany, Ash, & Roxburgh, 2008). However, 
taxonomic diversity is also important to consider because it can re-
veal effects of biodiversity on ecosystem functioning that may arise 
independently of functional diversity properties. For example, the 
effects of species richness on ecosystem functioning may exceed 
those of functional metrics if niche differences among co-occurring  
species rely upon variables unrelated to functional traits or are 
not related to traits used to quantify functional diversity metrics 
(Craven et al., 2018). Therefore, adequate assessment of BEF may 
benefit from incorporating both functional and taxonomic diversity 
metrics to account for multiple pathways through which biodiver-
sity may enhance ecosystem functioning (Cadotte, Carscadden, & 
Mirotchnick, 2011; Roscher et al., 2012).

Abiotic factors that affect the magnitude of biodiversity in a sys-
tem are also important to include in BEF analyses (Cardinale, Nelson, 
& Palmer, 2000; Fornara & Tilman, 2009; Hooper et al., 2005). For 
example, gradients in climate (Lavers & Field, 2006; Ma et al., 2010) 
and topography (Belote, Prisley, Jones, Fitzpatrick, & de Beurs, 2011; 
Homeier, Breckle, Günter, Rollenbeck, & Leuschner, 2009) are 
well-established drivers of diversity; and anthropogenic impacts 
may cause deviations from BEF observed in undisturbed commu-
nities (Allan et al., 2015; Flynn et al., 2009; Mayfield et al., 2010). 
Considering the many factors that may influence BEF in natural sys-
tems, documenting these interrelationships is crucial to understand 
the potential impacts of global change and biodiversity loss on eco-
system functioning (Allan et al., 2015; Loreau et al., 2001; Srivastava 
& Vellend, 2005).

Despite the extensive literature supporting a positive BEF, two 
main limitations of previous studies prevent broader understand-
ing of the circumstances and contexts in which the relationship 

applies (Kaiser, 2000). First, the majority of BEF studies are based 
on experimental designs involving arbitrarily selected assemblages 
composed of limited numbers of species at relatively small spatial 
scales (Hodgson, Rainey, & Buckling, 2002; Naeem, 2002). Although 
experimental studies are valuable in isolating the effect of biodiver-
sity from other confounding factors, they may overlook important 
processes (e.g., community assembly) or anthropogenic influences 
(e.g., introductions of non-native species) that operate in natural 
systems (Jiang, Wan, & Li, 2009; Lepš, 2004). Understanding the 
relative effects of biodiversity on BEF in natural systems may thus 
be more informative to quantify potential impacts of biodiversity 
loss on ecosystem functioning, compared with experimental designs 
(Duffy, Godwin, & Cardinale, 2017). Second, existing BEF research 
has focused on a limited set of taxonomic groups and systems: 
grassland (Isbell et al., 2011; Lambers, Harpole, Tilman, Knops, & 
Reich, 2004), forest (Forrester & Bauhus, 2016; Jactel et al., 2018; 
Jucker et al., 2014; Liang et al., 2016; Paquette & Messier, 2011), 
aquatic primary producer (Cardinale, 2011; Dodson, Arnott, & 
Cottingham, 2000; Santos, Carneiro, & Cianciaruso, 2015) and ma-
rine fish (Duffy et al., 2016; Mora et al., 2011) communities have 
constituted the taxonomic basis for the majority of research on BEF. 
Expanding analyses to previously understudied systems across a 
range of natural environmental contexts could thus provide addi-
tional insights into the generality of these relationships and poten-
tial benefits of biodiversity conservation for preserving ecosystem 
functioning globally (Srivastava & Vellend, 2005).

Focusing on an understudied group with regard to BEF, we test 
and explore this relationship in stream fish communities. As a model 
study system, we use the extensively sampled streams in France, 
where the wide geographical coverage of surveys encompasses a 
variety of freshwater habitats and thus permits a robust analysis of 
BEF in natural, complex stream systems at a previously uninvesti-
gated extent. We correlate community biomass with biodiversity 
drivers and assess whether biodiversity exerts a stronger influence 
on biomass than environmental variables. Specifically, we test the 
hypothesis that complementary resource use drives the magnitude 
of community biomass in more biodiverse stream communities 
[hereafter, the diversity–biomass relationship (DBR)]. To support this 
hypothesis, we predict that: (a) biodiversity metrics will show a posi-
tive relationship with community biomass in natural stream systems, 
(b) functional diversity effects on biomass will exceed those of spe-
cies richness, and (c) the influences of native biodiversity on biomass 
will be greater than those of non-native biodiversity.

Understanding the role of biodiversity in rivers and streams is 
important because these systems harbour more imperilled species 
per unit area compared with terrestrial and marine environments 
(Balian, Lévèque, Segers, & Martens, 2008; Harrison et al., 2018). 
Maintaining ecosystem functioning in these systems is important 
because of the many ecosystem services freshwaters provide to 
human populations (Dodds, Perkin, & Gerken, 2013); for example, 
maintenance of water quality, in addition to recreational fishing, 
commercial fisheries and aquaculture industries are services pro-
vided by freshwater fish that benefit the public health and economic 
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well-being of human societies (Auerbach, Deisenroth, McShane, 
McCluney, & LeRoy Poff, 2014; Holmlund & Hammer, 1999; Wilson 
& Carpenter, 1999). Although it is largely unknown what role bio-
diversity plays in maintaining ecosystem functions in natural river-
ine environments, experimental evidence indicates that increasing 
aquatic biodiversity promotes better water quality (Cardinale, 2011). 
Therefore, adequate assessment of the threats posed to streams and 
rivers might require an understanding of the extent to which erosion 
of biodiversity might affect ecosystem functioning.

2  | METHODS

2.1 | Data collection

2.1.1 | Fish biodiversity and biomass data

We obtained fish community data from the Office français de la 
biodiversité (OFB) freshwater fish monitoring programme (available 
at http://www.naiad es.eaufr ance.fr/), which surveyed fish commu-
nities from 1977 to 2018 using a standardized electrofishing pro-
tocol based on stream width and depth. We referenced each site 
to its respective watershed, following the French National Service 
for Water Data and Common Repositories Management watershed 
dataset (Sandre, 2018). We restricted our dataset to sites sampled 
by backpack electrofishing using two passes to minimize potentially 
confounding effects of the variable efficiency of different sampling 
gears. In addition to controlling for the number of passes at each site, 

we retained the surface area of the stream reach sampled (sampled 
area) for each survey to control for potential variation in sampling 
effort (Gotelli & Colwell, 2001; Table 1). We restricted our dataset 
temporally to 1992–2012, a period after major climatic shifts across 
Europe in the preceding decade (Reid et al., 2016), and therefore 
these occurrence records are likely to represent similar, contem-
porary climatic conditions. We selected only sampling events from 
low-flow periods (April–September) to minimize potential effects 
of seasonal bias on biomass measures. We also removed surveys 
in which brown trout (Salmo trutta) was the only species recorded 
because these streams are likely to be stocked (Bohling, Haffray, & 
Berrebi, 2016), which might confound our analyses.

Next, we performed additional data-screening procedures for 
statistical considerations. First, for any instance in the dataset where 
a site was surveyed during multiple years, we retained only the most 
recent survey to prevent pseudoreplication. Second, we constrained 
surveys to those with ≥ 100 individuals sampled and watersheds 
containing at least five surveys, to minimize potential biases from 
undersampling within surveys and watersheds, respectively (mean 
number of individuals per site = 697, SD = 859.2; mean site den-
sity per watershed = 0.004 sites/km2, SD = 0.003). To examine the 
sensitivity of our results to potential spatial and temporal variation 
in sampling effort, we assessed effects of alternative survey selec-
tion criteria and found that results were qualitatively similar (i.e., the 
magnitude of predictor variable effects on biomass were compara-
ble; Supporting Information Appendix S1); therefore, we consider 
our results robust to potential sampling biases usual in observational 
studies that may affect inferences regarding biodiversity variables.

Variable Definition Effect Reference

Catchment area Total upstream drainage area (km2; 
log10)

+ a

Free-flowing area Unobstructed river area (km2; lnx+1) + a, b

Functional diversity Functional diversity (Rao's Q) + c

Human impact Human footprint index − c

Native richness Native species richness (lnx+1) + c

Non-native richness Non-native species richness (lnx+1) + c

Precipitation Mean precipitation (mm; log10) + d

Slope Slope along the stream reach (‰) − a

Species richness Total community species richness 
(log10)

+ c

Sampled area Surface area of sampled reach (m2; 
log10)

+ –

Temperature Mean annual temperature (°C) + c

Note: Transformations applied, if applicable, are listed after units, and all variables were additionally 
standardized before analysis.
aGiam and Olden (2018). 
bLoreau et al. (2003). 
cDuffy et al. (2016). 
dPatrick et al. (2019). 

TA B L E  1   Predictor variables included 
in all path models predicting fish biomass 
(weight), including descriptions, units, 
hypothesized direct effects on biomass  
[+ (positive) or − (negative)] and references 
for predicted effects

http://www.naiades.eaufrance.fr/
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In total, the 1,357 sites retained for our analysis spanned a wide 
variety of environments along longitudinal stream gradients (mean 
upstream catchment area = 346.3 km2, SD = 3,019.1) and across wa-
tersheds (75 watersheds out of 184 with a mean area = 2,945 km2, 
SD = 2,310; Figure 1). The substantial environmental variation en-
compassed by the dataset allowed us to achieve a more general un-
derstanding of BEF across a broad diversity of habitats and gradients 
in natural, complex lotic systems.

We selected total standing biomass as a measure of ecosystem 
functioning for each survey because biomass is directly related to 
metabolic constraints on energy use and has previously been used 
as an informative measure of ecosystem functioning for aquatic 
vertebrates (Duffy et al., 2016; Mora et al., 2011). The OFB data-
set provided pooled biomass (weight in grams) measurements for all 
individuals of each species; therefore, we summed biomass across 
all species for each sampling event to estimate the total standing 
biomass in each site.

2.1.2 | Biodiversity metrics

We estimated two biodiversity metrics for each sampling event: 
species richness and functional diversity (Table 1). We calculated 
functional diversity as abundance-weighted Rao's quadratic en-
tropy (Rao's Q; Botta-Dukát, 2005) based on 10 functional traits 
obtained from FishBase (Froese & Pauly, 2018) and the Freshwater 
Information Platform (Schmidt-Kloiber & Hering, 2015; Table 2). We 
selected traits for inclusion based on a priori knowledge of fish func-
tional diversity and potential functional axes along which niche par-
titioning may occur: habitat requirements, life-history strategy and 
trophic position (Duffy et al., 2016). Rao's Q measures functional di-
versity by estimating the dispersion of the community in functional 
trait space as the mean pairwise distance between species in mul-
tivariate trait space defined by principal coordinates analysis axes 
(Botta-Dukát, 2005; Laliberte & Legendre, 2010). It is therefore a 
useful metric to assess potential influences of niche partitioning in 
fish communities, while providing information independent of spe-
cies diversity (Duffy et al., 2016). We used Gower's distance to con-
struct the distance matrix used to calculate Rao's Q to accommodate 
mixed trait data types (Table 2; Gower, 1971). We used the package 
“FD” (Laliberte, Legendre, & Shipley, 2014) to compute Rao's Q in R 
(R Development Core Team, 2018).

In order to assess the relative effects of native versus non-native 
species on DBR, we classified each species in the dataset as native or 
non-native to each river basin according to Tedesco et al. (2017). For 
a small number of species present in small coastal basins (104 occur-
rences out of 18,405 total occurrence records), native status was not 
available at the river basin scale. For these species occurrences, we 
used the United Nations Food and Agriculture Organization (FAO) 
Database on Introductions of Aquatic Species (FAO, 2005) to assign 
native status: species were assigned as native if they were not listed 
on the FAO dataset as being introduced to France. Following that, 
we calculated native and non-native species richness for each site.

2.1.3 | Environmental covariates

To examine the direct and indirect effects of abiotic variables on di-
versity and biomass, we collected data on anthropogenic pressures, 
climate and physical habitat (Table 1). We extracted local (i.e., site-
level) mean annual temperature and precipitation from ClimateEU 
(Hamann, Wang, Spittlehouse, & Murdock, 2013) and averaged an-
nual metrics over the period of analysis (1992–2012) to estimate 
climate conditions. We characterized variation in local instream 
habitat variables associated with the longitudinal position of the 
sampled site along the stream network (e.g., width, depth and ripar-
ian shading; Vannote, Minshall, Cummins, Sedell, & Cushing, 1980) 
using slope and upstream catchment area from the European River 
Catchments Network (European Environment Agency, 2012).

We assessed anthropogenic influences on DBR using the terres-
trial human footprint index (HFI; Venter et al., 2016) value extracted 
at each site (larger value = greater human impact) for the year 2009. 
The HFI accounts simultaneously for cumulative impacts from mul-
tiple anthropogenic pressures (e.g., agriculture, urbanization, naviga-
ble waterways; Venter et al., 2016). We also assessed whether our 
results were more sensitive to HFI values corresponding to the be-
ginning of our studied period by re-evaluating our models using HFI 
values from 1993. We found that results using 1993 and 2009 HFI val-
ues were qualitatively similar (Supporting Information Appendix S2);  
therefore, we report only those results obtained using 2009 HFI in 
the main text.

In addition to external terrestrial stressors, freshwaters may ex-
perience unique stressors, such as impoundment (damming) of wa-
terways, which may restrict fish movement. To account for potential 
influences of river fragmentation on DBR (hereafter, “free-flow-
ing area”), we obtained the area between artificial structures and 
impoundments of ≥ 1 m height from the French national obstacle 
inventory (ROE database, http://carmen.carme ncarto.fr/66/ka_
roe_curre nt_metro pole.map) complemented with modelled esti-
mations from Januchowski-Hartley, Jézéquel, and Tedesco (2019). 
A larger free-flowing area indicates a greater area of unobstructed 
river and therefore larger habitat availability without constraints 
on fish dispersal. We selected artificial structures of ≥ 1 m height 
because obstructions of this height represent important dispersal 
barriers to many native French fish species and encompass a broad 
variety of alterations to stream habitat imposed by barriers (Baudoin 
et al., 2014).

2.2 | Data analyses

We used piecewise path analysis to examine direct and indirect driv-
ers of the variation in local biomass across stream sites. Path analysis 
is an appropriate method to quantify DBR in observational analy-
ses because it can discriminate between the relative importance 
of multiple covarying factors (Mokany et al., 2008) and account for 
complex interrelationships of predictor variables that affect biomass 
(Patrick et al., 2019). We constructed hypothesized causal models 

http://carmen.carmencarto.fr/66/ka_roe_current_metropole.map
http://carmen.carmencarto.fr/66/ka_roe_current_metropole.map
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(Figure 2; Table 1) for two separate path models: a first one that did 
not discriminate between native and non-native species (hereafter, 
“total biodiversity model”; Figure 2a) and a second where we as-
sessed potential differences between native and non-native species 
richness in driving DBR (hereafter, “partitioned biodiversity model”; 
Figure 2b). This approach did not require a prior specification of 
whether a given directional path was positive or negative.

2.2.1 | Total biodiversity model

To model endogenous piecewise components (biomass, functional 
diversity and species richness), we used linear mixed-effects mod-
els with Gaussian error structures. We incorporated random inter-
cepts based on watershed identity in all endogenous components 
because sites in the same watershed might have more similar re-
sponses owing to similarities in environmental conditions and/or 
species pools. We also included sampled area as a covariate in all 
endogenous piecewise components, which allowed us to quantify 
the influences of predictor variables, while controlling for variation 
in sampling effort. We also assessed whether sampling year might 
affect the results and incorporated year as a covariate; these prelimi-
nary analyses indicated no effect (Supporting Information Appendix 
S3) and therefore we selected for analyses the more parsimonious 
models without the sampling year. Before fitting path models, we 
applied transformations where appropriate to predictor variables 
(see Table 1), log10-transformed biomass and standardized (centred 
to mean = 0 and scaled to SD = 1) all variables to meet assumptions 
of normality of residuals imposed by Gaussian error structures.

We modelled biomass as a function of abiotic and biodiversity 
(species richness and functional diversity) variables plus sampled 
area. Sites within the same regional pool may also exhibit more sim-
ilar responses of biomass to biodiversity effects. Therefore, we as-
sessed the fit of the following candidate random effects structures 
applied to the global (all predictor variables included) biomass model: 
(a) random watershed intercepts, (b) random species richness slopes 
and watershed intercepts, and (c) random functional diversity slopes 
and watershed intercepts. We used the small-sample Akaike infor-
mation criterion (AICc) to select the most parsimonious random ef-
fect structure from the candidate models (i.e., model with the lowest 
AICc).

Next, we modelled species richness as a function of abiotic 
variables and sampled area and modelled functional diversity as 
a function of species richness, abiotic variables and sampled area 
(Figure 2a). We specified a direct path from species richness to func-
tional diversity to reflect the dependency of functional diversity 

F I G U R E  1   Map of fish sampling sites included in the analysis 
across French watersheds (grey polygons). Three maps are shown 
to illustrate the distribution of (a) community biomass, (b) species 
richness and (c) functional diversity (FD)(a)

(b)

(c)
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on species richness (Craven et al., 2018; Duffy et al., 2016; Flynn, 
Mirotchnick, Jain, Palmer, & Naeem, 2011). For each endogenous 
model (n = 3), we verified the absence of collinearity among the full 
suite of predictor variables using variance inflation factors (VIFs < 4; 
Supporting Information Appendix S4).

For relationships between exogenous abiotic variables (catch-
ment area, free-flowing area, human impact, precipitation, slope and 
temperature), we specified all potential paths between variable pairs 
as bidirectional correlations because these variables covary with 
the environmental context determined by the geographical loca-
tion and the position within stream networks (Harvey & Altermatt, 
2019; Vannote et al., 1980). Therefore, relationships between these 
variables are not based on causal mechanisms (Shipley, 2009, 2016). 
For example, annual temperature and human impact are likely to 
be positively related not through causal mechanisms, but because 
they both covary along longitudinal and geographical gradients. We 
treated sampled area in the same manner as exogenous abiotic vari-
ables because sampled area is associated with variables (e.g., stream 
width and depth) that are likewise determined by the regional and 
longitudinal position of the sampling site.

Next, for each endogenous variable, we identified important 
predictors via backward elimination of non-significant (p > .05) 
fixed effects, starting from the full model (Kuznetsova, Brockhoff, 
& Christensen, 2017). To assess the fit of each endogenous linear 

mixed model, we inspected model residuals for the best-fitting mod-
els and scatterplots of response and predictor variables and found 
no evidence of potential nonlinearity with respect to relationships 
between biomass and biodiversity variables with environmental 
predictors (Supporting Information Appendix S5). We examined 
Moran's correlograms from the residuals of the best-fitting biomass 
model and found no evidence of residual spatial autocorrelation 
structure (Supporting Information Appendix S6); therefore, we did 
not consider a spatial correlation structure as part of the random 
effects in the model.

After identification of causal paths between piecewise compo-
nents, we tested whether our final path model provided a good fit 
to the empirical data using the d-sep test, which quantifies whether 
unconnected variables are indeed independent after accounting for 
the influence of other variables in the model (Shipley, 2016). The 
d-sep test entails: (a) decomposing the causal path model into a 
series of k conditional independence claims, (b) testing the validity 
of each claim using appropriate statistical methods, (c) combining 
p-values from each claim to obtain the Fisher's C statistic, and (d) 
testing C against a χ2 distribution with 2k degrees of freedom (see 
Shipley, 2016). If the p-value from the d-sep test is not significant 
(p > .05), this indicates that effects in the path model are condition-
ally independent; therefore, the path model provides an adequate fit 
to the data (Shipley, 2016).

Trait Category Type Units or levels

Vertical feeding 
position

Troph Multichoice nominal Benthic, surface

Adult trophic guild Troph Nominal Invertivore, 
invertivore–piscivore, 
piscivore, omnivore, 
herbivore–detritivore

Maximum total 
length

Rep Continuous Centimetres (log10)

Substrate affinity Env Multichoice nominal Fine, coarse, rocky, 
vegetation

Habitat affinity Env Multichoice nominal Creek, small river, large river, 
lake, spring

Altitudinal affinity Env Multichoice nominal Lowland, montane, upland

Velocity preference Env Multichoice nominal Fast, moderate, slow

Maximum total 
fecundity

Rep Continuous Number of eggs (log10)

Spawning season 
length

Rep Continuous Number of months

Reproductive guild Rep Nominal Broadcast spawner (non-
guarder), brood hider 
(non-guarder), substrate 
chooser (guarder), nest 
builder (guarder), substrate 
indifferent

Note: The category indicates the facet of functional diversity represented by each trait 
(Env = environmental/habitat requirements; Rep = reproductive/life history; Troph = trophic/diet). 
Multichoice nominal variables indicate categorical traits for which a species can be assigned to 
multiple categories.

TA B L E  2   Functional traits used in the 
functional diversity analyses
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2.2.2 | Partitioned biodiversity model

We then examined more specifically how non-native species might 
affect pathways of community biomass within the partitioned biodi-
versity model. We maintained the same hypothesized causal model 
structure as in the total biodiversity model explained above, but 
separated species richness into native and non-native species rich-
ness components. For the biomass model, we used AICc to select the 
optimal random effects structure from four candidate structures: (a) 
random watershed intercepts, (b) random slopes for native species 
richness and watershed intercepts, (c) random slopes for non-native 
species richness and watershed intercepts, and (d) random slopes 
for functional diversity and watershed intercepts. We specified di-
rect paths from native and non-native species richness to functional 

diversity to assess the relative effects of native versus non-native 
species in driving functional diversity. Additionally, we incorporated 
a bidirectional correlation between native and non-native species 
richness because the relationship between these two variables is 
unresolved (Brown & Peet, 2003; Fridley et al., 2007). Model selec-
tion and d-sep test methods for the partitioned biodiversity model 
followed those used in the total biodiversity model.

We used the packages “lme4” (Bates, Maechler, Bolker, & 
Walker, 2015), “lmertest” (Kuznetsova et al., 2017), “MuMIn” 
(Barton, 2019) and “piecewiseSEM” (Lefcheck, 2016) to fit and 
evaluate linear mixed-effects models and piecewise path models 
in R.

3  | RESULTS

3.1 | Total biodiversity model

The final total biodiversity model fitted the data adequately (C = 7.78, 
14 d.f., p = .90; Figure 3a; Supporting Information Appendix S7). The 
results indicated regional variation in the response of biomass to 
species richness, as shown by an optimal random effect structure 
of random intercepts and random slopes for species richness across 
watersheds. After controlling for sampling effort, biodiversity vari-
ables (species richness and functional diversity) were direct, posi-
tive drivers of biomass (Figure 3a). The cumulative direct effects of 
biodiversity on stream fish biomass exceeded those of abiotic vari-
ables (Figure 4a). Biomass also increased as a direct consequence 
of precipitation and human impact and increased with decreasing 
temperature (Figure 3a).

Species richness increased with increasing temperature, 
free-flowing area and human impact and decreased with increasing 
precipitation and slope. Functional diversity increased with increas-
ing temperature and precipitation and decreased with increasing 
catchment area. Species richness showed a strong, positive relation-
ship with functional diversity.

Precipitation had opposing indirect and direct effects; how-
ever, the overall effect of precipitation on biomass was positive 
(Figure 4a). Temperature also had opposing indirect and direct ef-
fects; however, indirect positive effects of temperature on biomass 
exceeded the direct, negative effects (Figure 4a). Overall, catchment 
area, free-flowing area and temperature had indirect positive effects 
on biomass, whereas precipitation and slope had indirect negative 
effects on biomass, all of which were mediated through species rich-
ness and/or functional diversity (Figures 3a and 4a).

3.2 | Partitioned biodiversity model

The partitioned biodiversity model also provided an adequate fit 
to the data (C = 23.42, 20 d.f., p = .269; Supporting Information 
Appendix S7). The results indicated regional variation in the re-
sponse of biomass to native species richness, as shown by an optimal 

F I G U R E  2   Hypothesized path models showing all potential 
direct and indirect relationships of predictor variables on biomass 
for (a) the total biodiversity path model and (b) the partitioned 
biodiversity path model. Black lines show direct effects of 
endogenous variables, dashed grey lines illustrate combined effects 
of exogenous abiotic variables, and double-headed arrows illustrate 
bidirectional relationships. Paths between exogenous abiotic 
variables, all of which are treated as bidirectional correlations, are 
omitted

(a)

(b)
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random effects structure based on random watershed intercepts 
and random slopes for native species richness across watersheds. 
Native species richness showed the strongest effect on biomass, fol-
lowed by non-native species richness and functional diversity. Direct 
effects of abiotic variables on biomass were consistent with those in 
the total biodiversity model (Figure 3b).

Native species richness showed a strong, positive correlation with 
non-native species richness. Native species richness was a stron-
ger driver of functional diversity than non-native species richness. 
Functional diversity also increased with increasing temperature and 
decreasing upstream catchment area. Native and non-native spe-
cies richness increased with increasing catchment area, free-flowing 
area and temperature. Native species richness also increased with 
decreasing slope and precipitation (Figure 3b). Human impact had 

F I G U R E  3   Final piecewise path models showing abiotic and 
biotic influences on fish biomass for (a) the total biodiversity path 
model and (b) the partitioned biodiversity path model. All paths are 
significant at p < .05. The width of arrows represents the absolute 
value of the path coefficient (effect size) based on percentiles 
of the distribution of absolute path coefficients from the total 
biodiversity path model, and colour indicates the direction (positive 
or negative) of the effect. For clarity, bidirectional correlations 
are omitted, as is sampled area because this variable served as 
a control. Full path coefficients are provided in the Supporting 
Information (Appendix S8), and omitted paths between abiotic 
variables are shown in the Supporting Information (Appendix S9)

(a)

(b)

F I G U R E  4   Direct and indirect effects of biodiversity and 
environmental factors on fish biomass from the path model 
for (a) the total biodiversity path model and (b) the partitioned 
biodiversity path model

(a)

(b)
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no effect on native species richness, but showed a strong, positive 
effect on non-native species richness (Figure 3b).

4  | DISCUSSION

Our analysis indicates that the DBR operates in a previously under-
studied context (stream fish communities) and that multiple abiotic 
factors contribute directly and indirectly to the DBR in these systems. 
Biodiversity variables (species richness and functional diversity) had 
the strongest positive effects on biomass, and native species, com-
pared with non-native species, contributed more to this relationship. 
Generally, indirect effects of abiotic variables on biomass reflected 
environmental conditions that vary along longitudinal stream gra-
dients and suggested that fish biomass increased in warmer habi-
tats (Myers et al., 2018). Although longitudinal stream gradients in 
fish productivity are less well studied, analyses of aquatic primary 
production (McTammany, Webster, Benfield, & Neatrour, 2003) and 
macroinvertebrate secondary production (Grubaugh, Wallace, & 
Houston, 1996) suggest that productivity increases in lowland habi-
tats. Although we did not assess community production in the pre-
sent study, standing biomass might, in some cases, provide a proxy 
for productivity (Mora et al., 2011). Therefore, our results comple-
ment these analyses by suggesting that productivity of aquatic pri-
mary producer, macroinvertebrate and fish communities increases 
along longitudinal stream gradients.

4.1 | Effects of biodiversity on biomass

After controlling for the local environment and sampling effort, both 
functional diversity and species richness positively affected bio-
mass, and the direct influences of biodiversity variables on biomass 
exceeded those (both direct and indirect) of abiotic variables. Our 
analyses indicate a positive role of biodiversity in promoting eco-
system functioning (Cardinale et al., 2007; Loreau et al., 2001) and 
do so across a large study extent encompassing complex ecologi-
cal and environmental gradients that are difficult to incorporate in 
controlled experiments. These results add to the growing body of 
evidence that effects of biodiversity on ecosystem functioning often 
outweigh those of environmental variables in natural systems (Duffy 
et al., 2017). In the context of the multiple stressors that threaten 
freshwater biodiversity, a positive BEF suggests that ongoing biodi-
versity loss will also impact the many ecosystem services provided 
by these systems (Dudgeon, 2010).

We found that species richness had a stronger effect on bio-
mass than functional diversity, in contrast to predictions of the 
niche complementarity hypothesis. These results may support evi-
dence that interspecific interactions play a limited role in structuring 
stream fish communities (Giam & Olden, 2016; Oberdorff, Hugueny, 
Compin, & Belkessam, 1998; Peres-Neto, 2004). A stronger effect 
of species richness on biomass relative to the effect of functional 
diversity might also suggest that more biodiverse systems are more 

productive owing to mechanisms independent of functional diver-
sity. In more species-rich communities, the selection of dominant, 
productive species during community assembly might be increased, 
relative to communities with lower species richness (selection ef-
fects; Hector, 1998; Loreau & Hector, 2001). Stronger effects of 
taxonomic diversity indices on ecosystem functioning relative to 
functional diversity might also indicate that factors driving niche 
partitioning are unrelated to the traits selected (Craven et al., 2018). 
Although the traits used in this analysis encompassed a broad spec-
trum of fish functional characteristics, resource partitioning in 
stream fish communities might be assessed more adequately using 
morphometric traits or stable isotope data (Comte, Cucherousset, 
Boulêtreau, & Olden, 2016). Regardless of the ultimate mechanisms 
underlying the relative effects of species richness compared with 
functional diversity, our results based on observational data provide 
evidence of strong, direct effects of biodiversity on biomass and 
therefore support a positive DBR.

4.2 | Environmental effects on DBR

We found that the effects of biodiversity on community biomass 
outweigh those of abiotic variables in natural, complex communi-
ties. However, environmental variables also influence DBR both 
directly and indirectly. Our results indicate a direct, positive effect 
of precipitation on biomass, after controlling for biodiversity vari-
ables. A positive relationship between biomass and precipitation is 
well established for terrestrial plant communities, where droughts 
can limit community productivity (Ciais et al., 2005; Hogg, Brandt, 
& Michaelian, 2008; Ma et al., 2010; Zhao & Running, 2010). In 
streams, the effects of precipitation are mediated through the hy-
drological regimen, which may be a key regulator of aquatic macroin-
vertebrate secondary production (Chadwick & Huryn, 2007; Grimm 
& Fisher, 2006; Ledger, Edwards, Brown, Milner, & Woodward, 2011; 
Patrick et al., 2019) and affects recruitment of stream fish via 
synchronization of life-history events with streamflow (Bunn & 
Arthington, 2002; Lytle & Poff, 2004; Mims & Olden, 2012, 2013). 
Therefore, after accounting for indirect effects mediated by bio-
diversity variables, our results indicate a direct, positive effect of 
streamflow on fish community biomass, as indicated by analyses 
on other taxa. The effects of precipitation on biodiversity differed 
based on the biodiversity variable considered. We found a negative 
effect of precipitation on species richness and a positive, but weaker, 
effect of precipitation on functional diversity. The moderate effect 
of precipitation on species richness might reflect biogeographical 
gradients in biodiversity from relatively less biodiverse but wetter 
temperate streams to more species-rich but drier Mediterranean 
streams (Reyjol et al., 2006).

Temperature also showed contrasting direct and indirect effects 
on biomass. We found a weak negative direct effect of temperature 
on biomass, suggesting that cooler environments have a positive 
influence on fish community biomass. However, indirect effects 
of temperature on biomass exceeded those of direct effects and 
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suggested that biomass increased with increasing temperature, as 
found for marine fish communities (Duffy et al., 2016). This suggests 
that available energy limits fish species and functional diversity in 
stream systems, as for many other taxonomic groups and ecological 
systems (Chu et al., 2018; Clarke & Gaston, 2006; Field et al., 2009; 
Hawkins et al., 2003; Swenson et al., 2012). One potential mecha-
nism that might explain the contrasting direct and indirect effects of 
temperature on biomass might be the observed inverse relationship 
between temperature and body size (Blanchet et al., 2010). In colder 
streams, although species richness and functional diversity may be 
lower, individuals may achieve larger body sizes, thus driving the in-
verse, direct relationship between biomass and temperature.

Human impact showed weak, but positive indirect effects on bio-
mass, as was found for marine fish communities (Duffy et al., 2016). 
Streams in highly anthropogenic environments are often channelized 
and widened (Navratil, Breil, Schmitt, Grosprêtre, & Albert, 2013), 
which may provide suitable habitat for larger-bodied species (Giam 
& Olden, 2018). Additionally, streams in catchments characterized 
by agricultural land use may show higher rates of primary pro-
duction (Burrell et al., 2014), which may, in turn, drive increased 
fish community biomass in these areas. Our analyses also suggest 
that human-mediated habitat alterations contribute to the suc-
cessful establishment of non-native species (Blanchet et al., 2009; 
Leprieur, Beauchard, Blanchet, Oberdorff, & Brosse, 2008; Redding 
et al., 2019), which may drive the indirect, positive relationship be-
tween human impact and fish community biomass (see section 4.3, 
Non-native species and DBR).

The upstream catchment area showed indirect effects on bio-
mass, mediated through species richness and functional diversity. 
We found a strong positive relationship between catchment area 
and species richness. This indicates that species richness increases 
along longitudinal stream gradients from the headwaters to lowland 
streams, consistent with established freshwater biodiversity pat-
terns (Vannote et al., 1980). In contrast, we found a weak negative 
effect of catchment area on functional diversity, after controlling 
for species richness. One explanation for this is that lower-order 
(smaller) streams tend to have greater habitat heterogeneity (e.g., 
fast-flowing shallow riffles, slow-flowing deep pools, patches of 
woody debris and leaf litter) per unit area compared with higher-or-
der (larger) streams (Forman, 1995). Although the directional effects 
of catchment area differed between biodiversity variables, positive 
effects of catchment area on biodiversity variables outweighed 
those of negative effects, resulting in an overall positive indirect 
effect of catchment area on fish community biomass, as found for 
other aquatic taxa (McTammany et al., 2003; Patrick et al., 2019).

We also found indirect positive effects of free-flowing area 
on biomass because larger free-flowing patches of river increased 
species richness. These results might indicate that habitat connec-
tivity can influence ecosystem functioning positively by facilitating 
dispersal in heterogeneous environments (i.e., spatial insurance ef-
fects; Loreau, Mouquet, & Gonzalez, 2003). It is somewhat notable 
that the free-flowing area had a greater positive effect on non-na-
tive than native richness, but this result might reflect the larger 

habitat requirements of non-native species, many of which are 
large bodied and migratory and may disperse via large river habitats 
(Guillerault et al., 2015; Rahel, Bierwagen, & Taniguchi, 2008; Rahel 
& McLaughlin, 2018). Prior investigations of BEF at small, experi-
mental scales indicate that biodiversity-mediated effects of disper-
sal can influence ecosystem functioning within metacommunities 
(France & Duffy, 2006). The results from our regional analysis com-
plement these findings and suggest that habitat fragmentation in riv-
erine ecosystems might affect ecosystem functioning negatively, via 
biodiversity loss. Clarification of the roles of spatial processes, such 
as dispersal, in mediating BEF should be of particular importance to 
gain an understanding of the impacts of habitat fragmentation in 
natural systems (Gonzalez, Mouquet, & Loreau, 2009).

4.3 | Non-native species and DBR

We found that the effects of native species richness on commu-
nity biomass and functional diversity far exceeded those of non-
native species richness. The weaker effects of non-native species 
richness on functional diversity and biomass might reflect the in-
crease in resource overlap after the introduction of omnivorous 
non-native species (Comte et al., 2016; Córdova-Tapia, Contreras, 
& Zambrano, 2014; Sagouis, Cucherousset, Villéger, Santoul, & 
Boulêtreau, 2015). Thereby, the contributional increase in functional 
diversity and subsequent biomass provided by non-native species 
might be lower than that of native species owing to higher functional 
redundancy in communities characterized by higher non-native spe-
cies richness.

Increasing anthropogenic impact had a positive effect on 
non-native species richness but not on native species richness. 
Anthropogenic environments characterized by homogenized hab-
itats may alter community assembly processes and select for 
limited subsets of traits capable of success in human-modified con-
ditions (e.g., broad environmental tolerances), thus favouring the 
establishment and success of non-native species (MacDougall & 
Turkington, 2005). Although such anthropogenic impacts may gen-
erate short-term gains in ecosystem functioning via species richness, 
they may potentially alter or deteriorate BEF over longer temporal 
scales (Mori, Isbell, & Seidl, 2018). With ongoing abiotic and biotic 
homogenization, it will be important to understand how changes 
in community structure from species introductions impact ecosys-
tem functions (Olden, Comte, & Giam, 2016, Olden, Comte, & Giam, 
2018), including potential alteration of BEF.

4.4 | Caveats and path forward

Our analyses are subject to a number of potential caveats. First, we 
are likely to have omitted several variables that might affect stream 
DBR. For example, instream physiochemical conditions might bet-
ter quantify anthropogenic pressures on stream fish than our ter-
restrial metric, and hydrological indices might better characterize 
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streamflow regimens compared with precipitation. Second, the 
DBR and its underlying mechanisms might vary through time (van 
Ruijven & Berendse, 2005). Therefore, a temporal analysis of this 
relationship at sites with repeated sampling events could provide 
additional understanding of DBR in this system. Third, although we 
addressed DBR at local (i.e., stream reach) scales, niche partitioning 
effects in stream communities might be stronger at even finer scales 
(e.g., subreach microhabitats; Holomuzki, Feminella, & Power, 2010; 
Taylor, 1996). Finally, studies suggest that phylogenetic diversity 
(Cadotte, Cavender-Bares, Tilman, & Oakley, 2009) or stable isotope 
data (Comte et al., 2016) might be informative predictors of niche 
complementarity or resource partitioning; therefore, the incorpo-
ration of other biodiversity variables, in addition to functional and 
taxonomic diversity, could provide further insight on the effects of 
niche partitioning on biomass.

4.5 | Conclusion

In summary, our study indicates that biodiversity is the primary driver 
of community biomass in stream fish communities, in comparison 
to abiotic variables, and suggests that native species richness is the 
primary driver of the biodiversity effect. Direct and indirect effects 
of environmental variables on fish biomass highlight that ongoing 
and future environmental change might potentially alter ecosystem 
functioning. Our results advance the vast BEF literature by docu-
menting a positive relationship between biodiversity and ecosystem 
functioning in stream fish communities, a group for which the BEF 
has not been investigated. Future work should continue to clarify the 
impacts of multiple stressors on biodiversity and ecosystem func-
tioning, especially in aquatic systems that provide many ecosystem 
services to humans.

ACKNOWLEDG MENTS
T.W., L.C. and X.G. received funding through the University of 
Tennessee. P.A.T. was supported by the Évolution & Diversité 
Biologique Laboratory through the Laboratoire d'Excellence 
(LABEX) projects TULIP and CEBA (ANR-10-LABX-41 and ANR-10-
LABX-25-01). We thank Fabien Leprieur and three anonymous review-
ers for comments that improved an earlier version of the manuscript 
and the Office français de la biodiversité for providing the fish dataset.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available at fig-
share: https://doi.org/10.6084/m9.figshare.11691024.v2.

ORCID
Taylor Woods  https://orcid.org/0000-0002-6277-1260 
Lise Comte  https://orcid.org/0000-0001-8030-0019 

R E FE R E N C E S
Allan, E., Manning, P., Alt, F., Binkenstein, J., Blaser, S., Blüthgen, N., 

… Fischer, M. (2015). Land use intensification alters ecosystem 

multifunctionality via loss of biodiversity and changes to functional 
composition. Ecology Letters, 18, 834–843. https://doi.org/10.1111/
ele.12469

Alroy, J. (2017). Effects of habitat disturbance on tropical forest biodi-
versity. Proceedings of the National Academy of Sciences USA, 114, 
6056–6061. https://doi.org/10.1073/pnas.16118 55114

Ammer, C. (2019). Diversity and forest productivity in a changing climate. 
New Phytologist, 221, 50–66. https://doi.org/10.1111/nph.15263

Auerbach, D. A., Deisenroth, D. B., McShane, R. R., McCluney, K. E., & 
LeRoy Poff, N. (2014). Beyond the concrete: Accounting for ecosys-
tem services from free-flowing rivers. Ecosystem Services, 10, 1–5. 
https://doi.org/10.1016/j.ecoser.2014.07.005

Balian, E. V., Lévèque, C., Segers, H., & Martens, K. (2008). The freshwater 
animal diversity assessment: An overview of the results. Hydrobiologia, 
595, 627–663. https://doi.org/10.1007/s1075 0-007-9246-3

Barton, K. (2019). MuMIn: Multi-Model Inference. R package version 
1.43.15. Retrieved from https://CRAN.R-proje ct.org/packa ge= 
MuMIn

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 67, 
1–48.

Baudoin, J. M., Burgun, V., Chanseau, M., Larinier, M., Ovidio, M., 
Sremski, W., … Voegtle, B. (2014). Assessing the passage of obstacles 
by fish. Concepts, design and application. France: ONEMA.

Belote, R. T., Prisley, S., Jones, R. H., Fitzpatrick, M., & de Beurs, K. 
(2011). Forest productivity and tree diversity relationships depend 
on ecological context within mid-Atlantic and Appalachian forests 
(USA). Forest Ecology and Management, 261, 1315–1324. https://doi.
org/10.1016/j.foreco.2011.01.010

Blanchet, S., Grenouillet, G., Beauchard, O., Tedesco, P. A., Leprieur, 
F., Dürr, H. H., … Brosse, S. (2010). Non-native species disrupt 
the worldwide patterns of freshwater fish body size: Implications 
for Bergmann’s rule. Ecology Letters, 13, 421–431. https://doi.
org/10.1111/j.1461-0248.2009.01432.x

Blanchet, S., Leprieur, F., Beauchard, O., Staes, J., Oberdorff, T., & 
Brosse, S. (2009). Broad-scale determinants of non-native fish spe-
cies richness are context-dependent. Proceedings of the Royal Society 
B: Biological Sciences, 276, 2385–2394. https://doi.org/10.1098/
rspb.2009.0156

Bohling, J., Haffray, P., & Berrebi, P. (2016). Genetic diversity and 
population structure of domestic brown trout (Salmo trutta) in 
France. Aquaculture, 462, 1–9. https://doi.org/10.1016/j.aquac 
ulture.2016.04.013

Botta-Dukát, Z. (2005). Rao’s quadratic entropy as a measure of 
functional diversity based on multiple traits. Journal of Vegetation 
Science, 16, 533–540. https://doi.org/10.1111/j.1654-1103.2005.
tb023 93.x

Brown, R. L., & Peet, R. K. (2003). Diversity and invasibility of Southern 
Appalachian plant communities. Ecology, 84, 32–39. https://doi.
org/10.1890/0012-9658(2003)084[0032:DAIOS A]2.0.CO;2

Bunn, S. E., & Arthington, A. H. (2002). Basic principles and ecologi-
cal consequences of altered flow regimes for aquatic biodiversity. 
Environmental Management, 30, 492–507. https://doi.org/10.1007/
s0026 7-002-2737-0

Burrell, T. K., O’Brien, J. M., Graham, S. E., Simon, K. S., Harding, J. S., 
& McIntosh, A. R. (2014). Riparian shading mitigates stream eutro-
phication in agricultural catchments. Freshwater Science, 33, 73–84. 
https://doi.org/10.1086/674180

Cadotte, M. W. (2017). Functional traits explain ecosystem function 
through opposing mechanisms. Ecology Letters, 20, 989–996. https://
doi.org/10.1111/ele.12796

Cadotte, M. W., Carscadden, K., & Mirotchnick, N. (2011). Beyond 
species: Functional diversity and the maintenance of ecological 
processes and services. Journal of Applied Ecology, 48, 1079–1087. 
https://doi.org/10.1111/j.1365-2664.2011.02048.x

https://doi.org/10.6084/m9.figshare.11691024.v2
https://orcid.org/0000-0002-6277-1260
https://orcid.org/0000-0002-6277-1260
https://orcid.org/0000-0001-8030-0019
https://orcid.org/0000-0001-8030-0019
https://doi.org/10.1111/ele.12469
https://doi.org/10.1111/ele.12469
https://doi.org/10.1073/pnas.1611855114
https://doi.org/10.1111/nph.15263
https://doi.org/10.1016/j.ecoser.2014.07.005
https://doi.org/10.1007/s10750-007-9246-3
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.1016/j.foreco.2011.01.010
https://doi.org/10.1016/j.foreco.2011.01.010
https://doi.org/10.1111/j.1461-0248.2009.01432.x
https://doi.org/10.1111/j.1461-0248.2009.01432.x
https://doi.org/10.1098/rspb.2009.0156
https://doi.org/10.1098/rspb.2009.0156
https://doi.org/10.1016/j.aquaculture.2016.04.013
https://doi.org/10.1016/j.aquaculture.2016.04.013
https://doi.org/10.1111/j.1654-1103.2005.tb02393.x
https://doi.org/10.1111/j.1654-1103.2005.tb02393.x
https://doi.org/10.1890/0012-9658(2003)084[0032:DAIOSA]2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084[0032:DAIOSA]2.0.CO;2
https://doi.org/10.1007/s00267-002-2737-0
https://doi.org/10.1007/s00267-002-2737-0
https://doi.org/10.1086/674180
https://doi.org/10.1111/ele.12796
https://doi.org/10.1111/ele.12796
https://doi.org/10.1111/j.1365-2664.2011.02048.x


12  |     WOODS et al.

Cadotte, M. W., Cavender-Bares, J., Tilman, D., & Oakley, T. H. (2009). 
Using phylogenetic, functional and trait diversity to understand pat-
terns of plant community productivity. PLoS ONE, 4, e5695. https://
doi.org/10.1371/journ al.pone.0005695

Cardinale, B. J. (2011). Biodiversity improves water quality through niche 
partitioning. Nature, 472, 86–91. https://doi.org/10.1038/natur 
e09904

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., 
Venail, P., … Naeem, S. (2012). Biodiversity loss and its impact on 
humanity. Nature, 486, 59–67. https://doi.org/10.1038/natur e11148

Cardinale, B. J., Nelson, K., & Palmer, M. A. (2000). Linking spe-
cies diversity to the functioning of ecosystems: On the impor-
tance of environmental context. Oikos, 91, 175–183. https://doi.
org/10.1034/j.1600-0706.2000.910117.x

Cardinale, B. J., Wright, J. P., Cadotte, M. W., Carroll, I. T., Hector, A., 
Srivastava, D. S., … Weis, J. J. (2007). Impacts of plant diversity on 
biomass production increase through time because of species com-
plementarity. Proceedings of the National Academy of Sciences USA, 
104, 18123–18128. https://doi.org/10.1073/pnas.07090 69104

Chadwick, M. A., & Huryn, A. D. (2007). Role of habitat in de-
termining macroinvertebrate production in an intermit-
tent-stream system. Freshwater Biology, 52, 240–251. https://doi.
org/10.1111/j.1365-2427.2006.01679.x

Chapin, F. S. III, Zavaleta, E. S., Eviner, V. T., Naylor, R. L., Vitousek, P. M., 
Reynolds, H. L., & Diaz, S. (2000). Consequences of changing biodi-
verstiy. Nature, 405, 234–242.

Chu, C., Lutz, J. A., Král, K., Vrška, T., Yin, X., Myers, J. A., … He, F. (2018). 
Direct and indirect effects of climate on richness drive the latitudi-
nal diversity gradient in forest trees. Ecology Letters, 22, 245–255. 
https://doi.org/10.1111/ele.13175

Ciais, P. H., Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard, V., … 
Valentini, R. (2005). Europe-wide reduction in primary productiv-
ity caused by the heat and drought in 2003. Nature, 437, 529–533. 
https://doi.org/10.1038/natur e03972

Clarke, A., & Gaston, K. J. (2006). Climate, energy and diversity. 
Proceedings of the Royal Society B: Biological Sciences, 273, 2257–
2266. https://doi.org/10.1098/rspb.2006.3545

Comte, L., Cucherousset, J., Boulêtreau, S., & Olden, J. D. (2016). 
Resource partitioning and functional diversity of worldwide freshwa-
ter fish communities. Ecosphere, 7, e01356. https://doi.org/10.1002/
ecs2.1356

Córdova-Tapia, F., Contreras, M., & Zambrano, L. (2014). Trophic niche 
overlap between native and non-native fishes. Hydrobiologia, 746, 
291–301. https://doi.org/10.1007/s1075 0-014-1944-z

Craven, D., Eisenhauer, N., Pearse, W. D., Hautier, Y., Isbell, F., Roscher, 
C., … Manning, P. (2018). Multiple facets of biodiversity drive the di-
versity–stability relationship. Nature Ecology and Evolution, 2, 1579–
1587. https://doi.org/10.1038/s4155 9-018-0647-7

Dodds, W. K., Perkin, J. S., & Gerken, J. E. (2013). Human impact on 
freshwater ecosystem services: A global perspective. Environmental 
Science and Technology, 47, 9061–9068. https://doi.org/10.1021/
es402 1052

Dodson, S. I., Arnott, S. E., & Cottingham, K. L. (2000). The relation-
ship in lake communities between primary productivity and species 
richness. Ecology, 81, 2662–2679. https://doi.org/10.1890/0012-
9658(2000)081[2662:TRILC B]2.0.CO;2

Dudgeon, D. (2010). Prospects for sustaining freshwater biodiversity in 
the 21st century: Linking ecosystem structure and function. Current 
Opinion in Environmental Sustainability, 2, 422–430. https://doi.
org/10.1016/j.cosust.2010.09.001

Duffy, J. E. (2009). Why biodiversity is important to the functioning of 
real-world ecosystems. Frontiers in Ecology and the Environment, 7, 
437–444. https://doi.org/10.1890/070195

Duffy, J. E., Godwin, C. M., & Cardinale, B. J. (2017). Biodiversity effects 
in the wild are common and as strong as key drivers of productivity. 
Nature, 549, 261–264. https://doi.org/10.1038/natur e23886

Duffy, J. E., Lefcheck, J. S., Stuart-Smith, R. D., Navarrete, S. A., & Edgar, 
G. J. (2016). Biodiversity enhances reef fish biomass and resistance 
to climate change. Proceedings of the National Academy of Sciences 
USA, 113, 6230–6235. https://doi.org/10.1073/pnas.15244 65113

European Environment Agency (EEA) (2012). Catchment and Rivers 
Network System (ECRINS) v1.1. EEA Technical Report, 111.

Field, R., Hawkins, B. A., Cornell, H. V., Currie, D. J., Diniz-Filho, J. A. 
F., Guégan, J.-F., … Turner, J. R. G. (2009). Spatial species-richness 
gradients across scales: A meta-analysis. Journal of Biogeography, 36, 
132–147. https://doi.org/10.1111/j.1365-2699.2008.01963.x

Flynn, D. F. B., Gogol-Prokurat, M., Nogeire, T., Molinari, N., Richers, B. 
T., Lin, B. B., … DeClerck, F. (2009). Loss of functional diversity under 
land use intensification across multiple taxa. Ecology Letters, 12, 22–
33. https://doi.org/10.1111/j.1461-0248.2008.01255.x

Flynn, D. F. B., Mirotchnick, N., Jain, M., Palmer, M. I., & Naeem, S. (2011). 
Functional and phylogenetic diversity as predictors of biodiversity–
ecosystem-function relationships. Ecology, 92, 1573–1581.

Food and Agriculture Organization (FAO) of the United Nations (2005). 
Database on introductions of aquatic species (DIAS). [online]. Retrieved from 
http://www.fao.org/waice nt/faoin fo/fishe ry/stati st/fisof t/dias/index.htm

Forman, R. T. (1995). Land mosaics: The ecology of landscapes and regions. 
Cambridge, UK: Cambridge University Press.

Fornara, D., & Tilman, D. (2009). Ecological mechanisms associated with 
the positive diversity–productivity relationship in an N-limited grass-
land. Ecology, 90, 408–418. https://doi.org/10.1890/08-0325.1

Forrester, D. I., & Bauhus, J. (2016). A review of processes behind diver-
sity—productivity relationships in forests. Current Forestry Reports, 2, 
45–61. https://doi.org/10.1007/s4072 5-016-0031-2

France, K. E., & Duffy, J. E. (2006). Diversity and dispersal interactively 
affect predictability of ecosystem function. Nature, 441, 1139–1143. 
https://doi.org/10.1038/natur e04729

Fridley, J. D., Stachowicz, J. J., Naeem, S., Sax, D. F., Seabloom, E. W., 
Smith, M. D., … Holle, B. V. (2007). The invasion paradox: Reconciling 
pattern and process in species invasions. Ecology, 88, 3–17. https://
doi.org/10.1890/0012-9658(2007)88[3:TIPRP A]2.0.CO;2

Froese, R., & Pauly, D. (2018) FishBase. Retrieved from www.fishb ase.
org

Gagic, V., Bartomeus, I., Jonsson, T., Taylor, A., Winqvist, C., Fischer, 
C., … Bommarco, R. (2015). Functional identity and diversity of ani-
mals predict ecosystem functioning better than species-based indi-
ces. Proceedings of the Royal Society B: Biological Sciences, 282, 1–7. 
https://doi.org/10.1098/rspb.2014.2620

García, F. C., Bestiona, E., Warfielda, R., & Yvon-Durochera, G. (2018). 
Changes in temperature alter the relationship between biodiversity 
and ecosystem functioning. Proceedings of the National Academy 
of Sciences USA, 115, 10989–10994. https://doi.org/10.1073/
pnas.18055 18115

Giam, X. (2017). Global biodiversity loss from tropical deforestation. 
Proceedings of the National Academy of Sciences USA, 114, 5775–5777. 
https://doi.org/10.1073/pnas.17062 64114

Giam, X., & Olden, J. D. (2016). Environment and predation govern 
fish community assembly in temperate streams. Global Ecology and 
Biogeography, 25, 1194–1205. https://doi.org/10.1111/geb.12475

Giam, X., & Olden, J. D. (2018). Drivers and interrelationships among 
multiple dimensions of rarity for freshwater fishes. Ecography, 41, 
331–344. https://doi.org/10.1111/ecog.02946

Gonzalez, A., Mouquet, N., & Loreau, M. (2009). Biodiversity as spatial 
insurance: The effects of habitat fragmentation and dispersal on eco-
system functioning. In S. Naeem, D.E. Bunker, A. Hector, M. Loreau, & 
C. Perrings (Eds.), Biodiversity, ecosystem functioning, and human well-
being: An ecological and economic perspective (pp. 134–146).Oxford, 
UK: Oxford University Press.

Gotelli, N. J., & Colwell, R. K. (2001). Quantifying biodiversity: 
Procedures and pitfalls in the measurement and comparison 
of species richness. Ecology Letters, 4, 379–391. https://doi.
org/10.1046/j.1461-0248.2001.00230.x

https://doi.org/10.1371/journal.pone.0005695
https://doi.org/10.1371/journal.pone.0005695
https://doi.org/10.1038/nature09904
https://doi.org/10.1038/nature09904
https://doi.org/10.1038/nature11148
https://doi.org/10.1034/j.1600-0706.2000.910117.x
https://doi.org/10.1034/j.1600-0706.2000.910117.x
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1111/j.1365-2427.2006.01679.x
https://doi.org/10.1111/j.1365-2427.2006.01679.x
https://doi.org/10.1111/ele.13175
https://doi.org/10.1038/nature03972
https://doi.org/10.1098/rspb.2006.3545
https://doi.org/10.1002/ecs2.1356
https://doi.org/10.1002/ecs2.1356
https://doi.org/10.1007/s10750-014-1944-z
https://doi.org/10.1038/s41559-018-0647-7
https://doi.org/10.1021/es4021052
https://doi.org/10.1021/es4021052
https://doi.org/10.1890/0012-9658(2000)081[2662:TRILCB]2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081[2662:TRILCB]2.0.CO;2
https://doi.org/10.1016/j.cosust.2010.09.001
https://doi.org/10.1016/j.cosust.2010.09.001
https://doi.org/10.1890/070195
https://doi.org/10.1038/nature23886
https://doi.org/10.1073/pnas.1524465113
https://doi.org/10.1111/j.1365-2699.2008.01963.x
https://doi.org/10.1111/j.1461-0248.2008.01255.x
http://www.fao.org/waicent/faoinfo/fishery/statist/fisoft/dias/index.htm
https://doi.org/10.1890/08-0325.1
https://doi.org/10.1007/s40725-016-0031-2
https://doi.org/10.1038/nature04729
https://doi.org/10.1890/0012-9658(2007)88[3:TIPRPA]2.0.CO;2
https://doi.org/10.1890/0012-9658(2007)88[3:TIPRPA]2.0.CO;2
http://www.fishbase.org
http://www.fishbase.org
https://doi.org/10.1098/rspb.2014.2620
https://doi.org/10.1073/pnas.1805518115
https://doi.org/10.1073/pnas.1805518115
https://doi.org/10.1073/pnas.1706264114
https://doi.org/10.1111/geb.12475
https://doi.org/10.1111/ecog.02946
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1046/j.1461-0248.2001.00230.x


     |  13WOODS et al.

Gower, J. (1971). A general coefficient of similarity and some of its prop-
erties. Biometrics, 27, 857–871. https://doi.org/10.2307/2528823

Grimm, N. B., & Fisher, S. G. (2006). Stability of periphyton and macroin-
vertebrates to disturbance by flash floods in a desert stream. Journal 
of the North American Benthological Society, 8, 293–307. https://doi.
org/10.2307/1467493

Grubaugh, J. W., Wallace, J. B., & Houston, E. S. (1996). Longitudinal 
changes of macroinvertebrate communities along an Appalachian 
stream continuum. Canadian Journal of Fisheries and Aquatic Sciences, 
53, 896–909. https://doi.org/10.1139/f95-247

Guillerault, N., Delmotte, S., Boulêtreau, S., Lauzeral, C., Poulet, N., & 
Santoul, F. (2015). Does the non-native European catfish Silurus gla-
nis threaten French river fish populations? Freshwater Biology, 60, 
922–928.

Hamann, A., Wang, T., Spittlehouse, D. L., & Murdock, T. Q. (2013). A 
comprehensive, high-resolution database of historical and projected 
climate surfaces for Western North America. Bulletin of the American 
Meteorological Society, 94, 1307–1309. https://doi.org/10.1175/
BAMS-D-12-00145.1

Harrison, I., Abell, R., Darwall, W., Thieme, M. L., Tickner, D., & Timboe, I. 
(2018). The freshwater biodiversity crisis. Science, 362, 1369.

Hawkins, B. A., Field, R., Cornell, H. V., Currie, D. J., Guégan, J.-F., 
Kaufman, D. M., … Turner, J. R. G. (2003). Energy, water, and broad-
scale geographic patterns of species richness. Ecology, 84, 3105–
3117. https://doi.org/10.1890/03-8006

Hector, A. (1998). The effect of diversity on productivity: Detecting the 
role of species complementarity. Oikos, 82, 597–599. https://doi.
org/10.2307/3546380

Hodgson, D. J., Rainey, P. B., & Buckling, A. (2002). Mechanisms linking 
diversity, productivity and invasibility in experimental bacterial com-
munities. Proceedings of the Royal Society B: Biological Sciences, 269, 
2277–2283. https://doi.org/10.1098/rspb.2002.2146

Hogg, E. H., Brandt, J. P., & Michaelian, M. (2008). Impacts of a re-
gional drought on the productivity, dieback, and biomass of west-
ern Canadian aspen forests. Canadian Journal of Forest Research, 38, 
1373–1384. https://doi.org/10.1139/X08-001

Holmlund, C. M., & Hammer, M. (1999). Ecosystem services generated 
by fish populations. Ecological Economics, 29, 253–268. https://doi.
org/10.1016/S0921 -8009(99)00015 -4

Holomuzki, J. R., Feminella, J. W., & Power, M. E. (2010). Biotic interac-
tions in freshwater benthic habitats. Journal of the North American 
Benthological Society, 29, 220–244. https://doi.org/10.1899/08-044.1

Homeier, J., Breckle, S.-W., Günter, S., Rollenbeck, R. T., & Leuschner, 
C. (2009). Tree diversity, forest structure and productivity along al-
titudinal and topographical gradients in a species-rich Ecuadorian 
montane rain forest. Biotropica, 42, 140–148. https://doi.
org/10.1111/j.1744-7429.2009.00547.x

Hooper, D. U., Adair, E. C., Cardinale, B. J., Byrnes, J. E. K., Hungate, B. A., 
Matulich, K. L., … O’Connor, M. I. (2012). A global synthesis reveals 
biodiversity loss as a major driver of ecosystem change. Nature, 486, 
105–108. https://doi.org/10.1038/natur e11118

Hooper, D. U., Chapin, F. S. III, Ewel, J., Hector, A., Inchausti, P., Lavorel, 
S., … Wardle, D. (2005). Effects of biodiversity on ecoystem func-
tioning: A consensus of current knowledge. Ecological Monographs, 
75, 3–35.

Isbell, F., Calcagno, V., Hector, A., Connolly, J., Harpole, W. S., Reich, P. 
B., … Loreau, M. (2011). High plant diversity is needed to maintain 
ecosystem services. Nature, 477, 199–202. https://doi.org/10.1038/
natur e10282

Isbell, F., Cowles, J., Dee, L. E., Loreau, M., Reich, P. B., Gonzalez, A., … 
Schmid, B. (2018). Quantifying effects of biodiversity on ecosystem 
functioning across times and places. Ecology Letters, 21, 763–778. 
https://doi.org/10.1111/ele.12928

Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein, 
C., … Eisenhauer, N. (2015). Biodiversity increases the resistance of 

ecosystem productivity to climate extremes. Nature, 526, 574–577. 
https://doi.org/10.1038/natur e15374

Jactel, H., Gritti, E. S., Drössler, L., Forrester, D. I., Mason, W. L., Morin, 
X., … Castagneyrol, B. (2018). Positive biodiversity–productivity 
relationships in forests: Climate matters. Biology Letters, 14, 12–15. 
https://doi.org/10.1098/rsbl.2017.0747

Januchowski-Hartley, S. R., Jézéquel, C., & Tedesco, P. A. (2019). 
Modelling built infrastructure heights to evaluate common as-
sumptions in aquatic conservation. Journal of Environmental 
Management, 232, 131–137. https://doi.org/10.1016/j.jenvm 
an.2018.11.040

Jiang, L., Wan, S., & Li, L. (2009). Species diversity and productiv-
ity: Why do results of diversity-manipulation experiments differ 
from natural patterns? Journal of Ecology, 97, 603–608. https://doi.
org/10.1111/j.1365-2745.2009.01503.x

Jucker, T., Bouriaud, O., Avacaritei, D., Dǎnilǎ, I., Duduman, G., Valladares, 
F., & Coomes, D. A. (2014). Competition for light and water play 
contrasting roles in driving diversity–productivity relationships 
in Iberian forests. Journal of Ecology, 102, 1202–1213. https://doi.
org/10.1111/1365-2745.12276

Harvey ,E., & Altermatt, F. (2019). Regulation of the functional structure 
of aquatic communities across spatial scales in a major river network. 
Ecology, 100(4), e02633. http://dx.doi.org/10.1002/ecy.2633

Kaiser, J. (2000). Rift over biodiversity divides ecologists. Science, 289, 
1282–1283.

Kuznetsova, A., Brockhoff, P., & Christensen, R. (2017). lmerTest pack-
age: Tests in linear mixed effects models. Journal of Statistical 
Software, 82, 1–26.

Laliberte, E., & Legendre, P. (2010). A distance-based framework for 
measuring functional diversity from multiple traits. Ecology, 91, 299–
305. https://doi.org/10.1890/08-2244.1

Laliberte, E., Legendre, P., & Shipley, B. (2014) Measuring functional di-
versity (FD) from multiple traits, and other tools for functional ecol-
ogy. Retrieved from https://rdrr.io/rforg e/FD/

Lambers, J. H. R., Harpole, W. S., Tilman, D., Knops, J., & Reich, P. B. 
(2004). Mechanisms responsible for the positive diversity–produc-
tivity relationship in Minnesota grasslands. Ecology Letters, 7, 661–
668. https://doi.org/10.1111/j.1461-0248.2004.00623.x

Lavers, C., & Field, R. (2006). A resource-based conceptual model of 
plant diversity that reassesses causality in the productivity–diversity 
relationship. Global Ecology and Biogeography, 15, 213–224.

Le Bagousse-Pinguet, Y., Soliveres, S., Gross, N., Torices, R., Berdugo, 
M., & Maestre, F. T. (2019). Phylogenetic, functional, and taxonomic 
richness have both positive and negative effects on ecosystem mul-
tifunctionality. Proceedings of the National Academy of Sciences USA, 
116, 8419–8424. https://doi.org/10.1073/pnas.18157 27116

Ledger, M. E., Edwards, F. K., Brown, L. E., Milner, A. M., & Woodward, G. 
(2011). Impact of simulated drought on ecosystem biomass produc-
tion: An experimental test in stream mesocosms. Global Change Biology, 
17, 2288–2297. https://doi.org/10.1111/j.1365-2486.2011.02420.x

Lefcheck, J. S. (2016). Piecewise structural equation modeling in R for 
ecology, evolution, and systematics. Methods in Ecology and Evolution, 
7, 573–579.

Lefcheck, J. S., & Duffy, J. E. (2015). Multitrophic functional diver-
sity predicts ecosystem functioning in experimental assemblages 
of estuarine consumers. Ecology, 96, 2973–2983. https://doi.
org/10.1890/14-1977.1

Leprieur, F., Beauchard, O., Blanchet, S., Oberdorff, T., & Brosse, S. 
(2008). Fish invasions in the world’s river systems: When natural 
processes are blurred by human activities. PLoS Biology, 6, 404–410.

Lepš, J. (2004). What do the biodiversity experiments tell us about con-
sequences of plant species loss in the real world? Basic and Applied 
Ecology, 5, 529–534. https://doi.org/10.1016/j.baae.2004.06.003

Liang, J., Crowther, T. W., Picard, N., Wiser, S., Zhou, M., Alberti, G., … 
Reich, P. B. (2016). Positive biodiversity-productivity relationship 

https://doi.org/10.2307/2528823
https://doi.org/10.2307/1467493
https://doi.org/10.2307/1467493
https://doi.org/10.1139/f95-247
https://doi.org/10.1175/BAMS-D-12-00145.1
https://doi.org/10.1175/BAMS-D-12-00145.1
https://doi.org/10.1890/03-8006
https://doi.org/10.2307/3546380
https://doi.org/10.2307/3546380
https://doi.org/10.1098/rspb.2002.2146
https://doi.org/10.1139/X08-001
https://doi.org/10.1016/S0921-8009(99)00015-4
https://doi.org/10.1016/S0921-8009(99)00015-4
https://doi.org/10.1899/08-044.1
https://doi.org/10.1111/j.1744-7429.2009.00547.x
https://doi.org/10.1111/j.1744-7429.2009.00547.x
https://doi.org/10.1038/nature11118
https://doi.org/10.1038/nature10282
https://doi.org/10.1038/nature10282
https://doi.org/10.1111/ele.12928
https://doi.org/10.1038/nature15374
https://doi.org/10.1098/rsbl.2017.0747
https://doi.org/10.1016/j.jenvman.2018.11.040
https://doi.org/10.1016/j.jenvman.2018.11.040
https://doi.org/10.1111/j.1365-2745.2009.01503.x
https://doi.org/10.1111/j.1365-2745.2009.01503.x
https://doi.org/10.1111/1365-2745.12276
https://doi.org/10.1111/1365-2745.12276
http://dx.doi.org/10.1002/ecy.2633
https://doi.org/10.1890/08-2244.1
https://rdrr.io/rforge/FD/
https://doi.org/10.1111/j.1461-0248.2004.00623.x
https://doi.org/10.1073/pnas.1815727116
https://doi.org/10.1111/j.1365-2486.2011.02420.x
https://doi.org/10.1890/14-1977.1
https://doi.org/10.1890/14-1977.1
https://doi.org/10.1016/j.baae.2004.06.003


14  |     WOODS et al.

predominant in global forests. Science, 354, aaf8957. https://doi.
org/10.1126/scien ce.aaf8957

Loreau, M. (2000). Biodiversity and ecosystem functioning: 
Recent theoretical advances. Oikos, 91, 3–17. https://doi.
org/10.1034/j.1600-0706.2000.910101.x

Loreau, M., & Hector, A. (2001). Partitioning selection and complemen-
tarity in biodiversity experiments. Nature, 412, 72–76. https://doi.
org/10.1038/35083573

Loreau, M., Mouquet, N., & Gonzalez, A. (2003). Biodiversity as spa-
tial insurance in heterogeneous landscapes. Proceedings of the 
National Academy of Sciences USA, 100, 12765–12770. https://doi.
org/10.1073/pnas.22354 65100

Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J. P., Hector, 
A., … Wardle, D. (2001). Biodiversity and ecosystem functioning: 
Current knowledge and future challenges. Science, 294, 804–808. 
https://doi.org/10.1126/scien ce.1064088

Lytle, D., & Poff, N. (2004). Adaptation to natural flow regimes. Trends 
in Ecology and Evolution, 19, 94–100. https://doi.org/10.1016/j.
tree.2003.10.002

Ma, W., He, J.-S., Yang, Y., Wang, X., Liang, C., Anwar, M., … Schmid, 
B. (2010). Environmental factors covary with plant diver-
sity–productivity relationships among Chinese grassland sites. 
Global Ecology and Biogeography, 19, 233–243. https://doi.
org/10.1111/j.1466-8238.2009.00508.x

MacDougall, A. S., McCann, K. S., Gellner, G., & Turkington, R. (2013). 
Diversity loss with persistent human disturbance increases vul-
nerability to ecosystem collapse. Nature, 494, 86–89. https://doi.
org/10.1038/natur e11869

MacDougall, A. S., & Turkington, R. (2005). Are invasive species the driv-
ers or passengers of change in degraded ecosystems? Ecology, 86, 
42–55. https://doi.org/10.1890/04-0669

Mayfield, M. M., Bonser, S. P., Morgan, J. W., Aubin, I., McNamara, 
S., & Vesk, P. A. (2010). What does species richness tell us about 
functional trait diversity? Predictions and evidence for re-
sponses of species and functional trait diversity to land-use 
change. Global Ecology and Biogeography, 19, 423–431. https://doi.
org/10.1111/j.1466-8238.2010.00532.x

McTammany, M. E., Webster, J. R., Benfield, E. F., & Neatrour, M. A. (2003). 
Longitudinal patterns of metabolism in a southern Appalachian river. 
Journal of the North American Benthological Society, 22, 359–370. 
https://doi.org/10.2307/1468267

Mims, M. C., & Olden, J. D. (2012). Life history theory predicts fish 
assemblage response to hydrologic regimes. Ecology, 93, 35–45. 
https://doi.org/10.1890/11-0370.1

Mims, M. C., & Olden, J. D. (2013). Fish assemblages respond to al-
tered flow regimes via ecological filtering of life history strategies. 
Freshwater Biology, 58, 50–62. https://doi.org/10.1111/fwb.12037

Mokany, K., Ash, J., & Roxburgh, S. (2008). Functional identity is more 
important than diversity in influencing ecosystem processes in a 
temperate native grassland. Journal of Ecology, 96, 884–893. https://
doi.org/10.1111/j.1365-2745.2008.01395.x

Mora, C., Aburto-Oropeza, O., Ayala Bocos, A., Ayotte, P. M., Banks, S., 
Bauman, A. G., … Zapata, F. A. (2011). Global human footprint on 
the linkage between biodiversity and ecosystem functioning in reef 
fishes. PLoS Biology, 9, e1000606. https://doi.org/10.1371/journ 
al.pbio.1000606

Mori, A. S., Isbell, F., & Seidl, R. (2018). β-Diversity, community assem-
bly, and ecosystem functioning. Trends in Ecology and Evolution, 33, 
549–564. https://doi.org/10.1016/j.tree.2018.04.012

Myers, B. J. E., Dolloff, C. A., Webster, J. R., Nislow, K. H., Fair, B., 
& Rypel, A. L. (2018). Fish assemblage production estimates in 
Appalachian streams across a latitudinal and temperature gradient. 
Ecology of Freshwater Fish, 27, 363–377. https://doi.org/10.1111/
eff.12352

Naeem, S. (2002). Disentangling the impacts of diversity on ecosys-
tem functioning in combinatorial experiments. Ecology, 83, 2925–
2935. https://doi.org/10.1890/0012-9658(2002)083[2925:DTIOD 
O]2.0.CO;2

Naeem, S., Thompson, L., Lawler, S., Lawton, J., & Woodfin, R. (1994). 
Declining biodiversity can alter the performance of ecosystems. 
Nature, 368, 561–563. https://doi.org/10.1038/368734a0

Navratil, O., Breil, P., Schmitt, L., Grosprêtre, L., & Albert, M. B. (2013). 
Hydrogeomorphic adjustments of stream channels disturbed by 
urban runoff (Yzeron River basin, France). Journal of Hydrology, 485, 
24–36. https://doi.org/10.1016/j.jhydr ol.2012.01.036

Oberdorff, T., Hugueny, B., Compin, A., & Belkessam, D. (1998). Non-
interactive fish communities in the coastal streams of North-
western France. Journal of Animal Ecology, 67, 472–484. https://doi.
org/10.1046/j.1365-2656.1998.00211.x

Olden, J. D., Comte, L., & Giam, X. (2016). Biotic homogenisation. eLS, 
1–8.

Olden, J. D., Comte, L., & Giam, X. (2018). The homogocene: A research 
prospectus for the study of biotic homogenisation. NeoBiota, 37, 23–
36. https://doi.org/10.3897/neobi ota.37.22552

Paquette, A., & Messier, C. (2011). The effect of biodiver-
sity on tree productivity: From temperate to boreal forests. 
Global Ecology and Biogeography, 20, 170–180. https://doi.
org/10.1111/j.1466-8238.2010.00592.x

Patrick, C. J., McGarvey, D. J., Larson, J. H., Cross, W. F., Allen, D. C., 
Benke, A. C., … Woodward, G. (2019). Precipitation and temperature 
drive continental-scale patterns in stream invertebrate production. 
Science Advances, 5, eaav2348. https://doi.org/10.1126/sciadv.
aav2348

Peres-Neto, P. R. (2004). Patterns in the co-occurrence of fish species 
in streams: The role of site suitability, morphology and phylogeny 
versus species interactions. Oecologia, 140, 352–360. https://doi.
org/10.1007/s0044 2-004-1578-3

Petchey, O. L., & Gaston, K. J. (2006). Functional diversity: Back to ba-
sics and looking forward. Ecology Letters, 9, 741–758. https://doi.
org/10.1111/j.1461-0248.2006.00924.x

Rahel, F. J., Bierwagen, B., & Taniguchi, Y. (2008). Managing aquatic 
species of conservation concern in the face of climate change and 
invasive species. Conservation Biology, 22, 551–561. https://doi.
org/10.1111/j.1523-1739.2008.00953.x

Rahel, F. J., & McLaughlin, R. L. (2018). Selective fragmentation and the man-
agement of fish movement across anthropogenic barriers. Ecological 
Applications, 28, 2066–2081. https://doi.org/10.1002/eap.1795

R Development Core Team. (2018). R: A language and environment for 
statistical computing. Vienna: R Foundation for Statistical Computing.

Redding, D. W., Pigot, A. L., Dyer, E. E., Şekercioğlu, Ç. H., Kark, S., & 
Blackburn, T. M. (2019). Location-level processes drive the estab-
lishment of alien bird populations worldwide. Nature, 571, 103–106. 
https://doi.org/10.1038/s4158 6-019-1292-2

Reid, P. C., Hari, R. E., Beaugrand, G., Livingstone, D. M., Marty, C., Straile, 
D., … Zhu, Z. (2016). Global impacts of the 1980s regime shift. Global 
Change Biology, 22, 682–703. https://doi.org/10.1111/gcb.13106

Reyjol, Y., Hugueny, B., Pont, D., Bianco, P. G., Beier, U., Caiola, N., … 
Virbickas, T. (2006). Patterns in species richness and endemism of 
European freshwater fish. Global Ecology and Biogeography, 16, 65–
75. https://doi.org/10.1111/j.1466-8238.2006.00264.x

Roscher, C., Schumacher, J., Gubsch, M., Lipowsky, A., Weigelt, A., 
Buchmann, N., … Schulze, E.-D. (2012). Using plant functional traits 
to explain diversity-productivity relationships. PLoS One, 7, e36760. 
https://doi.org/10.1371/journ al.pone.0036760

Sagouis, A., Cucherousset, J., Villéger, S., Santoul, F., & Boulêtreau, S. 
(2015). Non-native species modify the isotopic structure of fresh-
water fish communities across the globe. Ecography, 38, 979–985. 
https://doi.org/10.1111/ecog.01348

https://doi.org/10.1126/science.aaf8957
https://doi.org/10.1126/science.aaf8957
https://doi.org/10.1034/j.1600-0706.2000.910101.x
https://doi.org/10.1034/j.1600-0706.2000.910101.x
https://doi.org/10.1038/35083573
https://doi.org/10.1038/35083573
https://doi.org/10.1073/pnas.2235465100
https://doi.org/10.1073/pnas.2235465100
https://doi.org/10.1126/science.1064088
https://doi.org/10.1016/j.tree.2003.10.002
https://doi.org/10.1016/j.tree.2003.10.002
https://doi.org/10.1111/j.1466-8238.2009.00508.x
https://doi.org/10.1111/j.1466-8238.2009.00508.x
https://doi.org/10.1038/nature11869
https://doi.org/10.1038/nature11869
https://doi.org/10.1890/04-0669
https://doi.org/10.1111/j.1466-8238.2010.00532.x
https://doi.org/10.1111/j.1466-8238.2010.00532.x
https://doi.org/10.2307/1468267
https://doi.org/10.1890/11-0370.1
https://doi.org/10.1111/fwb.12037
https://doi.org/10.1111/j.1365-2745.2008.01395.x
https://doi.org/10.1111/j.1365-2745.2008.01395.x
https://doi.org/10.1371/journal.pbio.1000606
https://doi.org/10.1371/journal.pbio.1000606
https://doi.org/10.1016/j.tree.2018.04.012
https://doi.org/10.1111/eff.12352
https://doi.org/10.1111/eff.12352
https://doi.org/10.1890/0012-9658(2002)083[2925:DTIODO]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[2925:DTIODO]2.0.CO;2
https://doi.org/10.1038/368734a0
https://doi.org/10.1016/j.jhydrol.2012.01.036
https://doi.org/10.1046/j.1365-2656.1998.00211.x
https://doi.org/10.1046/j.1365-2656.1998.00211.x
https://doi.org/10.3897/neobiota.37.22552
https://doi.org/10.1111/j.1466-8238.2010.00592.x
https://doi.org/10.1111/j.1466-8238.2010.00592.x
https://doi.org/10.1126/sciadv.aav2348
https://doi.org/10.1126/sciadv.aav2348
https://doi.org/10.1007/s00442-004-1578-3
https://doi.org/10.1007/s00442-004-1578-3
https://doi.org/10.1111/j.1461-0248.2006.00924.x
https://doi.org/10.1111/j.1461-0248.2006.00924.x
https://doi.org/10.1111/j.1523-1739.2008.00953.x
https://doi.org/10.1111/j.1523-1739.2008.00953.x
https://doi.org/10.1002/eap.1795
https://doi.org/10.1038/s41586-019-1292-2
https://doi.org/10.1111/gcb.13106
https://doi.org/10.1111/j.1466-8238.2006.00264.x
https://doi.org/10.1371/journal.pone.0036760
https://doi.org/10.1111/ecog.01348


     |  15WOODS et al.

Sandre. (2018). Portail national d’accès aux référentiels sur l’eau. 
Retrieved from www.sandre.eaufr ance.fr

Santos, A. M. C., Carneiro, F. M., & Cianciaruso, M. V. (2015). Predicting 
productivity in tropical reservoirs: The roles of phytoplankton tax-
onomic and functional diversity. Ecological Indicators, 48, 428–435. 
https://doi.org/10.1016/j.ecoli nd.2014.08.033

Schmidt-Kloiber, A., & Hering, D. (2015). www.freshwaterecology.info—
An online tool that unifies, standardises and codifies more than 
20,000 European freshwater organisms and their ecological prefer-
ences. Ecological Indicators, 53, 271–282. https://doi.org/10.1016/j.
ecoli nd.2015.02.007

Shipley, B. (2009). Confirmatory path analysis in a generalized multilevel 
context. Ecology, 90, 363–368. https://doi.org/10.1890/08-1034.1

Shipley, B. (2016). Cause and correlation in biology: A user’s guide to path 
analysis, structural equations and causal inference with R. Cambridge, 
UK: Cambridge University Press.

Srivastava, D. S., & Vellend, M. (2005). Biodiversity-ecosystem function 
research: Is it relevant to conservation? Annual Review of Ecology, 
Evolution, and Systematics, 36, 267–294. https://doi.org/10.1146/
annur ev.ecols ys.36.102003.152636

Swenson, N. G., Enquist, B. J., Pither, J., Kerkhoff, A. J., Boyle, B., 
Weiser, M. D., … Nolting, K. M. (2012). The biogeography and fil-
tering of woody plant functional diversity in North and South 
America. Global Ecology and Biogeography, 21, 798–808. https://doi.
org/10.1111/j.1466-8238.2011.00727.x

Taylor, C. M. (1996). Abundance and distribution within a guild of benthic 
stream fishes: Local processes and regional patterns. Freshwater Biology, 
36, 385–396. https://doi.org/10.1046/j.1365-2427.1996.00104.x

Tedesco, P. A., Beauchard, O., Bigorne, R., Blanchet, S., Buisson, L., Conti, 
L., … Oberdorff, T. (2017). A global database on freshwater fish spe-
cies occurrence in drainage basins. Scientific Data, 4, 170141. https://
doi.org/10.1038/sdata.2017.141

Tilman, D., Isbell, F., & Cowles, J. (2014). Biodiversity and ecosystem 
function. Annual Review of Ecology, Evolution, and Systematics, 45, 
471–493.

Tilman, D., Lehman, C. L., & Thomson, K. T. (1997). Plant diversity and 
ecosystem productivity: Theoretical considerations. Proceedings of 
the National Academy of Sciences USA, 94, 1857–1861. https://doi.
org/10.1073/pnas.94.5.1857

van Ruijven, J., & Berendse, F. (2005). Diversity–productivity relation-
ships: Initial effects, long-term patterns, and underlying mechanisms. 
Proceedings of the National Academy of Sciences USA, 102, 695–700. 
https://doi.org/10.1073/pnas.04075 24102

Vannote, R. L., Minshall, G. W., Cummins, K. W., Sedell, J. R., & Cushing, C. 
E. (1980). The river continuum concept. Canadian Journal of Fisheries 
and Aquatic Sciences, 37, 130–137. https://doi.org/10.1139/f80-017

Venter, O., Sanderson, E. W., Magrach, A., Allan, J. R., Beher, J., Jones, 
K. R., … Watson, J. E. M. (2016). Global terrestrial human footprint 
maps for 1993 and 2009. Scientific Data, 3, 160067. https://doi.
org/10.1038/sdata.2016.67

Wilson, M. A., & Carpenter, S. R. (1999). Economic valuation of freshwa-
ter ecosystem services in the United States: 1971–1997. Ecological 
Applications, 9, 772–783.

Zhao, M., & Running, S. W. (2010). Drought-induced reduction in global 
terrestrial net primary production from 2000 through 2009. Nature, 
329, 940–943.

BIOSKE TCH

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the 
Supporting Information section.

How to cite this article: Woods T, Comte L, Tedesco PA, 
Giam X. Testing the diversity–biomass relationship in riverine 
fish communities. Global Ecol Biogeogr. 2020;00:1–15.  
https://doi.org/10.1111/geb.13147

Taylor Woods studies patterns in aquatic biodiversity, body size 
and productivity and how global change affects these patterns. 
All the co-authors share an interest in large-scale biodiversity re-
search in freshwater systems.

https://www.sandre.eaufrance.fr
https://doi.org/10.1016/j.ecolind.2014.08.033
https://doi.org/10.1016/j.ecolind.2015.02.007
https://doi.org/10.1016/j.ecolind.2015.02.007
https://doi.org/10.1890/08-1034.1
https://doi.org/10.1146/annurev.ecolsys.36.102003.152636
https://doi.org/10.1146/annurev.ecolsys.36.102003.152636
https://doi.org/10.1111/j.1466-8238.2011.00727.x
https://doi.org/10.1111/j.1466-8238.2011.00727.x
https://doi.org/10.1046/j.1365-2427.1996.00104.x
https://doi.org/10.1038/sdata.2017.141
https://doi.org/10.1038/sdata.2017.141
https://doi.org/10.1073/pnas.94.5.1857
https://doi.org/10.1073/pnas.94.5.1857
https://doi.org/10.1073/pnas.0407524102
https://doi.org/10.1139/f80-017
https://doi.org/10.1038/sdata.2016.67
https://doi.org/10.1038/sdata.2016.67
https://doi.org/10.1111/geb.13147

