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INTRODUCTION

Abstract

Biodiversity— ecosystem functioning and food- web complexity— stability relationships
are central to ecology. However, they remain largely untested in natural contexts. Here,
we estimated the links among environmental conditions, richness, food- web structure,
annual biomass and its temporal stability using a standardised monitoring dataset of 99
stream fish communities spanning from 1995 to 2018. We first revealed that both
richness and average trophic level are positively related to annual biomass, with effects
of similar strength. Second, we found that community stability is fostered by mean
trophic level, while contrary to expectation, it is decreased by species richness. Finally,
we found that environmental conditions affect both biomass and its stability mainly via
effects on richness and network structure. Strikingly, the effect of species richness on
community stability was mediated by population stability rather than synchrony, which
contrasts with results from single trophic communities. We discuss the hypothesis that
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Current biodiversity losses and further global change have
the potential to affect ecosystems in complex ways (Loreau
et al., 2001; Tilman et al., 2014). Biodiversity has indeed a
major effect on ecosystem functions and their stability in
response to perturbations (Duffy, 2009; Dunne, 2006;
Hector, 1999; Hooper et al., 2005; Loreau et al., 2001).
Understanding the relationship between biodiversity and
ecosystem properties is thus crucial to better anticipate the
impacts of global change.

Species richness has been found to increase primary
productivity, community biomass and its temporal stability in
various ecosystems and taxa, both experimentally and in
natural settings (Cardinale et al., 2002; Franssen et al., 2011,
Grace et al., 2016; Houlahan et al., 2018; Olivier et al., 2020;
Pennekamp et al., 2018; Tilman et al., 1996, 2006). However,
these studies mainly focused effects of food- web structure
(but see Scherber et al., 2010). Conversely, theoretical works
suggest that both species richness and food- web structure

it could be a characteristic of multi- trophic communities.

biomass, ecosystem functioning, fish, foodweb, natural settings, network structure, species richness, stability,

on communities composed of a single trophic level, generally
primary producers, thereby ignoring the potential
affect ecosystem properties such as productivity, total
biomass and its temporal stability. For example, the presence
of species at higher trophic levels may increase total primary
production through top— down effects, which result in the
selection of primary producers that are larger and more
complementary in their use of resources (Wang & Brose,
2018). In communities including producers and consumers,
the food- web connectance is predicted to modulate the
diversity— productivity relationship (Thébault et al., 2007;
Thébault & Loreau, 2003). Similarly, theoretical studies
generally show strong links between food- web structure and
stability (e.g., Duffy, 2009; Dunne, 2006; May, 1972; Neutel
et al., 2007; Stouffer & Bascompte, 2011). Overall,
theoretical models suggest that both species richness and
food- web structure should affect community biomass and its
stability, but empirical evidence of such effects is lacking.
While community stability is measured in many ways in
theoretical studies, most empirical studies measure
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community stability as the inverse of the coefficient of
variation of community productivity, biomass or abundance,
also called temporal stability (Kéfi et al., 2019). This stability
metric is also well grounded in theory (e.g., Loreau &
Mazancourt, 2008; Thébault & Loreau, 2005; Thibaut &
Connolly, 2013) and can be decomposed into two
components: population stability and synchrony (Thibaut &
Connolly, 2013). Studies considering a single trophic level
(Loreau & Mazancourt, 2008; Olivier et al., 2020; Tilman et
al., 2006; Yachi & Loreau, 1999) as well as theoretical
prediction for multi- trophic communities (Thébault &
Loreau, 2005) tend to highlight that asynchrony in population
dynamics is key for the stabilising effects of species richness
on community biomass. Theory predicts that higher food-
web connectance may increase interaction strength and
thereby increase population variability, counterbalancing the
positive effect of species richness on the temporal stability of
community biomass (Thébault & Loreau, 2005). Predators
can also have cascading effects on both population variability
and synchrony at lower trophic levels (Shanafelt & Loreau,
2018; Teng & McCann, 2004). Overall, these theoretical
studies show that the effects of species richness and food-
web structure, such as connectance and average trophic level,
are potentially conflicting or synergistic in such a way that
they need to be simultaneously assessed.

The joint study of the effects of species richness and food-
web structure on community biomass and its stability is
important in the context of environmental changes. Recent
studies comparing natural communities showed that
environmental characteristics determine in part community
biomass (Grace et al., 2016; Woodset al., 2020) and its
temporal stability (Bluthgen et al., 2016; De Boeck et al.,
2018; Franssen et al., 2011; Fried- Petersen et al., 2020;
Hansen et al., 2013). The environment can affect ecosystem
function or stability directly. For instance, larger freshwater
ecosystems are expected to have more available resources
and thus community biomass (Doi et al., 2009; Post et al.,
2000), while agricultural intensification destabilises bird
communities by decreasing population stability (Olivier et
al., 2020). The effects of environment can also be mediated
by changes in species richness and food- web structure.
Larger ecosystems host food webs with higher diversity and
trophic levels (e.g., McHugh et al., 2010), and temperature is
also known to affect food- web diversity and structure (e.g.,
Bonnaffé et al., 2021; Edeline et al., 2013; Gauzens et al.,
2020; O'Gorman et al., 2017). Environmental characteristics
have thus to be accounted for if we are to tease apart the
effects of species richness and food- web structure on
community biomass and its temporal stability.

Stream fish communities constitute a good model to study
the effects of network structure on community biomass and

its temporal stability because their trophic interactions are
well known. A substantial body of literature supports that
trophic interactions can be inferred through body size and diet
information (Beckerman et al., 2006; Brose et al., 2019;
Gravel et al., 2013; Jennings et al., 2001; Portalier et al.,
2019). Using long- term monitoring of stream fish
communities and inference of trophic interactions (Bonnaffé
et al., 2021), we provide one of the first empirical tests of the
expected relationship between biodiversity— ecosystem
functioning and food- web complexity— stability accounting
for environmental characteristics.

METHODS Data preparation and filtering

Fish communities were monitored across stream sections in
metropolitan France over the period 1995- 2018 by the
French Office of Water and Aquatic Ecosystems (ONEMA)
using electrofishing. Two different standardised protocols
were used for small and large streams (detailed in Appendix
B, part 1.1). In the case where a stream was sampled
alternatively with one of the two sampling protocols, we only
included data derived from the most frequently used
sampling method. The sampling season spanned from late
spring to autumn. There was low heterogeneity in the
sampling month within stations, with the median sampling
month being mid- August and the median standard deviation
of the sampling month was 0.7 month, that is, 3 weeks.

We selected the stations that had been sampled for 10
years or more. As the concept of temporal stability often
referred to the variability around an equilibrium point
(Donohue et al., 2016), we selected the stations that did not
show temporal trends in community biomass (detailed in
Appendix B, part 2). However, the results were robust to the
relaxation of this hypothesis (Figure S7). These selection
steps resulted in 99 stations distributed over seven
hydrographic basins (Figure 1a).

Community biomass and its temporal stability

Biomass estimation

The fishes collected by electrofishing were grouped in
batches according to their body size class and species identity
(Figure S1, Appendix B, part 1.1). When individuals were too
numerous in a given batch, the body size of a subsample of
the individuals was measured. The body size of the
unmeasured individuals was inferred under the assumption
that the body size of the individuals in a batch follows a
normal distribution
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FIGURE1 (a) Observation sites (black dots) were located across France and monitored on the period 1995- 2018. The red dots show the location
of C and D sites. Inner borders draw the limits of the hydrographic basins. (b) Principal component analysis performed on environmental variables. The first



axis was positively related to the stream size, and the second axis was related to the stream slope and altitude and negatively related to average water
temperature and Biological Oxygen Demand (BOD). (c and d) Temporal dynamic of communities with examples of networks corresponding to the years
1997, 1999 and 2002. Each trophic species is represented by a node, and each colour represents a species (see Methods). Node size is proportional to the
biomass of the trophic species. The seven resource nodes are coloured in grey. Species names corresponding to the three digit codes are found in Table S1

(Figure S1, Appendix B, part 1.2). The body mass of each
individual was then estimated following the results of two
meta- analyses on fishes (Froese, 2006; Lleonart et al., 2000),
using an allometric law Bj= 0.01 x I;*%, with B as the body
mass in grams, | the body size in millimetres and i the
individual. Population biomass and community biomass at
each sampling event were then calculated by summing
individual body masses. To account for the variation in
sampling effort among sites, population biomass and
community biomass were corrected by the surface sampled
(range 140- 2700 m?) and expressed in grams per square
metre (g m2). In the analysis, the community biomass of a
site was defined as the median of the community biomass
across sampled years.

Stability measures

Temporal biomass stability was defined as the inverse of
biomass variability. Variability was computed as coefficient
of variation (CV) of the community biomass over time (CV;
= o', with o and i being respectively the standard
deviation and the temporal average of the annual community
biomass of the station i). Then, temporal stability (Si) was

equal to CVi =Bi# L. The variability of community biomass

(CVcom,i) can be decomposed into a synchrony (¢) component
and a weighted average population variability (CVsp,)
component according to Thibaut and Connolly (2013):

CVeom,i = CVsp,i xVBli 1)

To assess the mechanisms driving the stability of
community biomass, we thus in addition measured the
synchrony and the weighted average population variability
CVsp,i, the average CV at the population level in the station i,
weighted by the relative biomass of the species populations,
Bk,i.

Synchrony of the station i, ¢, is the ratio between the
variance of community biomass over time (8%r) and the
squared sum of the standard deviation of population biomass
over time (Bi), i being the station i and k the species k
(Loreau & Mazancourt, 2008). Synchrony varies from 0 to 1,
0 indicating complete asynchrony and 1 perfect synchrony.
Consequently, the lower is synchrony, the higher are the
compensatory dynamics.

K,i
ki CVsp,i= )
- k3kkiB
Ploxri Ploxri
- B CV
Bli2 2 3)
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Species richness and food- web structure

Species richness

Species richness in a given site was defined as the total
number of species present across all the sampling events. We
controlled species richness for sampling effort by dividing
the total number of species by the total surface sampled in the
given station. Species richness was then expressed in number
of species per square metre sampled.

Food- web inference

We determined the food- web structure in two steps
(Bonnaffé etal., 2021): (1) we built a metaweb describing the
trophic interactions among all possible fish size classes and
species as well as with non- fish resource classes (Figure S2),
then (2) we determined the food web corresponding to each
sampling event by extracting from the metaweb the subset of
fish species and size classes present at a given site and
sampling event (Figure 1c,d).

The food web was inferred from body size and ontogenic
diet shift following previous studies (Bonnaffé et al., 2021;
Brose et al., 2019; Gravel et al., 2013; Poisot et al., 2016).
The diet of stream fishes, as for many organisms, shifts
throughout an individual's life and thereby with body size.
For example, larvae and small juveniles feed on plankton,
while adults may feed on algae and fishes, with bigger
individuals eating bigger fishes. Each fish species was
divided into nine body size classes, each corresponding to a
trophic species (Appendix B, Figure S2). A trophic species
constitutes a group of individuals from the same species and



size class, which are expected to share the same sets of prey
and predators. Additionally, we added seven resource nodes
present in the ontogenic food diet database: detritus, biofilm,
phytoplankton, zooplankton, macrophages, phytobenthos
and zoobenthos (grey nodes in Figure 1c,d). The trophic
species and the resources constituted the 412 nodes of the
metaweb, that is, 45 fish species divided into nine body size
classes plus seven resource nodes. The inference of trophic
interactions was shown to be more accurate when considering
body size classes, that is, trophic species, than species
(Jennings et al., 2001).

The feeding interactions of a trophic species were
determined by both its species identity and its body size. The
ontogenic fish diet database was filled according to fishbase
(Froese & Pauly, 2021) and literature (Appendix A, Table
S2). Each fish species had two or three life stages that are
delimited by its body size range (Appendix B, Figure S2).
The life stage of a fish trophic species was determined by the
centre of its body size range, hereafter midpoint (Appendix
B, Figure S2).

For a piscivorous trophic species, the fish— fish trophic
links were defined in two steps and based on the body size
ratio between predators and prey. First of all, the predation
window of a piscivorous trophic species was defined as 3%
to 45% of its midpoint (Claessen et al., 2002; Hart &
Reynolds, 2008; Mittelbach & Persson, 1998). Then, a
trophic link was set between the piscivorous trophic species
and every trophic species whose midpoint in body size range
was included in the predation window (Appendix B, Figure
S2). The fish— resource trophic links were set between the
trophic species and the resource nodes according to the food
items of their size class. Lastly, the trophic links among
resource nodes were set according to the literature (Allan &
Castillo, 2007; Hart & Reynolds, 2008).

Food- web structure

For each food web, corresponding to a particular site and
year, we computed the connectance and mean trophic level.
Food- web connectance describes the level of generalism in
the network and is calculated as the actual number of
interactions divided by the number of interactions if all
species interact (C = L/N?, with L and N being respectively
the number of links and of nodes). The trophic level of the
nodes was computed as one added to the average trophic level
of its food items. The average trophic level T was computed
as the average trophic level of the trophic species weighted
by their biomass (excluding resource nodes for which we had

. =1
no biomass information), so T_-3 BiTix( 2! B") , with Ti and

Bi being respectively the trophic level and the biomass of the
node i. For each site, the median of connectance and average
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trophic level over time was used in subsequent analysis
(Figure 1c,d).

Environmental variables

We characterised the sites by their altitude, slope, distance
from source, stream width, depth and Strahler order, that is,
its position in the stream network hierarchy. We obtained
data on Biological Oxygen Demand (BOD), which is often
related to enrichment and eutrophication in aquatic systems
(Mallin et al., 2006), water temperature, flow and from the
Naiades database (www.naiad es.eaufr ance.fr). As data from
Naiades are not collected on the same site as our fish
sampling sites, we performed an interpolation of the water
temperature and flow based on the spatial stream network
models (Hoef et al., 2014; lIsaak et al., 2014). The
interpolation procedure is detailed in Appendix B (part 1.4).

We had one environmental variable value for each
sampling event, except for water temperature for which
records began in 2006. Then, we computed the average and
temporal CV values of water temperature, flow, BOD, river
width and depth. As habitat and environmental variables are
often collinear, a principal component analysis (PCA) was
performed on the 14 scaled variables. We kept in the analysis
the two first principal components based on the elbow
method on the eigenvalues distribution (Appendix B, Figure
S5). The two first principal components explained 46% of the
variance (Figure 1b). A varimax axis rotation was performed
to maximise the representation of the environmental variables
by the principal components (Kaiser, 1958; Revelle, 2019).
The first axis represented a gradient from small to big
streams, characterised by their width and depth, but also a
gradient of distance from source. We reversed the values of
the second axis, so that is represented a gradient of increasing
average water temperature, average BOD and decreasing
altitude and slope. Further descriptions of the variables are
provided in Appendix B (part 1.4).

Statistical analysis

We analysed the relationships among environment, species
richness, food- web structure, community biomass and its
temporal stability with structural equation models (SEMs), as
they enable the assessment of potential direct and indirect
relationships among multiple variables (Grace, 2008; Grace
et al., 2014, 2016; Lefcheck, 2016). The SEM explains the
median annual community biomass as a function of the
environment, species richness and food- web structure
(Maureaud et al., 2019; Woods et al., 2020). We assumed that
the environment, species richness and food- web structure
directly affect community biomass (Figure 2a), that species
richness affects food- web structure (Dunne, 2006; Thébault
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& Fontaine, 2010; Winemiller, 1989) and that environment
affects species richness and food- web structure.

We used the same model structure to assess the drivers of
temporal stability of community biomass (Figure 3a). Instead
of the annual community biomass, we modelled the
synchrony and population variability that in turn fully
determined the temporal stability of community biomass. We
linearised the mathematical relationship_linking temporal
stability of community biomass Si to CVsi and ¢ by taking
the log of temporal stability such as

E— 1

logSi = - logCVspi-2logli  (4)

The SEMs were based on Gaussian linear mixed- effects
models. All variables except the connectance and average
trophic level were log- transformed to fulfil model
requirements (see residual plots and data transformation in
Figures S5 and S6, Table S5, Appendix B). We set the seven
hydrographic basins as a random effect on the intercept to
account for their heterogeneity. We checked for the absence
of multi- collinearity with variance inflation factor (Table S6,
Appendix B). The slopes estimated by the SEMs and reported
in the main text were standardised in order to compare their
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magnitude (rz =, with f being the unstandardised slope, ox

and oy being respectively the standard deviation of the
predictor variable x and of the response variable ).
Therefore, the standardised coefficients expressed the
variation of x and y in standard deviation units. According to
Equation (4), the unstandardised coefficients of synchrony
and population variability determining temporal stability of
community biomass are respectively —0.5 and —1.0. When
standardised, the relative comparison of those coefficients
comes down to a comparison of the standard deviation of
these two variables. The deviation from unstandardised effect
values (i.e., —0.5 and —1.0) indicates that one component of
community stability displays more variations than the other
and that the determinants of the more variable component
will be those affecting community stability the most. The
paths whose slope had a p value inferior or equal to 0.05 were
reported in the main text; all the path values are presented in
Tables S7 and S8. Indirect effects on community biomass and
its temporal stability were computed by multiplying slopes
along the path. Only significant direct slopes were included
in the calculation of indirect effects. Total effects were
computed as the sum of direct and indirect effects.
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Environmental variables were interpolated with the
openStars and SSN R packages (Hoef et al., 2014,
Kattwinkel & Szdcs, 2020). Linear models and SEMs were
computed with respectively the nlme and piecewiseSEM R
packages (Lefcheck, 2016; Pinheiro et al., 2021). The codes
used for the analysis and to generate the manuscript are
accessible on GitHub (alaindanet/fishcom?). The analyses
were performed with R version 3.6.3 (R Core Team, 2020).

* https://github.com/alain danet/ fishcom

RESULTS

The SEMs explained a large part of the variation of species
richness, connectance, synchrony, CVs, and community
biomass (resp. R? = 0.43, 0.38, 0.46, 0.47 and 0.32) but less
so for mean trophic level (R? = 0.11; Figures 2a and 3a). We
found a negative relationship between species richness and
mean trophic level (rs = —0.26, with

rs meaning the standardised slope) and connectance (rs =
—0.7; Figures 2a and 3a), meaning that a part of the effects of
species richness on community biomass and its temporal
stability went through the food- web structure. The
relationships resulting from the SEM are robust to different
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station selection criteria in the analysis, with different
selections ranging in 65 to 403 stations (see sensitivity
analysis, Figure S8).
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Species richness and average trophic level are
positively correlated with community biomass
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positive direct effect on community biomass (rs =0.32 and r;
=0.3, respectively; Figure 2a— ¢, Table 1), while connectance
had no direct effect. The two PCA axes synthesising
environmental variables had no significant direct effects on
community biomass but indirect ones (Table 1). The first
axis, related to the stream size, was positively linked to
community biomass (rs = 0.18; Table 1), through both
species richness and mean trophic level (r; = 0.08 and 0.1,
respectively; Figure 2f,g, Table 1). The second axis, related
to the average annual temperature and BOD, was positively
related to community biomass (rs = 0.21; Table 1), mainly
through species richness (rs = 0.13; Figure 2g, Table 1).
Warmer and enriched, that is, with higher BOD, streams
contained more species and thus indirectly increased the
biomass of the communities. The total effects of PCAL,
PCAZ2 and species richness on community biomass were of
the same magnitude.

Temporal stability of annual community
biomass

By its effects on synchrony and population variability

(CVsp), species richness had a negative total effect on
biomass stability (rs = —0.31; Table 1). This effect resulted
from two opposite effects. On the one hand, species richness
had a direct negative effect on synchrony (rs =—0.51; Figure
3a,b), thereby increasing stability (rs = 0.4). On the other
hand, species richness had a positive direct effect on CVg (15
= 0.47; Figure 3a,c), thereby decreasing biomass stability (r;
=—0.62; Table 1), which outweighed the stabilising effect of
species richness via decreased synchrony. The negative
effect of CVsp on temporal stability was twice higher than the
negative effect of synchrony (respectively rs = —1.33 and r;
= —0.77; Figure 3a), which is as expected from the

DISCUSSION Species richness increased
community biomass but decreased its temporal
stability

We found that species richness increased community biomass
in line with the results in the plants and tree communities
(Hector, 1999; Li et al., 2018; Tilman et al., 2014; Wu et al.,
2015) as well as those found for fish communities (Maureaud
etal., 2019; Woods et al., 2020) and for theoretical food- web
models (Schneider et al., 2016). Theory suggests that the
positive effect of species richness on community biomass
might be induced by resource use complementarity (Carey &
Wahl, 2011), which is driven by niche differentiation
(Loreau, 1998; Loreau & Hector, 2001) or driven by the
dominance of a highly productive species (i.e., positive
selection effect; Loreau et al., 2001). Recent findings suggest
that such positive selection effect (Loreau & Hector, 2001) is
the main driver of the observed positive relationship between
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mathematical decomposition of the stability of community
biomass. Population variability and synchrony indeed
contribute respectively to —1 and —0.5 when the coefficients
are not standardised (Equation 4). Our result thus also means
that the standard deviation of CVy, is of roughly the same
magnitude as the one of synchrony in this case.

The total effects of mean trophic level and species richness
on temporal stability of community biomass were of the same
magnitude (respectively 0.35 and —0.31; Table 1). The mean
trophic level had only a direct negative effect on CVs, (rs =
—0.26; Figure 3a,f) and thereby had a total positive effect on
temporal stability (r; = 0.35; Table 1). Food webs in which
community biomass is located on average at higher trophic
levels thus tend to have higher stability of population and
community biomass. Connectance had no significant direct
effect on either CVs, nor synchrony and thus no effect on
temporal stability of community biomass (Figure 3a, Table
1).

The total effect of PCA2, related to average annual
temperature and BOD, on temporal stability was of higher
magnitude than the effects of species richness and mean
trophic level (Table 1). The PCA2 had a total negative effect
on the temporal stability of communities, meaning that higher
temperature and BOD results in lower stability (r; = —0.41;
Table 1). PCA2 had an indirect positive effect on temporal
stability through a direct positive effect on mean trophic level
(rs=0.09; Figure 3i, Table 1). However, PCA2 had a negative
effect on stability of community biomass through a direct
positive effect on CVs, and species richness (respectively rs
=—0.33 and r; = —0.17; Figures 2g and 3g, Table 1). PCAI,
related to stream size, had in contrast a very slight positive
effect on stability of community biomass (rs = 0.02; Table 1).
Warmer and larger streams tend to have more species, but the
variability of their population biomass is respectively higher
and lower, resulting in respectively lower and higher
temporal stability of community biomass.
biomass and species richness in fish communities (Maureaud
et al., 2019; Woods et al., 2020).

Contrary to most experimental and empirical results
(Franssen et al., 2011; Olivier et al., 2020; Pennekamp et al.,
2018; Tilman et al., 2006; Valencia et al., 2020, but see,
Declerck et al., 2006), we found a negative relationship
between species richness and stability of community
biomass. This effect resulted from a combination of two
effects, one on population synchrony and one on population
variability, both of which contribute to the stability of
community biomass. The negative effect of species richness
on population synchrony we found, thereby increasing
stability of community biomass, is in accordance with most
studies on experimental grasslands (Isbell et al., 2009;
Roscher et al., 2011) as well as natural communities such as
birds, grasses, bats or butterflies (Bluthgen et al., 2016;
Olivier et al., 2020, but see Declerck et al., 2006; Valencia et




al., 2020). Our result thus extend this relationship to multi-
trophic communities.

The positive effect of species richness on population
variability that we found, thereby destabilising communities,
is more intriguing and does not fit the findings of a meta-
analysis reporting more frequent negative effects of richness
on population variability in multi- trophic communities
(Jiang & Pu, 2009). Food- web theory predicts that the
relationship between the temporal stability of populations and
species richness depends on the strength of interactions and
its distribution (Downing et al., 2020; McCann & Hastings,
1997; Thébault & Loreau, 2005), with stronger interactions
promoting a negative relationship between species richness
and stability. This might be the case in our study system, but
this hypothesis remains to be directly tested. Alternatively, a
positive richness- population variability relationship can
come from an increased demographic stochasticity with
increasing species richness (Loreau & Mazancourt, 2008).

In our study system, the destabilising effect of species
richness via increased population variability was stronger
than the stabilising effect via decreased synchrony. Further,
as the effects of species richness on population variability and
synchrony we found here were of similar amplitude, the
balance between both pathways is governed by the relative
standard deviation of population variability and synchrony,
this because we used standardised coefficients (see Methods).
The fish communities studied here therefore present a similar
level of variation in population variability and synchrony,
again contrasting with results on terrestrial animal
communities that exhibited twice as much variation in
population synchrony than in population variability (Olivier
et al., 2020). This opens intriguing questions as to potential
mechanisms constraining the variation range of population
variability and synchrony among communities. Lower
variation in population synchrony among the fish
communities studied here might relate to their trophic
structure, as theory predicts potential synchronising effect of
generalist predators, such as piscivorous fishes, on prey
dynamics (Huber & Gaedke, 2006; Raimondo et al., 2004).
Trophic interactions might also raise synchrony between
predators and preys (Figure S9; Bulmer, 1975), although
predictions can vary depending on the distribution of
interaction strengths (Huber & Gaedke, 2006; McCann &
Rooney, 2009). Restricted variations in population synchrony
among communities can also be fostered by low biomass
evenness and thereby low portfolio effect (Doak et al., 1998;
Thibaut & Connolly, 2013), but whether biomass evenness of
stream fish communities is particularly low remains to be
tested. Alternatively, aquatic ecosystems have been
suggested to show greater population variability than
terrestrial ones (Rip & McCann, 2011), which could translate
in a greater variation range of population variability among
aquatic communities than among terrestrial ones.

Average trophic level increased community
biomass and its temporal stability, while
connectance had no effect

Our analysis further indicates that network structure, and in
particular average trophic level, was strongly related to
community biomass, as higher community biomass was
found in communities with a higher average trophic level.
These results are in accordance with the theoretical
predictions (Schneider et al., 2016; Wang & Brose, 2018),
proposing that predation selects for primary producers with
higher resource use efficiency and enhance complementarity
between primary producers (Wang & Brose, 2018).

Further, our results show that communities with higher
average trophic level had lower population variability and
were thereby more stable. This result is also in accordance
with theoretical models predicting a higher stability of
populations of higher trophic levels (Barbier & Loreau, 2019;
Shanafelt & Loreau, 2018) or a damping effect of higher
trophic levels on the variability of lower trophic level
populations (McCann, 2000).

In contrast, we found that food- web connectance was not
related to community biomass, which contradicts theoretical
models suggesting that higher connectance is expected to
lower community biomass by decreasing complementarity in
resource use among species (Poisot et al., 2013; Thébault &
Loreau, 2003). However, the effect of connectance on
productivity remains poorly investigated.

Unexpectedly, we found no relationship between food-
web connectance and stability of community biomass that
contrasts with many theoretical results highlighting food-
web complexity- stability relationships (e.g., Angelis, 1975;
May, 1972; Thébault & Fontaine, 2010; but see Neutel et al.,
2007), although they generally consider different stability
concepts and metrics (Arnoldi et al., 2016). The lack of
connectance effect on the temporal stability of community
biomass might be related to the connectance metric we used,
in particular the fact that it did not account for interaction
strengths. Indeed, connectance stability relationship is
expected to vary depending on the strength of trophic
interactions (Thébault & Loreau, 2005). Further, in our
dataset, resource nodes, that is, primary producers,
decomposers and the benthic species, were highly
aggregated, which might blur potential connectance
differences among communities.

Environment had a strong effect on community
biomass and its temporal stability

We found that the larger as well as warmer and more enriched
streams had higher community biomass and that this was
mediated by higher species richness and average trophic
level. Regarding the effect of ecosystem size, our results thus



support a classical theory of food- web ecology (Doi et al.,
2009; Post et al., 2000). Larger freshwater ecosystems
provide higher diversity of resources through habitat
heterogeneity and then result in higher species richness and
mean trophic level per surface unit, through complementarity
in resource use (Doi et al., 2009; McHugh et al., 2010; Post
et al., 2000). Regarding temperature and enrichment effect,
our study joins the mounting body of works reporting the
effect on the structure and biomass of aquatic systems (Allan
& Castillo, 2007; Bonnaffé et al., 2021; Edeline et al., 2013;
Emmrich etal., 2014; Hattab et al., 2016; Woods et al., 2020).
However, current results do not show consensus (Dossena et
al., 2012; Maureaud et al., 2019; Tabi et al., 2019; Yvon-
Durocher et al., 2011), with potential antagonistic effects of
temperature and enrichment as well as non- monotonic
effects (O'Connor, 2009; Tabi et al., 2019; Uszko et al.,
2017). Although we could not tease apart the respective
effects of temperature and enrichment, our results indicate
that in the range of observed covariation in temperature and
enrichment, their joint effects result in a positive relationship
with community biomass.

Our analysis further revealed that stream size had only a
weak effect on the temporal stability of community biomass,
while warmer and enriched streams exhibit less stable
community biomass mainly via an increase in population
variability. These results are in line with previous
experiments showing that warming or enrichment decreases
the temporal stability of communities (Kratina et al., 2012;
Tabi et al., 2019). However, several studies have highlighted
that the effects of temperature on stability can be complex
and interact with those of enrichment (Binzer et al., 2012;
Uszko et al., 2017).

Network reconstruction: limits and
perspectives

The lack of experimental or empirical studies considering the
effects of both species richness and food- web structure on
ecosystem functions can be explained by the challenges
associated with manipulating both species richness and food-
web structure experimentally (e.g., Sander et al., 2017) and
by the fact that describing trophic interactions between
species is highly labour intensive. These challenges are even
more acute when studying the temporal stability of
ecosystem properties, which requires time series. In this
context, recent developments to predict trophic interactions
among species (Beckerman et al., 2006; Gravel et al., 2013;
Portalier et al., 2019), combined with observational long-
term monitoring of ecological communities, offer a
promising opportunity. They offer a way to maximise the
amount of information that can be extracted from already
collected empirical data but at the cost of their precision.
Here, we built binary interaction networks based on the ratio
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of body size between predator and prey, ignoring modulation
of interactions strength depending on preferences or
environmental factors. Refining the construction of
interaction networks by, for example, integrating predator
behaviour (Portalier et al., 2019) or developing more
statistically flexible framework such as machine learning
(Pichler et al., 2020) will certainly increase the accuracy of
species interaction predictions. Although challenging,
methods of food- web reconstruction have a great potential to
increase our understanding of network structure effects on
ecosystem function and dynamic in natural settings using
available long- term empirical data.

CONCLUSION

Our work contributes to bridging the gap between theoretical,
experimental and empirical findings on the functioning and
stability of communities. Our study extends the assessment
of the effect of species richness on community biomass and
its temporal stability to the case of freshwater food webs in
natural settings. While our results are in accordance with
numbers of studies showing a positive effect of richness on
community biomass, they provide a contrasting example of a
negative relationship between richness and stability of
community biomass. Our results highlight population
variability as key in transmitting effects of species richness,
network structure and environmental gradients on
community stability, opening stimulating questions about
how the food- web structure and species richness drive
population synchrony and variability.
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