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Abstract

Dietary studies are critical for understanding foraging strategies and have important
applications in conservation and habitat management. We applied a robust metabar-
coding protocol to characterize the diet of the critically endangered freshwater fish
Zingel asper (the Rhone streber). We conducted modelling and simulation analyses to
identify and characterize some of the drivers of individual trophic trait variation in
this species. We found that population density and ontogeny had minor effects on
the trophic niche of Z. asper. Instead, our results suggest that the majority of trophic
niche variation was driven by seasonal variation in ecological opportunity. The total
trophic niche width of Z. asper seasonally expanded to include a broader range of prey.
Furthermore, null model simulations revealed that the increase of between-individual
variation in autumn indicates that Z. asper become more opportunistic relative to sum-
mer and spring, rather than being associated with a seasonal specialization of indi-
viduals. Overall, our results suggest an adaptive variation of individual trophic traits in
Z. asper: the species mainly consumes a few ephemeropteran taxa (Baetis fuscatus and
Ecdyonurus) but seems to be capable of adapting its foraging strategy to maintain its
body condition. This study illustrates how metabarcoding data obtained from faeces
can be validated and combined with individual-based modelling and simulation ap-
proaches to explore inter- and intrapopulational individual trophic traits variation and

to test hypotheses in the conventional analytic framework of trophic ecology.
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1 | INTRODUCTION

Trophic studies are essential to understand ecological interactions,
providing insights into the processes that structure ecological
communities and regulate energy-flow through trophic networks
(Garvey & Whiles, 2016; Nielsen et al., 2018). Functional differ-
ences among species are thought to be one of the main sources
of ecological variability in food webs, and many diet studies have
been performed to investigate interspecific trophic niche variation
(Bolnick et al., 2003). However, there is now a growing body of
evidence that intraspecific trait variability (ITV) is crucial for main-
taining functional diversity in ecosystems, species and populations
(Des Roches et al., 2018; Musseau et al., 2020; Raffard et al., 2019).
Intraspecific trait diversity promotes functional complementar-
ity among individuals through niche partitioning, facilitating more
efficient use of ecological opportunities (see Table 1) over space
and time (Bolnick et al., 2011), which in turn may increase individ-
ual fitness and population stability (MacColl, 2011). Intraspecific
trait variability can be partitioned into three components: within-
individual variation, between-individual variation and population-
level variation (Albert et al., 2011). In the context of trophic ecology,
these three components correspond to the average individual tro-
phic niche width within a population (WIC; related to a-diversity),
the average trophic variation between individuals (BIC; related
to B-diversity) and the total trophic niche width (TNW; related to
y-diversity; Roughgarden, 1974). TNW is a function of WIC and
BIC, and BIC is usually related to individual specialization (Bolnick
et al., 2003; Roughgarden, 1974; see glossary in Table 1). According
to this framework, many populations considered to be generalists
are in fact composed of specialized individuals with relatively nar-
row diet breadths (Aradjo et al., 2011; Bolnick et al., 2002, 2003).

TABLE 1 Glossary

Term Explanation

Ecological opportunity, that is, the availability of ecologi-
cal resources that may be exploited at a given moment (Araujo
et al., 2011; Evangelista et al., 2014; Sdnchez-Hernandez et al., 2021;
Stroud & Losos, 2016), varies across space and time (seasonality).
Environments are subject to temporal changes, which in turn inter-
act with prey phenology (Conover, 1992; Marshall & Burgess, 2015;
Merritt et al., 2001). In rivers, for instance, the abundance of inver-
tebrates is known to be influenced by flow regime dynamics (Monk
et al., 2008; White et al., 2017), temperature (Arscott et al., 2003;
Haidekker & Hering, 2008), substratum composition (Downes
et al., 2000), and water chemistry (Cross et al., 2006; Gafner &
Robinson, 2007). Moreover, aquatic insects have complex life his-
tories with most having a short, aerial adult period and an aquatic
juvenile stage. The periodicity of each species' juvenile stage can
vary from a few months to a few years depending on their particular
reproductive strategy (e.g., voltinism) and local environmental con-
ditions (Clifford, 1982; Corbet et al., 2006; Kong et al., 2019). The
diverse and overlapping nature of prey phenologies, and their inter-
action with environmental temporal changes, can lead to significant
seasonal variation in community assemblages and in abundances
(Erba et al., 2003; Garcia & Aidn Suarez, 2007) and consequently on
the availability of prey for fishes. Empirical studies have confirmed
that seasonal variation in the availability of prey is a major source of
trophic niche variation (e.g., Falke et al., 2020; Hoenig et al., 2021;
Shutt et al., 2020; Varpe & Fiksen, 2010). The optimal foraging the-
ory predicts that when resource availability declines, consumers will
add novel resources into their diet to maintain their fitness (Perry &
Pianka, 1997). Between-individual dietary variation is expected to
be a determinant component in the diversification of trophic niches
when faced with low resource availability (Bolnick et al., 2011; Sjédin

et al.,, 2018) or with seasonal change in ecological opportunities

Trait Any measurable characteristic of an individual organism that is measured at either the individual or
other relevant level of organization, for example, body condition, individual niche width?

Intraspecific trait variability (ITV)

Ecological opportunity

The individual-based variability of a given trait within a species or population

The availability of ecological resources that may be exploited at a given moment by an individual or a

species, for example, prey abundance

Total trophic niche width (TNW)

A species- or population-level trophic trait summarizing the total realized niche of a given species or

population in terms of prey species richness and abundance. Related to y-diversity

Individual niche width (INW)

An individual trophic trait relating to the richness and abundance of prey species consumed by a

given individual. Related to a-diversity
Also referred to as the within-individual component (WIC) in other studies

Between-individual component (BIC)

An individual trophic trait related to the average difference between an individual's trophic

niche and the other trophic niches observed within a given species or population. Relating to
interindividual dietary variability (B-diversity)

Prey turnover
population or species

Body condition

A population-level trophic trait indicating the degree of interindividual dietary variation in a given

An individual life-history trait related to the potential fitness of a given individual as measured by

the ratio between length and weight. Body condition was measured using the scaled-mass index

(M i) in this study

2Definition from: Dawson et al. (2021).
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(Costa-Pereira et al., 2017). And yet, differential responses of indi-
vidual diets to seasonal prey fluctuation has widespread implications
for individual fitness (Durant et al., 2005; Hipfner, 2008) and can
affect the demography of populations (Miller-Rushing et al., 2010).

Recent methodological advances in diet analysis by metabar-
coding now provides a non-destructive and valuable alternative to
methods based on the morphological identification of prey or sta-
ble isotopes, to study trophic niche variation (Alberdi et al., 2019;
de Sousa et al., 2019). Notably, metabarcoding offers better taxo-
nomic resolution of prey types, and has proven to be a powerful tool
for characterizing complex trophic networks (Clare, 2014; Roslin
& Majaneva, 2016), niche partitioning between species (Pansu
et al., 2019; Soininen et al., 2015), and for guiding the conserva-
tion and management of endangered species (Brown et al., 2014;
Quéméré et al., 2013). However, metabarcoding data has rarely been
used to estimate individual traits for studying inter- and intrapopula-
tion level of trophic niche variation (but see: Bison et al., 2015; Pansu
et al,, 2019; Pornon et al., 2019). Intraspecific trophic trait variation
and the conventional analytic framework of trophic analysis were
initially developed for diet data obtained by stable isotope analysis
or from gut content (or faeces) analysis. Metabarcoding approaches
more closely resemble classical morphological analyses of gut or fae-
ces contents as they use the same type of samples to identify prey.
Gut or faeces content analyses (being morphological or DNA-based)
greatly differ from stable isotope approaches in terms of the tempo-
ral window accounted for by the dietary data (Novak & Tinker, 2015;
Petta et al., 2020). While stable isotope analyses are very integrative
and can recapitulate the diet of an individual over several weeks or
months, metabarcoding data generally integrates one or a few days
of feeding (Corse, Valladares, et al., 2015). Dietary data that inte-
grate such short temporal windows usually contain a limited fraction
of the total prey range of an individual (Aizpurua et al., 2018; Pansu
et al., 2019). However, DNA-based analyses have the potential to
provide much higher taxonomic resolution compared to morphologi-
cal analyses, which are dependent on the visual identification of prey
and stable isotope analysis which do not resolve prey at species-
level information (JakubaviCiute et al., 2017; Zarzoso-Lacoste
et al., 2016). Furthermore, DNA metabarcoding may also detect
prey that are morphologically unidentifiable due to the level of deg-
radation of prey species, especially in the case of soft-bodies species
(Berry et al., 2015; Egeter et al., 2015).

The Rhone streber (Zingel asper (L.) [Actinopterygii: Perciformes:
Percidae)) is a critically endangered fish (Crivelli, 2006) endemic
to the Rhéne River basin, that lost roughly 85% of its historical
range during the 20th century and is now restricted to five dis-
connected populations located in eastern France and Switzerland
(Georget, 2019; Olivier et al., 2022). Zingel asper is a benthic species
with a low diel displacement range, that has naturally low popula-
tion density (Cavalli et al., 2009; Danancher et al., 2007; Labonne
et al., 2003) and mainly feeds on macroinvertebrates (Cavalli
et al., 2003; Corse et al., 2019). The current Z. asper populations
are located in several distinct climatic zones and in both nonregu-
lated (e.g., Beaume and Loue rivers) and regulated rivers (Durance

and Verdon rivers; Bravard & Gaydou, 2015; Olivier et al., 2022).
In the Durance and Verdon rivers, the natural water flow regime is
regulated by hydropower damming (Warner, 2012). This has greatly
altered the temporal patterns of water flow and contributed to the
homogenization of long-term river dynamics and to restructuring
riverine habitats and macroinvertebrate communities (Cazaubon &
Giudicelli, 1999; Warner, 2012). However, our current knowledge of
the Z. asper diet is based on a single population in the Durance river
(Cavalli et al., 2003; Corse et al., 2019). Here we used a metabar-
coding approach to characterize spatial and seasonal diet variation
across the remaining Z. asper populations. Second, we characterized
variation in both individual (WIC and BIC) and population (TNW)
trophic traits to study some of the potential drivers of trophic niche
variation in Z. asper. Studying the response of individual trophic
traits to ecological drivers has proven to be essential to understand
ecological processes like dietary specialization (Bolnick et al., 2003),
niche expansion (Sjodin et al., 2018), ontogenic niche shift (Sanchez-
Hernandez et al., 2019) and intraspecific competition (Svanback
& Bolnick, 2005, 2007). We therefore modelled individual trophic
traits against the effect of seasonality, body size (related to ontog-
eny) and population density, which can be related to intraspecific
competition when prey availability is a limiting factor (e.g., Bolnick
et al.,, 2010; Svanback et al., 2008; Vander Zanden et al., 2000).
Lastly, changes in predator diet may subsequently affect predator
body condition (e.g., Skinner et al., 2016), a life-history trait related
to energy reserves (Peig & Green, 2009) that can drive fitness po-
tential (Kotiaho, 1999; Wells et al., 2016). Using body condition as a
proxy, we therefore aimed to determine whether trophic niche vari-
ation could affect the individual future fitness of Z. asper.

2 | MATERIALS AND METHODS

2.1 | Fish and faeces sampling

Five sites were sampled, which represent four of the five remnant
Z. asper populations (Figure 1). Sampling was performed over one
to four campaigns per site in spring, summer, and autumn in 2014
and 2015 (Table S1), in accordance with permits from the French
Directions Départementales des Territoires (DDTs) from Hautes-Alpes,
Alpes-de-Haute-Provence, Ardeche and Jura. Fishes were caught by
electrofishing and then laid in a plastic, wire mesh fishpond until
biometrical measures and faeces collection were performed. Fishes
were weighed (precision 0.1 g) and their fork-length (i.e., from the
tip of the snout to the fork of the caudal fin) measured (Lf; preci-
sion 1 mm; Table S2). The abdomen of Z. asper individuals was then
pressed by hand to drain out faeces. Faeces were immediately
placed in a 2 ml vial containing 96% ethanol and stored at -20°C.
Fishes were then released within the sampling area. A total of 967
Z. asper individuals were caught, but only 498 provided faeces sam-
ples (maximum of one faecal sample per fish per sampling campaign).
Lastly, the surface area of each sampling site was measured for each
sampling campaign to estimate the population density of Z. asper.
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FIGURE 1 The diets clusters (a) and their indicator species (b) for Zingel asper populations in the Rhéne River basin. Diet clusters were
determined using hierarchical agglomerative clustering based on dissimilarity measurements. The proportion of faeces assigned to clusters is
summarized by pie charts. au, autumn; IndVal, indicator value for prey taxa; Su, summer; Sp, spring.

2.2 | Diet metabarcoding

Faecal DNA extractions were conducted in a room dedicated to the
handling of degraded DNA (Plateforme ADN Dégradé of the LabEx
CeMEB, Montpellier, France) following the method described by
Corse et al. (2017) and the specific safety measures described by
Monti et al. (2015). The DNA was extracted from the whole fae-
ces for all individuals. In order to further minimize cross-sample
contamination, extraction series were limited to 25 samples, in-
cluding 21 Z. asper faeces, two “alien” faeces (i.e., from marine or
non-European continental predators; see: Corse et al., 2019), one
negative control for extraction and one negative control for aero-
sols (for more details on controls, see: Corse et al., 2017, 2019).
Additionally, the analyses also included two distinct mock samples
communities (described in Corse et al., 2019) as both positive con-
trols and standards across MiSeq runs. Samples and controls were
amplified by PCR in triplicates using three primer sets (MFZR, ZFZR
and LFCR; Corse et al., 2019) that target ~150 bp overlapping se-
quences located in the 5’ end of the cytochrome ¢ oxidase subunit
| gene (COI). Thus, nine separate PCRs were generated per sample/
control. The PCR-enrichment step included the one-locus-several-
primers (OLSP) strategy developed by Corse et al. (2019), which aims
to minimize false negatives in metabarcoding data by using several
primer sets that target overlapping but complementary invertebrate
taxa. Amplicons were then processed and sequenced on an lllumina
MiSeq version 3 platform (as detailed in Corse et al., 2017).

High-throughput sequencing (HTS) data were filtered using
an ASV-based procedure (Amplicon Sequence Variant; Corse
etal, 2017) recently reimplemented in VTAM (Gonzéles et al., 2020).
Several abundance and frequency thresholds were determined from
the HTS data of negative and positive controls and from exogenous
samples in order to filter out all ASVs that could not be distinguished
from Low Frequency Noise (LFN, sensu De Barba et al., 2014),
thereby minimizing false positives in faecal samples (i.e., experi-
mental/molecular artefacts such as PCR/sequencing errors, tag-
switching and cross-sample contaminations). Filtering thresholds
were determined by sequencing run, based on variant occurrence
and frequencies (filtering parameters including LFN thresholds are
reported in Table S1) and were then applied separately for each run.
We further ensured the reproducibility of ASVs by (i) eliminating
PCR replicates considered to be too distant compared to the other
replicates from the same sample (Renkonnen dissimilarity used), by
(i) retaining only ASVs that were present in at least two replicates,
and by (iii) discarding chimeras and pseudogenes. Ultimately, ASVs
obtained from the different primer sets that were identical in their
overlapping regions (~130 bp) were combined into contigs (further
details in: Corse et al., 2017, 2019).

The taxonomic assignment of ASVs/contigs was conducted
both automatically using the lowest taxonomic group approach
(Corse et al., 2017) and manually using BOLD systems (www.bolds
ystems.org; Ratnasingham & Hebert, 2007). When necessary (i.e.,
insufficient assignment level, conflicting results between lowest
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taxonomic group approach and BOLD), we built phylogenetic
trees and/or integrate biogeographic information to finalize tax-
onomic assignment. Previous studies have shown that this proce-
dure (which includes three distinct assignment approaches) allows
for species-level identification for up to 75% of the ASVs/contigs
(Corse et al., 2017, 2019). As Z. asper mainly feeds on macroinver-
tebrates but can also feed on fishes (Cavalli et al., 2003; Corse
et al., 2019; Raveret-Wattel, 1900), we considered macroinverte-
brates and fishes as relevant prey and collectively referred to them
as Macrometazoans (see Table S3). Hence, taxa that most proba-
bly result from passive ingestion or secondary predation such as
microinvertebrates (e.g., Tardigrada, Rotifera), diatoms, algae, and
plants, as well as potential parasites (e.g., Acanthocephala), were
excluded from the analyses (for a similar approach, see Hardy
et al., 2017).

2.3 | Statistical analysis

All statistical analyses and data formatting were performed in r ver-
sion 3.5.2 (R Core Team, 2020). Prey abundances were estimated
using the Minimal Number of Individuals (MNI; White, 1953) ap-
proach. MNI is a quantitative statistic that corresponds to the num-
ber of distinct ASVs/contigs validated in each sample for a given
prey taxon (Corse et al., 2017). As substantial differences in ge-
netic diversity can be observed between invertebrate species (e.g.,
Weigand et al., 2020), the MNI may overestimate or underestimate
prey relative abundance if prey genetic diversity is too variable be-
tween taxa. Therefore, we tested the relationship between MNI and
prey haplotype diversity using a linear regression model. For the 11
most prevalent taxa in faeces, haplotype diversity was calculated at
the genus-level and standardized (at the smallest sample size; n = 21)
using Contrib version 1.02 (Petit et al., 1998). Lastly, to evaluate a
possible ontogenetic effect on the diet of Z. asper, we defined four
size-classes: young-of-the-year (size-class 1), 63-108 mm (size-class
2), 109-151 mm (size-class 3), and 152-205 mm (size-class 4). Except

for the young-of-the-year, the size classes were based on quartiles.

2.3.1 | Qualitative trophic variation

The diet of Z. asper was first examined qualitatively, both spatially
(sampling sites), and temporally (seasons and years) by conducting
(i) a principal component analysis based on proportions (pPCA; de
Crespin de Billy et al., 2000), performed on the relative abundances
(based on MNI) of prey species, and (ii) a hierarchical agglomerative
clustering analysis (Ward, 1963). The cluster analysis was performed
using the Ward clustering algorithm (function agnes, package clus-
ter; Maechler et al., 2019) based on dissimilarity measurements
calculated from Hill number p-diversities (g = 1, function pair_dis,
package HiLLplv; Alberdi & Gilbert, 2019b). The optimal number of
clusters was determined using the Gap-statistic (fviz_nbclust func-
tion) from the package neciusTer (Charrad et al., 2014). The diet

clusters were then characterized using Dufréne-Legendre indica-
tor species analysis (Dufréne & Legendre, 1997), which calculates
an indicator value and significance-level for each prey taxon in the
respective clusters (function indval, package LaBDsv; Roberts, 2019).
Indicator values are highest (IndVal = 1.00) when all individuals of
a given taxon are solely found in a single cluster. Lastly, to test for
differences in the proportion of diet clusters between different mo-
dalities (i.e., seasons, size-class etc.) we performed one-tailed two-

proportions z-tests.

2.3.2 | Estimation of trophic traits

Quantitative dietary niche variation of Z. asper was examined for
two individual trophic traits: the individual diet niche width (INW;
related to a-diversity) and the between individual component of
diet niche width (BIC; related to p-diversity). The INW is related to
the within-individual component (WIC) of the trophic niche width
when using diet data (Bolnick et al., 2002). Both INW and BIC were
estimated using “traditional” estimators and using the Hill num-
bers diversity indices (Hill, 1973). The sensitivity of Hill numbers
(D) to rare prey types can be adjusted with the order of diversity
parameter q (Alberdi & Gilbert, 2019b). We calculated Hill num-
bers at g = 1, which includes the relative abundance of prey (in our
case, MNI) in the diversity calculation. INW was estimated by the
Shannon-Wiener index (INW,) (Shannon, 1948) using the r package
vegan (Oksanen et al., 2020), and by Hill numbers D (INW,) (see
Alberdi & Gilbert, 2019a), using hilldiv (Alberdi & Gilbert, 2019b).
BIC was first estimated using the individual specialization index V
(BIC,) (Bolnick et al., 2007) which corresponds to 1—proportional
similarity index, which measures the diet overlap between an indi-
vidual and its population (Bolnick et al., 2002). BIC,, was estimated
based on the average population diet (pop.diet = “average”) using
the PSicalc function of the package RInSp (Zaccarelli et al., 2013).
Second, BIC was estimated using dissimilarity measurements de-
rived from B-diversities based on the Hill number D (BIC,) (see
above). BIC, is the mean dissimilarity between an individual and
the other individuals of its population.

In addition to individual trophic traits, we estimated two
population-level trophic traits within the Hill number framework.
The total niche width (TNW; related to y-diversity) was calculated
for each sampling campaign as D using a coverage-based rarefac-
tion approach (Chao & Jost, 2012). In order to standardize the TNW
estimates between sampling campaigns with different sample sizes,
D rarefaction and extrapolation estimates were standardized
at 90% sample-coverage using the function EstimateD from the
package iNexT (Hsieh et al., 2016). Second, prey turnover was calcu-
lated for each sampling campaign using Jaccard-type turnover (see:
Alberdi & Gilbert, 2019a) which is calculated from Hill g-diversity
values (g = 1; function beta_dis, package hilldiv). Jaccard-type
turnover quantifies the normalized prey turnover rate (across in-
dividuals) with respect to the whole system (in our case: sampling
campaign) (Chiu et al., 2014).
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2.3.3 | A proxy for fitness potential: the
body condition

We estimated the body condition of Z. asper using the scaled mass
index (M i), which was calculated using the formula from Peig and
Green (2009):

bSMA
Scaled mass index = M; [L—O]

1

where M, and L; are the body mass and length, respectively of individ-
ual “". L, represents an arbitrary length value; here, we used the mean
length value of the fishes caught in this study. b, is the scaling com-
ponent calculated by standardized major axis regression of body mass
on length (Peig & Green, 2009). In order to be comparable between
individuals of different lengths, body condition needs to account for
species-specific asymmetric growth patterns, for example, if shorter
individuals are relatively heavier than longer individuals or vice versa.
A linear regression model was therefore performed to test for a rela-

tionship between body condition and body length.

2.3.4 | The effect of seasonality, population
density and ontogeny on ITV

To quantify the effect of season, ontogeny and Z. asper population
density on INW and BIC, linear mixed-effects regression models
(LMM) were fitted using the LMe4 package (Bates et al., 2015). All
models were fitted with a Gaussian distribution and the normality
of model residuals was determined visually by g-q plot. The INW,
model residuals failed to meet normality, INW was therefore log-
transformed to meet model assumptions. The best performing model
was selected based on conditional Akaike information criterion
(cAIC), and in cases of very similar cAIC values (differences <2), the
simplest model was selected (function cAlC, package cAlIC4; Safken
etal., 2021). p-Values were fitted and calculated for all fixed effects in
the best performing LMMs using the package ImerTest (Kuznetsova
et al., 2017). Model performance was evaluated by conditional R?
(RZC; variation explained including random effects) while fixed effects
performance was evaluated by marginal R? (R2M; variation explained
excluding random effects; function r.squaredGLMM, package MUMIN;
Barton, 2019). The respective contribution of each fixed effect to the
marginal R? was determined by type Il ANOVA (with Kenward Roger's
degrees of freedom corrections). Differences in traits between the
factorial fixed effects were determined by post hoc Tukey tests on
the best performing models using the emmeans function with Tukey
corrections (function emmeans, package emmeans; Lenth, 2019).

In order to ensure that our inferences based on LMMs were ro-
bust and overcoming potential issues associated with pseudoreplica-
tion (due to repeated measurements from each sampling campaign)
we included two random effects (Arnqvist, 2020): a sampling cam-
paign random effect nested within a site random effect. Additionally,
we used a Bayesian predictive approach, which has been proven to
make reliable biological inferences even when samples are pseu-
doreplicated (Lazic et al., 2020). The Bayesian predictive approach

determines the probability that twogroup means are different by
sampling from posterior predictive distributions. All models were
fitted with a Gaussian family distribution except for INW,, which
followed a lognormal distribution. Bayesian models were performed
via the package brms (function brm; Biirkner, 2017) with default pri-
ors, four chains, 30,000 iterations and a warm-up of 10,000. Model
selection was performed by leave-one-out cross-validation (LOOQic)
via the package Loo (Vehtari et al., 2017). We assumed our results to
be reliable and robust when (i) LMM model coefficients overlapped
with Bayesian 95% confidence intervals and (ii) differences between
factorial variables were in accordance.

2.3.5 | Partionning the variance of TNW

The total niche width of a given population is described as the sum of
WIC and BIC (Bolnick et al., 2003; Roughgarden, 1974). Determining
whether the TNW is mainly driven by variation in BIC and/or WIC
provides important insights into the biological mechanisms that drive
TNW (Sj6din et al., 2018). We therefore isolated the relative contri-
bution of INW (proxy for WIC) and BIC to variation in TNW using
relative importance analysis (package retaimpo; Gromping, 2006).
However, for this type of analysis, the dietary data used to estimate
dietary traits should account for a substantial temporal window
(MacCaoll, 2011). If the sampled diet is substantially underestimated
due, for instance, to single time-point data and/or limited stomach
size, BIC will tend to be overestimated (Bolnick et al., 2007). This
can drive artefactual correlations between BIC and TNW. It is there-
fore necessary to use null models to test whether the observed BIC
values are different than what would be expected by random sub-
sampling of the population's diet (Bolnick et al., 2007). We simulated
dietary data using a null model that constrained the number of prey
consumed by each fish to the number in the observed diet data (as
described in Bison et al., 2015). Simulations were calculated based
on the average diet of each sampling campaign using the package
RinSp, function Null.Hp.RInSp (Zaccarelli et al., 2013). The between-
individual component (BICDsimulated) was then calculated for the sim-
ulated diet data using the method described above (Section 2.3.2). In
order to test whether an increase in TNW corresponded to a larger
increase in BIC than would be predicted under the null model, we
compared the slope of (BIC-TNW) between observed and simulated
BIC values using linear regression. We added an interaction fixed
effect (TNW*data type) to test whether the relationship between
BIC and TNW significantly differed from the null model. Lastly, we
tested for differences between the simulated and observed BIC val-

ues for each sampling campaign, separately using Welch's t-tests.

2.3.6 | The effect of trophic variation,
seasonality, and sampling site on body condition

To evaluate the effect of dietary variation on body condition,
LMM and BRM model selection was performed using quantitative
trophic niche traits (INW and BIC) and qualitative dietary clusters
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(see Section 2.3.1). Models were fitted using “traditional” esti-
mates of INW and BIC, as well as their Hill number equivalents.
We also tested for seasonal differences in body condition by fitting
LMMs and BRMs, again including sampling site and year as random
effects. These models were fitted with a sampling campaign ran-
dom effect nested within a site random effect. Lastly, we tested
for differences in body condition between sampling sites, by per-
forming LMMs and BRMs. For this final model selection procedure,
we used a season random effect nested within a year effect. LMMs

and BRMs were performed as detailed above (Section 2.3.4).

3 | RESULTS

3.1 | Metabarcoding data

The raw data set was gathered from 21 distinct MiSeq runs. Once
past the filtering procedure, 393 ASVs were validated for MFZR,
447 for ZFZR, and 417 for LFCR. These corresponded to 0.3% of
the ASVs initially identified as COl and 70.7% of the reads identi-
fied as COI. After combining the MFZR, ZFZR, and LFCR ASVs, 391
contigs and 354 ASVs were obtained. A total of 12 samples were
removed after the filtering process as they did not contain any vali-
dated ASVs or contigs. None of the negative controls had validated
ASVs or contigs. All ASVs expected in mock samples were retrieved.
One to two extra ASVs were also validated in most of our mock sam-
ples (contig_0238, contig_0124, MFZR_000591; Table S3; see also
Corse et al., 2019). A total of 536 distinct Macrometazoan ASVs/
contigs (corresponding to 197 prey taxa) were obtained from the
486 Z. asper faaeces containing validated ASVs or contigs. 72% of
the prey ASVs/contigs were identified to the species level, another
15% to the genus level, 11% to the family or subfamily level and 2%

to the order or class level (Table S3).

3.2 | Genetic diversity and MNI

Although haplotype richness varied greatly between prey genera in
our data set (Hk = [3-18]), the correlation between MNI and prey hap-
lotype richness was weak (R? =.03, p <.001; Figure S4). This suggests
that the differences in genetic diversity between prey only marginally
biased the MNI. We therefore assumed the MNI to be a reliable quan-

titative estimate of prey abundance in the faeces of Z. asper.

3.3 | Spatial and seasonal qualitative diet variation

In accordance with previous local-scale studies (Cavalli et al., 2003;
Corse et al.,, 2019), we found that the Z. asper diet was character-
ized by Ephemeropteran species (Figure S1). Ephemeropteran spe-
cies constituted 60% of the total prey abundance and occurred
in 86% of all faecal samples. Baetidae was the most represented
Ephemeropteran family (39% of the total prey abundance), with a

single species (Baetis fuscatus) representing 28% of the total prey
abundance and being present in 70% of faecal samples. The pPCA
analysis (Figure 2) identified three main prey taxa that character-
ized spatial and temporal variation in the diet of Z. asper: PC1 was
primarily characterized by a gradient of increasing abundance
of the Ephemeroptera genus Ecdyonurus (64.0%) while PC2 was
mainly characterized by contrasting variation of B. fuscatus (55.3%)
versus Orthocladiinae (Diptera) (23.6%). During spring and sum-
mer, the diet of Z. asper was primarily composed of Ephemeroptera
larvae (B. fuscatus and Ecdyonurus). In autumn, Ephemeroptera
consumption declined while the consumption of secondary (e.g.,
Chironomidae, Hydropsyche) and rare prey (e.g, Plecoptera, fish)
markedly increased (Figures S1 and S2). Spatial diet variation was
discernible in summer: in the Verdon River the Z. asper diet was
dominated by Ecdyonurus, while at Salignac (SAL) on the Durance
River, the summer diet more closely resembled the autumn diet of
the other sampled locations. However, it should be noted that the
Salignac population was almost exclusively composed of young-
of-the-year individuals (Table S1).

Hierarchical cluster analysis revealed three distinct diet clus-
ters (Figure 1; Figure S2). The clusters were largely characterized
by a single or a few prey taxa (Figure 1): Cluster 1, by B. fuscatus
(Indval = 0.66), Cluster 2 by Ecdyonurus (Indval = 0.68) and Cluster
3 by Orthocladiinae, fish and Hydropsyche (Indval = 0.36, 0.20 and
0.20, respectively) as well as several other rare prey. The cluster-
ing analysis associated with IndValue analysis indicated that the
diet of Z. asper diversified in autumn when compared to spring and
summer, this pattern was consistent among the different sampling
sites and between the two sampling years (Figure 1). In spring and
summer, Cluster 1 (B. fuscatus) was the dominant cluster (except in
the Verdon River, where Cluster 2 was dominant). This was sup-
ported by two-proportions z-test comparisons, with significantly
higher Cluster 1 in spring (0.74) and summer (0.57) compared to
in autumn (0.32; X? =44.45, df = 1, p <.001). In autumn, the diet
of Z. asper diversified: prey from Cluster 1 declined, and prey from
Cluster 3 (Orthocladiinae and rare prey) proportionately increased.
Accordingly, the proportion of Cluster 3 diets in autumn (0.62)
was significantly higher than in spring (0.06) and summer (0.06;
X? =183.25, df = 1, p <.001). Moreover, in accordance with the
pPCA results, the clustering analysis indicated that the young-of-
the-year diets differed from the adult and juvenile individuals. Most
young-of-the-year diets were assigned to Cluster 3 (0.63), irrespec-
tive of season (Figure S2), while Cluster 3 accounted for only 20% of
diets in the other size-classes (X? =37.08, df = 1, p <.001).

3.4 | Individual trophic traits variation in Z. asper

Traditional and Hill number estimates of individual trophic traits
were highly correlated (Figure S4). According to LMMs fixed ef-
fects alone accounted for 11% (for INW) and 29%-37% (for BIC) of
the observed variance. Population density and size-class fixed ef-
fects jointly explained the variance of both INW indices (Table 2).
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FIGURE 2 Principal coordinate analysis based on proportions
(pPCA) of Zingel asper prey consumption inferred from DNA
metabarcoding. The proportions of prey taxa are based on the
cumulative minimal number of individuals (MNIs). Only the vectors
of the four most contributive prey are represented. Each point
represents the centroid position of each sampling campaign at each
sampling site: Hen and Sal, Durance River; Ver, Verdon River; PIt,
Beaume River; PIn, Loue River. Colours correspond to seasons:
Green, spring; blue, summer; purple, autumn.

Population density was negatively associated with INW, while INW
increased incrementally between size-classes. Sum of square analy-
sis revealed that population density and size-class fixed effects ac-
counted for 4% and 7% of INW variance, respectively (Table S7), and
BRM posterior predictive distribution sampling indicated a 60 and a
64% probability that INW was lower in young-of-the-year (size-class
1) individuals compared to size-classes 3 and 4, respectively. LMM
and BRM parameter estimates were in accordance. However, con-
trary to the best LMM, the best performing BRM also included a sea-
sonal effect: BRM estimates indicated that there was respectively a
60% and 59% probability that INW was lower in autumn compared
to spring and summer.

BIC indices were predicted by a seasonal fixed effect, which
was retained as the sole predictor for both LMM and BRM models
(Table 2; Table S7). The seasonal effect was characterized by a sig-
nificant increase in BIC in autumn compared to both summer and
spring. BRM predictions indicated that there was 87% probability
that BIC was higher in autumn compared to spring and summer
(Figure 4; Table 2). Site and sampling campaign random effects
greatly increased the predicted variance for both INW (R?, =.11
vs. R?¢ =.20) and BIC indices (BIC,: R% =.29 vs. R?. =.56; BIC:
R%,, =.37 vs. R%. =.73). The Bayesian 95% Cls of model coeffi-
cients and predictions based on Bayesian predictive inference
were in accordance with LMMs for both BIC and INW (Table 2;
Table S6).

3.5 | Populational trophic traits variation in Z. asper
Total niche width varied from 5.9 to 32.2 across sampling campaigns,
with minimum values observed in summer, and maximum values in
autumn (Table S5; Figure 4). A similar trend was observed in prey
turnover, which was generally higher in autumn (from 0.47 to 0.63)
compared to spring and summer (from 0.21 to 0.58; see Table S5 for
full details). Linear regression models (TNW ~INW +BIC) revealed
that TNW was slightly better explained by Hill number estimates,
accounting for 52% of the variation in TNW (R?=.52, p <.001), com-
pared to 46% by traditional estimates (R? =.46, p <.001). In both
cases however, between-individual variation accounted for vast ma-
jority of TNW variation (BIC, =51%; BIC,, =43%). While INW had a
significant positive effect on TNW according to linear models, it only
accounts for a small proportion of the variance of TNW (INW = 1%;
INW, =3%).

3.6 | Comparison between simulated and observed
BIC values

Simulated and observed BIC were both positively correlated with
TNW
regression was significantly greater than for the BIC ;.4 Values
(TNW*data type interaction, t =-2.97, p =.003). However, within all

4 Was never significantly higher than

TNW values (Figure 5) however, the slope of the BIC

observed ~

sampling campaigns, BIC
BIC (Figure 5).

observe

simulated

3.7 | Determinants of body condition variation
Linear regression modelling revealed that there was no significant
relationship between body condition and body length in Z. asper
(t =1.43, p =.155), indicating that body condition was not biased by
the relationship between length and weight in Z. asper.

We found no relationship between body condition and trophic
niche variation (INW, BIC or dietary cluster) for both traditional in-
dices and Hill number equivalents. Body condition was predicted
by season and site effects (Table 3; Figure 3), which respectively
accounted for 8% and 12% of variation. The Bayesian 95% Cls of
model coefficients and predictions based on Bayesian predictive in-
ference were in accordance with LMMs for body condition (Table 3;
Table S6). Bayesian predictive inference indicated a probability of
68% and 61% that body condition was higher in spring compared to
autumn and summer, respectively. While the highest body condition
was observed at location PIt with a probability of 75%, 66% and 57%
that body condition was higher than at the locations PIn, Ver and
Hen, respectively.

4 | DISCUSSION

By combining nondestructive sampling, a high resolution metabar-
coding data set and both modelling and simulation approaches, we
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TABLE 2 Effect of season, ontogeny and intraspecific competition on Zingel asper's individual dietary traits

BRM

LMM

Effect

summary

R2\-R2c

p-Value

df

SE

Fixed effect Estimate

Trait estimate

Trait

0.11-0.020 0.98to 2.76
-0.48 to -0.03 Negative

<.001
.029

5.27
-2.60

0.33 9.09
0.09 8.72

1.75
-0.23

Intercept
Population

INW,,

INW, and

Individual trophic niche width

density

Positive

-0.11t0 0.34

.254
.009
.009
<.001
.006

1.14
2.64
2.64
15.10
-3.56
-3.95

13.11

350.96

0.11
0.10
0.10
0.05
0.06
0.05
0.62

0.13
0.26
0.26
0.74
-0.22
-0.22

Size-class 2

Positive

0.05 to 0.45

301.50

Size-class 3

Positive

0.05 to 0.45
0.60t0 0.92
-0.39 to -0.07
-0.34 to -0.09

366.98

Size-class 4

0.29-0.56

5.81
9.59
7.78
4.86
11.66

Intercept

A

BIC

Between-individual component

Negative

Summer

Negative

.004
<.001
.004

.002

Spring

0.63 to 1.05
-0.45 to -0.10
-0.41to -0.14

0.37-0.73

0.81
-0.27
-0.27

Intercept

BIC,

Negative

-3.62
-4.79

0.07
0.06

Summer

Negative

7.55

Spring

Abbreviations: df, degrees of freedom; P, Bayesian posterior distribution of parameter estimates; R?, conditional R?; R?,, marginal R?; SE, standard error; t, t-value.
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provided the first fine-scale characterization of dietary variation in
the critically endangered Z. asper. Moreover, we were able to relate
individual trophic trait variation to several ecological drivers, the
seasonal driver being the most important and consistent across the
species' range. While Z. asper adopts largely the same invertivorous
diet across its range, like many riverine fishes (e.g., Angermeier, 1982;
Sanchez-Hernandez et al., 2019; Slack, 1934; Smyly, 1957; Zhao
et al., 2014) Z. asper modifies its diet between seasons, ontogenic
stages and to a lesser extent, spatial scales (in the Verdon River).
Furthermore, our results suggest that individual trophic trait varia-
tion in Z. asper is adaptive.

4.1 | Dietvariation and plasticity in Z. asper

Interestingly, similar patterns of both diet composition and sea-
sonal diet variation were observed across populations despite the
fact that Z. asper inhabits distinct climatic regions and both non-
regulated (Loue and Beaume rivers) and regulated rivers (Durance
and Verdon rivers) (Olivier et al., 2022). Especially, Z. asper popu-
lations share an autumnal diet shift (previously reported in the
Durance population; Cavalli et al., 2003) that is associated with
a decline in the consumption of its main prey (B. fuscatus) and
an increase in the consumption of secondary prey (Figures 1, 2
and 3). Qualitative dietary diversification coincided with both
a population niche (TNW) expansion and an increase in inter-
individual dietary variation (BIC) in most populations (Figures 3
and 4), with between-individual dietary variation (BIC) being the
main driver of TNW. According to the prevailing trophic niche
theory, BIC rather than individual niche width (INW), is expected
to drive trophic niche variation (Aradjo et al., 2011; Bolnick
et al., 2003; Sjodin et al., 2018). Most empirical studies conclude
that BIC variation is driven by interindividual variation in prey
preference, microhabitat specialization or individual variation in
foraging behaviour (e.g., Endo & Watanabe, 2020; Lewis, 1986;
Persson, 1985; Svanbick & Bolnick, 2005). However, in our case,
simulations revealed that the measured BIC in Z. asper did not
significantly differ from the null hypothesis of random foraging
(Figure 5), rejecting the hypothesis of individual specialization. In
other words, individuals faced with the same prey community did
not differ more than would be expected by chance, and individual
diets would be expected to converge over time as more prey taxa
are incorporated into their diets (see: Aizpurua et al., 2018; Novak
& Tinker, 2015). At a seasonal scale, BIC variation may simply re-
late to temporal variability in prey encounter rates, which can
promote dietary divergence only over short-time periods (Novak
& Tinker, 2015). Indeed, the increase of BIC and population diet
breadth (TNW) in autumn coincided with both narrower individ-
ual niche widths (INW) (Figure 3) and a higher hindgut emptiness
(which may be indicative of lower short-term foraging success;
Table S1). This suggests that fewer prey captures per individual
in autumn contribute to an increase in short-term dietary diver-

gence between individuals.
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TABLE 3 Effect of season and sampling site on body condition of Zingel asper. Scaled mass index (M i) modelled against season and

individual dietary traits (INW and BIC)

LMM
Variable type Fixed effect Estimate SE df
Season Intercept 12.85 0.32 12.45
Summer 0.20 0.45 12.07
Spring 1.00 0.45 11.93
Sampling site (Intercept) 13.43 0.42 1.72
Hen 0.27 0.14 21711
Pln -0.72 0.11 406.44
Plt 0.64 0.14 200.34

BRM
Effect

t p-Value R2\-R?¢ P summary
39.69 <.001 0.08-0.28 11.66 to 13.79

0.44 665 -0.80t0 1.73 Positive

2.22 .046 0.00 to 2.02 Positive
31.79 .002 0.12-0.28 11.08 to 15.63

1.94 .054 0.00to 0.56 Positive
-6.61 <.001 -0.94 to -0.51 Negative

4.66 <.001 0.37t0 0.93 Positive

Abbreviations: df, degrees of freedom; P, Bayesian posterior distribution of parameter estimates; ch, conditional R2; R2M, marginal Rz; SE, standard

error; t, t-value.

However, despite temporal (between seasons) and spatial (in
the Verdon River) trophic niche variation, body condition in Z. asper
was not related to either quantitative (e.g., BIC) or qualitative (di-
etary clusters) dietary variation. In fish, body condition is driven by
a variety of biotic and abiotic factors, and food quality, quantity,
and availability have proven to be major drivers of body condition
(Bojsen, 2005; Pazianoto et al., 2016; Pothoven et al., 2001). Body
condition summarizes one part of the health and physiological state
of individuals (Cavraro et al., 2019; Stevenson & Woods Jr, 2006) and
therefore their potential fitness (Kotiaho, 1999; Wells et al., 2016).
Population-level trophic niche expansion is a well-established mech-
anism in predators to meet energetic requirements (lvlev, 1961;
Perry & Pianka, 1997). In this context, a transient increase in BIC may
be related to opportunistic foraging, allowing individuals to acquire
sufficient nutrients and maintain their fitness potential when facing

changing ecological opportunities.

4.2 | Conservation implications for Z. asper

Diet studies have proven to be critical for guiding the conserva-
tion and management of species and habitats (Nunn et al., 2012;
Zarzoso-Lacoste et al., 2019). This study revealed the possible
adaptive dietary plasticity of Z. asper, that is, its capacity to mod-
ify its diet while maintaining comparable body condition across
its range and seasons. For instance, fishes in regulated rivers
are commonly associated with distinct diets and body condition
in relation to conspecifics in nonregulated streams (Alexandre
et al., 2015; Corse, Pech, et al., 2015; Luz-Agostinho et al., 2009;
Pusey et al.,, 2010). Flow regulation can alter the natural com-
position and seasonality of macroinvertebrates (e.g., Brittain &
Saltveit, 1989; Cortes et al., 2002; Poff et al., 1997) which can
affect seasonal diet variation in some fishes (e.g., Alexandre
et al., 2015). In the Durance River, the modification of the natu-
ral flow regime has significantly modified the macroinvertebrate
community (Cazaubon & Giudicelli, 1999), and both the diet and
body condition in some fish species (Parachondrostoma toxostoma

and Chondrostoma nasus) were shown to be affected by flow regu-
lation (Corse, Pech, et al., 2015). However, the dietary variation
of Z. asper in the Durance River was comparable to the popula-
tions in the unregulated Beaume and Loue rivers, and neither the
Durance nor the Verdon populations of Z. asper exhibited lower
body condition relative to populations in natural flow regimes. To
some extent, Z. asper may therefore be more resilient than some
other fish species to environmental changes that would affect its
prey distribution and abundance.

Nevertheless, despite some ubiquitous taxa also occurring in
the diet of Z. asper (e.g., Gammarus, fishes), the diet of Z. asper is
characterized by a few main prey (B. fuscatus and Ecdyonurus) and
secondary prey (Orthocladiinae, Hydropsyche, Simulium) which
are all rheophilic taxa (Tachet et al., 2020). Our results therefore
suggest that high flow velocity habitats (e.g., runs and riffles) and
their associated prey are essential for the long-term survival of
Z. asper. Additionally, the diet of young-of-the-year Z. asper was
mostly composed of smaller prey like chironomids (Orthocladiinae)
(Figure 1). The availability of smaller prey may therefore be import-
ant during the first year of growth of Z. asper (Monnet et al., 2022)
until they can transition to larger, potentially more beneficial prey
(i.e., B. fuscatus and Ecdyonurus). Moreover, chironomids are simi-
larly important for the autumnal diet shift of adults. Consequently,
the availability of both its main prey and smaller chironomids as
well as of their rheophilic habitats should be accounted in the con-
servation and management of the critically endangered Z. asper,
especially for the selection of potential reintroduction sites or for

river restoration programmes.

4.3 | Advice for future diet studies using
metabarcoding data

The metabarcoding approach employed in this study was designed
to produce a robust dietary data set. Critically, our metabarcoding
approach aimed to limit both type | errors (false negatives), and type
Il errors (false positives). The choice of PCR primers is determinant
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FIGURE 3 Seasonal variation of INW (a), BIC (b) and body condition (c), and the network (hive plot) of relationships of prey, season and
Zingel asper's BIC. Boxplots were produced using residuals extracted from x ~year + station to account for spatio-temporal variation in INW,
BIC and body condition. For INW and BIC, blank boxes correspond to Shannon (INW,) and V indices (BIC, ), filled boxes correspond to Hill
number indices (INW, and BIC). The hive plot was produced using Funcmap (Hanson, 2018). BIC, between individual component; INW,

individual niche width.

for minimizing false negatives. Indeed, no single primer set can
perfectly amplify every species, with the “best” primers covering a
maximum of 80% of taxonomic diversity in environmental samples
(see: Elbrecht et al., 2019; Tournayre et al., 2020). Consequently,
using multiple primer sets together is now recommended to pro-
duce both more comprehensive characterizations of diet composi-
tion (Aldasoro et al., 2019; Corse et al., 2019; Esnaola et al., 2018)
and more accurate estimates of both a- and B-diversity (Browett
et al., 2021; Forsman et al., 2022; Hajibabaei et al., 2019).
Furthermore, the choice of metabarcoding data filtering and
validation strategies is critical for obtaining robust data and accu-
rate ecological estimates (Drake et al., 2022; Tercel & Cuff, 2022;
Zinger et al., 2019). Many authors are in search of nonarbitrary and
adequate metabarcoding data filtering strategies to standardize
biodiversity analyses (e.g., Antich et al., 2021; Corse et al., 2017,
Gonziéles et al., 2020; O'Rourke et al., 2020). Indeed, accurate and
exhaustive curation of false positives (e.g., sequencing and PCR

errors, chimeras, internal and external contamination) and ensuring
repeatability by using technical replicates has proven essential for
producing accurate biodiversity estimates (Calderén-Sanou et al.,
2020; Littleford-Colquhoun et al., 2022). Therefore, we recommend
using a robust experimental design to produce relevant estimates
of diet traits for characterizing individual and population trophic
niche variation using metabarcoding data. From our experience,
a robust metabarcoding protocol should include (i) several primer
sets (three primer sets in our case) to minimize false negatives and
to comprehensively cover the taxonomic diversity of prey and (ii) a
filtering procedure that explicitly integrates negative controls, pos-
itive controls, and technical replicates to minimize false positives,
ensure repeatability and validate dietary metabarcoding data within
and between high-throughput sequencing runs. Especially when
dealing with several distinct high-throughput sequencing runs, mock
communities should be used as standards for the filtering param-
etrization. This should minimize the effect of random fluctuations
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and make samples comparable between runs (Bakker, 2018; Corse
et al.,, 2019). Also, the metabarcoding protocol should preferably
be developed and tested on a subset of faeces before conducting
large-scale studies to ensure it is fully adapted to the predator-prey
context (Alberdi et al., 2018; Corse et al., 2019).

Additionally, metabarcoding data is often criticized for poorly
quantifying abundance (Lamb et al., 2019; but see: Thomas et al., 2016;
Vasselon et al., 2018). Here, we employed the minimum number of in-
dividuals (MNI), a quantitative estimate widely used in archaeological
sciences (Dominguez-Rodrigo, 2012; Lyman, 2018), to provide a con-
servative estimate of prey abundance based on the number of distinct
variants detected per prey species (Corse et al., 2017). However, this
estimate may be sensitive to false positives and to variation in the
genetic diversity of prey taxa (the abundance of taxa that exhibit high
genetic diversity may be overestimated). Future studies that adopt
the MNI approach should therefore (i) implement a robust ASV-based
filtering protocol to minimize false positives and (ii) verify that the
MNI is not biased by the genetic diversity of prey (Figure S4).

Individual-based approaches are commonly used in ecology
to understand how population-level patterns emerge from inter-
actions between individuals and their environment (DeAngelis &
Grimm, 2014; Durrett & Levin, 1994). In trophic ecology, individual-
based modelling has proven to be essential to characterize the pat-
terns and drivers of intraspecific diet variation (Bolnick et al., 2011)
but remains rare for the analysis of metabarcoding data sets (but see:
Bison et al., 2015; Pansu et al., 2019; Pornon et al., 2019). However,
in ecology, and especially in the case of endangered species, the
number of locations that can be studied are most often limited,
experimental units (here, locations) will inevitably be the object of

multiple interdependent measurements, leading to pseudoreplica-
tion in the data (Hurlbert & White, 1993). In this context, linear mixed
models (LMMs) should be correctly fitted with random effects and
interpreted with caution (Arngvist, 2020). Alternatively, Bayesian
predictive approaches have been recently proposed to make valid
inferences even when there are pseudoreplicates (Lazic et al., 2020).
Here, we used the congruence between both LMMs and Bayesian
approaches as a cross-validation to support the accuracy of our con-
clusions about the variation of individual trophic traits in Z. asper.

Finally, while simulations can also be used to test the impact
of pseudoreplication on ecological conclusions (e.g., Zuckerberg
et al., 2020), they have previously been employed to test the signif-
icance of between-individual component (BIC) as the main driver of
population diet breadth (Bison et al., 2015; Bolnick et al., 2002). In
this study, simulations allow us to reject the hypothesis that higher
BIC in autumn reflected specialization between individuals. Rather,
simulations indicated that high BIC in autumn probably arose due
to an increase in stochastic diet variation in Z. asper, suggesting a
seasonal increase of dietary opportunism when facing changing eco-
logical opportunities.

In summary, we would advise future diet metabarcoding to com-
bine: (i) a thorough experimental design, including temporal rep-
licates, (ii) the production of a robust metabarcoding data set, (iii)
the use of standardized estimates (derived from Hill numbers), (iv)
appropriately structured individual-based LMMs and Bayesian pre-
dictive approaches to deal with potential pseudoreplication, and (v)
simulations in order to test null hypotheses. In our case, this combi-
nation proved to be sufficiently robust to provide fine-scale infor-
mation about the trophic ecology of Z. asper and offered valuable
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perspectives for its conservation. We believe that it may be fully
applied to any invertivorous vertebrate to respond to trophic niche-
related research questions. Our methodology would be particularly
effective for studying endangered predators: the collection of fae-
ces being nondestructive, it allows for larger sample sizes.

4.4 | Perspectives

To date, most studies that investigate individual trophic traits varia-
tion have focused on species with large fundamental niches and/or

multiple foraging strategies (e.g., Costa-Pereira et al., 2019; Sanchez-
Hernandez et al., 2021; Vrede et al., 2011), and the biotic and, to a
lesser extent, abiotic drivers of individual trophic trait variation are
now relatively well understood in these species (Aradjo et al., 2011).
Future studies should aim to determine the underlying drivers of in-
dividual trophic niche variation in species with a more constrained
trophic niche, such as Z. asper.

Our study improved the understanding of how Z. asper varies its
trophic niche across its range and thus provides valuable informa-
tion for its conservation. Especially, though unrelated to individual
specialization, transient variation in BIC appears to be linked to the
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maintenance of body condition in Z. asper. Transient individual tro-
phic trait variation is a foraging response often related to fluctua-
tions in ecological opportunity (e.g., Brooke McEachern et al., 2006;
Matich et al., 2011; Woo et al., 2008), in particular, BIC has been
shown to increase as preferred prey declines (Pires et al., 2013;
Tinker et al., 2008). In fact, seasonal dietary variation in Z. asper
has been previously shown to be driven by the seasonal decline in
the abundance of its main prey (B. fuscatus and Ecdyonurus) in the
Durance River (Cavalli et al., 2003). Furthermore, seasonal variation
in BIC was related with signs of resource depression in autumn (i.e.,
narrower INW and higher hindgut emptiness). We therefore hypoth-
esize that the diet shift observed in the Beaume and Loue Z. asper
populations are probably driven by a similar seasonal depletion of
main prey taxa. Determining the exact biotic drivers of the adaptive
trophic niche variation highlighted in this study should guide future
studies. This will be achieved only with the acquisition of the biotic
(e.g., prey abundance, prey diversity) and even abiotic (e.g., water
temperature, substrate granulometry) data for conducting mecha-
nistic analyses and modelling. Riverine fishes are among the most
endangered species in the world (Olden et al., 2010). Combining diet
metabarcoding, prey and habitat data to conduct causal analyses
would yield further critical insights into the trophic ecology of en-
dangered fish species and the potential threats facing them.
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