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1 | INTRODUCTION

Water resource management is a major global issue for economic

and developmental reasons, but it also represents a significant

| Nicolas Poulet® | Aurélien Besnard®

Abstract

1.

Understanding the population dynamics of aquatic species and how inter-specific
variation in demographic and life history traits influence population dynamics is cru-

cial to define their conservation status and design appropriate protection measures.

. The abundance and biomass growth rates for 18 common European freshwater

fish species were estimated using data spanning 1990-2011 for 546 sites across
France. Fish-length trends were assessed using quantile regressions and correla-

tions with life history traits were investigated.

. Amongst the 18 species, eleven of them have exhibited a significant decline in

abundance and 14 species declined in biomass, seven remained stable or ex-
hibited positive abundance growth rates; for four species, biomass was stable
or increased. Of the demographic and ecological traits investigated, life-history
strategy and maximum length were significantly correlated with species’ popula-
tion growth rates, revealing that the decline mainly concerned large-bodied spe-

cies with slow life-histories.

. These results focus on 18 common European species representing 94% of fish

captured during the study period within the French national monitoring pro-
gramme and underline that more attention should be paid to the decline in com-
mon species. Population dynamics of widely distributed common species are key

drivers of communities and of importance to ecosystem function.

. This study provides evidence of declines in common European freshwater fish

species at a national scale and recommends conservation measures to favour re-
covery of most declining species. We highlight the crucial value of electrofishing
monitoring programmes to assess freshwater fish species population trajectories
and to support environmental management and conservation policy based on sci-

entific evidences.

KEYWORDS

abundance, biomass, demographic strategy, fish length trends, fish population dynamics,

population decline

biodiversity conservation concern (Millennium Ecosystem assess-
ment, 2005; Balian et al., 2008). Freshwater ecosystems host at
least 9.5% of described animal species, many of which are threat-

ened by global or local pressures from anthropogenic activities
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(Décamps, 2011; Helfman, 2007). In Europe, human activities have
degraded the morphology, hydrology, continuity, water quality, and
water quantity of more than 70% of waterbodies, which in turn im-
pacts biodiversity (European Environment Agency, 2012, 2018). As
a result, fish are the second most-threatened taxa in Europe, with
37% of species considered as threatened by extinction and 2.5%
as extinct, mostly salmonid species (Freyhof & Brooks, 2011). The
situation is similar in North America, where between 21 and 39%
of described freshwater fish species are imperilled or threatened
with extinction, and 3% are already extinct (Jelks et al., 2008; IUCN
Red List, 2018). Worldwide, according to the International Union
for Conservation of Nature (IUCN) Red List, 23% of currently listed
ichthyofauna are considered as vulnerable, endangered, or already
extinct (IUCN Red List, 2018).

To monitor fish populations, field sampling protocols have been
deployed, such as monitoring programmes implemented within the
European Water Framework Directive (EU-WFD; 2000/60/EC) or the
United States Clean Water Act (Public Law 92-500, 1972). The data from
these surveys have been mainly used to assess disturbances to freshwa-
ter fish communities through ecological indices (Karr, 1981; Logez, Bady,
Melcher, & Pont, 2013; Schmutz et al., 2007). While fish indices provide
relevant information at the scale of a community reflecting the level of
degradation of fish assemblages (Marzin et al., 2012; Santos et al., 2017),
they should be supplemented by population dynamic analyses to assess
species population trends. Understanding the population dynamics and,
ultimately, the population growth rate ()) of aquatic species is crucial to
define species conservation status, and in turn to implement relevant
conservation strategies for restoring river biodiversity, notably by focus-
ing on the most-threatened species in decline.

Apart from determining population growth rate, understanding
how inter-specific variation in demographic and life history traits
influences population dynamics is crucial information for environ-
mental managers. It is essential to identify which intrinsic ecological
traits may render some species more vulnerable and contribute to
risk factors in population decline. This information also allows the
main drivers of population dynamics to be identified, so that relevant
management actions can be proposed (Velez-Espino et al., 2006;
Winemiller, 2005). For instance, species’ trophic position, generation
time (life history traits) and life traits related to species' sensitivity to
climate change are of overriding importance in predicting extinction
risks both in aquatic and terrestrial taxa (Cardillo et al., 2008; Julliard
etal.,2003; Lebreton, 2011; Mgller et al.,2008; Reynolds et al., 2005;
Reynolds Webb et al., 2005; Kopf et al., 2017). Correlations between
a species’ generation time, size, population decline, and subsequent
conservation status have been highlighted in many taxa, such as
mammals, birds, reptiles, and marine fish (Winemiller, 2005; Saether
& Engen, 2002; Gaillard et al., 2005; Reynolds, et al., 2005; Bohm
etal., 2013). Large-sized long-lived species have been found to suffer
most from anthropogenic pressures as their low population density
and low intrinsic maximum population growth rate limit their abil-
ity to recover after perturbations (Stearns, 1992; Saether & Engen,
2002; Lebreton, 2011). In contrast, small-sized short-lived species

can rapidly recover after disturbance due to high intrinsic maximum

population growth rate (Gaston & Blackburn, 1995; Lebreton, 2011;
Schipper et al., 2008).

In fish, three main life history strategies are recognised: (1) large-
sized long-lived species maturing late and having high fecundity
are considered periodic species with slow life histories; (2) small-
sized short-lived species maturing early are considered opportun-
ist strategists with fast life histories; and (3) species that maximise
juvenile survival through parental care are considered equilibrium
species (Winemiller & Rose, 1992). Olden et al. (2007) underline that
body-size distributions of at-risk freshwater fishes are bimodal. Both
small- and large-bodied freshwater species are threatened by global
extinction, especially large-bodied anadromous species (Reynolds,
et al., 2005; Olden et al., 2007). Reynolds, et al. (2005), Winemiller
(2005), and Kopf et al. (2017) have shown that in Europe and North
America, small-bodied freshwater fish species are more threatened
with extinction than larger fish. However, among small-bodied spe-
cies, some of them listed in the IUCN Red List of Extinction Risks and
the U.S. Fish and Wildlife Service list of threatened and endangered
species are listed solely because of their small range size and their
restriction to one catchment (Freyhof & Brooks, 2011; Reynolds,
et al., 2005; Winemiller, 2005; Kopf et al., 2017). While a small range
increases extinction risk, it does not necessarily translate into popu-
lation decline. Therefore, fish species at risk of extinction according
to the IUCN criteria are not necessarily declining whereas widely dis-
tributed, common species could be far from extinction but declining
nonetheless (Gaston & Fuller, 2008; Inger et al., 2015). Therefore,
freshwater fish population dynamics should be further investigated
to supplement IUCN Red List of extinction risk status. Correlations
between freshwater fish life history traits (especially demographic
traits) and population dynamics should also be assessed to identify
most vulnerable species; especially in widely distributed species
not listed at risk of extinction for which even small variations in the
abundance and biomass might result in substantial modifications of
structure, function, and dynamics of communities at a large geo-
graphic scale (Gaston, 2010; Gaston & Fuller, 2008).

In this study, we investigated firstly fish trends in abundance,
biomass, and fish body length in France for the period 1990-2011.
These three biological metrics provide complementary information
on the structure of fish populations. Secondly, we assessed whether
species’ demographic and biological traits (life history strategies,
trophic position, habitat preferences, and thermal tolerance) were
correlated with population dynamics. We focused on 18 common
European species that together composed the majority of individu-
als and biomass (94.1% of fish abundance and 88.4% of fish biomass)

captured in annual monitoring surveys during the study period.

2 | MATERIALS AND METHODS
2.1 | Study area and fish sampling method

The monitoring programme started in 1990 and is ongoing, investi-

gating freshwater fisheries of selected rivers across France (Figure 1).
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Sampling was carried out by the French Office for Biodiversity (formerly
the French National Agency for Water and Aquatic Environments),
which sampled the freshwater fish communities using standardised
electrofishing protocols. The sampling protocol depended on river
width and depth during low-flow seasons and was conducted either
in spring or autumn (see Poulet et al., 2011 for more details). Captured
fish were identified, counted, measured, and weighed before being
released back into the river. When juveniles were sampled, to avoid
mortality of this sensitive stage during handling, fish were pooled to-
gether according to their size. They were counted, and then the body
lengths of at least 30 individuals from the same pool were measured,
and finally the fish in the pool were weighed together.

2.2 | Fish monitoring data
2.2.1 | Abundance and biomass

From the survey sampling data for hundreds of monitored sites, we
selected a total of 546 sites homogeneously distributed in France
(excluding sites in Corsica and overseas France) sampled between
1990 and 2011 in order to analyse only the longest available time
series (ranging from 7 to 22 years with an average of 12 sampled
years per site; Figure 1). To compare interannual abundance (as the
number of fish captured) and biomass (as the total weight of fish cap-
tured), we selected a final dataset including 6,483 sampling events

FIGURE 1 Spatial distribution of the
546 sampling sites (black dots) and main
rivers (grey lines) in metropolitan France.
Corsica was excluded due to the low
number of data available

within these 546 sites, which were surveyed with the same protocol
and in the same season (either spring or autumn). Abundance and
biomass growth rates were assessed for 18 fish species in France
representing 94.1% of the captured fish abundance and 88.4% of
fish biomass of the 3,300,609 fish sampled (Table 1). At the time
of the monitoring programme, some of the 18 investigated species
were considered as distinct species, but recent taxonomic analyses
consider that some of them include several newly identified spe-
cies (Kottelat & Freyhof, 2007). For instance, one species identified
since 1990 in the monitoring programme as Leuciscus leuciscus has
more recently been defined by genetic and morphological analyses
as five distinct species distributed in France (Costédoat et al., 2006;
Kottelat & Freyhof, 2007). In such cases, we considered Leuciscus
spp. as a taxonomic unit pooling together the five distinct species.
In the same way, Gobio spp. refers to three species previously con-
sidered as Gobio gobio; Cottus spp. refers to eight species previously
considered as Cottus gobio; and Phoxinus spp. refers to three species

previously considered as Phoxinus phoxinus.

2.2.2 | Fishlength

We analysed fish length data for the 18-investigated taxa at the
546 sites for the period between 1995 and 2006. We restricted our
analysis to these 12 years during which more than 320 sites were
sampled each year to maximise the total number of fish-length

1?0 3?0 Kilometers
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measurements available per year. Only fish sampled in autumn were
analysed to avoid body length variation due to the sampling season.
Depending on species abundance, fish-length trends were investi-
gated using sample sizes ranging from 4,437 (Esox lucius) to 533,992

(Phoxinus spp.) individuals with a mean of 110,111 fish per species.

2.2.3 | Ecological and biological traits

To describe species’ life history strategies, we considered the
lifespan, age at maturity of females and mean absolute fecundity.
Values for these parameters were extracted from Vila-Gispert and
Moreno-Amich (2002), Kottelat and Freyhof (2007), and FishBase
(Table 1). Mean values were calculated with data available from
western and central Europe countries. The other investigated eco-
logical traits were extracted from the classification completed dur-
ing the EFI + project (Holzer, 2008; EFI + Consortium, 2009; Logez
etal., 2013) and from Tissot and Souchon (2010). Ecological traits we
examined included species’ adult trophic guild, maximum reproduc-
tion temperature, range of reproduction temperature, and habitat
(affinity to flow velocity and reproduction habitat; Table 1).

2.3 | Statistical analysis

2.3.1 | Abundance and biomass growth
rate modelling

Field-based estimates of abundance and biomass entail uncer-
tainty because of stochasticity and observation errors (De Valpine
& Hastings, 2002; Kéry & Schaub, 2012; Newman et al., 2014).
To tackle these limitations, we used Bayesian state-space mod-
els, modelling an observation process and a state process to as-
sess abundance and biomass trends separately for each species
(Figure 2). State-space models are time series models in which the
true state of the population size observed each year is modelled
considering the observed data and accounting for observation
errors. In the present work, observed values Cm correspond to
count or biomass data at site [i] and time [t] for a particular spe-
cies as recorded in the field. They are modelled in the observation
equation using a log-normal distribution to model the observation

process given by:
log (Cyig) ~NUog (Nyig) 52

with Niig the true abundance or biomass at the considered sampling
event and sigma the site-specific variance (o, [,.12). As previously stip-
ulated by Furrer et al. (2016), this observation model assumes that
log-transformed abundance or biomass values are correct on aver-
age and adjusted for site-specific residual variance to consider both
site-specific observation errors and species-specific detection errors
(source code of the model see Appendix S1). The true population size

and biomass values (N[i,t]) are linked through a dynamic state process by

Freshwater Biology WY LEYJﬁ

the state equation assuming an exponential intrinsic growth Mg, of the
population on site [i] from year [t] to [t + 1] given by:

log (Njies17) =108 (Njigg) +riig — 108 (Spir) +108 (Spi ea17) -

where (S;; ;) is the value of the surface area sampled (in m?) to con-
sider interannual sampling effort variability (i.e. an offset) and (r[iyﬂ) is
the site-specific interannual population growth rate of mean —rj; and
variance csrm2 (r[m ~ N=r, crmz)). Site-specific growth rates for each
species were modelled as normally distributed around a nation-wide

mean growth rate r__, with a site random effect; —Ii ~ N(r, e Grnaf)

nat
where csrnat2 is the variability of the mean growth rate among sites.
It is possible to assess density dependence using state-space models
applied to long time-series (Knape & De Valpine, 2012). However,
intrinsic processes leading to density dependence are complex to
estimate on relatively short times series (12 years on average in this
study) with no intra-annual replication and possible delayed effects
(Fromentin et al., 2001). Therefore, in this study we did not include
density-dependence estimates in our models considering the limita-
tions of data available, that most of the species were declining or
stable and that our main objective was to estimate fish population
trends in abundance and biomass; trends which intrinsically include
site-specific density dependence processes.

Vague priors were specified for all the parameters. We
computed three MCMC-chains of 1,500,000 iterations to fit
the data and discarded the first 500,000 iterations to remove
the initial conditions. The remaining iterations, thinned by 50,
were used for inference. MCMC-chains were performed using
JAGS (Plummer, 2003) launched through the R package runjags
(Denwood, 2016). Growth rates were considered as significant
if posterior distribution (95% credible interval) excluded zero.
Chain convergence was assessed visually and using the Brooks-
Gelman-Rubin criterion (Rhat). We achieved convergence with all
Rhat < 1.01 (Brooks & Gelman, 1998). Posterior predictive checks
of the 36 models were done graphically comparing observed
counts to their predicted median values from the posterior distri-
bution (Appendix S2).

2.3.2 | Trends in fish length over time

Rather than modelling the conditional mean of a response vari-
able commonly performed by standard least-squares regressions,
quantile regressions can be used in a linear model to model parts
of the distribution corresponding to various quantiles’ t values
(Koenker, 2005). This regression method is distribution-free and
provides a more complete picture of the relationships between vari-
ables than other regression analyses (Cade & Noon, 2003; Chamaillé-
Jammes & Blumstein, 2012). In our study, fish lengths (y) of each of
the 18 species were modelled over time (between 1995 and 2006)
for five quantile intervals: = = 0.1, 0.25, 0.5 (median value), 0.75,
and 0.90 to provide complementary information to the trend in me-

dian fish length (Figure 2). We performed quantile regressions with
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FIGURE 2

Illustration of the workflow implemented in this research work. The data from the literature or the French national monitoring

survey were analysed through a combination of statistical analyses including state-space models, quantile regressions, and multivariate and
cluster analyses. PCA, principal component analysis [Colour figure can be viewed at wileyonlinelibrary.com]

R 3.2 (R Development Core Team, 2015) in the package quantreg
(Koenker, 2015).

2.3.3 | Correlation between ecological traits, fish
length, and demographic trends

To describe life history strategies, we performed a standardised
principal component analysis (PCA) combining three demographic
traits: absolute fecundity, lifespan, and age to female maturity (PCA-
1). The mean absolute fecundity was log-transformed prior to anal-
ysis. Anguilla anguilla was excluded from the analysis because in a
preliminary PCA this species explained 70% of inertia in the first axis
due to its extreme age at maturity and fecundity values (Table 1).
Maximum body length was added to PCA-1 as a supplementary
variable. Supplementary variables have no influence on the principal
component as they are projected a posteriori but add supplemen-
tary information that can guide the interpretation of the PCA results
(Husson et al., 2015). Species' scores on the PCA-1 first axis were
then used as a new synthetic life history trait variable (Figure 2).

To summarise the quantile regression analysis and to have an over-
view of the results, we implemented a second standardised PCA with
the five-quantile regression coefficients estimated for each of the 18
species (PCA-2). The quantile regression coefficients were first divided

by median fish length to compare trends between species independent

of their body size. Species scores on the first two axes were then
used as new synthetic variables summarising body length trends (see
Figure 2; Results 3.3). The PCA-1 life history trait variable and maximum
body length (log-transformed) available from Poulet et al. (2011) were
added to PCA-2 as supplementary variables.

Finally, we conducted a third PCA to analyse correlations among
trends in abundance, biomass, and fish length (PCA-3). For each of the
18 species, we included the abundance and biomass growth rates as
well as species scores from the first and second axes of the fish-length
trends from PCA-2 (Figure 2). The quantitative PCA-1 life history trait
variable, maximum body length (log-transformed), thermal tolerance
parameters and other qualitative ecological traits (adult trophic guild,
affinity to flow velocity and reproduction habitat) were added as sup-
plementary variables to investigate their correlations. Statistical sig-
nificance of between-group differences for qualitative variables was
assessed using between-class analyses and permutation tests (Dray
et al., 2007). Further linear regressions were computed to assess the
relationships between species trends in abundance/biomass and most
correlated quantitative biological traits. Multivariate analyses were
performed with the R packages FactoMineR and ade4 (Dray et al., 2007;
Husson et al., 2015). Hierarchical clustering analyses were performed
using Ward's criterion to group species according to their similari-
10,000) was performed

to assess uncertainty of the hierarchical cluster analyses (Suzuki &

ties. Multiscale bootstrap resampling (n =

Shimodaira, 2006). The optimal number of clusters was defined by
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gap statistics. Bootstrap probability*100 values corresponding to
the frequency that a cluster appears in the bootstrap replicates and
approximately unbiased probability values *100 (AU; p-values) were

computed. Statistical significance was defined at p < 0.05 and AU > 95.

3 | RESULTS

3.1 | Demographic traits of common fish species

The first factorial plane of PCA-1 performed with three demographic
traits explained 97% of the total variance (Figure 3a). Principal com-
ponent analysis-1 axis-1, which explained 87.2% of the total variance
was correlated with the species’ lifespan (0.93) and age at maturity
(0.86), and to a lesser extent the species’ absolute fecundity (0.81) and
maximum body length (0.65), analysed as a supplementary variable.
Hierarchical clustering grouped species with lower life span, lower age
of female at first maturity and lower fecundity including Rhodeus am-
arus, Barbatula barbatula, Cotus spp., Gobio spp., Alburnoides bipuncta-
tus, Phoxinus spp., Alburnus alburnus, and Salmo trutta in a first cluster
significantly different from the others (p < 0.05; AU = 97; Figure 3b).
Species Perca fluviatilis, Leuciscus spp., Abramis brama, Blicca bjoerkna,
Esox lucius, Rutilus rutilus, and Barbus barbus, Squalius cephalus, and
Scardinius erythrophtalmus were gathered in second and third clusters
characterised by higher life span, higher age of female at first matu-
rity, and higher fecundity grouping larger bodied species with slow

life-history traits. Species from the third cluster were significantly
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discriminated (p < 0.05; AU = 97) from species from the second clus-
ter due to the higher age of female at maturity and lower fecundity.
Species-specific scores on the first axis were used to create a new syn-
thetic demographic trait variable discriminating fish species according to

their life histories on a slow-fast life history strategy continuum.

3.2 | Fish abundance and biomass growth rates

A high correlation between abundance and biomass growth rates at

the national scale (r_,) was observed (r = 0.84). Of the 18-species in-

nat)
vestigated, population growth rates in abundance were negative for 11
species (A. alburnus, A. anguilla, B. bjoerkna, A. brama, E. lucius, R. rutilus,
Gobio spp., P. fluviatilis, S. erythrophtalmus, S. trutta, and Leuciscus spp.),
included zero for 6 species (B. barbus, R. amarus, S. cephalus, B. barbatula,
A. bipunctatus, and Phoxinus spp.) and positive for Cottus spp. (Figure 4;
Appendix S3). Population growth rate in biomass included zero for 3
species (A. bipunctatus, Phoxinus spp., and R. amarus), positive for Cottus
spp. and negative for the other 14 species (Figure 4; Appendix S3).

3.3 | Fish-length trends

Of the 90 quantile regression coefficients (five quantiles for 18 in-
vestigated species), 80 were negative (Appendix S4 and S5). The first
component of PCA-2 built on the five regression coefficients explained
57.02% of the total variance (Figure 5a). This first axis highlighted a
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FIGURE 3 Principal component analysis on fish life history traits (a) and dendogram of clusters (b). (a) Axis 1 accounts for 87.2% of
between-species variability and axis 2 for 9.8%. Grey arrows represent supplementary quantitative variables. (b) Values at branches are
significant AU p-values (red), BP values (green). Abb: Abramis brama; Ala: Alburnus alburnus; Alb: Alburnoides bipunctatus; Ana: Anguilla
Anguilla; Bab: Barbatula barbatula; Bar: Barbus barbus; Blb: Blicca bjoerkna; Cog: Cottus spp.; Esl: Esox Lucius; Gog: Gobio spp.; Lex: Leuciscus
spp.; Pef: Perca fluviatilis; Php: Phoxinus spp.; Rha: Rhodeus amarus; Rur: Rutilus rutilus; Sat: Salmo trutta fario; Sce: Scardinius erythrophtalmus;
Sqc: Squalius cephalus [Colour figure can be viewed at wileyonlinelibrary.com]
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slope gradient in fish length, contrasting species that showed a high de-
cline in length to species that showed only slight or no decline in length.
The second axis explaining 28.2% of the total variance mostly differ-
entiated species with a relative decrease in larger individual's length
(0.75 and 0.90 quantiles) from species showing a decrease in smaller in-
dividual's length (0.10 and 0.25 quantiles). The variation in quantile re-

gression coefficients can be summarised by three clusters significantly

discriminated (p < 0.05; AU = 96). The first cluster includes A. alburnus,
R. amarus, Cottus spp., Gobio spp., Phoxinus spp., Anguilla anguilla, B. bar-
batula, and S. trutta and consists of fish species presenting a general
decrease in fish length with a relatively smaller decrease in length of
larger individuals (i.e. in terms of fish length) than in smaller individuals
(Figure 5b). The second cluster includes R. rutilus, S. erythrophtalmus, B.
bjoerkna, P. fluviatilis, A. bipunctatus, and E. lucius consists of fish spe-
cies with a larger decrease in larger individual's length than in smaller
individuals. The third cluster includes Leuciscus spp., S. cephalus, B. bar-
batula, and A. brama, in which a general decrease in fish length was ob-
served, especially for larger fish. Species-specific scores on the first axis
were then used as a synthetic variable called trends in fish length and
species-specific scores on the second axis as trends in larger fish length.

3.4 | Correlations between growth rates, fish
length, and demographic and ecological traits

The first factorial plane of the PCA-3 performed with the abundance
growth rate, biomass growth rate and fish length trend explained
76.28% of the total inertia (Figure 6a). The first component explained
51.11% of the total dataset variance, mostly due to the biomass and
abundance growth rates, which were highly correlated with the first
component (0.98 and 0.88 respectively). The variance in the second
and third axis (25.17 and 21.96% of the total variance) was explained
by the trends in fish length variable for 83.53 and 8.96% (0.91 and
-0.28 respectively) and by the trends in larger fish length variable for
21.54 and 61.36% (-0.39 and 0.78 respectively). The PCA-1 high-
lights that smaller fishes clustered together, united by increasing,
relatively stable or slightly declining populations compare to large
fishes which experienced drastic decline in abundance and biomass
(Figure 6a). This interpretation is confirmed by hierarchical clustering
analyses. Sixteen species were united into two significantly distinct
clusters; one including B. barbatula, S. trutta, A. alburnus, R. amarus,
A. anguilla, Cottus spp., Gobio spp., Phoxinus spp., gathering species
with increasing or stable abundance and biomass over the last dec-
ades or experiencing moderate decline. Another gathering S. cepha-
lus, Leuciscus spp., E. lucius, A. bipunctatus, B. bjoerkna, P. fluviatilis, R.
rutilus, S. erythrophtalmus for which severe abundance and biomass
decline have been highlighted for most of these species. A third clus-
ter gathers both B. barbus and A. brama due to their trends in larger
fish and biomass decline (Figure 6b). Of the supplementary quantita-
tive variable investigated, the first axis is correlated with the species’
fish length (-0.71) and demographic traits (-0.69; Figure 6a). Further
investigation highlights a significant decrease in species population
growth rates in biomass significantly correlated with increasing spe-
cific maximum standard length and fish demographic traits (r = -0.67,
p < 0.01 and r = -0.61, p < 0.01 respectively; Figure 7a,b). A signifi-
cant decrease in specific population growth rates in abundance was
observed according to increasing specific maximum standard length
(r=-0.49, p = 0.02) but a weak trend was observed in relation to
fish life history traits (r = -0.35, p = 0.08; Figure 7a,b). Of the quali-

tative life traits investigated, a between-class analysis highlighted
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FIGURE 5 Principal component analysis (a) of fish-length quantile regressions and cluster dendogram (b). A: axis 1 accounts for 57% of
between-species variability and axis 2 for 28.2%. Grey arrows represent supplementary quantitative variables. (b) Values at branches are
significant AU p-values (red), BP values (green). Abb: Abramis brama; Ala: Alburnus alburnus; Alb: Alburnoides bipunctatus; Ana: Anguilla
Anguilla; Bab: Barbatula barbatula; Bar: Barbus barbus; Blb: Blicca bjoerkna; Cog: Cottus spp.; Esl: Esox Lucius; Gog: Gobio spp.; Lex: Leuciscus
spp.; Pef: Perca fluviatilis; Php: Phoxinus spp.; Rha: Rhodeus amarus; Rur: Rutilus rutilus; Sat: Salmo trutta fario; Sce: Scardinius erythrophtalmus;
Sqc: Squalius cephalus [Colour figure can be viewed at wileyonlinelibrary.com]

that species’ diet discriminates significantly species groups (p < 0.01;
Figure 8), omnivorous and invertivorous/piscivorous species exhib-
iting drastic population decline from invertivorous and herbivorous
species exhibiting slight decline, stable or increasing abundance and
biomass. Other qualitative traits were not significant (Appendix S6).

4 | DISCUSSION

Our results highlight that common and widely distributed freshwa-
ter fish species in France mostly exhibited nation-wide declines in
abundance and biomass between 1990 and 2011. Our work dem-
onstrates as well that large-bodied slow life-history species have
exhibited higher population decline over the last decades than
smaller-bodied fast life-history species. This observation accords
with the general pattern observed worldwide in mammals, birds,
reptiles and marine fish (B6hm et al., 2013; Cardillo et al., 2008;
Gaston & Blackburn, 1995; Lebreton, 2011; Reynolds, et al., 2005;
Schipper et al., 2008).

4.1 | Population dynamics of the most common
freshwater fish since 1990

A previous analysis of freshwater fish populations in France demon-
strated that of the 48 taxa investigated, the number of species that had

extended their distribution range and increased in density was greater
than the number of declining species (Poulet et al., 2011). As French
ichthyofauna is mainly composed of cool- and warm-water species as
opposed to cold-water species, climate change was suggested as the
main factor leading to the spatial expansion of these species as well
as a decrease in nutrient concentrations that improved water quality
over the last decades. In combination with the expansion of invasive
species, this led to an increase in local species richness (Buisson &
Grenouillet, 2009; Poulet et al., 2011).

While the previous analysis was carried out on 48 freshwater
fish taxa, we restricted our study to the 18 most common taxa. Our
findings show for the period 1990-2011 that 11 species exhibited
significant decline in abundance, and 14 species exhibited decline in
biomass. Of the 18 species, six remained stable and one exhibited
positive abundance growth rate; three species remained stable in
biomass and one species significantly increased. The intra-specific
fish -length trends over the studied period also showed a sharp de-
crease in size in the largest individuals (0.75 and 0.90 quantiles) cor-
related with high biomass declines in several species (for instance, A.
brama, B. bjoerkna, B. barbus, E. lucius, and Leuciscus spp.).

In most fish species, fecundity generally increases allometri-
cally with body length, as the largest females devote a greater pro-
portion of energy to egg production than to growth (Lester et al.,
2004). Thus, the observed decrease in the size of the largest indi-
viduals, concomitant with the drastic decline in biomass, may re-

flect progressive alterations in the population size/age structure,
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FIGURE 6 Principal component analysis of abundance, biomass and fish-length trends and cluster dendogram (b). (a) axis 1 accounts for
51.1% of between-species variability and axis 2 for 25.2%. Grey arrows represent supplementary quantitative life history traits of species.
(b) Values at branches are significant AU p-values (red), BP values (green). Abb: Abramis brama; Ala: Alburnus alburnus; Alb: Alburnoides
bipunctatus; Ana: Anguilla Anguilla; Bab: Barbatula barbatula; Bar: Barbus barbus; Blb: Blicca bjoerkna; Cog: Cottus spp.; Esl: Esox Lucius; Gog:
Gobio spp.; Lex: Leuciscus spp.; Pef: Perca fluviatilis; Php: Phoxinus spp.; Rha: Rhodeus amarus; Rur: Rutilus rutilus; Sat: Salmo trutta fario; Sce:
Scardinius erythrophtalmus; Sqc: Squalius cephalus [Colour figure can be viewed at wileyonlinelibrary.com]

which should be further analysed. Such alterations in the popula-
tion structure and size of common species might induce further
cascading effects on the entire food web or might have been a
consequence of altered food chains. Compared to declines in rare
species, even small reductions in the widespread common species
we studied may have resulted in substantial large-scale changes
in ecosystem structure and function as these species represent
94.1% of fish abundance and 88.4% of fish biomass (Gaston, 2010;
Gaston & Fuller, 2008; Inger et al., 2015). To illustrate, the Huet
zonation concept has been used for decades to distinguish and
characterise western Europe rivers in four zones along the longi-
tudinal gradient according to their habitats and fish assemblages:
the trout zone, the grayling zone, the barbel zone and the bream
zone (Huet, 1959). All these dominant species which shape river-
ine fish assemblages in western Europe are declining in abundance
and/or biomass according to our results and previous investiga-
tions (Persat, 1996). The resulting depiction of fish population dy-
namics in France considering only common species in our study, is
thus clearly not as positive as that outlined by Poulet et al. (2011).
We show that from 1990 to 2011, the population abundance of
common European fish have declined drastically along with re-
duced fish biomass; thus we recommend improving conservation
measures for these widespread species.

Of the declining species we studied, the emblematic A. anguilla
and E. lucius are respectively ranked as Critically Endangered and
Vulnerable by the IUCN in France (UICN France, 2019). The pop-

ulation decline of A. anguilla and S. trutta are well documented in

European countries due to their high social and economic value,
and they are the subject of Europe-wide or local conservation pro-
grammes (European Commission 1100/2007). Taxonomic units
that include several newly identified species such as Leuciscus
spp., Gobio spp., Cottus spp., and Phoxinus spp. involve sister spe-
cies that experienced allopatric or peripatric speciation in France
(Kottelat & Freyhof, 2007). Despite possible introgression zones
between sister species, it would be necessary to assess popula-
tion trends at a lower geographic scale focus on these newly iden-
tified species. Some of them are classified as Nearly Threatened
or even Critically Endangered and may exhibit different trends in
populations than taxonomic unit population trends investigated
at the nation-wide scale (UICN France, 2019). However, other
taxa such as A. brama, R. rutilus, P. fluviatilis, and S. erythrophtal-
mus, for which we found severe declines, are considered as Least
Concern or data deficient by the IUCN as the global persistence
of those species is not imperilled in the short term (UICN France,
2019). To pay more attention to the status and population dy-
namics of common species, Gaston and Fuller (2008) envisaged
a categorisation of species based on their level of population de-
pletion to supplement IUCN extinction risk status. Furthermore,
they have highlighted when population trends were more accu-
rately assessed, the status of many common mammal, bird, and
fish species have frequently been moved from Least Concern to
Vulnerable or even Threatened with Extinction, underlining the
importance of paying more attention to the conservation of com-

mon species through population trends analyses.
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4.2 | Relationship between population dynamics,
ecological, and life-history traits

Three life history strategies, periodic, opportunistic, and equi-
librium, have been recognised for fish species (Winemiller &
Rose, 1992). The three investigated demographic traits (life span,
age of female at maturity and the absolute fecundity) discrimi-
nated significantly small-sized opportunistic species from larger
periodic species. Even though we did not consider parental care
life traits due to the low variability of these variables among the
investigated species (Buisson & Grenouillet, 2009), our synthetic
variable discriminated species life history traits on a slow-fast life
history strategy continuum. Clusters from the hierarchical clus-
tering analyses grouped fish with fast life histories considered
hereafter as short-lived opportunistic strategists and species
with slow life histories considered hereafter as long-lived periodic
strategists. Of the demographic and ecological traits we investi-
gated, species maximum body length, demographic traits, and fish
diet were significant and most strongly correlated with population
growth rates. Linear regressions highlighted significant relation-
ships between species growth rates in biomass, body length, and
demographic traits, and between trends in abundance and fish
body length. Biomass data could be less influenced by young-of-
the-year than abundance data, which could explain stronger rela-
tions with traits, increase power of long-term trend detection and

could explain the higher magnitude of decline in biomass (Pregler

et al., 2019). The general pattern observed through this holistic
approach highlighted that despite most of the 18 common species
exhibiting significant declines in biomass and abundance, larger
periodic species have declined most strongly, while smaller oppor-
tunistic species exhibited a moderate decline, were stable or even
increased in abundance and biomass. Amongst the seven species
that were stable or increased in abundance since 1990, five of
them are opportunistic species but the two others, B. barbus and S.
cephalus, are large-sized periodic species. Both species considered
as ubiquitous species spawn multiple times during a reproductive
season that may favour young-of-the-year and juvenile survival,
which would explain that these species exhibit stable population
growth rates in abundance but significantly declined in biomass.
A previous study concluded that threatened species of European
freshwater fishes are smaller-bodied species (Reynolds, et al., 2005b).
They mentioned the body size relationship was not detected when
large-bodied anadromous species were analysed suggesting that risks
of extinction depend as well on species migratory behaviours. Our re-
sults are complementary to Reynolds, et al. (2005) as widely distributed
European common species here studied are far from extinction and are
not anadromous species, but most are declining nonetheless exhibiting
body size and life history traits relationships with nation-wide popula-
tion growth rates. In contrast to fast life history fish species, which are
favoured in environments characterised by frequent and intense distur-
bances, slow life history species are favoured when environmental varia-

tion is low or moderate and relatively predictable (Mims & Olden, 2012;
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FIGURE 8 Principle component analysis performed on
abundance, biomass and fish-length trends and 0.95% confidence
interval ellipses associated to life traits considering species’ diet.
Confidence interval ellipses are estimated if at least 4 species
are within the same category. Abb: Abramis brama; Ala: Alburnus
alburnus; Alb: Alurnoides bipunctatus; Ana: Anguilla Anguilla; Bab:
Barbatula barbatula; Bar: Barbus barbus; Blb: Blicca bjoerkna;
Cog: Cottus spp.; Esl: Esox Lucius; Gog: Gobio spp.; Lex: Leuciscus
spp.; Pef: Perca fluviatilis; Php: Phoxinus spp.; Rha: Rhodeus
amarus; Rur: Rutilus rutilus; Sat: Salmo trutta fario; Sce: Scardinius
erythrophtalmus; Sqc: Squalius cephalus [Colour figure can be
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Winemiller & Rose, 1992). In frequently disturbed areas, periodic species
are predisposed to population decline due to their low intrinsic maximum
population growth rate, limiting their ability to recover after perturbations
(Stearns, 1992; Saether & Engen, 2002; Lebreton, 2011). According to our
results on common fish, periodic species have probably been jeopardised
by global pressures impacting their population dynamics on a large scale

for decades.

4.3 | Fish species threatened by global pressures

To provide science-based guidance to environmental managers and
policy makers, anthropogenic and environmental factors that most
strongly impact population growth rates in abundance and biomass
of common species must be identified to reverse species decline. As
described by Ohlberger (2013) in ectotherms, the water tempera-
ture warming experienced in France from climate change may have

led to a ‘size at age shift’ (a decrease in body size), a ‘structure shift’

(competitive asymmetry in favour of smaller individuals) and a com-
munity ‘composition shift’ (smaller species replacing larger competi-
tors) as observed in our study as well as previous studies (Daufresne
et al.,, 2009; Edeline et al., 2013). Nevertheless, the rapid and drastic
intra-specificdecreaseinthelength of the largest and probably oldest
fish observed in a short period (12 years) in long-lived species—while
the median lengths of these species have remained stable over time
(such as B. bjoerkna, A. brama, Leuciscus spp., R. rutilus, and E. lucius;
see Appendix S5, S6)— might reflect effects of other pressures than
only impacts of climate changes. Our results in fish-length trends,
concomitant to a reduction in the biomass and abundance of long-
lived species, suggest that a decrease in growth and survival might be
responsible for the observed patterns. This is in line with Grenouillet
and Comte (2014) and Kuczynski et al. (2018), who demonstrated that
cumulative anthropogenic pressures have influenced the distribution
and communities of fish species in France over recent decades.
Multiple pressures altering body growth and survival could ex-
plain the sharp decrease in upper-quantile fish size. Among them, hy-
dro-morphological change and water pollution are considered as the
most impacting ones affecting 40 and 38% of European surface water,
respectively (European Environment Agency, 2018). Fish exposure to
a mixture of micropollutants with various modes of toxic action can
lead to direct or delayed biological impacts through transgenerational
effects, population structure disturbances, and decrease in population
growth rates (Devaux et al., 2015; Heintz, 2007; Heintz et al., 2000;
Rowe, 2008). Thus, degradation of water quality by micropollutants at
a large scale (European Environment Agency, 2018; Malaj et al., 2014)
could be responsible for decreasing juvenile and adult survival in long-
lived fish species, possibly exacerbated by the fact that slow turnover
means these species have slow genetic adaptation to chemical pres-
sures (Rowe, 2008). Hydro-morphological pressures have also de-
graded and reduced essential key habitats (Aarts et al., 2004; European
Environment Agency, 2018). In the U.S.A., the prevalence of periodic
strategists is favoured by seasonally predictable events (high duration
flows) that enable access to spawning and floodplain habitats and re-
sources (Mims & Olden, 2012). Moreover hydro-morphological alter-
ations may have impacted the anadromous species Anguilla anguilla
and declining potamodromous species. Scharbert and Borcherding
(2013) showed that young of the year of western Europe periodic spe-
cies were highly abundant in waterbodies frequently inundated during
the breeding season pointing out that mitigating hydro-morphological
pressures is effective to favour slow life-histories species recovery.
Elasticity and sensitivity of population growth rate analyses
implemented on a wide array of vertebrate species defined the
relative contribution of demographic parameters to population
growth rates. It is well acknowledged that population growth rate
of slow life-history strategists is most sensitive to alterations in
adult and juvenile survival compare to a decrease in fecundity
or embryo-larval survival (Saether & Bakke, 2000; Vélez-Espino
et al., 2006; Mangel et al., 2006; Gamelon et al., 2015). Therefore,
any pressures impacting adult and juvenile survival must be iden-
tified and mitigated as a priority to favour the recovery of slow

life-history species.
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4.4 | Focusing on conservation strategies for slow
life-history species

A key challenge in planning the most appropriate conservation
strategies based on scientific evidence is the lack of knowledge re-
garding fish ecology and vital rates, even for common species. It is
crucial to acknowledge which lifecycle components contribute most
to a species’ population growth rate to tackle population decline
(Velez-Espino et al., 2006). Of the declining species identified in our
study, A. alburnus and Leuciscus spp. have been shown to consist-
ently respond positively to habitat restoration (Thomas et al., 2015).
To a lesser extent, the other declining species S. trutta, B. barbus,
A. brama, E. lucius, R. rutilus, and S. erythrophtalmus also responded
positively to hydro-morphological restoration (Thomas et al., 2015).
Manfrin et al. (2019) demonstrated a clear succession of functional
patterns where, in the short-term, opportunistic species benefited
from restoration measures in Europe while periodic fish species
became more prevalent in the long-term. Due to their low intrinsic
maximum population growth rate and low density, periodic species
need time to recover after restoration projects.

4.5 | Conclusions

These results support that analysing extinction risks and population
dynamics are different but complementary approaches, and that
fish conservation planning should not rely solely on one approach.
Declining and vulnerable species are amongst rare and common spe-
cies. Focusing our efforts on only one will not enhance freshwater
fish conservation as a whole.

It would be of great interest to assess at a larger scale if popu-
lation dynamic patterns observed in France in common European
species are similar in countries where environmental and anthro-
pogenic pressures are similar. Conversely, it is likely that species
population growth varies among drainage basins. Thus, it would
be beneficial to investigate species population growth rates in
abundance and biomass at a lower geographic scale to define re-
gion-specific management and conservation priority. This work
clearly highlights the crucial value of monitoring programmes via
standardised electrofishing protocols to assess freshwater fish
species population trajectories and implement environmental man-
agement and policy based on scientific evidence. We demonstrated
the importance of life history variation on the fast-slow continuum
that is correlated with freshwater fish population growth rates in
abundance and biomass. Thus, it will be crucial to identify the mul-
tiple global pressures explaining large-scale decline of most of the
species, and especially large-sized slow-life history species in order
to mitigate them. Using sensitivity and elasticity analyses, it will
be essential to identify demographic parameters with the greatest
potential to affect population growth rate in order to favour the
recovery of declining species. To favour slow-life history species
in particular, conservation management strategies should focus on

measures that increase juvenile and adult survival as a priority, as
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population growth in these species is mainly driven by these demo-
graphic components (as opposed to a decrease in fecundity or em-
bryo-larval survival). Several river restoration projects have aided
the recovery of these declining species, but a valuable next step
would be to identify restoration measures with the most success
in increasing the population growth rate of the declining species,
especially slow life-history species.
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