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Abstract

1.

2.

Intraspecific variation in life histories and its environmental correlates can indicate
the degree of vulnerability to extinction of endangered taxa and guide
conservation actions.

Zingel asper (Percidae) is an endangered fish endemic to the Rhéne catchment
(France and Switzerland), where five populations subsist in separate river systems
(Loue, Beaume, Durance, Verdon, and Doubs). Two populations of Z. asper differ in
growth and longevity, but the existence of broader intraspecific differentiation in
life histories and the environmental origins of this variation (if any) remain unknown.
The age structure and growth profile of four populations of Z. asper (Loue, Beaume,
Durance, and Verdon) and nine additional sub-populations within the Durance
system were determined by scale-reading analysis, before evaluating the
contribution of measured variation in substrate quality, hydraulics, prey availability,
and water temperature to growth differentiation among and within populations.

A trade-off between early growth and longevity largely differentiated the
populations of Z. asper along a slow (i.e. slower growth, smaller adult size, longevity
of >5 years) to fast (i.e. faster growth, larger adult size, longevity of <4 years)
continuum of life histories. This continuum differentiated populations from different
river catchments along a south (Durance, Verdon) to north (Beaume, Loue) latitudinal
gradient, and mapped onto an upstream-downstream gradient of sub-populations
within the Durance system. Differences in prey availability, hydraulics, and water
temperature explained most of the growth variation among populations from
different catchments, whereas local variation in prey availability, substrate quality,
and water temperature mostly contributed to within-river growth differentiation.
These results indicate that short life cycles strongly expose all populations of Z. asper
to extirpation and should motivate additional conservation actions. This study
illustrates how quantifying intraspecific variation in life histories and its sensitivity to
ecological context can reliably assess extinction risk and guide conservation actions

by identifying endangered populations requiring priority management.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | INTRODUCTION

Large-scale alterations of freshwater habitats through human
activities (e.g. channel fragmentation; Dudgeon et al., 2006) have led
to the decline of many fish populations and have facilitated their
geographical isolation in ecologically contrasting river catchments
(Brinker et al., 2018; Coleman et al., 2018). Isolation may precede
extinction by limiting opportunities to escape unfavourable habitat
conditions, unless fragmented populations rapidly adapt their
phenotypes to local ecological constraints by accumulating
environmentally induced plasticity or genetically fixed variation (Fox
et al., 2019). Such episodes of intraspecific phenotypic differentiation
may be particularly frequent in small benthic fish species (Reynolds,
Webb & Hawkins, 2005), whose limited dispersive potential may
favour isolation in sub-optimal habitats and impose rapid adaptations
to prevent local extirpation.

Vulnerability to extinction differs among fragmented populations
(McKinney, 1997; Webb, Brook & Shine, 2002) based on variation in
life-history traits (Reynolds, Webb & Hawkins, 2005). For instance,
growth rate and longevity constitute key life-history attributes that
largely differentiate life-history strategies among individuals,
populations, and species (Arendt, 1997; Dmitriew, 2011), through
their associations with reproductive traits such as size at maturity.
Such multivariate phenotypic differentiation often occurs along a
slow-to-fast continuum, where fast life-history strategies (e.g. fast
somatic growth, early maturity, and low longevity; Réale et al., 2010)
may increase ecological resilience and maximize fitness in highly
productive but frequently disturbed environments (i.e. demonstrating
an opportunistic suite of traits; Winemiller, 2005). Alternatively, slow
life-history strategies (e.g. slow somatic growth, late maturity, and
high longevity) that provide higher fitness in unproductive and
predictable habitats may reduce resilience to environmental
stochasticity (i.e. demonstrating a periodic suite of traits;
Winemiller, 2005). Because growth rate and longevity constitute
strong life-history and ecological correlates of extinction risk in fishes
(Angermeier, 1995; Reynolds, Webb & Hawkins, 2005; Liu, Comte &
Olden, 2017), assessing the degree of variation in growth and
longevity among fragmented populations can help evaluate their
vulnerability to extinction and guide conservation actions (Akcakaya &
Sjogren-Gulve, 2000; Glass, Corkum & Mandrak, 2017).

Evaluating the contribution of ecological context to growth
differentiation is also fundamental for assessing vulnerability to
continuing environmental change. Many macroecological factors select
for faster growth in nature, including achieving minimum size
thresholds that maximize overwinter survival (Quinn & Peterson, 1996;
Post & Parkinson, 2001) in seasonal habitats with shorter growing
seasons (Billerbeck, Schultz & Conover, 2000; Billerbeck, Lankford &
Conover, 2001), which may select juvenile fishes for rapid growth but

induce trade-offs with other life-history traits, such as survival (Biro
et al., 2004). Achieving fast juvenile growth may also require mosaics
of optimal rearing conditions including high prey availability to
maximize consumption (Monnet, Rosenfeld & Richards, 2020), elevated
temperatures to accelerate development (Boltafia et al., 2017), or large
substrates used as shelters to reduce swimming costs and increase
energy allocation to growth (Fischer, 2000). However, few studies
comparing growth trajectories among endangered fish populations
(Hamidan & Britton, 2015) have also correlated observed growth
patterns with environmental context, leaving uncertainties regarding
the capacity of life-history variation to limit extinction risk by buffering
ecological variability related to substrate quality, hydraulics,
temperature, and prey availability.

Zingel asper is a benthic and rheophilic percid endemic to the
Rhéne catchment (France and Switzerland), where it preferentially
selects run and riffle habitats of the grayling zone (Huet, 1959),
characterized by heterogeneous substrates and intermediate depth
and water velocity (Labonne, Allouche & Gaudin, 2003). Spawning
occurs from March to April, before young-of-the-year larvae hatch in
June or July and rapidly adopt a benthic lifestyle (Labonne &
Gaudin, 2005). Primarily nocturnal, Z. asper has a largely insectivorous
diet that changes seasonally from dipteran larvae (Simuliidae and
Chironomidae) in autumn and winter to mayfly nymphs (Baetidae and
Heptageniidae) and caddisfly larvae (Hydropsychidae) in spring and
summer (Cavalli, Pech & Chappaz, 2003; Villsen et al., 2021). Sexual
maturity is reached after 2-3 years of development (Chevalier, De
Conto & Exbrayat, 2011), and the adult size typically varies from 12 to
20 cm (Labonne & Gaudin, 2005). Zingel asper is Critically Endangered
throughout the Rhoéne catchment, where intensive channel
fragmentation, flow regulation, and pollution (Mari, Labonne &
Gaudin, 2002) have reduced its native range by up to 80% over the
last century (Crivelli, 2006). The fragmentation of the Rhéne channel
has largely resulted from the construction of multiple hydroelectric and
nuclear power plants on the main course of the river over the past
75 years (Olivier et al.,, 2009; Bravard & Gaydou, 2015), which has
considerably reduced the naturally flowing portion of the Rhone River
and created unfavourable habitat conditions (e.g. low flow velocity) for
the development of Z. asper (Labonne, Allouche & Gaudin, 2003). Small
and genetically differentiated populations of Z. asper now subsist in
four river systems throughout the French part of the Rhéne
catchment: namely, from north to south, the Loue, Beaume, Durance,
and Verdon river basins (Laroche & Durand, 2004; Georget, 2017;
Georget, 2019). Although growth and longevity differ between the
Durance (Cavalli, Pech & Chappaz, 2003) and Beaume populations
(Danancher et al., 2007), the existence of broader differentiation in
growth and longevity among and within populations of Z. asper, as well
as the environmental correlates of this variation (if any), remain

unexplored.
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This study compared the age structure and growth patterns of
four populations of Z. asper from different river catchments (Loue,
Beaume, Durance, and Verdon) and nine additional sub-populations
within the Durance system (i.e. nine sampling sites distributed along a
60-km gradient of upstream-to-downstream habitats in the Durance
River) by performing scale-reading measurements on a unique dataset
of 1,258 individuals (all populations combined), before evaluating the
relative contribution of measured variation in the environmental
context, i.e. prey availability, water temperature, hydraulics (depth and
current velocity), and substrate quality (size and clogging), to growth
differentiation among and within populations.

2 | METHODS

21 | Study sites and scale collection
The study area includes four of the last tributaries of the Rhéne
catchment (south of France) that contain viable populations of

Z. asper: from north to south, the Loue, Beaume, Durance, and Verdon

rivers (Figure 1). The Loue River is a moderate-sized karstic river
(with bankfull width of approx. 50 m and mean annual discharge
of 60 mis~1; Banque Hydro, French Ministry of the Environment),
characterized by limestone underground drainage systems and caves
facilitating groundwater inputs. The Beaume River is a small river
(with bankfull width of approx. 15 m and mean annual discharge of
10 m3s™Y) in the Cevennes Mountains, with a typical Cevennes
hydraulic regime, characterized by low summer flows preceding
stochastic floods in autumn and winter. In contrast, the Durance and
Verdon rivers are two regulated Alpine-Mediterranean rivers (with
bankfull widths of approx. 15 and 30 m, respectively, and mean

annual discharges of 30 and 175 m3s™!

, respectively), presenting
shallow habitats shaped by seasonal floods and droughts.

Zingel asper individuals were sampled for scales in the Loue (PLN
station; Figure 1; Table 1), Beaume (PLT), and Durance (HEN) rivers in
spring and autumn of 2014 and 2015, during annual estimates of
population size conducted as part of national conservation
programmes (for detailed sampling dates, see Table S1). High flows
prevented the collection of fishes and scales in the Verdon River

(VER) in 2014, and the Verdon population was instead sampled three

“~ AN 0 10km i
0 10km
Verdon
VER

DEO

ST
NI

BEN
CRO

HEN

SSL
SLS

Durance
FIGURE 1 Locations of the four rivers and
13 sampling sites in the Rhone catchment (south
of France): Loue (PLN), Beaume (PLT), Durance
(from upstream to downstream: DEO, MON, BEN,
0 10km HEN, CRO, SSL, BUE, SLS, D4, and D5), and

Verdon (VER). The Rhéne River is indicated in blue
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times in 2015 (sampling dates in Table S1). The PLN, PLT, HEN, and
VER stations are considered as reference stations for the Loue,
Beaume, Durance, and Verdon rivers, respectively, i.e. stations where
ecological conditions and fish distributions are assumed to be
representative of each catchment. Together with this interpopulation
comparison, the collection of fishes was extended to eight locations
(i.e. intrapopulation comparison, DEO, MON, BEN, CRO, SSL, SLS, D4
and D5 stations; Figure 1; Table 1) and one tributary of the Durance
River (Buéch River, BUE station; Figure 1), in which the genetically
undifferentiated populations of Z. asper contribute to the broad
genetic cluster of the Durance system (Dubut, Gilles &
Chappaz, 2011). These nine additional stations were sampled in 2014
and/or 2015 (Table S1). Fish collection occurred at night, from approx.
2:00 am to 5:00 am), when the nocturnal activity of Z. asper and
optimal flow conditions (low turbidity and depth) facilitated the
detection, with flashlights, of juvenile and adult individuals and their
capture with large dip nets (40-cm wide, 5-mm mesh net), which
ensured maximum capture efficiency as most of the fishes collected
exceeded 10 cm in length. Although this collection method is effective
on the Beaume (Danancher et al., 2007), Loue (Zaugg & Plomb, 2012)
and Verdon (Chappaz & Dubut, 2018) rivers, the high flow speed and
turbidity on the Durance and Buéch rivers required the collection of
fishes by electrofishing (200-500 V; EFKO, Leutkirch im Allgau,
Germany) during the daytime. Once captured, the fork length of every
individual was measured (FL, in mm) before between six and 12 dorsal
scales were collected for later scale-reading analysis at Aix Marseille
Université (Marseille, France). Fish were temporarily held in the flow
using grid tanks placed in the river before biometric measurements
and scale collection, preventing any fish recapture. All fishes were

released within the sampling area at the end of each sampling session.

2.2 | Determination of age structure and growth
patterns by scale-reading analysis

Differences in growth and longevity among and within populations of
Z. asper were assessed by performing scale-reading measurements, a
reliable method for estimating age and past growth rates in
endangered fish species (Hamidan & Britton, 2015; for Z. asper, see
Cavalli, Pech & Chappaz, 2003; Danancher et al., 2007). Scales calcify
by the continuous accumulation of growth rings (circuli), the spacing
of which decreases during winter lethargy to form an annulus, i.e. a
visible area of closely spaced circuli. The strong positive relationship
between scale radius and body size repeatedly observed in fishes
(Francis, 1990; for Z. asper, see Danancher et al., 2007; Fontez &
Cavalli, 2014) makes interannuli distance a reliable and sensitive
indicator of past individual growth rates, whereas the total number of
annuli on a scale indicates the age of the fish. Once processed, scales
were gently cleaned with potassium hydroxide before being mounted
between glass slides and analysed under a stereoscopic microscope
equipped with an ocular micrometer. On each scale, interannuli
distances were measured between the nucleus of the scale and the

anterior edge of each annulus (as described for this species by

Danancher et al, 2007; see Figure S1 for details). Interannuli
measurements and age determination were performed on three scales
per individual by two independent observers, with no indication of
fish body length. Scale measurements and age estimates were
considered definitive when both observers agreed on age
determination. In case of disagreement, scales were read by a third
observer and considered definitive if two of the three estimates
corresponded; otherwise, dubious scales were discarded from the
dataset. This protocol prevented any age overestimation by counting
‘false annuli’, i.e. calcification artefacts induced by thermal stress or
low food intake during early development (Coble, 1970).

The average longevity of each population was estimated by
designing a quantitative maximum age index (MAI) based on age
structure. The number of individuals in each age class from 3 to 6 years
was multiplied by a coefficient of 1-4, respectively; the average score
across the four age classes gives the population MAI. For example, a
population with four individuals (one 3+, one 4+, one 5+ and one
6+ years) would be assigned a MAI of 2.5,ie. (1 + 2 + 3 + 4)/4. A
standard deviation was then attributed to each MAI by bootstrap
resampling (1,000 iterations). Growth and longevity data were then

averaged across all sampling sessions for each population.

23 |
rivers

Variation in ecological context among rearing

To determine the contribution of environmental context to early
growth among and within populations, key substrate-related,
hydraulic, thermal, and trophic attributes of the available habitats
were measured in each river during the day preceding or following
scale collection. Depending on the rivers, a total of between 60 (SSL,
BUE, SLS, D4, and D5 stations) and 90 habitat data points (PLN, PLT,
HEN, and VER stations) were sampled in 2014 or 2015. Depth
(cm) and bottom current velocity (in cm.s~ 1) were measured for each
habitat data point, with bottom current velocity measured using a
flow meter (Flo-Mate 2000; Cometec, Chapareillan, France) placed
above the substrate. Similar to previous studies that used categorical
classifications of increasing substrate size and clogging level to assess
habitat preferences in fishes (Lamouroux et al., 1999; for Z. asper, see
Labonne, Allouche & Gaudin, 2003), the granulometry and clogging
of dominant substrates were assessed by defining 10 categorical
classes of increasing substrate granulometry (silt, fine sand, coarse
sand, fine gravel, coarse gravel, small pebble, large pebble, small
cobble, large cobble, and boulder) and five categorical classes of
substrate clogging (<25%, <50%, <75%, <90%, and 100%),
respectively. The dominant substrate of each habitat data point was
then attributed a score of between 1 and 10 as a function of
increasing substrate granulometry, and a score of between 1 and 5 as
a function of increasing substrate clogging. For example, a first
habitat data point with silt and a second with boulders as dominant
substrates gives a population score of 5.5, ie. (1 + 10)/2, for
substrate granulometry; a first habitat data point with <25%
substrate clogging and a second with 100% substrate clogging gives a
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population score of 3, i.e. (1 + 5)/2, for substrate clogging. Prey
availability was estimated in spring and/or summer of 2014 and/or
2015 by sampling benthic invertebrate larvae at each habitat data
point using standard Surber nets (0.05-m? surface area, 500-pm mesh
size). Invertebrate larvae were preserved in 70% ethanol before
identification to family level under a stereoscopic microscope. The
densities of each of four key prey taxa (as the number of
invertebrates per Surber net) that dominate the diet of Z asper
(Villsen et al., 2021) - Chironomidae (Orthocladiinae excluded, order
Diptera), Orthocladiinae  (order Diptera), Baetidae (order
Ephemeroptera), and Heptageniidae (order Ephemeroptera) - were
then calculated for each population. Temperature loggers installed in
each river allowed the comparison of thermal conditions among
sampling sites (one record per hour) by calculating the number of
degree-days above 18 °C during the period of fish growth, set from
1 April to 1 October (Cavall, Pech & Chappaz, 2003). All
environmental variables (current velocity, depth, substrate
granulometry score, substrate clogging score, densities of
Chironomidae, Orthocladiinae, Baetidae, and Heptageniidae, and
number of degree days above 18 °C) were then averaged across all

data points and sampling years for each site.

2.4 | Data analysis
Growth rates were compared for each age class, both among (Loue,
Beaume, Durance (HEN station), and Verdon rivers) and within river
systems (Durance sub-populations), by performing individual
analyses using r 1.1.456 (R Core Team, 2018). Distribution normality
and variance homoscedasticity were tested using the Shapiro-Wilk
test and the F-test, respectively; as assumptions of normality and
homoscedasticity were never met, even after log transformation, all
data on growth and longevity (i.e. MAI) were compared using
nonparametric tests (Kruskal-Wallis test and post-hoc Mann-
Whitney U-test). A similar protocol was used to compare growth
rates between successive age classes within populations. Although
the genetic basis of growth may be correlated with successive
growth rates and therefore reduce data independence, Mann-
Whitney U-tests (i.e. comparing independent, unbalanced data) were
preferred over Wilcoxon W-tests (i.e. comparing dependent, paired
data) to retain all individuals with available growth data (e.g. at
1 year, 2 years, or 1 and 2 years) and avoid any further reduction in
sample size by only considering individuals with paired growth data
for the two age classes compared (e.g. at 1 and 2 years only). As the
first 3 years of life dominated most of the total sample size and
growth variation among and within populations, the second part of
the analysis (i.e. environmental effects on growth) exclusively
included growth data at 1, 2, and 3 years for each population.
Scalimetric and biometric data were used to back-calculate
individual FLs during winter annulus formation, which was assumed to
occur on 1 January of each year (i.e. in the middle of winter). The
most parsimonious relationship between FL measured on collection

and total scale radius was determined by comparing separate linear,

polynomial (second order), and exponential models for each of the
four populations from different river catchments (PLN, PLT, HEN, and
VER). The intercept of each model, representing the FL at which
scales appear, was fixed to 19 mm based on observations of
individuals reared in captivity (Béjean, 2019). Linear, polynomial, and
exponential models were ranked based on their coefficient of
determination (R?), and the model with the highest R? was retained as
the most parsimonious for each population. Equations of retained
models were then used to back-calculate FLs (in mm) based on the
interannuli distances of every individual currently or previously in the
age class of interest: for example, 2+, 3+, 4+, 5+, and 6+ year
individuals were used to back-calculate FLs at 2 years. Back-
calculated FLs from 1 to 4 years (i.e. age classes with sufficient sample
size) were then averaged across all individuals for each age class and
population, before being compared among populations using
nonparametric Kruskal-Wallis tests.

The relative contribution of environmental context to early
growth was assessed among and within populations of Z. asper by
hierarchical variance partitioning (HiEr.PART in r; Nally & Walsh, 2004).
Separate variance partitioning analyses on scaled and centred data
were performed for each age class (1, 2, and 3 years) and comparison
level (inter- vs intra-population) to determine the relative percentage
of growth variance explained by each of the nine environmental
variables considered (number of degree days above 18 °C, substrate
size, substrate clogging, depth, current velocity, and densities of
Chironomidae, Orthocladiinae, Baetidae, and Heptageniidae).
Percentages were then averaged per category of environmental factor
(i.e. temperature, substrate quality, hydraulics, and prey availability)
and scaled to 100% for each age class and comparison level. Note that
hierarchical partitioning analyses were performed on populations for
which all data on growth, water temperature, physical habitat, and
prey availability were available, resulting in low replication both
among catchments (n = 4) and within the Durance catchment (n = 6)
(Table 1).

3 | RESULTS

3.1 | Scale-reading analysis

Of the 1,433 individuals collected in total (all populations and
sampling sessions combined), 175 (12.2%) were excluded from the
analysis as they had scales that were either illegible or a source of
disagreement among observers. The effective sample size comprised
1,258 individuals, for a total of 3,412 valid scales. Overall, the ages
varied from O+ (i.e. young of the year) to 6+ years, with fishes aged
1+, 2+, and 3+ years constituting the dominant age classes.

Growth significantly differed among populations from different
catchments in the first four years of life (Kruskal-Wallis tests,
P < 0.01; Figure 2), and was maximal in the Beaume and Loue
populations at 1 year, in the Beaume and Verdon populations at
2 years, and in the Verdon population at 3 years (Table 2). Growth
rates gradually decreased over ontogeny in the Durance population
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PLT FIGURE 2 Growth profile and age

structure of four populations of Zingel
asper from different catchments (Loue,
PLN; Beaume, PLT; Durance, HEN; and
Verdon, VER). Vertical bars represent
standard deviations and the number of
individuals used for each age class is
indicated above each graph
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(HEN station), but plummeted significantly after 2 years in the
Beaume and Loue populations (Mann-Whitney tests, P < 0.001); in
contrast, the Verdon population showed significant compensatory
growth at 2 years (Mann-Whitney, U = 1080.0, P < 0.001). Growth
rates also differed within the Durance catchment during the first
three years of life (Kruskal-Wallis tests, P < 0.001; Figure 3), with
significant declines between 1, 2, and 3 years in stations SSL, BUE,
and D5 (Mann-Whitney tests, P < 0.001). Longevity differed
marginally among river systems (Kruskal-Wallis, X2 = 3.0, P = 0.39;
Figure 4) and was similar in the Beaume (1.20 + 0.13, mean + SD),
Loue (1.50 + 0.08), and Durance (HEN, 1.43 + 0.08) populations, but
was higher in the Verdon population (2.62 + 0.15). Longevity also
differed marginally within the Durance catchment (Kruskal-Wallis,
X2 = 9.0, P = 0.44). Overall, a moderate growth versus longevity
trade-off emerged from the scale-reading measurements, as indicated
by the negative and significant correlation between growth rate at
1 year and MAI (Pearson, r = —0.60, P = 0.029).

As reported elsewhere for Z. asper (Danancher et al., 2007), the
relationship between FL and total scale radius was better fitted by
polynomial models for all populations (R2 = 0.99, on average),
compared with linear (R? = 0.98) and exponential (R? = 0.90) models.

The Beaume and Loue populations presented higher back-calculated

2

3 4 5 6

Age (years)

FLs for individuals aged 1-4 vyears, relative to the Durance and
Verdon populations (Table 3). Differences in back-calculated FLs
among populations were significant at 1 year (Kruskal-Wallis,
x2 = 359.3, P < 0.001), 3 years (Kruskal-Wallis, Xz = 75.2, P < 0.001),
and 4 years (Kruskal-Wallis, y> = 48.4, P < 0.001) (Table 3), but not at
2 years (Kruskal-Wallis, y? = 5.05, P = 0.17).

3.2 | Environmental bases of growth in Z. asper
The Loue, Beaume, Durance, and Verdon rivers differ in their
hydraulic, thermal, trophic, and substrate-related characteristics
(Table 1). The Loue River has deep, slow, and warm waters with small-
sized substrates, where abundant dipteran larvae (Chironomidae and
Orthocladiinae) were recorded. The Beaume River presented a similar
ecological profile despite lower current velocity and higher densities
of Baetidae. In contrast, the Durance (with tributaries included) and
Verdon rivers have shallow habitats and high current velocities, with
moderately clogged substrates where ephemeropteran larvae
(Baetidae or Heptageniidae) were abundant.

Growth variation among populations from different catchments

was mostly explained by local variation in water temperature,
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TABLE 2  Scale growth rates during
the first 4 years of life and maximum age
index (MAI) of four populations of Zingel
asper from different catchments (Loue,
PLN; Beaume, PLT; Durance, HEN; and

Verdon, VER)
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FIGURE 3 Growth profile and age structure of the nine sub-populations of Zingel asper within the Durance system (DEO, MON, BEN, CRO,
SSL, BUE, SLS, D4, and D5). The reference station for the Durance River (HEN) is also included for comparison. Vertical bars represent standard
deviations and the number of individuals used for each age class is indicated above each graph
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FIGURE 4 Maximum age index (MAI)
for four populations of Zingel asper from
different catchments (Loue, PLN; Beaume,
PLT; Durance, HEN; and Verdon, VER) and
the nine additional sub-populations within
the Durance system (DEO, MON, BEN,
CRO, SSL, BUE, SLS, D4, and D5). Vertical
§ bars represent standard deviations
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Among catchments

TABLE 3

Within the Durance system

Measured and back-calculated fork lengths (FLs) for the first 4 years of life in four populations of Zingel asper from different

catchments (Loue, PLN; Beaume, PLT; Durance, HEN; and Verdon, VER). The polynomial model used to back-calculate fork lengths is also

indicated for each population

Loue Beaume
Station PLN PLT
FL (mm) (mean * SD)
1+ year 116 +7 106 £ 6
2+ years 141+ 17 1317
3+ years 164 6 150+ 6
4+ years 180 + 13 169 £5
Calculated FL (mm) FL=—5.5652+80.525+19
(mean + SE)
1 year 84 +0.1 79 £0.1
2 years 124 £0.1 123+0.2
3 years 143 £ 0.2 135+ 0.5
4 years 156 + 0.5 159+ 1.0

FL=—5.665% +69.01S +19

Durance Verdon
HEN VER
102 £5 86+9
115+ 9 117 +7
128+ 6 1415
140+ 9 158 £ 9

FL=-11.2252176.4554+19 FL=-4.415%+65.125+19

67 +0.1 53+0.1

98+0.1 100 £ 0.2
110+ 0.1 129 £0.3
123+0.3 144 £ 0.5

Note: Example of how to back-calculate a FL (mm) for an individual aged 1+ years from the Loue River with a distance from the nucleus to the first

annulus of the scale of 1 mm: FL = —5.56 x (1)2 + 80.52 x 1 + 19.

hydraulics, and prey availability at 1 year (combined explained
variance, 88%; Figure 5; Table S2), by hydraulics and substrate quality
at 2 years (66%), and by prey availability and hydraulics at 3 years
(63%). Differences in growth among sub-populations of the Durance
system were mostly explained by local variation in temperature,
substrate quality, and prey availability at 1 year (combined explained
variance, 85%), by temperature and prey availability at 2 years (64%),
and by hydraulics and prey availability at 3 years (61%) (Figure 5).

4 | DISCUSSION

4.1 | Differentiation of Z. asper populations along a
slow-to-fast continuum of life histories

The scalimetric comparison of growth and longevity among remnant

populations of Z. asper provided evidence of their phenotypic

differentiation along a slow-to-fast continuum of life histories. Among
river systems, the Beaume and Loue populations presented an overall
pattern of fast life histories (i.e. faster growth at 1 or 1-2 years, larger
adult body size (i.e. higher back-calculated lengths at 3 and 4 years
after sexual maturity at 2-3 years; Chevalier, De Conto &
Exbrayat, 2011), and longevity of 3-4 years), relative to the Durance
(HEN station) and Verdon populations, with overall slow life histories
(i.e. slower growth at 1 or 1-2 years, smaller adult body size, and
longevity of 4-5 years). Within the Durance system, a similar
continuum differentiated upstream populations (i.e. DEO, MON, BEN,
HEN, and CRO) with an overall pattern of slow life histories (slower
growth and higher longevity) from downstream populations (i.e. SSL,
BUE, SLS, D4, and D5) with fast life histories (faster growth and lower
longevity).

Variation in life-history strategies among populations of Z. asper
appeared to be partly driven by a trade-off between growth rate

during the first year and longevity, which has been suggested in
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vertebrates, including mammals (Bartke et al., 2001), reptiles (Olsson
& Shine, 2002), and fishes (Craig, 1980). The mechanisms underlying
this trade-off remain unclear (Lee, Monaghan & Metcalfe, 2013) and
may include various physiological or behavioural constraints
associated with faster growth (Metcalfe & Monaghan, 2003) as a
requirement to increase adult body size (Sibly et al., 2015). For
instance, maximizing metabolic activity to support faster growth may
shorten longevity by increasing cellular and molecular oxidative
damage (Cichon, 1997; Rollo, 2002), or by reducing investment in
repairing tissues damaged by oxidative stress (Morgan, McCarthy &
Metcalfe, 2000; Geiger et al., 2012). Achieving faster growth to target
larger adult body size also requires maximizing prey consumption by
extending foraging activity, which may ultimately reduce survival
through the pervasive fast growth versus low survival trade-off (Biro
et al., 2004; Stamps, 2007); however, this scenario remains
speculative as the ecological characteristics of Z. asper are largely
unknown. Alternatively, an early growth versus longevity trade-off
may result from selection for higher longevity to maximize breeding
opportunities and associated fitness in predictable environments
(Winemiller, 2005), such as the Durance and Verdon rivers, where
longevity and environmental predictability are high (and vice versa for
the Beaume and Loue rivers, where stochastic droughts or floods may
reduce survival).

The four populations of Z asper from different catchments
differed significantly in their developmental trajectories. Growth rate
gradually decreased over ontogeny in the Durance population but
significantly plummeted after 2 years in the Beaume population, in
line with previous studies (Cavall, Pech & Chappaz, 2003;
Danancher et al, 2007). Allometric growth is typical in fishes
(Casselman, 1990), and partly results from ontogenetic shifts in
energy allocation from growth to reproduction (Post &

Parkinson, 2001). Contrasting growth trajectories between the

Durance and Beaume populations illustrate different energy balances
between growth and reproduction constrained by longevity, where
slower growth and higher longevity in the Durance population may
delay sexual maturity and result in more progressive shifts in energy
allocation to reproduction, relative to the Beaume population. In
parallel with the Beaume and Durance populations, the age structure
and growth profiles of the Loue and Verdon populations were
determined here for the first time. The Loue population showed a
similar life-history strategy to that of the Beaume population,
suggesting the existence of similar developmental constraints among
faster growth, larger adult size, and lower longevity in both river
systems. Interestingly, the Verdon population showed an atypical
pattern of compensatory growth at 2 years, which has already been
reported in other fish species of this system (e.g. the common chub
Squalius cephalus; Bouchard et al., 1998). Although compensatory
growth allowed individuals of the Verdon River to compensate for
slow development at 1 year by catching up on body size at 3 and
4 years, the ecological drivers of compensatory growth in this
population remain unclear but are likely to be associated with
variation in prey availability between 1 and 3 years. A recent study
(Villsen et al., 2021) suggests that the diet of first-year Z. asper is
dominated by chironomids (including Orthocladiinae). The low
densities of chironomids observed in the Verdon River (4.8
individuals per Surber sample on average; Table 1) compared with
the other catchments (ranging from 91.1 in the Durance River (HEN
station) to 105.3 in the Beaume River; Table 1), associated with the
high density-dependent competition for prey that typically follows
fry emergence in fishes, constitute potential bottom-up mechanisms
limiting growth during the first year in the Verdon population of
Z. asper. Strong shifts in diet composition, from chironomids to
mayfly larvae, and particularly Heptageniidae (Villsen et al., 2021),
and habitat use from 1 to 3 years in Z. asper (Labonne, Allouche &
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Gaudin, 2003; Danancher et al., 2004) may then reduce density-
dependent competition for prey and promote faster growth at 2 and
3 years in the Verdon population. Although compensatory growth is
beneficial for surviving temporary ecological constraints on early
development, such as low prey availability (Ali, Nicieza &
Wootton, 2003), it may come at the cost of deleterious effects on
adult performance and associated fitness, such as smaller organ size
and higher metabolic loading (Metcalfe & Monaghan, 2003).

4.2 | Environmental drivers of growth in Z. asper
Many macroecological factors select for faster growth and larger body
size in nature, including shorter growing seasons at higher latitudes
(Billerbeck, Schultz & Conover, 2000). This is consistent with the
latitudinal countergradient in growth rate and adult body size
observed among populations of Z. asper, where capacity for growth
during the first year or first and second years and ultimate adult size
were maximal in the northernmost Beaume and Loue populations and
were reduced in the southernmost Durance and Verdon populations.
Latitudinal countergradients of growth constitute common patterns of
growth-rate evolution (Conover & Schultz, 1995), and illustrate the
need to maximize growth to achieve minimum size thresholds,
thereby maximizing overwinter survival (Quinn & Peterson, 1996) in
higher latitude habitats with shorter growing seasons (Billerbeck,
Schultz & Conover, 2000). Rapid growth at 1 or 1-2 years in the
northernmost populations of Z. asper may therefore constitute an
adaptive response to greater seasonality at higher latitudes (Loue) and
higher thermal variation imposed by the continental climate of central
(Beaume) and north-eastern France (Loue). As the four river
catchments also differ along a low (Beaume and Loue) to high
(Durance and Verdon) altitudinal gradient (Table S1) that largely
overlaps with their latitudinal distribution, it is likely that part of the
differentiation in growth among these populations can be explained
by variations in an ecological context associated with altitude
(e.g. changes in temperature or prey abundance). However, the
effects of altitude on growth are probably marginal, as populations at
similar elevation (e.g. upper Durance vs Verdon or Beaume vs Loue)
largely differ in growth, whereas populations at different altitudes
(e.g. Loue vs Durance) still have similar developmental trajectories. In
contrast, altitudinal effects may largely contribute to within-river
growth differentiation in the Durance system, where growth rate
during the first year substantially increases along an upstream-to-
downstream river gradient.

Differences in juvenile growth among populations of Z. asper also
emerged as plastic responses to local variation in the environmental
context. High prey availability and rearing temperature often elevate
energy intake and metabolic activity (Schulte, 2015; Monnet,
Rosenfeld & Richards, 2020; Volkoff & Rgnnestad, 2020), in support
of faster growth. These expectations are somewhat consistent with
the apparent mapping of ecological gradients of temperature and prey
availability onto the slow-to-fast continuum of growth among

populations of Z. asper from different catchments, whereby elevated

temperatures and/or high densities of dipteran and mayfly larvae that
constitute the main diet of Z. asper (Cavalli, Pech & Chappaz, 2003;
Villsen et al., 2021) are positively associated with faster growth at
1 year in the Loue and Beaume populations and at 3 years in the
colder Durance and Verdon rivers. In contrast, local variation in prey
availability (higher prey densities), substrate quality (larger and less
clogged substrates), and temperature (warmer waters) explained most
of the growth variation from 1 to 3 years within the Durance system.
However, the nature of the relationship between substrate quality
and growth remains somewhat speculative. Larger substrates used as
shelters may decrease swimming costs and increase energy allocation
to growth (Fischer, 2000; Egger et al., 2021), whereas less clogged
substrates may indirectly support faster growth by increasing
substrate complexity and associated prey availability (Bo et al., 2007).
However, the small number of fish populations available for this study
substantially limits inference, and caution is advised when interpreting
the contribution of environmental factors to growth, as reported here.
In addition, this study focuses exclusively on the environmental
(plastic) origins of growth variation among and within populations of
Z. asper. It is likely that part of the differentiation in growth observed
among river catchments can be explained by genetic (i.e. fixed)
differences that have accumulated in these populations (Laroche &
Durand, 2004) following their geographical isolation over the past
century, equivalent to a minimum of 30-50 generations, considering
sexual maturity at 2-3 years in this species (Chevalier, De Conto &
Exbrayat, 2011).

4.3 | Implications for conservation

From a conservation perspective, the Beaume population of Z. asper
appears to be highly vulnerable to extinction as a result of particularly
short individual life cycles. The rapid growth rates and low longevities
observed in this population, associated with sexual maturity at 2-
3 years in Z asper (Chevalier, De Conto & Exbrayat, 2011), may
considerably limit adult reproduction and juvenile recruitment, and
reduce resilience to environmental stochasticity. The temperature
dependence of growth combined with an emerging trade-off between
early growth and longevity may further accelerate individual life
cycles, weaken population dynamics and increase the risk of
extirpation of the Beaume population in the continuing context of
global warming (for an example in lizards, see Bestion et al., 2015).

As suggested by previous studies (Cavalli, Pech & Chappaz, 2003;
Danancher et al., 2007), scale reading emerged as a valid method for
assessing the degree of variation in life histories among remnant
populations of Z. asper. Although scale reading has been repeatedly
used as an indicator of key life histories in fishes (e.g. age at sea in
salmonids; Bacon et al, 2011; population structure in esocids,
Sauvanet et al., 2013), this method suffers from problems of
repeatability that limit its universal application to all fish taxa. The
feasibility and accuracy of scale reading are largely conditioned by
intrinsic factors specific to individuals (e.g. age; Rifflart et al., 2006) or

species studied (e.g. scale morphology), and by environmental factors
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that influence scale calcification (e.g. water chemistry; Campbell
et al., 2015). The methodology (e.g. the level of expertise of each scale
reader; Aulus-Giacosa et al., 2019) and statistical analysis used to infer
life-history data from fish scales constitute additional sources of
variability that are likely to alter the feasibility and conclusions of
scalimetric analyses. For example, the use of a simple polynomial
relationship between body length and scale size to back-calculate body
length, as presented in this study and elsewhere (Danancher
et al, 2007), may constitute an over-simplistic approach largely
outweighed by recent Bayesian methods that can account for
ecological (e.g. cohort variability; Fontez & Cavalli, 2014) and statistical
(e.g. uncertainty during the process of age estimation; Dortel
et al., 2013) sources of error in their back-calculated size estimates.
Scalimetric analyses may therefore benefit from advanced statistical
approaches to gain in accuracy and predictive power, but nevertheless
constitutes a reliable alternative to conventional methods of
population monitoring (such as mark-recapture) owing to their ethical
nature (as a minimally invasive process) and easy applicability (i.e. low
requirements for time, budget, and sampling conditions).

Intraspecific variation in life histories can indicate the degree of
vulnerability to extinction of endangered taxa and guide conservation
actions. Establishing a reference database detailing how suites of life-
history attributes vary among wild populations of a given endangered
species can facilitate the identification of populations requiring
priority management or contribute to the long-term monitoring of
individuals reintroduced into the wild. For example, the age structures
and growth profiles established for the Beaume and Durance (HEN)
populations of Z. asper in this study may be used as a monitoring tool
in a continuing conservation programme, the objective of which is to
re-establish and maintain a viable population of Z. asper of Beaume
and Durance origins in the Drome River (south-east France) after the
recent collapse of the local population (Georget, 2017;
Georget, 2019). More broadly, identifying intraspecific variation in life
histories is fundamental to enabling a better prediction of the
response of endangered species to multivariate environmental
stressors and adapting the legislation accordingly. For instance,
growth, reproductive age, and lifespan have been identified
repeatedly by recent multivariate analyses (Tarkan et al., 2016) as key
developmental bottlenecks increasing the sensitivity of endangered
species to climate change (Glass, Corkum & Mandrak, 2017) or
invasive species (Liu, Comte & Olden, 2017). As time and resources
are limited, developing non-lethal methods (e.g. scale reading and
multivariate trait-based models) that provide rapid and reliable
estimates of extinction risk based on intraspecific variation in life
histories constitutes a critical step towards improving conservation

decisions for endangered species.

ACKNOWLEDGEMENTS

We warmly thank the staff from the Office Francais pour la
Biodiversité (OFB), Aix Marseille Université, INRAE Aix-en-Provence,
the Conservatoire d'Espaces Naturels Rhéne-Alpes (CENRA), and the
Parc Naturel Régional du Verdon for their help with fieldwork. We
especially thank Patrick Gindre, Francois Huger, Daniel Pedretti, and

Guillaume Verdier (OFB) for their valuable technical and logistical
support with fieldwork. We warmly thank Laurent Cavalli for acting as
the third observer for the scale-reading process. This study is part of
the French Plan National d'Action en faveur de l'apron du Rhoéne
(2012-2016) coordinated by the Direction Régionale pour
I'Environnement, I'Aménagement et le Logement d'Auvergne-Rhone-
Alpes and managed by the CENRA. This study was funded by the
Syndicat Mixte d'Aménagement de la Vallée de la Durance (SMAVD),
the Agence de I'Eau Rhéne-Méditerranée-Corse (AERMC), the Conseils
Régionaux de Provence-Alpes-Cote-d'Azur, Bourgogne-Franche-
Comté, and Auvergne-Rhéne-Alpes, the Direction Régionale pour
I'Environnement, I'Aménagement et le Logement PACA (DREAL PACA),
and the Parc Naturel Régional du Verdon (PNRV). EC was supported by
a postdoctoral grant from Electricité de France (EDF) and OFB. This
work was part of the MSc thesis of GM at Aix Marseille Université.

CONFLICT OF INTEREST
The authors declare that they have no conflicts of interest associated
with this work.

DATA AVAILABILITY STATEMENT

Data are available from the corresponding author, upon request.

ORCID
Gauthier Monnet 2 https://orcid.org/0000-0001-6891-9185
https://orcid.org/0000-0003-0992-726X

https://orcid.org/0000-0002-5619-6909

Emmanuel Corse
Vincent Dubut

REFERENCES

Akcakaya, H.R. & Sjogren-Gulve, P. (2000). Population viability analyses in
conservation planning: An overview. Ecological Bulletins, 48, 9-21.

Ali, M., Nicieza, A. & Wootton, R.J. (2003). Compensatory growth
in fishes: A response to growth depression. Fish and Fisheries, 4(2),
147-190. https://doi.org/10.1046/j.1467-2979.2003.00120.x

Angermeier, P.L. (1995). Ecological attributes of extinction-prone species:
Loss of Virginia freshwater fishes. Conservation Biology, 9(1), 143-158.
https://doi.org/10.1046/j.1523-1739.1995.09010143.x

Arendt, J.D. (1997). Adaptive intrinsic growth rates: An integration across
taxa. The Quarterly Review of Biology, 72(2), 149-177. https://doi.org/
10.1086/419764

Aulus-Giacosa, L., Aymes, J.-C., Gaudin, P. & Vignon, M. (2019).
Hierarchical variance decomposition of fish scale growth and age to
investigate the relative contributions of readers and scales. Marine and
Freshwater Research, 70(12), 1828-1837. https://doi.org/10.1071/
MF19059

Bacon, P.J., Gurney, W.S.C., McKenzie, E., Whyte, B., Campbell, R,
Laughton, R. et al. (2011). Objective determination of the sea age of
Atlantic salmon from the sizes and dates of capture of individual fish.
ICES Journal of Marine Science, 68(1), 130-143. https://doi.org/10.
1093/icesjms/fsq142

Bartke, A., Wright, J.C,, Mattison, J.A.,, Ingram, D.K, Miller, RA. &
Roth, G.S. (2001). Extending the longevity of long-lived mice. Nature,
414(6862), 412. https://doi.org/10.1038/35106646

Béjean, M. (2019). Reproduction of Zingel asper (Linnaeus, 1758) in
controlled conditions: An assessment of the experiences realized since
2005 at the Besancon Natural History Museum. Cybium: International
Journal of Ichthyology, 43(1), 17-32. https://doi.org/10.26028/
cybium/2019-431-002

25U801 SUOWILLIOD SAIEBI0 3[ed 1 dde aU) Aq poLIBAOB e S ILE WO 8N J0 3N 10} AIRIGITBUIIUO A3 1A UO (SUO 1 IPUOO-PUE-SWLBILLI" A I ARGl [puI|U0//:SdIL) SUONIPUOD PUE S | 81 39S [220Z/TT/ET] U0 ARIqIT8uIIuO AB1IM 20UBIS BLERIR0D Ad 8T8E 9bE/Z00T OT/10p/LICD"AB| W ARG PUIIUO//STNY LI POpeo|uMOQ *L ‘2202 ‘GGL0660T


https://orcid.org/0000-0001-6891-9185
https://orcid.org/0000-0001-6891-9185
https://orcid.org/0000-0003-0992-726X
https://orcid.org/0000-0003-0992-726X
https://orcid.org/0000-0002-5619-6909
https://orcid.org/0000-0002-5619-6909
https://doi.org/10.1046/j.1467-2979.2003.00120.x
https://doi.org/10.1046/j.1523-1739.1995.09010143.x
https://doi.org/10.1086/419764
https://doi.org/10.1086/419764
https://doi.org/10.1071/MF19059
https://doi.org/10.1071/MF19059
https://doi.org/10.1093/icesjms/fsq142
https://doi.org/10.1093/icesjms/fsq142
https://doi.org/10.1038/35106646
https://doi.org/10.26028/cybium/2019-431-002
https://doi.org/10.26028/cybium/2019-431-002

uss | WILEY.

MONNET ET AL

Bestion, E., Teyssier, A, Richard, M., Clobert, J. & Cote, J. (2015). Live fast,
die young: Experimental evidence of population extinction risk due to
climate change. PLoS Biology, 13(10), €1002281. https://doi.org/10.
1371/journal.pbio.1002281

Billerbeck, J.M., Lankford, T.E. & Conover, D.O. (2001). Evolution of
intrinsic growth and energy acquisition rates. |. Trade-offs with
swimming performance in Menidia menidia. Evolution, 55(9), 1863-
1872. https://doi.org/10.1111/j.0014-3820.2001.tb00835.x

Billerbeck, J.M., Schultz, E.T. & Conover, D.O. (2000). Adaptive variation in
energy acquisition and allocation among latitudinal populations of the
Atlantic silverside. Oecologia, 122(2), 210-219. https://doi.org/10.
1007/PLO0008848

Biro, P.A., Abrahams, M.V., Post, J.R. & Parkinson, E.A. (2004). Predators
select against high growth rates and risk-taking behaviour in domestic
trout populations. Proceedings of the Royal Society B: Biological Sciences,
271(1554), 2233-2237. https://doi.org/10.1098/rspb.2004.286 1

Bo, T., Fenoglio, S., Malacarne, G., Pessino, M. & Sagriboldi, F. (2007).
Effects of clogging on stream macroinvertebrates: An experimental
approach. Limnologica, 37(2), 186-192. https://doi.org/10.1016/j.
limno.2007.01.002

Boltaia, S., Sanhueza, N., Aguilar, A., Gallardo-Escarate, C., Arriagada, G.,
Antonio Valdes, J. et al. (2017). Influences of thermal environment on
fish growth. Ecology and Evolution, 7(17), 6814-6825. https://doi.org/
10.1002/ece3.3239

Bouchard, P., Chappaz, R., Cavalli, L. & Brun, G. (1998). Influence of
environmental variables on the growth of Leuciscus cephalus (Linnaeus
1766), in the River Durance, south-east France. Annales de Limnologie,
34(2), 193-200. https://doi.org/10.1051/limn/1998018

Bravard, J.-P. & Gaydou, P. (2015). Historical development and integrated
management of the Rhone River floodplain, from the Alps to the
Camargue Delta, France. In: P.F. Hudson, H. Middelkoop (Eds.)
Geomorphic approaches to integrated floodplain management of
lowland fluvial systems in North America and Europe. New York, NY:
Springer, pp. 289-320. https://doi.org/10.1007/978-1-4939-2380-
912

Brinker, A., Chucholl, C., Behrmann-Godel, J., Matzinger, M., Basen, T. &
Baer, J. (2018). River damming drives population fragmentation and
habitat loss of the threatened Danube streber (Zingel streber):
Implications for conservation. Aquatic Conservation: Marine and
Freshwater Ecosystems, 28(3), 587-599. https://doi.org/10.1002/aqc.
2878

Campbell, LA, Bottom, D.L, Volk, E.C. & Fleming, LA. (2015).
Correspondence between scale morphometrics and scale and otolith
chemistry for interpreting juvenile salmon life histories. Transactions of
the American Fisheries Society, 144(1), 55-67. https://doi.org/10.
1080/00028487.2014.963253

Casselman, J.M. (1990). Growth and relative size of calcified structures of
fish. Transactions of the American Fisheries Society, 119(4), 673-688.
https://doi.org/10.1577/1548-8659(1990)119<0673:GARSOC>2.3.
CO;2

Cavalli, L., Pech, N. & Chappaz, R. (2003). Diet and growth of the
endangered Zingel asper in the Durance River. Journal of Fish Biology,
63(2), 460-471. https://doi.org/10.1046/j.1095-8649.2003.00168.x

Chappaz, R. & Dubut, V. (2018). L'apron du Rhoéne (Zingel asper), un
poisson emblématique. Répartition, prospection et dynamique de la
population du Verdon. Courrier Scientifique du Parc Naturel Régional du
Verdon, 4, 54-65.

Chevalier, C., De Conto, C. & Exbrayat, K.M. (2011). Reproductive biology
of the endangered percid Zingel asper in captivity: A histological
description of the male reproductive cycle. Folia Histochemica et
Cytobiologica, 49(3), 486-496. https://doi.org/10.5603/fhc.2011.
0069

Cichon, M. (1997). Evolution of longevity through optimal resource
allocation (1997). Proceedings of the Royal Society B: Biological Sciences,
264(1386), 1383-1388. https://doi.org/10.1098/rspb.1997.0192

Coble, D.W. (1970). False annulus formation in Bluegill scales. Transactions
of the American Fisheries Society, 99(2), 363-368. https://doi.org/10.
1577/1548-8659(1970)99<363:FAFIBS>2.0.CO;2

Coleman, R.A. Gauffre, B., Pavlova, A., Beheregaray, L.B., Kearns, J.,
Lyon, J. et al. (2018). Artificial barriers prevent genetic recovery of
small isolated populations of a low-mobility freshwater fish. Heredity,
120(6), 515-532. https://doi.org/10.1038/s41437-017-0008-3

Conover, D.O. & Schultz, ET. (1995). Phenotypic similarity and the
evolutionary significance of countergradient variation. Trends in
Ecology & Evolution, 10(6), 248-252. https://doi.org/10.1016/50169-
5347(00)89081-3

Craig, J. (1980). Growth and production of the 1955 to 1972 cohorts of
perch, Perca fluviatilis L., in Windermere. Journal of Animal Ecology,
49(1), 291-315. https://doi.org/10.2307/4290

Crivelli, A.J. (2006). Zingel asper. The IUCN red list of threatened species
2006: e.T23207A9427850. https://doi.org/10.2305/IUCN.UK.2006.
RLTS.T23207A9427850.en

Danancher, D., Labonne, J., Gaudin, P. & Joly, P. (2007). Scale
measurements as a valuable conservation tool in Zingel asper
(Linnaeus, 1758). Aquatic Conservation: Marine and Freshwater
Ecosystems, 17(7), 712-723. https://doi.org/10.1002/aqc.810

Danancher, D., Labonne, J., Pradel, R. & Gaudin, P. (2004).
Capture-recapture estimates of space used in streams (CRESUS)
at the population scale: Case study on Zingel asper (percid), a
threatened species of the Rhéne catchment. Canadian Journal of
Fisheries and Aquatic Sciences, 61(3), 476-486. https://doi.org/10.
1139/f04-004

Dmitriew, C.M. (2011). The evolution of growth trajectories: What limits
growth rate? Biological Reviews, 86(1), 97-116. https://doi.org/10.
1111/j.1469-185X.2010.00136.x

Dortel, E., Massiot-Granier, F., Rivot, E., Million, J., Hallier, J.-P., Morize, E.
et al. (2013). Accounting for age uncertainty in growth modeling, the
case study of yellowfin tuna (Thunnus albacares) of the Indian Ocean.
PLoS ONE, 8(4), e60886. https://doi.org/10.1371/journal.pone.
0060886

Dubut, V., Gilles, A. & Chappaz, R. (2011). Diversité génétique de l'apron
du Rhoéne (Zingel asper L) dans le Verdon: Intérét pour sa
conservation. Courrier Scientifique du Parc Naturel Régional du Verdon,
2, 23-40.

Dudgeon, D., Arthington, A.H., Gessner, M.O., Kawabata, Z.l., Knowler, D.
J., Lévéque, C. et al. (2006). Freshwater biodiversity: Importance,
threats, status and conservation challenges. Biological Reviews, 81(2),
163-182. https://doi.org/10.1017/51464793105006950

Egger, B., Wiegleb, J., Seidel, F., Burkhardt-Holm, P. & Hirsch, P.E. (2021).
Comparative swimming performance of three benthic fish species:
The invasive round goby (Neogobius melanostomus), the
native bullhead (Cottus gobio), and the native gudgeon (Gobio gobio).
Ecology of Freshwater Fish, 30(3), 391-405. https://doi.org/10.1111/
eff.12592

Fischer, P. (2000). An experimental test of metabolic and behavioural
responses of benthic fish species to different types of substrate.
Canadian Journal of Fisheries and Aquatic Sciences, 57(11), 2336-2344.
https://doi.org/10.1139/f00-211

Fontez, B. & Cavalli, L. (2014). Bayesian hierarchical model used to analyze
regression between fish body size and scale size: Application to rare
fish species Zingel asper. Knowledge and Management of Aquatic
Ecosystems, 413, 10. https://doi.org/10.1051/kmae/2014008

Fox, R., Donelson, J.M., Schunter, C., Ravasi, T. & Gaitan-Espitia, J.D.
(2019). Beyond buying time: The role of plasticity in phenotypic
adaptation to rapid environmental change. Proceedings of the Royal
Society B: Biological Sciences, 374(1768), 20180174. https://doi.org/
10.1098/rstb.2018.0174

Francis, R.I.C.C. (1990). Back-calculation of fish length: A critical review.
Journal of Fish Biology, 36(6), 883-902. https://doi.org/10.1111/j.
1095-8649.1990.th05636.x

25U801 SUOWILLIOD SAIEBI0 3[ed 1 dde aU) Aq poLIBAOB e S ILE WO 8N J0 3N 10} AIRIGITBUIIUO A3 1A UO (SUO 1 IPUOO-PUE-SWLBILLI" A I ARGl [puI|U0//:SdIL) SUONIPUOD PUE S | 81 39S [220Z/TT/ET] U0 ARIqIT8uIIuO AB1IM 20UBIS BLERIR0D Ad 8T8E 9bE/Z00T OT/10p/LICD"AB| W ARG PUIIUO//STNY LI POpeo|uMOQ *L ‘2202 ‘GGL0660T


https://doi.org/10.1371/journal.pbio.1002281
https://doi.org/10.1371/journal.pbio.1002281
https://doi.org/10.1111/j.0014-3820.2001.tb00835.x
https://doi.org/10.1007/PL00008848
https://doi.org/10.1007/PL00008848
https://doi.org/10.1098/rspb.2004.2861
https://doi.org/10.1016/j.limno.2007.01.002
https://doi.org/10.1016/j.limno.2007.01.002
https://doi.org/10.1002/ece3.3239
https://doi.org/10.1002/ece3.3239
https://doi.org/10.1051/limn/1998018
https://doi.org/10.1007/978-1-4939-2380-9_12
https://doi.org/10.1007/978-1-4939-2380-9_12
https://doi.org/10.1002/aqc.2878
https://doi.org/10.1002/aqc.2878
https://doi.org/10.1080/00028487.2014.963253
https://doi.org/10.1080/00028487.2014.963253
https://doi.org/10.1577/1548-8659(1990)119%3C0673:GARSOC%3E2.3.CO;2
https://doi.org/10.1577/1548-8659(1990)119%3C0673:GARSOC%3E2.3.CO;2
https://doi.org/10.1046/j.1095-8649.2003.00168.x
https://doi.org/10.5603/fhc.2011.0069
https://doi.org/10.5603/fhc.2011.0069
https://doi.org/10.1098/rspb.1997.0192
https://doi.org/10.1577/1548-8659(1970)99%3C363:FAFIBS%3E2.0.CO;2
https://doi.org/10.1577/1548-8659(1970)99%3C363:FAFIBS%3E2.0.CO;2
https://doi.org/10.1038/s41437-017-0008-3
https://doi.org/10.1016/S0169-5347(00)89081-3
https://doi.org/10.1016/S0169-5347(00)89081-3
https://doi.org/10.2307/4290
https://doi.org/10.2305/IUCN.UK.2006.RLTS.T23207A9427850.en
https://doi.org/10.2305/IUCN.UK.2006.RLTS.T23207A9427850.en
https://doi.org/10.1002/aqc.810
https://doi.org/10.1139/f04-004
https://doi.org/10.1139/f04-004
https://doi.org/10.1111/j.1469-185X.2010.00136.x
https://doi.org/10.1111/j.1469-185X.2010.00136.x
https://doi.org/10.1371/journal.pone.0060886
https://doi.org/10.1371/journal.pone.0060886
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1111/eff.12592
https://doi.org/10.1111/eff.12592
https://doi.org/10.1139/f00-211
https://doi.org/10.1051/kmae/2014008
https://doi.org/10.1098/rstb.2018.0174
https://doi.org/10.1098/rstb.2018.0174
https://doi.org/10.1111/j.1095-8649.1990.tb05636.x
https://doi.org/10.1111/j.1095-8649.1990.tb05636.x

MONNET ET AL

WILEY_| 1%

Geiger, S., Le Vaillant, M., Lebard, T., Reichert, S., Stier, A., Le Maho, Y.
et al. (2012). Catching-up but telomere loss: Half-opening the black
box of growth and ageing trade-off in wild king penguin chicks.
Molecular Ecology, 21(6), 1500-1510. https://doi.org/10.1111/j.1365-
294X.2011.05331.x

Georget, M. (2017). Plan national d'Actions en faveur de I'apron du Rhéne
2012-2016: Bilan et perspectives. Paris/Vourles, France: Ministére de
la Transition Ecologique et Solidaire/Conservatoire d'Espaces Naturels
Rhone-Alpes.  Available at:  http://aprondurhone.fr/index.php/
telechargements-doc/category/11-rapports-annuels

Georget, M. (2019). Retour sur deux programmes Life et un plan national
d'action en faveur de I'apron du Rhone. Sciences Eaux & Territoires, IV,
2-5. https://doi.org/10.14758/set-revue.2019.cs4.01

Glass, W.R., Corkum, L.D. & Mandrak, N.E. (2017). Living on the edge:
Traits of freshwater fish species at risk in Canada. Aquatic
Conservation: Marine and Freshwater Ecosystems, 27(5), 938-945.
https://doi.org/10.1002/aqc.2781

Hamidan, N. & Britton, J.R. (2015). Age and growth rates of the critically
endangered fish Garra ghorensis can inform their conservation
management. Aquatic Conservation: Marine and Freshwater Ecosystems,
25(1), 61-70. https://doi.org/10.1002/aqc.2449

Huet, M. (1959). Profiles and biology of Western European streams as
related to fish management. Transactions of the American Fisheries
Society, 88(3), 155-163. https://doi.org/10.1577/1548-8659(1959)88
[155:PABOWE]2.0.CO;2

Labonne, J., Allouche, S. & Gaudin, P. (2003). Use of a generalized linear
model to test habitat preferences: The example of Zingel asper,
an endemic endangered percid of the River Rhone. Freshwater
Biology, 48(4), 687-697. https://doi.org/10.1046/j.1365-2427.2003.
01040.x

Labonne, J. & Gaudin, P. (2005). Exploring population dynamics patterns in
a rare fish, Zingel asper, through capture-mark-recapture methods.
Conservation Biology, 19(2), 463-472. https://doi.org/10.1111/j.1523-
1739.2005.00013.x

Lamouroux, N., Pouilly, M., Capra, H. & Souchon, Y. (1999). Fish habitat
preferences in large streams of southern France. Freshwater
Biology, 42(4), 673-687. https://doi.org/10.1046/j.1365-2427.1999.
00521.x

Laroche, J. & Durand, J.-D. (2004). Genetic structure of fragmented
populations of a threatened endemic percid of the Rhéne River: Zingel
asper. Heredity, 92(4), 329-334. https://doi.org/10.1038/sj.hdy.
6800424

Lee, W.-S., Monaghan, P. & Metcalfe, N.B. (2013). Experimental
demonstration of the growth rate-lifespan trade-off. Proceedings of
the Royal Society B: Biological Sciences, 280(1752), 20122370. https://
doi.org/10.1098/rspb.2012.2370

Liu, C., Comte, L. & Olden, J.D. (2017). Heads you win, tails you lose: Life-
history traits predict invasion and extinction risk of the world's
freshwater fishes. Aquatic Conservation: Marine and Freshwater
Ecosystems, 27(4), 773-779. https://doi.org/10.1002/aqc.2740

Mari, S., Labonne, J. & Gaudin, P. (2002). A conservation strategy for
Zingel asper, a threatened endemic percid of the Rhéne basin. In: M.J.
Collares-Pereira, M.M. Coehlo, I.G. Cowx (Eds.) Conservation of
freshwater fishes: Options for the future. Oxford, UK: Wiley,
pp. 149-156.

McKinney, M.L. (1997). Extinction vulnerability and selectivity: Combining
ecological and paleontological views. Annual Review in Ecology and
Systematics, 28, 495-516. https://doi.org/10.1146/annurev.ecolsys.
28.1.495

Metcalfe, N.B. & Monaghan, P. (2003). Growth versus longevity:
Perspectives from evolutionary ecology. Experimental Gerontology,
38(9), 935-940. https://doi.org/10.1016/50531-5565(03)00159-1

Monnet, G. Rosenfeld, J.S. & Richards, J.G. (2020). Adaptive
differentiation of growth, energetics and behaviour between piscivore
and insectivore juvenile rainbow trout along the Pace-of-Life

continuum. Journal of Animal Ecology, 89(11), 2717-2732. https://doi.
org/10.1111/1365-2656.13326

Morgan, I.J., McCarthy, I.D. & Metcalfe, N.B. (2000). Life-history strategies
and protein metabolism in overwintering juvenile Atlantic salmon:
Growth is enhanced in early migrants through lower protein turnover.
Journal of Fish Biology, 56(3), 637-647. https://doi.org/10.1111/j.
1095-8649.2000.tb00761.x

Nally, R.M. & Walsh, C.J. (2004). Hierarchical partitioning public-domain
software. Biodiversity and Conservation, 13(3), 659-660. https://doi.
org/10.1023/B:BIOC.0000009515.11717.0b

Olivier, J.-M., Carrel, G., Lamouroux, N., Dole-Olivier, M.-J., Malard, F.,
Bravard, J.-P. et al. (2009). The Rhéne river basin. In: K. Tockner, U.
Uehlinger, C.T. Robinson (Eds.) Rivers of Europe. London, UK:
Academic Press, pp. 247-295.

Olsson, M. & Shine, R. (2002). Growth to death in lizards. Evolution, 56(9),
1867-1870. https://doi.org/10.1111/j.0014-3820.2002.tb00202.x
Post, J.R. & Parkinson, E.A. (2001). Energy allocation strategy in young
fish: Allometry and survival. Ecology, 82(4), 1040-1051. https://doi.

org/10.2307/2679901

Quinn, T.P. & Peterson, N.P. (1996). The influence of habitat complexity
and fish size on over-winter survival and growth of individually
marked juvenile coho salmon (Oncorhynchus kisutch) in Big Beef Creek,
Washington. Canadian Journal of Fisheries and Aquatic Sciences, 53(7),
1555-1564. https://doi.org/10.1139/f96-092

R Core Team. (2018). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
Available at: https://www.R-project.org/

Réale, D., Garant, D., Humphries, M.M., Bergeron, P., Careau, V. &
Montiglio, P.O. (2010). Personality and the emergence of the pace-of-
life syndrome concept at the population level. Philosophical
Transactions of the Royal Society, B: Biological Sciences, 365(1560),
4051-4063. https://doi.org/10.1098/rstb.2010.0208

Reynolds, J.D., Webb, T.J. & Hawkins, LA. (2005). Life history and
ecological correlates of extinction risk in European freshwater fishes.
Canadian Journal of Fisheries and Aquatic Sciences, 62(4), 854-862.
https://doi.org/10.1139/f05-066

Rifflart, R., Marchand, F., Rivot, E. & Bagliniere, J.-L. (2006). Scale reading
validation for estimating age from tagged fish recapture in a brown
trout (Salmo trutta) population. Fisheries Research, 78(2-3), 380-384.
https://doi.org/10.1016/j.fishres.2005.11.018

Rollo, C.D. (2002). Growth negatively impacts the life span of mammals.
Evolution and Development, 4(1), 55-61. https://doi.org/10.1046/].
1525-142x.2002.01053.x

Sauvanet, J., Bourdier, G., Colombet, J., Vilallefont, A., Lemarchand, C. &
Desvilettes, C. (2013). Estimating Esox lucius (Esocidae, Esociformes)
density and population structure in a large European alluvial river: The
Allier (France). Journal of Ichtyology, 53(8), 617-627. https://doi.org/
10.1134/5003294521305010X

Schulte, P. (2015). The effects of temperature on aerobic metabolism:
Towards a mechanistic understanding of the responses of ectotherms
to a changing environment. Journal of Experimental Biology, 218(12),
1856-1866. https://doi.org/10.1242/jeb.118851

Sibly, RM., Baker, J., Grady, JM. Luna, S.M., Kodric-Brown, A,
Venditti, C. et al. (2015). Fundamental insights into ontogenetic
growth from theory and fish. Proceedings of the National Academy of
Sciences USA, 112(45), 13934-13939. https://doi.org/10.1073/pnas.
1518823112

Stamps, J.A. (2007). Growth-mortality tradeoffs and ‘personality traits’ in
animals. Ecology Letters, 10(5), 355-363. https://doi.org/10.1111/j.
1461-0248.2007.01034.x

Tarkan, AS., Almeida, D., Godard, M.J,, Gaygusuz, O., Rylands, M.,
Sayer, C.D. et al. (2016). A review and meta-analysis of growth and
life-history traits of a declining European freshwater fish, crucian carp
Carassius carassius. Aquatic Conservation: Marine and Freshwater
Ecosystems, 26(1), 212-224. https://doi.org/10.1002/aqc.2580

25U801 SUOWILLIOD SAIEBI0 3[ed 1 dde aU) Aq poLIBAOB e S ILE WO 8N J0 3N 10} AIRIGITBUIIUO A3 1A UO (SUO 1 IPUOO-PUE-SWLBILLI" A I ARGl [puI|U0//:SdIL) SUONIPUOD PUE S | 81 39S [220Z/TT/ET] U0 ARIqIT8uIIuO AB1IM 20UBIS BLERIR0D Ad 8T8E 9bE/Z00T OT/10p/LICD"AB| W ARG PUIIUO//STNY LI POpeo|uMOQ *L ‘2202 ‘GGL0660T


https://doi.org/10.1111/j.1365-294X.2011.05331.x
https://doi.org/10.1111/j.1365-294X.2011.05331.x
http://aprondurhone.fr/index.php/telechargements-doc/category/11-rapports-annuels
http://aprondurhone.fr/index.php/telechargements-doc/category/11-rapports-annuels
https://doi.org/10.14758/set-revue.2019.cs4.01
https://doi.org/10.1002/aqc.2781
https://doi.org/10.1002/aqc.2449
https://doi.org/10.1577/1548-8659(1959)88%5B155:PABOWE%5D2.0.CO;2
https://doi.org/10.1577/1548-8659(1959)88%5B155:PABOWE%5D2.0.CO;2
https://doi.org/10.1046/j.1365-2427.2003.01040.x
https://doi.org/10.1046/j.1365-2427.2003.01040.x
https://doi.org/10.1111/j.1523-1739.2005.00013.x
https://doi.org/10.1111/j.1523-1739.2005.00013.x
https://doi.org/10.1046/j.1365-2427.1999.00521.x
https://doi.org/10.1046/j.1365-2427.1999.00521.x
https://doi.org/10.1038/sj.hdy.6800424
https://doi.org/10.1038/sj.hdy.6800424
https://doi.org/10.1098/rspb.2012.2370
https://doi.org/10.1098/rspb.2012.2370
https://doi.org/10.1002/aqc.2740
https://doi.org/10.1146/annurev.ecolsys.28.1.495
https://doi.org/10.1146/annurev.ecolsys.28.1.495
https://doi.org/10.1016/S0531-5565(03)00159-1
https://doi.org/10.1111/1365-2656.13326
https://doi.org/10.1111/1365-2656.13326
https://doi.org/10.1111/j.1095-8649.2000.tb00761.x
https://doi.org/10.1111/j.1095-8649.2000.tb00761.x
https://doi.org/10.1023/B:BIOC.0000009515.11717.0b
https://doi.org/10.1023/B:BIOC.0000009515.11717.0b
https://doi.org/10.1111/j.0014-3820.2002.tb00202.x
https://doi.org/10.2307/2679901
https://doi.org/10.2307/2679901
https://doi.org/10.1139/f96-092
https://www.R-project.org/
https://doi.org/10.1098/rstb.2010.0208
https://doi.org/10.1139/f05-066
https://doi.org/10.1016/j.fishres.2005.11.018
https://doi.org/10.1046/j.1525-142x.2002.01053.x
https://doi.org/10.1046/j.1525-142x.2002.01053.x
https://doi.org/10.1134/S003294521305010X
https://doi.org/10.1134/S003294521305010X
https://doi.org/10.1242/jeb.118851
https://doi.org/10.1073/pnas.1518823112
https://doi.org/10.1073/pnas.1518823112
https://doi.org/10.1111/j.1461-0248.2007.01034.x
https://doi.org/10.1111/j.1461-0248.2007.01034.x
https://doi.org/10.1002/aqc.2580

0 | WILEY.

MONNET ET AL

Villsen, K., Corse, E., Meglécz, E., Archambaud-Suard, G., Vignes, H.
Ereskovsky, A. et al. (2021). DNA metabarcoding reveals adaptive
seasonal variation of individual trophic traits in a critically endangered
fish. bioRxiv. 2021.01.25.428043. https://doi.org/10.1101/2021.01.
25.428043

Volkoff, H. & Rgnnestad, I. (2020). Effects of temperature on feeding and
digestive processes in fish. Temperature, 7(4), 307-320. https://doi.
org/10.1080/23328940.2020.1765950

Webb, J.K,, Brook, BW. & Shine, R. (2002). What makes a species
vulnerable to extinction? Comparative life-history traits of two
sympatric snakes. Ecological Research, 17(1), 59-67. https://doi.org/
10.1046/j.1440-1703.2002.00463.x

Winemiller, K.O. (2005). Life-history strategies, population regulation, and
implications for fisheries management. Canadian Journal of Fisheries
and Aquatic Sciences, 62(4), 872-885. https://doi.org/10.1139/
f05-040

Zaugg, B. & Plomb, J. (2012). Monitoring intensif de I'apron (Zingel asper, L.) -
Période 2010-2014. Bern, Switzerland: Office Fédéral de
I'Environnement (OFEV).

SUPPORTING INFORMATION
Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Monnet, G., Corse, E.,
Archambaud-Suard, G., Grenier, R., Chappaz, R. & Dubut, V.
(2022). Growth variation in the endangered fish Zingel asper:
Contribution of substrate quality, hydraulics, prey abundance,
and water temperature. Aquatic Conservation: Marine and
Freshwater Ecosystems, 32(7), 1156-1170. https://doi.org/10.
1002/aqc.3818

25U801 SUOWILLIOD SAIEBI0 3[ed 1 dde aU) Aq poLIBAOB e S ILE WO 8N J0 3N 10} AIRIGITBUIIUO A3 1A UO (SUO 1 IPUOO-PUE-SWLBILLI" A I ARGl [puI|U0//:SdIL) SUONIPUOD PUE S | 81 39S [220Z/TT/ET] U0 ARIqIT8uIIuO AB1IM 20UBIS BLERIR0D Ad 8T8E 9bE/Z00T OT/10p/LICD"AB| W ARG PUIIUO//STNY LI POpeo|uMOQ *L ‘2202 ‘GGL0660T


https://doi.org/10.1101/2021.01.25.428043
https://doi.org/10.1101/2021.01.25.428043
https://doi.org/10.1080/23328940.2020.1765950
https://doi.org/10.1080/23328940.2020.1765950
https://doi.org/10.1046/j.1440-1703.2002.00463.x
https://doi.org/10.1046/j.1440-1703.2002.00463.x
https://doi.org/10.1139/f05-040
https://doi.org/10.1139/f05-040
https://doi.org/10.1002/aqc.3818
https://doi.org/10.1002/aqc.3818

	Growth variation in the endangered fish Zingel asper: Contribution of substrate quality, hydraulics, prey abundance, and wa...
	1  INTRODUCTION
	2  METHODS
	2.1  Study sites and scale collection
	2.2  Determination of age structure and growth patterns by scale-reading analysis
	2.3  Variation in ecological context among rearing rivers
	2.4  Data analysis

	3  RESULTS
	3.1  Scale-reading analysis
	3.2  Environmental bases of growth in Z.asper

	4  DISCUSSION
	4.1  Differentiation of Z.asper populations along a slow-to-fast continuum of life histories
	4.2  Environmental drivers of growth in Z.asper
	4.3  Implications for conservation

	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


