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Abstract

Successful management and protection of wild animal populations relies on good understanding of
their life-cycles. Because population dynamics depends on intricate interactions of biological and
ecological processes at various scales, new approaches are needed that account for the variability of
demographic processes and associated parameters in a hierarchy of spatial scales. A hierarchical
Bayesian model for the resident brown trout (Salmo trutta) life cycle was built to assess the relative
influence of local and general determinants of mortality. The model was fitted to an extensive data set
collected in 40 river reaches, combining abundance and environmental data (hydraulics, water
temperature). Density-dependent mortality of juveniles increased at low water temperatures and
decreased with shelter availability. High water temperature increased density-dependent mortality in
adults. The model could help to predict monthly juvenile and adult mortality under scenarios of global

warming and changes in shelter availability due to habitat degradation or restoration.

Keywords

Hierarchical Bayesien model, Brown trout, population dynamics, mortality, density-dependence,

spatial variation
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1 Introduction

Population Dynamics Models (PDM) can capture the intricate demographic and ecological
mechanisms that control the course of a population's life cycle. They contribute to decision-making for
the management of fisheries (e.g., Rochette et al. 2013), invasive species (e.g., Dauer et al. 2012) or
the prediction of climate change impacts (e.g., Petitgas et al. 2013). PDMs built on large scales, using
data from multiple distant sites, are attractive for assessing the impact of large-scale processes such as
climate patterns (e.g., Joly et al. 2011) on populations. However, local variations in population
dynamics (e.g., in mortality or reproductive success; Coulson et al. 1999; Brickhill et al. 2015) can
reduce the explanatory and predictive power of large-scale models that ignore variability of processes
among populations. Local variations in population dynamics also threaten the transferability of PDMs
calibrated locally: i.e., using extensive knowledge from monitoring one or few sites (e.g., Buenau et al.
2014). Therefore, there is a need to develop new approaches in population dynamics modeling, taking
account of variability in demographic processes in a hierarchy of spatial scales to capture both patterns
of variation shared by all populations and local variations, and to investigate the influence of

environmental factors and anthropic pressure in a hierarchy of scales.

Hierarchical Bayesian Models (HBM) of population dynamics are useful tools to account for
variability among populations (e.g., Li and Jiao 2015) due to processes operating at various scales
(e.g., Ebersole et al. 2009). Moreover, HBMs can account for multiple sources of stochasticity in
processes and observations, and can provide inferences on all unknowns in a full probabilistic
framework (Harwood and Stokes 2003; Lek 2007; Buckland et al. 2004; Parent and Rivot 2013;
Newman et al. 2014). Thus, HBMs have been widely used to model a wide range of populations (e.g.,
tree dynamics; McMahon et al. 2009), including age-structured (e.g., Simmonds et al. 2010; Rochette
et al. 2013) or stage-structured (Swain et al. 2009) marine fish populations. However, fewer studies
have used HBMs to model freshwater population dynamics (e.g., Rivot et al. 2004; Borsuk et al. 2006;

Letcher et al. 2015; Kanno et al. 2016).
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Brown trout (Salmo trutta) is one of the most widely studied freshwater fish species (Klemetsen et al.
2003) and its life-cycle has been well described (Elliott 1994; Klemetsen et al. 2003; Gouraud et al.
2014). Brown trout is typically found in headwaters, many of which have been regulated for uses such
as drinking water supply and hydropower generation. Therefore, efficient management decisions
require data from extensive (and expensive) long-term monitoring within a variety of headwater

streams and models to predict the impact of regulations on brown trout population.

Studies explicitly comparing brown trout population dynamics among several sites are rare, but reveal
considerable spatial variation. For instance, Lobon-Cervia et al. (2012) identified differences in
mortality patterns between a Spanish and a Danish population. Spatial variations were also identified
among close populations (e.g., variations in competition strength and survival within a watershed;
Fernandez-Chacon et al. 2015). A major source of inconsistency among studies of brown trout
population dynamics lies in the identification of density-dependent mortality. This process was
described theoretically a long time ago (Ricker 1954; Beverton and Holt 1957) and has been identified
for all age-stages of the brown trout life cycle (Elliott 1994; Elliott and Hurley 1998; Nicola et al.
2008). However, many studies failed to detect density-dependent mortality, especially for young age-
stages (Elliott and Hurley 1998; Lobdn-Cervia 2014). Such differences among studies suggest
considerable spatial variation in mortality. A second source of inconsistency is due to the methods
used to model environmental effects on fry mortality. Strong flow during the first months of life has
frequently been related to high mortality (Hayes 1995; Cattanéo et al. 2002; Gouraud et al. 2008;
Lobon-Cervia 2014; Tissot et al. 2016), but the environmental variables used to model the process
varied among studies. For instance, discharge thresholds (e.g., maximum mean daily flood) have often
been used, although they correspond to very different hydraulic constraints in different rivers.
Describing high flow based on standardized quantitative variables for the hydraulic habitat of brown

trout (e.g., depth, velocity) might reduce these inconsistencies.

In this paper, a HBM is built to analyze resident brown trout population dynamics. The model is based
on a complete representation of their life cycle, and is designed to analyze inter-reach variation in

mortality to better understand the role of density-dependence. Five age-stages were distinguished, and
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both density-independent and density-dependent mortality were included in the model. The model was
fitted on an extensive data set collected in 40 river reaches, combining brown trout data with detailed
physical habitat characteristics (e.g., hydraulics, water temperature). The reaches had a wide range of
physical characteristics; half of them were below dams that diverted part of the flow. Degree of
variation in mortality among reaches was quantified, and its relation with the physical characteristics

of reaches was tested.

2 Materials & methods

The model was designed to capture the population dynamics of brown trout in 40 reaches of 23 rivers
distributed across continental France (Fig. 1). Each reach included one or several sequences of pools,
runs and/or riffles. Reaches had a wide range of physical characteristics (Table 1). They mainly
comprised upstream sections of mountain streams with cold water, although three were in coastal plain
streams (in Brittany and Normandy). A total of 19 reaches were below dams that diverted part of the
flow (Fig. 1). These reaches had reduced low flows (defined by the national legislation on minimum

flows) and reduced flood frequencies compared to an unregulated situation.

The model was constructed in a state-space form that included both process errors in dynamics and
observation errors in data (Rivot et al. 2004; Buckland et al. 2004; Newman et al. 2014). We describe
below the life-cycle model (section 2.1), the dataset used to fit the HBM and the associated
observation (likelihood) equations (2.2), leave-one-out deletion tests and comparison of model fits

with and without density-dependence (2.3).

2.1 The life-cycle model

The life-cycle model was based on eight demographic processes, summarized below (2.1.1) and

further detailed in Appendix A (e.g., stage duration, equations).

2.1.1 Demographic transitions
The stage-structure PDM distinguished five age-stages (Fig. 2): under-gravel development (Egg),

emergence (E), end of first year (0), second year (1) and adult stage (Ad). The dynamics of brown
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trout density for a given age-stage k ( Dy, ind/100m?) was modeled using 1-month time steps
considering different processes. The model considered eight successive processes: (p1) spawning, (p2)
under-gravel egg mortality, (p3) flow-velocity related mortality during emergence, mortality during:
(p4) emergence, (p5) end of first year (after emergence), (p6) second year of life (juvenile), and (p7)
the following years (Fig. 3). Adult mortality until spawning (p8) was also included, to predict adult

density at spawning, Dsq spw-

The spawning process (pl) was described assuming that the initial egg density Dg 4, could be related
t0 Dpg spw-> sex-ratio @, number of eggs per kg of females i and weight (in kg) of adult brown

trout Kggq4.

Fry mortality during emergence (p3) has been reported when flow velocity was too high (e.g.,
Heggenes and Traaen 1988; Armstrong et al. 2003). The influence of flow velocity was therefore
modeled as an excess-mortality rate u, operating when Viq g (daily flow velocity exceeded more than
10% of the time during emergence) was higher than a threshold Z (in m.s™). This potential abiotic

mortality was added to the density-dependent mortality considered in p4.

The 6 mortality processes (p2; p4-p8) were modeled using 1-month time steps following a Beverton-
Holt (1957) relationship (Quinn and Deriso 1999). This model considers both density-independent and
density-dependent instantaneous mortality (8, and y;, respectively), assumed to be constant during the
whole age-stage k. The strength of both processes could therefore be studied separately. A y, value
close to 0 indicates low density-dependence for mortality. As the model assumes a closed system and
therefore fails to distinguish mortality from emigration, &, andy, were apparent mortality rates,
including both mortality as such and emigration. Instantaneous mortality rates are integrated over the
duration of age-stage k, Am,;, to provide the classical Beverton-Holt density-dependent relationship

between density at stage k and stage k + 1:

Dk,mo
Sp.hmy, , Yk (,8).Am
e%k k+§.(e k k—1).Dk,m0

(Eq.1) Dk+1,m0+Amk =
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Eq. 1 can also be used to express intermediate densities within an age-stage if Am < Am,,. This was

used to model density at month of sampling (Dksz) or month of spawning.

Process errors took account of unpredictable among-year variations around the expected process (Eq.
1). They were described as log-normal error, defined by its log-scale standard deviation, g;, (estimated

but considered constant among reaches and years).

2.1.2  Hierarchical structure and fixed parameters

2.1.2.1 Parameters fixed from the literature

As we did not have local data on spawning processes and egg mortality in our reaches, parameters
related to these processes (pl and p2) could not be estimated and were fixed at values from the
literature. We used previous studies on French brown trout populations to obtain estimates for sex-
ratio ¢, number of eggs per kg of females 1, and instantaneous mortality rates during the under-
gravel development stage Sggg and yggg (Table 2). These 4 parameters were considered constant over
reaches and years. In particular, it was assumed that no density-dependent mortality occurred during

egg incubation (thus fixing Ygge=0).

2.1.2.2  Parameters estimated and considered constant among reaches and years
All other parameters were estimated by the model from our data and were given weakly informative

prior distributions (Table 3).

It was assumed that abiotic mortality (p3) could be modeled similarly in the various reaches, as a
function of flow velocity. Thus, u and Z (excess-mortality rate and velocity threshold, respectively)
were assumed to be constant among sites and years. Inter-year variation in emergence mortality (p4) is
known to be high and mostly related to abiotic conditions (Hayes et al. 2010; Lobon-Cervia et al.
2012). Thus, inter-reach variation was assumed to be negligible, and the parameters 6g and yg were

considered constant among reaches.

As the remaining age-stages (0, 1 and Ad) were sampled, data were available to study inter-reach
variation in their mortality rates. An initial version of the model (online supplementary material)
considered inter-reach variation in all mortality rates: it revealed limited inter-reach variation in

7
https://mc06.manuscriptcentral.com/cjfas-pubs



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

Canadian Journal of Fisheries and Aquatic Sciences

mortality at the end of the first year (8, and y,) and in density-independent mortality during the
second year of life (§;). Thus, to keep the model more parsimonious, these 3 parameters were modeled

as constant over reaches and years.

2.1.2.3  Parameters estimated and considered as varying among reaches
The initial version of the model indicated large inter-reach variation in mortality during the adult age-
stage (6pq and yaq) and in density-dependent mortality during the second year of life (y;) (online

supplementary material). These 3 parameters were therefore modeled using a hierarchical setting:
(Eq.2) 6, ~LogN(Ey,0p) (with 6= 6aq, ¥1 Or Yaa)

enabling shared processes to be identified (expected value Ey for parameter 8 for all reaches r) while

integrating reach specificities (represented by the dispersion parameter ap).

2.1.3  Explaining inter-reach variation by reach characteristics

2.1.3.1 Integration of covariates in the hierarchical setting

The hypothesis that inter-reach variation indagq,yaq and y; could be explained by reach
characteristics was further explored, focusing on 6 reach characteristics that might influence mortality:
shelter availability, low and high water temperature, reach width, hydraulic suitability of habitat, and
intensity of natural regime alteration (Table 4; data detailed in section 2.2.2). The fully exchangeable
model in Eq. 2 was then extended to a partially exchangeable model (Rivot and Prévost 2002; Parent
and Rivot 2013) in which the expected mean Ey . of a mortality rate 8 in reach v was modelled as a

linear combination of the above 6 reach characteristics:
(Eq.3) EG,T = Zgzl .BC,B * Xc,r + ap

with X ;. the characteristic ¢ of reach r (measured data), ay the intercept, and 5. ¢ the slope related to

characteristic c.

2.1.3.2  Identification of influential covariates
The Stochastic Search Variable Selection (SSVS) method (George and McCulloch 1993) was used to
identify the most influential environmental covariates in Eq. 3. SSVS is one of several methods
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developed for variable selection in Bayesian frameworks (O'Hara and Sillanpaa 2009) and has proved
effective in linking fish ecology to environmental covariates (Piffady et al. 2013). The principle is to
introduce latent covariates in Eq. 3, enabling variable selection to be embedded in a Markov Chain
Monte Carlo (MCMC) sampling process. Eq. 3 is then extended by using auxiliary variables I g that
indicate the presence (I, g=1) or absence (I, »=0) of covariate ¢ for parameter 6 within the model. All
coefficients g in Eq. 3 were then given a mixture prior distribution known as ‘spike and slab’

(George and McCulloch 1993):

(Eq.4) P(Beollce) = (1—1.9)BO0co +1.9B1. g

The idea is to give B.g a very informative prior distribution centered on 0 when I, =0 (through
B0.g), thus “turning off” the influence of this covariate. When I =1, then .4 is given a less
informative prior distribution (B1, ), likely to be updated if this covariate has an influence. Priors
distributions B1. ¢ and B0, g are set as Normal distributions with 0 mean and standard deviations T
and gt respectively (g having a high positive value) (Table 3). As parameters T and g needed to be
tuned, we used 7=0.05 and g=500. A sensitivity analysis to test various values of T and g
(combinations of T from 0.01 to 0.1 and g from 100 to 1,000) revealed no effect of changing those
values, and will not be detailed further. Values taken by I o were drawn in a Bernoulli distribution
with prior probability of 50% (a-priori equiprobablity of presence or absence). The posterior frequency
of inclusion (i.e., number of iterations in the model with I, g=1) indicated whether factor c was likely
to explain variations in the expected mean of mortality rate 8. When only low posterior frequencies of
inclusion (<50%) were estimated for a given mortality rate, this indicated that the investigated reach

characteristics did not explain inter-reach variation.

2.2 Data and observation equations

The PDM was fitted to annual density estimates for the various life-stages (determined by

electrofishing) and to environmental variables available for the 40 reaches in the 23 rivers (Fig. 1).

9
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2.2.1  Brown trout density estimates

2.2.1.1 Electrofishing data

Between 4 and 20 surveys (i.e., reach X year combinations; mean: 10.7) were conducted per reach
between 1990 and 2013. Reaches were sampled by wading, using two-pass removal electrofishing
sampling, meeting European Committee for Standardization guidelines (CEN 2003). At every reach r
and every year y, observed brown trout densities (Dy,, v, Dipory a0d Dagp, ry) Were estimated

with the Carle and Strub (1978) method.

Brown trout sampling was performed without upstream or downstream blocking nets, in summer or
early fall (median date: September 10). The total sampled area (between 175 and 2,902 m?) was
computed as sampled length x reach width at median flow. Due to changes in sampling teams or harsh
hydraulic conditions during some surveys, sampled length was slightly modified (variation >5% in
measured sampled length) in 13 reaches during the study period. Such changes concerned 9% of the
surveys (maximum length change: 25%; median change: 9%). The length of one reach was halved in
the middle of the time series, but still considered a single reach for analysis as its hydraulic

characteristics remained unchanged.

All fish were measured (total length, to the nearest 1mm), and length-frequency histograms
distinguished 3 age-groups: 0+ (young-of-the-year), 1+ (between 1 and 2 years old) and adult (all fish
older than two years). To confirm the suitability of using length-frequency distributions, scales were
analyzed (see Sabaton et al. 2008) for 10 reaches. Adults were considered as the potential reproductive
pool. Adult fish were also weighed to measure K gs ,-, the inter-annual median of observed weights in

reachr.

2.2.1.2  Observation equations

Sampling data (Dy,,_r.y> Diyper,y @0d Dyg,, ) Were observations of intermediate states of the life-
cycle, occurring during processes p5, p6 and p7 respectively (Fig. 2; Fig. 3). The model predicted
density at time of sampling (Dgspl_r_y, Djspl_r_y and DAdsz.T.y)’ as the 1-month time-step allowed

among-year variation in sampling date to be integrated. Process errors took account of unpredictable
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among-year variation around the expected process (Eq. 1). Observation errors took account of
uncertainty around the Carle-Strub procedure. Raw capture data were first used to calculate the
relative standard deviation around the estimated density, noted as RSDy,, (Zippin formula; Gerdeaux
1987). Density estimates and associated uncertainty were then used as pseudo-observations in the
pseudo-likelihood method (Michielsens et al. 2008). To avoid negative values, a log-normal

distribution was assumed for observed densities Dy, -, around Dygpiry with a standard deviation in

log-scale expressed by RSDy ..

When raw capture data were not available (11% of samples), measurement error was estimated using

the 75™ percentile of all RSDs.

2.2.2  Environmental data

Daily hydraulic conditions and water temperature were determined for all reaches and each year
preceding fish sampling, using methods detailed by Bret et al. (2015). Daily water temperature was
measured in 21 reaches (43% of the sampling period covered on average) and predictive models were
used to estimate missing values. Reach-averaged hydraulic conditions (e.g., flow velocity or wetted
width) were derived from daily discharge data and from numerical hydraulic models or detailed
hydraulic measurements made throughout each reach at several discharge rates. Annual values

of Vyog,r,y Were calculated based on these data.

To test the hypothesis that inter-reach variation in mortality could be explained by reach
characteristics, 6 characteristics (Table 4), obtained by field measurement in each reachr, were
selected and standardized before being introduced in the model. Shelter availability (Shelt,) was
described as the ratio of sheltered area (under a rock or the bank) to total wetted area. The mean of
annual percentiles of water temperatures (T1o - and Tog ;) Was used to summarize the extreme range of
thermal regimes. The mean of annual median wetted widths (Lsq,) was used to describe stream size.
Habitat suitability was described by the Habitat Suitability Index at median discharge (HSIs,),
calculated using the instream habitat models of Lamouroux and Capra (2002) (28 reaches), Sabaton

and Miquel (1993) (5 reaches) or Ginot et al. (1998) (7 reaches) depending on available data. The
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strength of natural regime alteration was represented by the height of the nearest upstream dam

(hDam,.).

2.2.3  MCMC simulations

Posterior distributions were inferred via MCMC sampling using JAGS software (information at
http://mcmc-jags.sourceforge.net) and the R package R2jags (Plummer et al. 2015). Three independent
MCMC chains were run, starting at different random initial values. After a “burn-in” period of 80,000
iterations, 3 x 40,000 iterations were sampled, 1 in 10 being recorded to reduce sampling
autocorrelation. The Gelman-Rubin diagnostic (Brooks and Gelman 1998) was used to test for chain

convergence (Gelman-Rubin statistics <1.1).

2.3 Model stability and comparison with a model without density-dependence

Leave-one-out deletion tests were used to estimate the reliability of the SSVS and sensitivity of
parameter estimates to small changes in data. The model was fitted on 40 different subsets of 39
reaches (leaving out 1 reach in turn per subset). Posterior frequencies for inclusion of reach
characteristics were compared to assess SSVS stability. Posterior means of all parameters’ posterior

distributions were also compared to evaluate the stability of parameter estimates.

Finally, to assess the consequences of integrating density-dependence, the model including the
environmental variables selected by the SSVS procedure was compared to a model with all density-
dependent mortality rates set to 0 (only density independent mortality). The explanatory power of the

two models was compared, based on their log-scaled Root Mean Square Error (RMSE) computed as

\/% Z?:l(log(Dsz,k,i) - log(DObs_k_i))z for each of the three sampled age-stages k, where Dgp, . ; s

the fitted density and Dy ; is the pseudo-observation.
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3 Results

3.1  Explaining mortality variation by reach characteristics

Inter-reach variation was found for density-independent mortality for the adult age-stage 544 and
density-dependent mortality for the 1+ and adult age-stages ( y; and y44; see online supplementary
material). The SSVS revealed that, of the 6 reach-specific characteristics, only shelter availability and
water temperature explained these inter-reach variations (Fig. 4A). There was an influence of reach
shelter availability (Shelt) on density-dependent mortality for the 1+ age-stage (y;) (posterior
frequency of inclusion = 85%; Fig. 4A), describing decreasing density-dependence with shelter
availability (mean value of posterior PDF of Bspet, = —1.2; Table §; Fig. 5, second row). Density-
dependent mortality for the 1+ age-stage (Y1) was also increased by low water temperatures (Toq;
posterior frequency of inclusion = 70%; Fig. 4A; Table 5; Fig. 5, third row). There was finally an
influence of high water temperatures (T;,) on density-dependent mortality for the adult age-stage (y,44)
(posterior frequency of inclusion = 74%; Fig. 4A), describing increasing density-dependence with
high water temperature (mean value of posterior PDF of f;, ., = 0.3; Table 5; Fig. 5, fourth row).
No reach characteristics significantly explained the variations in adult density-independent mortality

(844; Fig. 5, first row).

These results were confirmed by the leave-one-out deletion tests (Fig. 4B). The posterior frequency of
inclusion of Shelt (influencing y,), Tq, (influencing y,) or T, (influencing y,,) remained >50% in
respectively 100%, 92.5% and 97.5% of the cases. The influence of high water temperature on adult
density-dependent mortality appeared strong (Fig. 5, fourth row) when considering all reaches.
However, one deletion test (removal of the Clarée reach) showed surprising results for adults: inter-
reach variation in y,4 was explained by shelter availability (posterior frequency of inclusion when
removing the Clarée reach= 71%) rather than by high water temperatures (posterior frequency of
inclusion of Ty, = 35%). This reach exhibited low shelter availability (Sheltzr¢e= 0.6%), low water
temperatures (Tyg ciarée=12°C) and low density-dependent mortality for the adult (V44 cigree=0.003)

and induced a bias in our results. Other variables that were removed from the model (influence of

13
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reach width, habitat suitability or natural regime alteration on 844, ¥1,Vaq and of thermal regime and

shelter availability on §,44) always showed the lowest probability of inclusion (<42%).

3.2 Variations in mortality according to age-stage

Monthly mortality differed widely among age-stages (Table 5). The lowest were &y, §;, Vo (posterior
means always <0.001) and y, ,- (posterior means <0.002 for 24 reaches; max: 0.038) (Fig. 6). Other
monthly mortality rates were much higher. The highest mortality occurred during emergence
(posterior mean of 65=0.24, y5=0.02). Estimates of §; revealed a wide uncertainty (50% of the
posterior PDF within [0.12; 0.33]). The posterior means of the 40 fitted §4q4 ,-s ranged between 0.003
and 0.160 (mean: 0.014) and posterior means of the y,q4 s ranged between 0.002 and 0.026 (mean:

0.010).

The posterior distributions of parameters showing high flow influence on recruitment (¢ and Z; Table
5) revealed very high mortality in emerging fry (94%; posterior mean of p) for flow velocity (Vg ry)
>1.15m.s™ (posterior mean of Z). Extreme mortality was therefore modeled for only 8% of studied
years. Combined with the high density-dependent mortality during emergence yg, this produced
estimates of 0+ density very stable among reaches (see Fig. 7, right panel), associated with high

process error.

3.3 Comparing observed and predicted density

The model was indeed able to predict temporal change in 1+ and adult density (see Fig. 7 for an
example of 2 reaches), but often overlooked 0+ temporal density variation. This was quantified by the
posterior mean of the RMSE for these age groups (1.23.1, 0.72 and 0.50 for 0+, 1+ and adults
respectively). The high values of posterior PDF for gy, 01, 044 revealed a considerable influence of

process error: real density in 50% of samplings was within a range of [O.S*DOSpl - 2'0*D05pl] for 0+,

[0.6*Dy,, — 1.5%D; ] for 1+ and [0.8*D g, — 1.3*Dyqq,,] for adults.
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3.4 Stability of the model and comparison with a model without density-dependence

Results of the leave-one-out deletion test showed that inferences were fairly robust with respect to
moderate changes within data sets. The relative standard deviations on the study parameters were
always <10%. RMSE was also very stable (<2.5% variation) for all age-stages, showing that the

quality of fit of the model to the data was not dependent on any data in particular.

By contrast, a priori setting all density-dependent parameters to 0 and estimating density-independent
mortality only decreased the explanatory power of the model, as log-scale RMSE values were higher
(1.40, 0.82 and 0.54 for 0+, 1+ and adults, corresponding to respective increases of 14%, 14% and

8%), showing that density-dependence was important in explaining the data.

4 Discussion

4.1 Fitting the brown trout life-cycle

The extensive dataset analyzed in this study enabled construction of a hierarchical Bayesian state-
space model for the life-cycle of resident brown trout. While previous attempts to model brown trout
life-cycle used no or few data (e.g., Van Winkle et al. 1998; Daufresne and Renault 2006) or adopted a
deterministic approach with literature-based parameters (e.g., Railsback et al. 2009; Tissot et al. 2016),
our population dynamics model is merged within a statistical approach in which most state variables
and parameters were estimated from field data, accounting for both process and observation errors

(Rivot et al. 2004; Buckland et al. 2007; Parent and Rivot 2013).

Posterior distributions of mortality estimated on our 40 reaches were consistent with values reported in
the literature. High mortality during emergence (p4) has long been reported (e.g., between 85% and
98% of mortality occurred during emergence for the 4 years studied by Elliott 1994). The present
pattern of low mortality during age-stages 0 and 1 (p5 and p6) was also identified by samplings made
every 2 months on two Spanish reaches for 11 and 14 years by Lobon-Cervid (2012). Mean annual
adult mortality at mean adult density (53%; Fig. 6 p7) was consistent with previous reports (50%;

Bagliniére and Maisse 1991), but ranged between 20% at low density and 80% at high density.
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Results, based on long term monitoring of 40 reaches, confirmed that density-dependence is a major
feature of brown trout population dynamics. Indeed, integrating density-dependent mortality (y) into
natural mortality processes (p2; p4-p8) improved the explanatory power of the model. Wide variations
were identified in the strength of density-dependence among reaches (Fig. 6): annual mortality of
juveniles (p6) and adults (p7) could vary 2-fold for a given initial density of 1+ or adults, only due to

variations in y.

4.2 Inter-reach variation in mortality

Results revealed a high variability of survival across reaches. Contrasting reaches distributed across
France and exhibiting a wide range of physical characteristics (Table 2) were included in the analysis.
While some mortality rates were very stable across all reaches (g, ¥¢ and &,), inter-reach variations
were identified, even among geographically close populations, for y;, 44 and y,44. Spatial variation in
density-dependent mortality was mostly explained by 3 reaches characteristics: shelter availability and
inter-annual quantiles describing extreme water temperatures (T;, and Tog). In line with studies by
Myrvold and Kennedy (2015) on steelhead self-thinning, the present results suggest that the strength

of density-dependence is predictable from habitat characteristics.

4.2.1  Shelter availability reduces the strength of density-dependence

The clearest explanation of variation in density-dependence was increasing density-dependent
mortality for the 1+ age-stage with decreasing shelter availability. Most y; values were low but
increased when the reach had less than 2% of its area available as shelter, with maximal values when
nearly no sheltered area was available (Fig. 5). A similar trend appeared to drive y,4 when one reach
was removed. Future research should then also consider the influence of shelter availability on
density-dependent mortality for the adult age-stage. The impact of shelter availability on mortality was
previously reported in many papers, for brown trout (Armstrong et al. 2003; Dieterman and Hoxmeier
2011) or other salmonids (Finstad et al. 2007), and was used in the individual-based model developed
by Van Winkle et al. (1998). The present results were also consistent with those reported by Baran
(1995), who identified a decrease in maximal juvenile and adult brown trout density with decreasing

shelter availability (especially below 2% availability).
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4.2.2  Thermal regime influences the strength of density-dependence

Density-dependent mortality for 1+ brown trout increased for the lowest water temperature (Tq,<4°C).
By contrast, density-dependent mortality for adult brown trout seemed to increase with high water
temperature (Fig. 5). This might explain why 1+ density-dependent mortality was more often found in
northern (e.g., Vellestad and Olsen 2008) than in southern streams (e.g., Lobon-Cervia 2012). Studies
conducted in southern streams clearly identified density-dependence in adults (Lobon-Cervia 2012).
The higher fitted values for y,,; compared to y; also explained why this process was easier to observe
in previous studies. Temperature influence on density dependence may be explained by its effects on
metabolism (Elliott 1976; Coutant 1976), swimming performance (Railsback et al. 2009) and foraging
efficiency (Watz and Piccolo 2011). For example, swimming speed varies non-linearly with
temperature, peaking at temperatures around a median temperature range of about 15°C (Railsback et
al. 2009). We also suggested that higher water temperature might increase the activity of adult brown

trout, leading to aggressive territorial behaviors.

4.2.3  Understanding inter-reach variation in 844

We were not able to explain the observed inter-reach variation in adult density-independent mortality
(644)- However, variation in this parameter (Fig. 5, first row) was largely driven by 2 reaches with
exceptionally high posterior estimates (posterior means of §4,>0.05), while most reaches presented
lower estimates (33 reaches showed posterior means < 0.015). The two outlying reaches were distant
from each other and had different physical characteristics (a wide natural reach draining 250 km? and a
reach below a dam, draining only 9 km?). Inter-reach variation in 844 might then result from factors
that were not monitored, such as a contrast in angling pressure or variation in population dynamics

induced by removal of individuals (Almodovar and Nicola 2004).

4.2.4  Reach characteristics unrelated to change in mortality

The weak effect of habitat sustainability index (HSI) was to be expected, as HSI was designed to
predict aggregate indicators of fish population status (biomass, or carrying capacity) rather than
specific demographic processes (Hayes et al. 2009). While position in the stream network was
previously used as an indicator of the suitability of a reach for a specific species or age-stage (e.g.,
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405  Chaumot et al. 2003), median width was unrelated to mortality in the present data. Finally, the height
406  (and thus presence) of an upstream dam did not affect mean mortality processes downstream. When
407  dams have existed for decades, it is likely that populations have adapted to the conditions induced by
408  the dam. Moreover, many features of population dynamics other than mortality were not studied here,
409  and might be influenced by the presence of an upstream dam (e.g., access to suitable spawning areas,

410  sensitivity to environmental conditions).

411 4.3 Limitations of our modeling approach and possible extension

412 The present model focused on density-dependence and inter-reach variation in mortality. However,
413  more processes could easily be added to the model. Hierarchical Bayesian modeling is especially
414  suited to combining varied sources of information and sub-models (e.g., following Lecomte and
415  Laplanche 2012 or Rochette et al. 2013). Therefore, it is important to identify which key processes

416  could be integrated in the present model to enhance its ecological realism.

417  4.3.1 Adding abiotic processes

418  The present model included abiotic 0+ mortality linked to flow velocity during emergence (p3), which
419  captured rare extreme mortality events. However, consistently with the literature showing that
420  wvariations in 0+ density is mainly driven by intricate combinations of environmental conditions (e.g.,
421  Unfer et al. 2011; Lobon-Cervia 2014), our model revealed a very low predictive power of 0+ density
422 (high process stochasticity in 0+, seen through g;). Analysis of temporal variation in 0+ density would
423  likely be improved by modeling additional abiotic processes of direct mortality. For example,
424  including frequency or duration of high or low flows (Lobon-Cervid 2009) or streambed mobility
425  (Unfer et al. 2011; Bret et al. 2015) could improve modeling of 0+ density. Abiotic processes used in
426  other modeling approaches, such inSTREAM (Railsback et al. 2009; e.g., direct influence of high
427  temperature or reduced habitat availability) or MODYPOP (Gouraud et al. 2008; e.g., direct influence

428  of flushing or high-flow in periods other than emergence), could also be considered.
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4.3.2  Modeling growth and movement

Beyond these additional influences, considering processes such as growth or movement would consist
in interesting future research avenues. Because growth and survival are linked, adding growth
dynamics would likely improve the comprehension of brown trout population dynamics (e.g., Ebersole

et al. 2009; Nislow and Armstrong 2012).

The present model considered all reaches as closed systems, although downstream drift of young
individuals (Daufresne et al. 2005) and upstream migration of spawners (Young et al. 2010; Vellestad
et al. 2012) have been reported for brown trout. Consequently, the present mortality estimates covered
both actual mortality and displacement. For instance, low mortality during the first year of life might
be linked to partial replacement of dead individuals by migrants from upstream or tributaries, and may
hide a complex source-sink dynamic among reaches. Modeling movement is challenging. One
approach could be to integrate individual mark-recapture data in the population dynamics model
through an integrated population model (Schaub et al. 2007; Schaub and Abadi 2011; Letcher et al.
2015). However, movement can be complicated by reach characteristics such as degree of longitudinal

connectivity (presence of a dam or natural barrier, configuration of tributaries).

4.3.3  Improving the representation of mortality during emergence

Available data do not allowed us to model the variation of mortality during emergence among reaches.
Additional information on spawning and emergence processes (e.g., local observations of fecundity
according to spawner mass, frequent evaluation of recruits’ survival) would help modeling variations

among reaches.

4.3.4  Modeling variation in stage duration among populations

Contrary to Lobon-Cervia et al. (2012) who suggested that the number and duration of age-stages
might differ among populations, the number and duration of the processes underlying the life-cycle
were assumed equal for all populations in our model. The 3 reaches located in Brittany and Normandy
presented very different physical characteristics (e.g., smaller streambed particles, lower elevation and
higher water temperature), and would likely have different dynamics as the other reaches.

Accordingly, previous comparisons among brown trout populations from Brittany and the Pyrenees
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mountains (Gouraud et al. 2001) revealed that brown trout tended to be larger and shorter-lived in
Brittany. However, these populations did not appear as outliers in the present data, and were well
integrated in the hierarchical model: the differences in juvenile and adult mortality were explained by
their reach characteristics. Nonetheless, 0+ densities were over-estimated for these 3 reaches,

confirming differences in spawning and early-life processes.

Integration of density-dependence is crucial to explaining juvenile and adult mortality, especially
where little shelter is available in a reach. The results also highlighted the influence of water
temperature on density-dependence strength. The model could help to predict change in monthly
mortality in juveniles and adults under scenarios of global warming and changes in shelter availability
due to habitat degradation or restoration (example for mean initial densities: Fig. 8). For instance, an
increase in density (stocking) might not result in a long-term increase in population level in
unfavorable reaches (low shelter availability), due to strong density-dependent mortality. Increasing
available shelter area is, on the other hand, likely to reduce competition among juveniles and increase
population levels. With further developments, the present model might become a useful tool to help
management decision-making, to test scenarios in natural and regulated reaches. It will, however, be

necessary to enhance the model's ability to capture temporal variations before considering predictions.
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688 7 Tables

689 Table 1. Physical characteristics of the 40 stream reaches.

Physical characteristics Min Mean Max
Width at median discharge Lg, (m) 2.9 8.1 15.5
Reach slope (%) 0.3 33 13.2
Elevation (m) 15.0 814.1 1370.0
Distance from source (km) 3.0 17.6 49.0
Basin area (km?) 9.0 131.5 605.0
Median daily discharge Qso (m®.s™) 0.1 1.0 2.8
Reach flow velocity (m.s™) at Qs 0.1 0.4 0.8
Median daily water temperature Tg, (°C) 5.8 8.1 11.3
Shelter availability (% of the total wetted area) 0.27 2.21 6.45
Habitat Suitability Index (0+ and 1+ brown trout) at Qs 0.2 0.4 0.7
Habitat Suitability Index (adult brown trout) at Qs 0.0 0.2 0.4
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692 Table 2. Fixed values and tight informative priors for parameters used in the model (LogN= Log-Normal

693 distribution)

Parameter ~ Definition Source Prior distribution
Lobon-Cervia and Rincon 2004;
7] Sex-ratio Beta(200,200)
Gouraud et al. 2014
Keith et al. 2011; Gouraud et al.
P Fecundity (eggs.kg™) Log-N(7.6, 0.005)
2008; Gouraud et al. 2014
Density-independent mortality
Oegg Bardonnet and Prévost 1994 Beta(15,370)
rate during egg incubation
Density-dependent mortality Gouraud et al. 2014;
YEgg Fixed to 0

rate during egg incubation

Bardonnet and Prévost 1994

694

695
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Table 3. Definitions, related equations and prior distributions of all parameters for which updating was

expected  from the data. Indices k  denote age-stages, ¢ denote reach  characteristics

(c=Tsy, Lsg, Shelt, HSI, hBarr, parameters defined in Table 4) and 6 denotes parameters dependent on hyper-

parameters (N=Normal distribution; LogN=Log-Normal distribution).

Related process

Parameter Definition / equation Prior distribution
Global parameters
P Exc{ess-mortality rate ir_llduced by flow velocity >Z 03 Beta(1.1)
during emergence (m.s™)
7 Threshold for ﬂgw-velocny mortality during 03 Gamma(1,1)
emergence (m.s™)
p2 (k=Egg)
. . . p4 (k=E)
Sk Global instantaneous density-independent mortality LogN(0,1)
p5 (k=0)
rate
p6 (k=1)
. . . p4 (k=E)
Vi Global instantaneous density-dependent mortality rate 05 (k=0) LogN(0,1)
Oy Process stochasticity (k=0, 1, Ad) Gamma(1,1)
Hyper-parameters
Slope of the link between Eg (expected mean of Eq.3
Bo,c ® See Eq. 4
’ parameter 6) and reach characteristic ¢ (0=Y1, 044, Yaa)
Auxiliary variable indicating whether covariate ¢ has Eq. 4 .
I.o . Bernoulli(0.5)
’ an influence (I, g=1) or not (I, y=0) on parameter 8 (0=Y1, 644, Yaa)
‘Spike’ of the mixture distribution of used Eq. 4
BOC,G p ﬁ&,c ( q N(O,T)
when I, y=0) (60=Y1, 044, Yaa)
‘Slab’ of the mixture distribution of used Eq. 4
Bleg o ! N(0.97)
when I, g=1) (60=Y1, 044, Yaa)
Eq. 3
lo4 Intercept for E, N(-1,2)
¢ o (6=Y1,64a,Yaa)
. Eq.2
Og Standard deviation for parameter 6 Gamma(1,1)

Parameters 6 dependent on hyper-parameters

S

Yk

Hierarchical instantaneous density-independent
mortality rate

Hierarchical instantaneous density-dependent mortality
rate

(60=Y1,644,Yaa)

p7 & p8 (k=Ad)

p6 (k=1)
p7 & p8 (k=Ad)

LOgN(Eé‘k, O'5k)

LogN(Ey,,0y,)
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Table 4. Reach characteristics used for the SSVS. The influence of the chosen proxies on inter-reach differences

701

in mortality rates were tested.
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704 Table 5. Main statistics of the marginal posterior distributions for the parameters estimated across all reaches

705  and years.

Process Parameter Mean 2.5% 25%  Median 75% 97.5%
pl P 1,993 1,734 1,900 1,989 2,086 2,278
%) 0.50 0.45 0.48 0.50 0.52 0.55
p2 Segg 0.04 0.02 0.03 0.04 0.05 0.06
p3 u 0.94 0.85 0.93 0.95 0.96 0.98
Z 1.15 1.10 1.14 1.15 1.17 1.21
p4 Sg 0.24 0.04 0.12 0.21 0.33 0.62
Vg 0.02 0.01 0.02 0.02 0.03 0.03
P> 8, 2.67E-03 1.00E-03 1.86E-03 2.50E-03 3.30E-03 5.24E-03
Yo 1.22E-03 5.73E-04 9.54E-04 1.19E-03 145E-03 2.02E-03
p6 8, 2.95E-03 1.09E-03 2.07E-03 2.77E-03 3.64E-03 5.78E-03
ay, -6.94 -8.15 -7.23 -6.88 -6.58 -6.10
By, sheit -1.21 -2.40 -1.62 -1.30 -1.04 0.61
By, 190 -0.60 -1.48 -0.93 -0.70 -0.50 0.12
gy, 0.98 0.36 0.75 0.95 1.17 1.74
p7, p8 As,q -5.47 -1.32 -5.97 -5.37 -4.88 -4.16
O544 1.62 0.87 1.26 1.54 1.89 2.78
Ay 0a -4.84 512 -4.93 -4.84 -4.75 -4.59
By sar10 0.35 0.08 0.24 0.32 0.40 0.56
Ty 44 0.59 0.37 0.51 0.59 0.67 0.85
Process Stochasticity 0o 1.05 0.98 1.02 1.05 1.07 1.12
o, 0.63 0.58 0.61 0.63 0.64 0.67
Tag 0.41 0.38 0.39 0.40 0.42 0.44
706
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8 Figures
Fig. 1. Locations of the 40 reaches (19 below dams).

Fig. 2. Life-cycle model for resident brown trout (S. trutta), split into 5 stages (Egg: eggs, E: emergent fry, 0:
Jjuvenile during the end of the first year; 1: 1+; Ad: adults) and 8 processes (black arrows) related to model
equations (Appendix A). Gray boxes show the dates of transition between stages, set at the | 5 day of the month
(3: March, 5: May, 12: December) of the year indicated in subscript (starting year y = spawning year). Other
subscripts denote spawning (Spw), initial state of an age-stage (i), and integrated mortality due to flow velocity
(V) or sampling (Spl). The population was observed at sampling (during p5, p6 and p7). Adults (Ad) age-stage

combined fish of several ages (2: fish in their 3 year of life, >2: fish older than 3 years).

Fig. 3. Directed acyclic graph for the brown trout population dynamics model presented in Fig. 1. Variables
represented in ellipses were defined by a probability distribution. White ellipses are non-observed variables,
shaded ellipses are data. Shaded boxes represent fixed constant or calculated covariates. Solid-line arrows
represent stochastic transitions, dotted-line arrows represent deterministic links (including age-stage

transitions, structuring the life-cycle). The number of each process (pl — p8; detailed in Appendix A) is added.

Fig. 4. Posterior frequency of inclusion (in %) of the effect of the 6 studied reach characteristics (rows) on the 3
mortality rates (columns). Table A shows the results of the model for the 40 reaches. Table B summarizes the
results of the leave-one-out deletion test, giving median [range] values for posterior frequency of inclusion.

Gray scale is associated with the posterior frequency of inclusion.

Fig. 5. Marginal posterior distributions of density-independent (844) and density-dependent (v, and yuq)
mortality rates modeled by a hierarchical structure for the 40 reaches. The 1" row shows the distribution of 5,4,
which could not be explained by reach characteristics. The 2" to 5™ rows show change in density-dependent
mortality distribution (y; andyasq) with shelter availability and inter-annual mean of percentile of water

temperatures (Ty, and Tyy) as covariates.
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Fig. 6. Total mortality for the processes describing natural mortality between successive age-stages (p4, p5, p6
and p7) for total process duration (respectively, 2, 10, 12 and 12 months). When inter-reach variation in at least
one mortality rate (8y oryy) was detected for age-stage k, fitted relations for the 40 reaches are presented
(dashed gray lines) along with the mean expected relation (solid line). A vertical line is drawn at mean observed
densities for 0+, 1+and adults (densities were never observed at emergence), upper limits of x-axes correspond
to the 90th percentile of observed densities. Mortality from egg to emergent fiy is not represented here, as

mortality rates were not fitted but taken from the literature.

Fig. 7. Time series of observed and predicted densities of 0+, 1+ and adult brown trout in 2 reaches (Bes and
Senouire; columns). Points represent observed densities, associated with observation uncertainty (vertical lines).
The black line shows the mean estimate of each year’s predicted density. The shaded areas show the 50% and

95% confidence intervals for the predicted densities, when process error is considered.

Fig. 8. Prediction of monthly mortality in 1+ depending on shelter availability (x-axis) and inter-annual mean of
a percentile of water temperatures (Tog) (v-axis). Black dots show the characteristics of reaches considered in
this paper. Marginal relations are shown in upper and right sub-panels (shaded areas show 50% and 95%
confidence intervals). Monthly mortality was computed by considering both density-independent and density-

dependent mortality and for mean initial densities (10.5 ind.100m™ for 1+ and 8.1 ind.100m™ for adults).
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Fig. 2. Life-cycle model for resident brown trout (S. trutta), split into 5 stages (Egg: eggs; E: emergent fry;

0: juvenile during the end of the first year; 1: 1+; Ad: adults) and 8 processes (black arrows) related to
model equations (Appendix A). Gray boxes show the dates of transition between stages, set at the 15th day

of the month (3: March, 5: May, 12: December) of the year indicated in subscript (starting yeary =

spawning year). Other subscripts denote spawning (Spw), initial state of an age-stage (i), and integrated
mortality due to flow velocity (V) or sampling (Spl). The population was observed at sampling (during p5, p6
and p7). Adults (Ad) age-stage combined fish of several ages (2: fish in their 3rd year of life, >2: fish older

than 3 years).
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Fig. 3. Directed acyclic graph for the brown trout population dynamics model presented in Fig. 1. Variables
represented in ellipses were defined by a probability distribution. White ellipses are non-observed variables;
shaded ellipses are data. Shaded boxes represent fixed constant or calculated covariates. Solid-line arrows
represent stochastic transitions; dotted-line arrows represent deterministic links (including age-stage
transitions, structuring the life-cycle). The number of each process (p1 - p8; detailed in Appendix A) is
added.
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Fig. 4. Posterior frequency of inclusion (in %) of the effect of the 6 studied reach characteristics (rows) on
the 3 mortality rates (columns). Table A shows the results of the model for the 40 reaches. Table B
summarizes the results of the leave-one-out deletion test, giving median [range] values for posterior
frequency of inclusion. Gray scale is associated with the posterior frequency of inclusion.
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Fig. 6. Total mortality for the processes describing natural mortality between successive age-stages (p4, p5,
p6 and p7) for total process duration (respectively, 2, 10, 12 and 12 months). When inter-reach variation in
at least one mortality rate (d«x or y«) was detected for age-stage k, fitted relations for the 40 reaches are
presented (dashed gray lines) along with the mean expected relation (solid line). A vertical line is drawn at
mean observed densities for 0+, 1+and adults (densities were never observed at emergence); upper limits
of x-axes correspond to the 90th percentile of observed densities. Mortality from egg to emergent fry is not
represented here, as mortality rates were not fitted but taken from the literature.
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Bes Senoulire

Fig. 7. Time series of observed and predicted densities of 0+, 1+ and adult brown trout in 2 reaches (Bes
and Senouire; columns). Points represent observed densities, associated with observation uncertainty
(vertical lines). The black line shows the mean estimate of each year’s predicted density. The shaded areas
show the 50% and 95% confidence intervals for the predicted densities, when process error is considered.
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Fig. 8. Prediction of monthly mortality in 1+ depending on shelter availability (x-axis) and inter-annual mean
of a percentile of water temperatures (Too) (y-axis). Black dots show the characteristics of reaches
considered in this paper. Marginal relations are shown in upper and right sub-panels (shaded areas show
50% and 95% confidence intervals). Monthly mortality was computed by considering both density-
independent and density-dependent mortality and for mean initial densities (10.5 ind.100m™ for 1+ and 8.1
ind.100m™ for adults).
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Appendix A: Detailed modeling of the life-cycle

Al. Calculation of the BH equation
Change in D), (density of age-stage k) was modeled by 1-month time steps. Mortality processes were
described by the alternative formulation of the Beverton and Holt (1957) relationship.
Monthly per capita mortality rate (PCMR) was considered for density-independent mortality &,,,

density-dependent mortality y,, and population density D,, ( D, = Nm/ s S being the total studied

area).

1 dNp m
(ALT) m'mz_am_ym-sz_Sm_y?.Nm

Simple algebra on eq. (A1.1) leads to:

dNp,

T Tm oy = —Om-dm
m “Ym
Sm

(A1.2) —dl\llvm — —5m‘.iSN "I‘V = —§,,.dm (by the method of partial fractions)
m 24N,
Ym

Assuming 6, and yi; to be constant during the considered period, (Al.2) can be integrated from

mgytomy (mq = mg + Am):

JN:le dN,, JN:le dN,, Jm:m& J
—_— = < — =-— .dm

N=Np, N, N=Np, &TS‘HVm m=my

° ln(le) B ln(NmO) B [ln(% + Nm,) = ln(% + Nmo)] =—6.Am (as% > 0)

1 0 e—&.Am
5.5 5.8 .
7+le 7+Nm0
E _,—8Am
1y y+Nm0.(1 e )
Nm, &S Nipg.e~84m
Nm,
“ le = 0

ea-Am+%.(e5-Am—1).Nm0
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(A1.3) & Dy, = Do

eé‘.Am_,_%.(eé‘.Am_l).Dmo

This relation (A1.3) hereafter denoted D,,, = BH(Dp,, §,y,Am) is an alternative formulation of the
Beverton-Holt stock recruitment relation with slope at the origin ¢ and maximum asymptotic

recruitment (or carrying capacity of the river) 3:

N _ ot.Nm0
Am = 1+aB.Nm,
(A1.4) R

1
k ﬂ - %(eﬁ.Am_l)

The model assumed constant mortality throughout a given age-stage k. Equation (A1.3) can relate

densities of successive age-stages by considering the duration of the whole age-stage Amy,:
Dy+1 = BH(Dy, 6k, Yk, Amy,)

It could also be used to express intermediate densities within a given age-stage k (from m, to my +

Am):
Dimg+am = BH(Dimy) Ok» Vi, AM)

A2. Detailed life-cycle

We detail here the equations describing all steps of the brown trout life-cycle presented in (Fig. 2).
These processes are associated with process errors taking account of unpredictable between-year
variations around the expected process, as presented in the Methods section. For the sake of clarity, we
did not index densities with the year y and the reach r considered (D, being a simplification of Dy ,, ;).

Full indexing appears on Fig. 3.

Spawning (p1)
Density of spawning adults Dyq4 Spw in December (Elliott 1994) was multiplied by the brown trout sex-

ratio ¢, number of eggs per kg of females i and the weight (in kg) of adult brown trout Kgaq, to

express the density of produced eggs Dggg.

2
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(Eq. A2.1) Dggg = Dadg,,, 9-¥-KGaar

As we did not have local information on spawning processes for all reaches, previous studies on
French trout populations were used to obtain global estimates for ¢ and . Their prior distributions
were informative and centered on estimates found in the literature for the 3 parameters (Table 2).

Kgaq,r Was given in all reaches r by field measurements (inter-annual median of measured weights).

Under-gravel egg mortality (p2)

We then assumed that no density-dependent mortality occurred during incubation and that emergence
started in March (Gouraud et al. 2014). Initial densities of emergent fry Dy, were then modeled

assuming only density-independent mortality Sggg Operating on Dggg for 3 months.

(Eq A22) DEi = BH(DEggv (SEgg' ]/Egg = 0, AmEgg = 3)
Again, we did not have local information on monthly under-gravel mortality for all reaches, and we

used a global informative prior for 8g4, (Table 2), consistent with the observed survival rate of 90%

for the whole period (Bardonnet and Prévost 1994).
Abiotic mortality during emergence: flow velocity (p3)

Emergence lasts up to 2 months (Elliott 1994), grouping together emergence in itself and early post-
emergence, which are both sensitive. During emergence, fry mortality occurs when flow velocity
becomes too high (Heggenes and Traaen 1988; Armstrong et al. 2003). The influence of flow velocity
was then modeled as an excess-mortality rate u, operating when V;q g (flow velocity for more than

10% of the time during emergence) was higher than a threshold Z (in m.s™):

Dy = Dg, if V. <Z
(Eq. A2.3) { Ey, E; f Viork

Dg, = Dg,. (1 — ) if Viorp 22
As flow velocity has the same implications everywhere, we assumed the process was operating

similarly in all reaches: parameters u and Z were therefore estimated globally.
Prior distributions for these parameters and all the following were weakly informative (Table 3).

Mortality process during emergence (p4)

3
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Emergence is also characterized by high mortality while the young trout establish feeding territories

(Elliott 1994). We modeled natural fry mortality on specific mortality rates for these 2 months:

(Eq. A2.4) Dy = BH(Dg,), 8, Vg, Amg = 2)

Available data (summer samplings) did not allow precise estimation of inter-reach variability in
mortality during emergence. To ensure the convergence of the model, we had to estimate §; and yj
globally. Inter-year variations in emergence mortality (mostly linked to abiotic conditions) are known
to be high (e.g., Hayes et al. 2010; Lobon-Cervia et al. 2012). We therefore assumed, for this first step

of modeling, that inter-reach variations were comparatively negligible.
Mortality process during the end of the first year (Age-stage 0; p5)

After this critical period, we assumed constant monthly mortality (&, and y,) during the last 10
months of the first year of life, (age-stage 0 in Fig. 2). We modeled density for an intermediate state of

age-stage 0, Dy, , at the month of sampling (Amyg,; months after the beginning of the age-stage). This

intermediate state was used to compute the likelihood of the model.

D =BHD151 ,Am=Am
(Eq. A2.5) { 051 = BH(Do, 80, v0 sp1)

D1 = BH(DOSpl’ 60, Yo, Am =12 — Amspl)
Inter-reach variation in mortality during age-stage 0 were not identified by our preliminary analyses

(Appendix B). Those parameters were therefore estimated globally.
Mortality process during the second year of life (Age-stage 1; p6)

Trout from age-stage 1 surviving the 2™ year of life become 2+ trout (age-stage 2 being a subset of the
adult age-stage):

Digp = BH(Dlr 81, V1rAm = Amsz)

(Eq. A2.6) {
D2 = BH(D]Spl' 61, ]/1’1-, Am =12 — Amspl)

Preliminary analyses (Appendix B) revealed inter-reach variations in density-dependent mortality y;
but not density-independent mortality §;. Thus, a hierarchical setting was used for y; while §; was
estimated globally.
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Adult mortality (p7)
The adult age-stage combined fish of several ages (2+ and older).

Dyg =Dy + D5,
(Eq. A2.7) Dadas, = BH(Dag, Saqr» Yagr» Am = Amgy;)
D5, = BH(DAdSplr Saa,r Yaar, Am =12 — Amgy;)

Preliminary analyses (Appendix B) revealed inter-reach variations in both density-dependent
mortality yaq and density-independent mortality §44. Thus, a hierarchical setting was used for these

parameters.
Spawning adults (p8)

Finally, the density of spawning adults in December was related to the mortality of adults from

sampling to spawning (Amgy,, months after sampling):

(Eq. A2.8) DAdgyy, = BH(DAdspl; 84d,Yaa, Am = Amgy,,)
A3. Appendix A: References

Armstrong, J. D., Kemp, P. S., Kennedy, G. J. A., Ladle, M., and Milner, N. J. 2003. Habitat
requirements of Atlantic salmon and brown trout in rivers and streams. Fish. Res.
62(2): 143-170. doi:doi:10.1016/S0165-7836(02)00160-1.

Bardonnet, A., and Prévost, E. 1994. Survie sous gravier de la truite (Sa/mo trutta) dans un
affluent du Scorff.

Beverton, R. J. H., and Holt, S. J. 1957. On the dynamics of exploited fish populations.
London, UK, Chapman & Hall.

Elliott, J. M. 1994. Quantitative ecology and the brown trout. Oxford GBR, Oxford
University Press.

Gouraud, V., Baran, P., Bardonnet, A., Beaufrére, C., Capra, H., Caudron, A., Delacoste, M.,
Lescaux, J. M., Naura, M., Ovidio, M., Poulet, N., Tissot, L., Sebaston, C., and

Baglinicre, J.-L. 2014. Sur quelles connaissances se baser pour évaluer 1’état de santé

5
https://mc06.manuscriptcentral.com/cjfas-pubs

Page 44 of 45



Page 45 of 45

107
108
109
110
111
112
113
114
115
116
117

118

119

Canadian Journal of Fisheries and Aquatic Sciences

des populations de truite commune (Salmo trutta)? Hydroécologie Appliquée: 1-28.
doi:10.1051/hydro/2014001.

Hayes, J. W., Olsen, D. A., and Hay, J. 2010. The influence of natural variation in discharge
on juvenile brown trout population dynamics in a nursery tributary of the Motueka
River, New Zealand. New Zeal. J. Mar. Fresh. 44(4): 247-269.
doi:10.1080/00288330.2010.509905.

Heggenes, J., and Traaen, T. 1988. Downstream migration and critical water velocities in
stream channels for fry of four salmonid species. J. Fish Biol. 32(5): 717-727.
doi:10.1111/5.1095-8649.1988.tb05412. x.

Lobon-Cervia, J., Budy, P., and Mortensen, E. 2012. Patterns of natural mortality in stream-
living brown trout (Salmo trutta). Freshw. Biol. 57(3): 575-588. doi:10.1111/j.1365-

2427.2011.02726.x.

6
https://mc06.manuscriptcentral.com/cjfas-pubs



