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Abstract :

Estimation of abundance with wide spatiotemporal coverage is essential to the assessment and
management of wild populations. But, in many cases, data available to estimate abundance time series
have diverse forms, variable quality over space and time and they stem from multiple data collection
procedures. We developed a hierarchical Bayesian modelling (HBM) approach that take full advantage
of the diverse assemblage of data at hand to estimate homogeneous time series of abundances
irrespective of the data collection procedure. We apply our approach to the estimation of adult
abundances of 18 Atlantic salmon (Salmo salar) populations of Brittany (France) from 1987 to 2017 using
catch statistics, environmental covariates, and fishing effort. Additional data of total or partial abundance
collected in four closely monitored populations are also integrated into the analysis. The HBM framework
allows the transfer of information from the closely monitored populations to the others. Our results reveal
no clear trend in the abundance of adult returns in Brittany over the period studied. lations d'animaux
sauvages. Dans de nombreux cas, toutefois, les donnees disponibles pour I'estimation de series
chronologidifferentes procedures. Nous avons elabore une approche de modelisation bayesienne
hierarchique (MBH) pour tirer pleinement parti de I'assemblage varie de donnees disponibles pour estimer
des series chronologiques homogenes d'abondance, quelle que soit la procedure de collecte de donnees.
Nous appliquons l'approche a l'estimation de lI'abondance d'adultes dans 18 populations de saumon
atlantique (Salmo salar) de Bretagne (France) de 1987 a 2017, en utilisant des statistiques sur les prises,
des covariables faisant I'objet d'une surveillance etroite sont aussi integrees a l'analyse. Le cadre de MBH
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permet le transfert d'information I'abondance des adultes de retour en Bretagne au cours de la periode
etudiee. [Traduit par la Redaction]
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INTRODUCTION

For assessing past and current conservation status of fish populations and providing fisheries
management advice, reliable time series of abundance are required. At a single spatio-
temporal unit, e.g. a population a given year, catch reflects abundance up to a scaling factor,
the proportion of adult removed by harvesting, also called the exploitation rate. Abundance
can be statistically inferred (i.e. estimated) from an observed catch under the premise the
latter results from a random process conditioned by the underlying abundance of the
harvestable population and the exploitation rate. Provided this process is explicitly modeled,
the accuracy and precision of the abundance estimate relies primarily, but not only, on our
ability to assess the exploitation rate. Information on changes in exploitation rates, resulting
for example from variations in harvesting effort, in the efficiency of catching gears or from
environmental factors, may be difficult to monitor. In the absence of such information,
abundance cannot be estimated from catch data without making strong assumptions on
exploitation rates, and even then, the estimates can be strongly biased if the assumptions are
wrong (Hilborn and Walters 1992; Arreguin-Sanchez 1996; Maunder and Punt 2004).
Abundance can also be estimated independently from catch. But catch statistics are often
more widely available over space and time than fisheries independent data. Hence, the
fisheries scientist often faces the dilemma of using abundance estimates from fisheries
independent data with limited spatio-temporal coverage versus potentially less reliable
estimates from fisheries catch but with a wider spatio-temporal coverage.

When abundance estimates, derived from fisheries independent data gathered under
controlled scientific protocols are simultaneously available with catch statistics offering a wider
spatio-temporal coverage, there can be a way out of this dilemma. Exploitation rate can be
estimated and extrapolated over other spatio-temporal units. To improve precision and
accuracy, this extrapolation may benefit from taking into account covariates that are correlated
with variations over space and time of exploitation rate or abundance. The value of the
Hierarchical Bayesian Modelling (HBM) framework (Gelman et al. 2013; Congdon 2014) in
such cases, where availability of data vary between observation units, has been well
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established, especially in ecology (Clark 2003; Royle and Dorazio 2008; Cressie et al. 2009;
Parent and Rivot 2012). The HBM framework facilitates the joint treatment of heterogeneous
data sets: it allows the borrowing and transfer of information between data-rich and data-poor
spatio-temporal units, while accounting for the associated uncertainty (e.g. Prévost et al. 2003;
Brun et al. 2011). HBM also facilitates estimation for spatio-temporal units with missing data
(e.g. Clark and Bjgrnstad, 2004) and prediction for new units with no observed data (e.g.
Prévost et al. 2003). In this paper, we show by means of a case study on Atlantic salmon how
HBM enables abundance estimation over a large set of spatio-temporal units from a
heterogeneous dataset made of fisheries catch, fisheries independent abundance data,
fishing effort and environmental covariates.

Atlantic salmon reproduce in freshwater, where juveniles grow before undertaking long-
distance migrations in the ocean to feeding areas. They return to their natal rivers to spawn
(after one or two years at sea, exceptionally three; Webb et al., 2007). Due to this homing
behavior, each river flowing into the ocean is usually considered as holding (at least) one
distinct salmon population. This specificity poses a special challenge to resource conservation
and management. Indeed, there are hundreds of Atlantic salmon populations (King et al.
2007), whose conservation status may vary greatly as a result of contrasted local
characteristics, even between neighboring rivers (NASCO 2019). The river scale is the
relevant and recommended spatial scale for the management of salmon stocks. But obviously,
even though salmon (Atlantic and Pacific) are among the most studied species (Prévost and
Chaput 2001), it is not conceivable to survey rigorously every individual river population. To
circumvent this difficulty, long term scientific population monitoring has targeted so-called
“index rivers” from which more precise knowledge on stock size, i.e. on abundance of adult
returns, can be obtained and ultimately transferred to unmonitored rivers. Atlantic salmon is a
species of great fishing interest (both commercial and recreational) and catch statistics are
often compiled on a river-by-river basis. These data provide an opportunity to tailor the
information brought by index rivers to other rivers in order to better appraise the abundance
of adult returns of any exploited population. The need to take the best advantage possible of
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the data at hand for estimating abundance is particularly acute for Atlantic salmon. The
species has undergone a general decline of abundance during the last four decades (Chaput
2012; ICES 2019; OImos et al. 2019). Many populations are impacted or threatened (if not yet
extirpated for a significant proportion) by human activities (e.g. damming, contamination,
fisheries), including through climate change (Piou and Prévost 2013; NASCO 2019).

Over the last twenty years, the HBM framework has been repeatedly used to estimate
abundance in Atlantic salmon (e.g. Rivot and Prévost 2002; Rivot et al. 2008; Brun et al. 2011;
Massiot-Granier et al. 2014; Dauphin et al. 2017, 2019). Among this now relatively wide
selection of papers, two are of more specific interest with regards to the question addressed
herein. Rivot et al. (2008) present a HBM to estimate juvenile salmon abundance over a set
of spatio-temporal units from successive removal data (i.e. catch by electrofishing). They
jointly treat units with two successive passes and others with only a single pass. They use
catch to estimate abundance and they extrapolate the probability of capture, analogous to an
exploitation rate, from units with two passes to units with one pass. But they make limited use
of covariates for explaining spatiotemporal variations (i.e. restricted to year and dichotomous
habitat type effects), and their data set is homogenous in terms of data collection procedure
(i.e. electrofishing census only). The more general HBM framework proposed by Brun et al.
(2011) allows to derive homogenous series abundance estimates from multiple data collection
procedures (DCPs). The homogeneity refers to the definition of the abundance time series
which is not contingent upon the various DCPs used. The key feature of Brun et al. (2011)
approach resides in the explicit modelling of each of the DCPs by which the observed data
stem from the unknown abundance. The DCPs may vary according to the spatio-temporal
units considered and they can be influenced by covariates. In the present paper, we take
inspiration from Brun et al. (2011) by considering fishing as a DCP that covers the full set of
spatio-temporal units of interest. Others DCPs (e.g. partial counting devices) may contribute
additional data on a subset. Finally, abundance may be fully known, an option not considered

by Brun et al. (2011), on another subset.
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We demonstrate our approach with a case study on 18 populations of Atlantic salmon in
Brittany, France (Fig. 1). A complete set of 31 years (1987-2017) of angling catch is available
for each river. Fisheries independent DCPs provide additional information on abundance for
4 populations over part of the study period: the adult returns are known on the Scorff (1994-
2017) and the Elorn (2007-2017), while only partial counts are available for the Aulne (1999-
2017) and the Couesnon (1996-2015). Fishing effort data and environmental covariates (river
size and flow) are also used. All materials needed to run the model (data sets, model script,
etc) and to produce estimates, tables and figures presented in this paper are available at the

following link: https://gitlab.com/clebot/abundance.
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MATERIALS AND METHODS

When catch statistics are available over wide set of spatio-temporal units together with fishery
independent abundance estimates covering only a restricted subset, estimating abundance
over the full set of spatio-temporal units can be undertaken by extrapolating over the units
where only catch statistics are available the information gained about the exploitation rates
from the units with both catch and fishery independent abundance estimates. To proceed to
this extrapolation, we propose a novel HBM approach which originality resides in a common
modeling of the relationship linking catch, exploitation rate and abundance, irrespective of the
fact the latter is fully unknown, estimated with error (i.e. partially observed) or directly observed
(i.e. fully known). The HBM setting allows for variations across spatio-temporal units, while
enabling the transfer of information between them. The use of this single catching process
model aims at facilitating the transfer of information from the data rich spatio-temporal units
(i.e. with abundance and catch) to the data-poor ones (i.e. with catch only) when proceeding
to statistical inference. The approach is further refined by including covariates, both
environmental or fishery related, that can help explaining spatio-temporal variations of
exploitation rate or abundance.

These modeling guidelines are quite general irrespective of the species or the spatio-temporal
setting of interest. We put them in practice on our case study on Atlantic salmon. We start by
describing the data at hand, followed by the modelling details, with first (i) the common
modelling of the catching process and next the hierarchical structure and the covariate effects
set on (ii) exploitation rate and (iii) abundance. The specification of prior distributions, the
implementation of the Bayesian inference and elements of evaluation of model performance

are subsequently presented.

1. Study site and fishing regulation
In France, freshwater fisheries targeting Atlantic salmon (mainly recreational angling by rod
and line) are regulated. A specific license is required and the regular fishing season is divided
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in two periods; from mid-March to mid-June and from mid-June to mid-September. Fishing
dates are established every year at the river scale with some variations between rivers and
years. Multi-sea winter (MSW) fish return to rivers first and 89% of their catch is made during
the first fishing period. To limit the exploitation of MSW fish, their removal is not allowed
outside the first fishing period (i.e. no fish larger than 67 cm can be kept). The return migration
of one-sea winter fish (1SW) occurs later in the year, essentially after mid-June and 92% of
the 1SW catch is made after this date.

The declaration of salmon catches in rivers became mandatory in 1987 and nine years later,
river-specific annual Total Allowable Catches (TACs) were established (Prévost and Porcher
1996). In Brittany, TACs are defined for 26 rivers but only the main 18 rivers are considered
in this study (Fig. 1). These TACs are specific to each sea age category (i.e. MSW and 1SW).
They are updated on a multiannual basis according to available assessment data. The in-
season monitoring of catches is essential, allowing managers to close the fishery if the TAC
is reached before the prescribed end of the fishing period. As the 1SW TAC has never been
reached in any river to date, an extension of the second fishing period from mid-September to
mid-October (even late October in some circumstances) has also been established for some

rivers some years. We consider this extension as a third fishing period.

2. Data
a. Catch
Atlantic salmon catches are collated in a database managed by the “Centre National
d’Interprétation des Captures de Salmonidés” (CNICS,

https://www6.rennes.inrae.fr/lu3e eng/ABOUT-US/Organisation/The-migratory-fish-

hub/CNICS). We extracted time-series of annual catches by sea age category for our 18
salmon populations over the period from 1987 to 2017. Sea age is interpreted from the
analysis of fish scales samples that fishermen must provide for every fish caught when

declaring their catch.
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b. Covariates of the exploitation rates

River angling catch is related to the number of returning adults through an exploitation rate,
which in turn depends on fishing effort. The number of fishing licenses issued annually and
the duration of fishing periods are the only information available on fishing effort. The number
of licenses is only known at the regional scale (i.e. Brittany) and cannot be allocated on a river
per river basis. This number varies minimally over time (coefficient of variation (CV): 11% over
the period of study) and preliminary analyses (not reported here) did not show it had an effect
on the variations of the exploitation rate estimates over time. Thus, the number of licenses
has been discarded from our analysis. The duration of the fishing periods is known for every
river every year. Hence, for each river and each fishing period, the time-series of fishing effort
from 1987 to 2017 corresponds to the number of days when fishing is allowed. Fishing effort
is considered separately by fishing period.

Rod and line catches of salmon can be correlated over time with river flows as they influence
angling success (Gee 1980). In Brittany, river flows are mainly driven by regional and seasonal
patterns of precipitations that are mostly common to all rivers. Three regional river flow indices,
one per fishing period, were derived using a subset of nine rivers for which flow measurements
were available for the period 1987 to 2017. For each river, we selected the gauging station
nearest to the estuary and computed annual indices by averaging the daily discharge

measurements across days and rivers for each fishing period.

c. Abundance of adult returns from monitored rivers
For the Scorff (Fig. 1), the total abundance of adult returns by sea age category (1SW and
MSW) have been estimated since 1994 using capture-mark-recapture techniques (Servanty
Royer and Prévost 2016; Buoro et al. 2019). Fish are marked at a trapping facility located at
the head of tide and, recaptures are made above this site and no angling catch occurs
downstream from it. Sea age is determined from interpretation of scales collected from

sampled fish.
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On the Elorn (Fig. 1), direct counting of salmon has been undertaken since 2007 using a video-
recording unit located 2.5 km upstream from the head-of-tide. There are very few (if any) rod
and line catches below the counting facility. Total returns of 1SW and MSW adults are
determined based on the individual length (1SW fish are significantly shorter, more than 10
cm on average, than their MSW counterparts) and the date of observation of each fish
(Dartiguelongue 2017). Given the methods used to quantify adult returns on the Scorff and
the Elorn, the estimates of returns are considered to be known without error. The exception is
for the Elorn in 2007 when the video-counting was only set up in mid-April, after the beginning
of the period of river entry of MSW individuals. The number of MSW fish counted in 2007 is
thus considered as a partial count of the MSW returns.

Information on adult returns is also collected from counting devices on the Aulne (video
recording; Fig. 1) since 1999 and on the Couesnon since 1996 (acoustic recording and
trapping; Fig. 1). For both rivers, the characteristics of the facilities and the observation
procedures only provide partial counts. On the Aulne, the counting device is installed at a dam,
at the upstream end of the adjoining fishway. Under high flow conditions some fish may cross
the dam directly without using the fishway. On the Cousenon, the beam of the acoustic
recorder only covers part of the section of the river. At both sites, the distinction between 1SW

and MSW individuals is also based on length and date of observation.

d. River area
Abundance of Atlantic salmon populations are strongly dependent on the size of the home
river that supports the juvenile production (Prévost et al. 2001). The size can be quantified by
the water surface area that support juvenile production (i.e. productive area), expressed in
100 m? of riffle-rapid equivalent (RRE), with riffles and rapids being the preferred habitats for
juvenile salmon (Bagliniere and Champigneulle 1982; Prévost and Porcher 1996). For the
rivers of Brittany, habitat areas are derived from habitat cartography data and are regularly

updated.
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3. Model overview
The simplified direct acyclic graph presented Fig. 2 describes the general conditioning
structure of the model (see also supplementary material A for the full DAG). At the bottom of
the graph are observed data, i.e. the catches, that are conditioned by other model quantities
but do not condition any other quantity. At the top of the graph are the model parameters w
and the observed covariates, i.e. the regional flow index Q, the river size S and the fishing
effort E; that condition other model quantities but are not conditioned by any other quantity. In
between, are latent variables 6, i.e. intermediate quantities useful to conceptualize the process
giving rise to the data, and the quantities of ultimate interest to be estimated, i.e. the
exploitation rates u and the number of adult returns N, the latter being conditioned by river
size S. The catch C is assumed to depend on the adult return abundance N and the
exploitation rate u, also called the probability of capture. Part of the variations of the
exploitation rate is explained by two covariates, the regional flow index Q (i.e. environmental
conditions) and a river-specific measure of fishing effort E, i.e. the duration of the fishing
period. The parameters w govern the variations over time (year, t), space (river, r) and sea
age (a) of the latent variables 8 and the quantities of ultimate interest in a hierarchical
structure. Most of the model parameters w are specific to the fishing period (p). Note that the

adult abundances are observed or unknown, according to the river and the year.

4. Model details
Observable quantities and covariates are denoted by capital Roman letters and unobservable
quantities by Greek or Roman lowercase letters. The notation x|y ~ distribution(y) refers to the
conditional distribution of x given y. Subscripts indicate the year {, the river r (from 1 =
Couesnon to 18 = Blavet; Fig. 1), the sea age category a (1 for MSW and 2 for 1SW), and/or
the fishing period p (from 1 to 3). A superscript identifies the relationship between variables
within the hierarchical structure of the model, that is, y? is the mean of the distribution of the
quantity denoted q. In linear models, intercepts are denoted a and covariate coefficients or
effects are denoted B. These linear model parameters may also be numbered when

12
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292  necessary. See also Tab. 1 for the definition of all model quantities.

293

294 a. Exploitation

295  The catch C;40f sea age category a, in river r, in year t is assumed to result from a binomial
296  draw in the total number of adult returns N; , , with a probability of capture ut, 4 (1) subsequently
297  referred to as the exploitation rate.

298
299 (1) Ct,r,a|Nt,r,a, Ut,r,a -~ Binomial (Nt,r,a, Ut’r,a)

300 The binomial distribution can accommodate variations in the probability of capture among
301 individuals provided they are independent relative to the capture process (Mantyniemi et al.
302  2005). Angling tests fish individually, capture them one by one and we have no evidence
303 showing that the catch of any given fish would change the behavior of its counterparts and
304 render them more or less catchable. Independence therefore appears as a simple and
305 reasonable default hypothesis in our case. Overdispersed alternatives to the binomial
306  distribution (e.g. beta-binomial) could be used if warranted.

307  The survival to fishing 1 - us/ 5, is modeled by means of three survival rates s, (2).

308

309 (2)1-upra =11 _ (strp)eer

310  where s;,, is the survival for MSW fish when p=1, for 1SW in the absence of third fishing
311 period when p=2 and for 1SW during the third fishing period only when p=3. The index p of
312  the fishing periods is used here because MSW fishing is only allowed during the first one and
313  1SW fish are essentially caught during the second and the third. Note however that the very
314  few (i) MSW individuals that may be caught and declared by mistake outside period 1 or (ii)
315  1SW individuals caught prior to the beginning of the second period, are included in the catch

316  data modeled at equation (1).
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According to this formulation, the fishing survival probabilities 1 - ut,4 results from three
survival events, binary indicators (/;.4,) specifying which apply to each sea age category, in
any given year and river. For the MSW fish, the binary indicators /; 1 1 equals 1 while the /s 1 2
and I, 13 are 0. Note however that, due to some exceptional fishery closures, I; 1 1 may equal
0 in some years for some rivers (e.g. for the Yar in 2016 and 2017). For the 1SW fish, /;,2
equals 0 and /¢, 2 2 is almost always 1, while I; . 2 3 equals 0 or 1 according to whether the third
fishing period is allowed by managers. I;, 22 may exceptionally equal 0 to account for fishery
closures occurring the years where water levels were extremely low during summer. Under
this formulation, 1SW fish have to sequentially survive to a second exploitation event when
the third period is open.

The log-log scaled s;,, survival rate is related to fishing effort (number of days) and flow using
a linear-normal formulation (3 and 4). The log-log transformation is a standard link function
which converts the survival rates, varying between 0 and 1, into a quantity, denoted v/,
varying from -« to +< and thus amenable to linear normal modeling (Congdon 2014). We
considered river flow as a covariate explaining part of the temporal variability of the exploitation
rates because it may influence the migration activity of the fish (Thorstad et al. 2008) and
ultimately angling success (Gee 1980). The flow and effort covariates are measured over the
fishing periods most relevant to the sea age category considered, i.e. the first one for MSW
and the second and third ones for 1SW. The linear model coefficients are assumed to vary
according to the river for each fishing period and between the fishing periods. Indeed, the
effects of fishing effort and flow on the exploitation rate potentially differ because fishing
practices and the behavior of the fish may change according to the season and the fish
characteristics (Gueguen and Prouzet 1994). In the first period, only MSW fish, which are
mostly females, are subject to exploitation. The second period corresponds to the peak of
1SW fish river entry, which are smaller and have a more balanced sex ratio (if not dominated
by males). In the third period, fishing only occurs on 1SW fish, but many have already spent

several weeks in freshwater without feeding and they are closer to spawning time. For
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consistency with the linear-normal structure of the model, the flow (Q;,) and fishing effort
(Et,,,p) covariates, which are strictly positive in their natural scale, are log transformed.
Centering of the log transformed covariates is undertaken thereafter using their empirical

mean per fishing period (MP9® and M9F)) to facilitate inferences.

(3) Virpltrp, 1o~ Normal(ur,p, Tp)

@) = atp+ 15 log (Qup) - MEF@ ] + 2%, x [og (Eyr) - MG ]

where 17 is the precision of the normal distribution.
To account for variations among rivers, the intercepts ar, and the 7/, and B2y, coefficients
are river specific and are hierarchically modeled assuming normal distributions with means (

usuB’ uB? ) and precisions (15,757,752), respectively, specific to a period (5, 6 and 7).

(5) arplup, 75 ~ Normal(up, 75)
(6) B1¥pluf’, 75" ~ Normal(uf', 7£)

(7) B2¢plub?, 162 ~ Normal(ug?, 157)

b. Adult returns

The number of adult returns N 5 is assumed to be Poisson distributed with a mean parameter
ntr o defined for each year ¢, river r, and sea age category a (8). Overdispersed alternatives to

the Poisson distribution (e.g. negative-binomial) could be used if warranted.
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(8) Niralnira~ Poisson (ntra)

Adults returns are either observed as on the Scorff and the Elorn, partially observed as on the
Couesnon and the Aulne (and the Elorn in 2007 for MSW fish), or unknown in any other
instances (Fig. 1). On the Couesnon, available partial counts were most likely a minor fraction
of the actual number and there was no additional knowledge about the proportion of counted
fish. We opted for a mere data censoring, the observed count NC; 5 being the lower bound of
the corresponding Poisson distribution. On the Aulne (and the Elorn MSW in 2007), first trials
using data censoring led to gross over estimation of adult returns, with unrealistically high
values relative to the river size. In addition, the partial count is considered to be relatively close
to the “true” value and there is additional expert knowledge about the proportion being
counted. We thus chose to model these data differently from those of the Couesnon, and
opted for modeling the partial counting process of adult returns by means of a binomial
distribution, with the “true” abundances of adult returns N, 5 corresponding to the total number

of trials and a counting probability of adult returns p; 4 (9).

(9) NCt,r,a|Nt,r,a, ptra ~ Binomial (Nt,r,a, pt,r,a)

We used additional expert knowledge to constrain the counting probabilities. First, considering
the a priori high efficiency of the counting device, we assumed that the counting probabilities
of MSW returns were higher than MSW exploitation rates (u; s in equation 1). Second, we
further assumed that the counting probabilities are higher for 1SW compared to MSW fish.

Lower river flow during the upstream migration window of 1SW fish (mostly in summer), with

16

© The Author(s) or their Institution(s)



390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

Canadian Journal of Fisheries and Aquatic Sciences

fewer flood events, make the counting device more efficient than during MSW migration
window (mostly in spring). Both hypotheses were implemented using left-truncated uniform

distribution for the counting probabilities (10 and 11).

(10) ptr1|utr.1 ~ Uniform (utr1, 1)

(11) ptr.2lptr,17~ Uniform (ptr,1, 1)

To assess the impact of these assumptions derived from available local expertise, we also
used unconstrained uniform probability distribution for p;,s and p;, > (see supplementary
material B).

In Atlantic salmon, population size is constrained by and positively dependent on river size
(Prévost et al. 2001). Poisson parameter n; 5 of the adult return distributions (8) is the mean
number of adult returns per sea age category. Hence, it is computed as the product of the
river size St,and the adult density &;, , per unit of river size (12). In accordance with common
practice, the riverine wetted area that supports the juvenile production which the returning
adults originates from is used as a measure of river size (e.g. Prévost et al. 2003). To avoid
very low values of ;4 and facilitate inferences, unit of river size used was defined as 100 m?

of riffles and rapids equivalents.

(12) ntra = Otrax Str

Densities of each sea winter category are computed as a proportion of the total density of

adults returning to each river (d;,), 1SW and MSW combined (13).

(13) 5t+a,r,a = dt,r X Qtr,a
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The 1SW proportion q:r1(qir2 =1 - gt 1 being the MSW proportion) is assumed exchangeable
among years and rivers and modelled by a logit-normal distribution (14). Note sea-age
proportion is considered by juvenile (i.e. smolt) migration year as it is expected to be less
variable than by year of adult returns which combine two different juvenile cohort of potentially

variable strength.

(14) logit(qtr1)|u?, ¥ ~ Normal (1, 19)

where y? and 19 are the mean and the precision in the logit scale.
Despite standardization by river size, adult densities still vary according to year and river. The
log scaled d;, are thus assumed to be normally distributed with a common precision (1) and

a mean pg’, resulting from the sum of a grand mean a1? with additive year a2¢ and river a3¢

random effects (15, 16, 17 and 18).

(15) log(dk /) |ufr, 7 ~ Normal(ug,, 1)

(16) uf, = a1?+ a2f + a3¢

(17) a2§)r°2 ~ Normal (0, 1?)

(18) a3?|7*3 ~ Normal (0, 1)

where 1% and *° are the precisions of the year and river effects respectively.
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5. Prior probability distributions and Bayesian inference
Independent prior probability distributions are assigned to the parameters of the model, i.e.
the quantities of the model not conditioned by any other quantity. No prior knowledge was
available to us regarding these parameters so we opted for vague priors probability
distributions (Tab. 2) to ensure that our posterior distributions reflect primarily the information
brought by the data. The structure of our model being essentially linear-normal, we stuck to
the standard choice of using normal distributions, with 0 mean and large variance, for the

parameters related to the coefficients of the linear relations and gamma distributions, with

small shape and inverse-scale for the precisions (15, 13, 157, 82, 19, 19, 1%, 1%9) .

The joint posterior distribution of all unknown quantities was approximated using Markov chain
Monte Carlo (MCMC) sampling. All computations were carried out with the JAGS® software
(version 4.2.0.; Plummer 2003) running in rjags, Coda and Dclone packages of R (version
3.3.0, www.r-project.org). Three chains with contrasted starting points were run in parallel.
After an initial phase of 2,000 iterations for sampler adapting, 107 values were drawn for each
chain. The convergence of the MCMC sampling was evaluated using the Gelman—Rubin
(Rubin and Gelman 1992) diagnostics and Geweke stationarity tests as implemented in the
Coda R package. For all the model parameters, upper limits of the Gelman—Rubin statistics
were close to 1 (always lower than 1.1), indicating a good mixing of the MCMC chains, and
Geweke tests were successfully passed (i.e. Geweke statistics within its asymptotic 95%
probability interval). A subset of 12 000 values from the three chains (1 iteration out of 500 for
each chain) was used to approximate the posterior distributions. Running 5, 50 and 95
percentiles were examined graphically in order to verify they were stable at the end of the
MCMC sampling. This was done for all the quantities for which these quantiles are presented

in the Fig. 3 to 7 or in the text.

6. Posterior checking
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The agreement between the model a posteriori and the observed data was assessed by
means of the > discrepancy measure according to the approach proposed by Gelman et al.
(1996). This was done separately for the catch data and the observed abundance on the Scorff
and the Elorn (see supplementary material C for more details).

Cross-validation was also conducted by five successive removals of a fifth of the years with
data from the observations of abundance collected on the Elorn (2008-2017) and on the Scorff
(1994-2017). The observations removed were compared with their posterior estimates (see

supplementary material D).

7. Sensitivity to the quality and quantity of fisheries independent data on abundance
We assessed the sensitivity of the posterior inferences to the availability and quality of
fisheries independent data on abundance by contrasting various hypothetical data scenarios.
The baseline scenario (S0) corresponds to the data as described in the Data section. In the
sequel, the others scenarios are described relative to SO, i.e. everything not mentioned
remains as in SO.
The scenarios S1x replace the abundance data on the Scorff (1994-2017) and the Elorn
(2007-2017) by estimates with random error, assumed normal around the values used in SO.
Indeed, considering the adult returns are fully known is oversimplifying. For the Scorff, they
are estimated from mark-recapture techniques. The average CV of the estimates are 0.15 for

MSW fish and 0.07 for the 1SW ones (see http://doi.org/10.5281/zenodo0.3275148 for details).

On the Elorn, the counting device operates almost all year round. Although there is a
correction made for the short periods of time when the counting device is off, there is no
quantification of the uncertainty associated to this correction procedure (Dartiguelongue
2017), in addition to some limited errors due to the ageing based on fish length and date of
observation. We used two levels of uncertainty applied equally to all the adult returns data:
the first corresponds to the average CV by sea age category observed on the Scorff (S1a)

and the second corresponds to its double (S1b).
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The other scenarios vary the quantity of data available, with either reduction or augmentation.
The reduction scenarios S2x correspond to the removal of the observations of abundance
collected on the Elorn (S2a), the removal of every other year of observation on the Elorn and
on the Scorff (S2b) and the removal of the partial counting data from the Couesnon and the
Aulne (S2c). The last three scenarios S3x assume that more data were available, by using a
random draw in the posterior distribution under SO as observed data. Scenario S3a considers
that the abundance was fully known for entire period of study on the Scorff and the Elorn.
Scenario S3b considers that in addition adult returns were also known on the Penzé and
scenario S3c adds the Aven to the observed abundance data (Fig 1).

All these scenarios were contrasted by examining the average standard deviation of the
posterior estimates they produced for both the abundance in log-scale and the exploitation
rates in log-log-scale. The average was calculated over data-poor (i.e. with catch data only)
spatio-temporal units as they are those of primary interest. To facilitate the comparison
between scenarios, the same subset of rivers was used to compute the average, i.e. the 12
rivers that were always data-poor whatever the scenario considered (thus excluding the Scorff,

the Elorn, the Aulne, the Couesnon, the Penzé and the Aven; Fig. 1).
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RESULTS

Marginal posterior distributions of the model parameters have a lower dispersion and most
often modified means compared to those of their prior distributions (Tab. 2; supplementary
material E). The updating of the prior distributions is clear and indicates that our posterior
inferences are mostly reflecting the information brought by the data.

The a posteriori checking of standardized residuals of the exploitation rates reveal no clear
contradiction with the assumption of their normal i.i.d. distribution. The y? discrepancies and
associated p values did not reveal any clear inconsistency between the observed catch or
abundance (Scorff and Elorn) and the same type of data predicted by the model a posteriori
(p-values from 0.490 to 0.726; supplementary material C). Cross-validation conducted on the
Scorff and Elorn observation of abundance show good agreement between the data removed
and their estimates (supplementary material D).

The precision of estimation of the abundance of the adult returns and of the exploitation rate
(Fig. 3) is little sensitive to the introduction of measurement errors for the Scorff or the Elorn
observations of abundance (scenarios S1a and S1b), or to the removal of every other
observation from the Scorff and the Elorn (scenario S2b) or to the removal of the partial counts
data from the Couesnon and the Aulne (scenario S2c). In contrast, the number of rivers with
observed data significantly influences the precision of estimation, especially that of
abundance. The removal of the Elorn observed data (scenario S2a) increases the uncertainty
of estimates while the addition of new rivers with observed data lead to a reduction (scenarios
S3b and S3c). Note that the mere completion of the data series of the Scorff and the Elorn
has little effect on the estimation precision (scenario S3a).

For the remainder of this paper, only the results obtained under the baseline data scenario SO

are presented.

1. Exploitation
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During the first fishing period, there is an overall positive effect of river flow on the exploitation
rates (posterior probability of 157 > 0: 100%). At the river scale, the flow effect is significant
(i.e. posterior probability of being positive is above 90%) in 12 out of 18 cases, and for the 6
remaining rivers, posterior medians of effects are positive (Fig. 4). Fishing effort defined as
the length of the fishing season has an overall significant and positive effect on the exploitation
rate only during the second fishing period (posterior probability of p§2 > 0: 99%). For this
period, the medians of the posterior estimates are positive for all rivers and the effects are
significantly positive (i.e. probability of being positive > 95%) for five rivers. There is no
general, significant and consistent effect of effort across rivers for the first and third fishing
periods. For the first period, there are some contrasted effects among rivers with significantly
positive and negative effects for six rivers whereas in the third period, there is only one river

with a significant and negative effect of effort, the Couesnon (Fig. 4).

The exploitation rate of MSW fish is estimated to be almost three times higher on average
(0.15) than that of 1SW fish (0.06) (probability the difference is positive: 92%;Tab. 3). The
decision to open a third fishing period increases the 1SW fishing mortality resulting in an
average exploitation rate of 0.08, compared to 0.03 when fishing is closed after the second
period. The precision of the exploitation rates estimates varies according to the quality of data
available. When abundances are observed, CVs of exploitation rate estimates are low and
equal to 18% and 16% on average for MSW and 1SW fish respectively. In contrast, the highest
average CVs are for spatio-temporal units where abundances are not observed (MSW: 45%;
1SW: 63%). Intermediate precision is obtained when abundances are partially observed (Tab.

3).

Times series of exploitation rates estimates by sea age category may exhibit contrasted
patterns through time according to the river. For the majority of the rivers it varies around the
mean without clear trend, as shown for the Penzé (Fig. 5.d and supplementary material F). In
contrast, the MSW exploitation rates of the Elorn (Fig. 5.a) and the Aulne (Fig. 5.b) decrease
whereas they increase for the Couesnon (Fig. 5.c). For 1SW individuals, two levels of
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exploitation rates are generally observed depending on the opening vs closure of the third
fishing period. This is clearly visible for the Penzé (Fig. 5.h.) and the Couesnon (Fig. 5.g.). For
the Couesnon, exploitation rates increased dramatically in the last three years to a maximum
of 0.43 in 2015. The Aulne exhibits a very singular pattern with a strong rise of the 1SW
exploitation rate leading to a peak in 1996 followed by a decrease back to a level just above

that observed at the beginning of the time series (Fig. 5.f.).

2. Abundance of adult returns

The a19 posterior mean (-1.23; Tab. 2) corresponds to a mean density of 0.3 adult per 100
m? of productive area. The posterior distributions of the year effects show strong yearly
variations in the abundance of adults at the regional scale without any clear temporal trend
(Fig. 6.a). The lowest estimated abundance overall is in 2010 (median year effect = -0.62 in
the log scale): it corresponds to an average yearly density of adults reduced by half relative to
the overall mean. Conversely, the highest estimated abundance was in 1996 corresponding
to a yearly mean density 1.5 times higher than the overall mean. Most of the posterior medians
of the river effects are positive and less than 1 except for four small rivers, the Leff, the Jaudy,
the Yar and the Queffleuth, where they are negative (Fig. 6.b).
Associated with the precision of the exploitation rates, the precision of the abundance
estimates is dependent on the quality of the data available (Tab. 3). The CVs are null when
abundance is observed. The average CVs are almost 2 times lower when there are partial
observations of abundance than when there are no fishery-independent observations. In the
most common case of no fishery-independent data, the uncertainties of the annual abundance

estimate remain relatively high.

This lack of precision does not preclude the ability of improved understanding of temporal
patterns of variations in abundance. In the time series of abundance by sea age category of

the Elorn, the Aulne, the Couesnon and the Penzé presented for the sake of illustration (Fig.
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7), posterior medians vary by a factor of 9 for MSW and of 7 for 1SW abundances. Good and
bad years are then clearly distinguished, as for instance the peak of abundance for the Aulne
in the mid-nineties (Fig. 7.b and Fig. 7.f). For the Couesnon, there is also a tendency of higher
adult abundance in recent years, especially for 1SW fish (Fig. 7.c and Fig. 7.g). These are
notable exceptions to the general absence of clear temporal patterns or trends for the other

rivers studied. (Fig. 7.d and Fig. 7.h; supplementary material G).
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DISCUSSION

The ultimate goal of our work was to develop a statistical modelling approach to estimate
abundance time series by taking the fullest advantage of the diverse assemblage of data at
hand, namely in-river angling catch, total or partial counts of adult returns, environmental
covariates (i.e. river size and flows) and fishing effort. To do so, we drawn from the general
HBM framework proposed by Brun et al. (2011) to derive homogenous series of population(s)
abundance from multiple DCPs. We first considered fishing as a DCP that applies to the full
set of spatio-temporal units. We designed a model describing the process generating catch
from the underlying abundance. Its formulation is the same whatever the spatio-temporal unit
considered, irrespective of the availability of fisheries independent information on the
abundance of adult returns. Partial observations of abundance are additional DCPs, explicitly
modelled using two different techniques, i.e. binomial draw or data censoring, to account for
the local specificities of the counting facilities. But unlike Brun et al. (2011), we also considered
that abundance was known for a sub-set of the spatio-temporal units of interest. Finally, river
size, flows and effort measures were used as covariates conditioning abundance or
exploitation rate.

The joint treatment of our heterogeneous assemblage of data in a single HBM framework
allowed the transfer of information from data-rich to data-poor spatio-temporal units when
proceeding to the estimation of homogeneous time series of abundance for the full set of rivers
and years, while accounting for their associated uncertainty. As it is often the case, the data-
rich units were of limited spatio-temporal scope. Abundance was known, in addition to catch
and covariate data, only for the Scorff for most years of the time series and for the Elorn in
more recent years. This is insufficient for providing an overall view of the variations and
patterns of evolution of abundance for the full set of rivers and years. The data-poor units, for
which only catch and covariate data are available, make the bulk of the set of spatio-temporal
units of interest. Although these data are informative to some extent about abundance, they
are not sufficient for deriving meaningful estimates of abundance. An intermediate situation
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occurs some years on the Aulne and the Couesnon when adult returns were partially counted.
When combined with the catch data by means of a consistent HBM framework that jointly
treats the full set of spatio-temporal units, the fisheries independent data on abundance
become more valuable. Indeed, they provide an opportunity to scale the catch to the
abundance and to fit the fishing process model. When proceeding to the statistical inference,
the information brought by the fisheries independent observations of abundance is conveyed
from the data rich units to the data-poor ones by the parameters of the catching process model
which are shared by all the spatio-temporal units. The strength of the data available
determines the uncertainty of the abundance estimates, as shown (i) when comparing the
units for which abundance is partially observed with the data-poor ones (Tab. 3) or (ii) by the
sensitivity of the estimation precision to the quantity of fully observed abundance data (Fig.
3). The quantity of abundance observations and the number of rivers over which they are
distributed, are also key for the accuracy of the estimation of the mean parameters governing
the hierarchical modelling of both the exploitation rate and the abundance, which in turn
influence more directly the inferences about the data-poor units than about the data-rich ones.
Ultimately, the more information is available, the less uncertain and the more accurate the
inferences are.

The quality of the observation data and their associated uncertainty, at least in our case study
and within the domain of situations tested in the present paper (i.e. up to a doubling of the
standard deviation of measurement errors observed on the Scorff), has a limited effect on the
precision of the estimation of abundance or exploitation rate. Hence, the simplification of
ignoring the uncertainty of the rather precise estimates of adult returns of the Scorff and the
Elorn appears justified. When the uncertainty of the estimates obtained for data-poor units is
high relative to that of the abundance observations, the complexification of the modelling
required for the explicit integration of the observation errors seems unwarranted.

In this paper, we present essentially one model formulation. Given the ultimate objective of
our work (i.e. the estimation of salmon abundance time series by taking the fullest advantage
of the diverse assemblage of data at hand including fisheries catch) and the illustrative
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purpose of our case study, the testing of alternative hypotheses by means of alternative model
formulation was not of primary interest. Other formulations have been tried through the
process of elaborating the model version that is ultimately presented. Here as well we followed
Brun et al (2011) and adopted their step by step approach of increasing model complexity
guided by successive posterior model checking at each step. This approach was preferred to
multimodel inferences based on the averaging over various models according to some
weighting criterion. Although conceptually attractive, as it allows to incorporate model
uncertainty, multimodel inferences are practically difficult given the complexity of our model
and the associated computational burden, not to mention the choice of the weighing criterion
which is also a matter of debate (Gelman and Rubin 1995; Tenan et al. 2014; Ver Hoef and
Boveng 2015).

As it stands, our model does not acknowledge any sequential dependence (i.e.
autocorrelation) over time and/or space (i.e. between neighbouring rivers) in the abundance
or the exploitation rates of adult salmon. Explicit spatio-temporal modelling is certainly an
avenue for further work because spatio-temporal autocorrelation is widespread in ecological
processes and fisheries. It would increase the complexity of a model already quite complex
though. Caution is required to ensure the data needed to allow the posterior identification of
spatio-temporal autocorrelation, and in the end the provision of meaningful estimates of
abundance, are available. In our case study, this remains dubious as even with the model
currently used, the estimates of the quantities of ultimate interest, i.e. the abundances and to
a lesser degree the exploitation rates, are still fairly imprecise with the data at hand.

The relevance of our approach and the associated model is reinforced by the interest of the
results we obtained for population and fisheries management advice and their agreement with
additional knowledge and expertise not formally included in the model or the data. Without
any a priori assumptions introduced in our model, MSW exploitation rates are estimated to be
three times higher on average than 1SW exploitation rates. Such size-selective exploitation
toward larger individuals is common in both aquatic and terrestrial habitats (Fenberg and Roy
2008). It has been observed in other Atlantic salmon populations of Spain (Consuegra et al.
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2005; Saura et al. 2010), UK (Gough et al. 1992; Quinn et al. 2006; Thorley et al. 2007) and
Finland (Borgstrgm et al. 2010). Thorley et al. (2007) proposed three explanations for this
pattern: a longer upstream migration of MSW individuals, a possible higher catchability of
MSW individuals due to higher river flow and lower abundances (See Thorley et al. 2007 for
more details). In addition, the timing of the fishing season can contribute to size-selective
exploitation (Saura et al. 2010; Harvey et al. 2017), as for example being a consequence of a
longer MSW fishing period. Although the MSW fishing period used to be longer than 1SW
fishing period, in recent years this pattern has been reversed in Brittany. Still the MSW
exploitation rates remain higher, hence MSW selective exploitation rates in Brittany must be
defined by other factors than the timing of the fishing season. An explanation might reside in
the behaviour of anglers, who would preferentially target the larger MSW fish. In Brittany, data
on fishing effort allocation over time and space allowing to test this hypothesis are scarce.
Salanié et al. (2004) characterized the fishing effort applied on Atlantic salmon populations of
Brittany in 2002, a year when the duration of the fishing periods were similar for the two sea
age categories. They showed that anglers were selective on the sea age category with almost
60% of the fishing trips directed for MSW fish.

Overall positive effects of fishing duration and flow indices on exploitation rates were
estimated in this study. Such a result was expected based on the available literature (e.g. Gee
1980; Davidson et al. 1996; Quinn and Deriso 1999). But for each covariate, its effect was
detected for only one of the three fishing periods, namely the first fishing period for flow and
the second fishing period for fishing effort. The absence of a significant flow effect during the
second and third fishing periods might be a consequence of river flows generally being low
with too limited variation to observe an effect on exploitation rate during these periods. It may
also be due to the fact that the effect of river flow on salmon migration behaviour remains
somewhat elusive (Thorstad et al. 2008; Milner et al. 2012). The absence of a fishing effort
effect challenges the relevance of using the duration of fishing period as the fishing effort
index. Indeed, we suspect that the fishing period duration does not reflect the actual effort
resulting from anglers’ activity. This lack of relevance of fishing period duration as an index of
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fishing effort is reinforced by the apparently inconsistent variations in the intensity and
direction of its effect on exploitation rate between rivers (Fig. 4). There may be several reasons
for this lack of effect of fishing period duration. First, for a given fishing period duration, the
number of fishing trips may vary according to anglers’ perception of catch opportunity, the
latter depending on both environmental conditions and perceived abundance of fish.
Redistribution of effort among rivers by anglers during the fishing season may also contribute
to blur its relationship with the exploitation rates. In addition, increased intensity of exploitation
may result in a more rapid attainment of the TAC and thus result in a shorter fishing period
duration in some instances.

Overall abundance of adult returns shows no clear trend over the last 30 years in Brittany (Fig.
6.a). This lack of trend applies to the vast majority of the rivers studied. It differs from the
general patterns reported elsewhere of a widespread North Atlantic decline in abundance over
the last four decades (Chaput 2012; ICES 2019). It may also appear surprising since the rivers
in France are at the southern edge of the distribution range of the species (Webb et al. 2007),
and as such would be expected to be negatively impacted by global warming (Lassalle and
Rochard 2009). But mere niche modelling approaches such as Lassalle and Rochard (2009),
designed to answer broad scale (continent wide) and long term (end of century) questions,
tells us little about shorter retrospective and localised impacts of ongoing climate change.
Moreover, Brittany is located significantly above the historical southern edge of the species
distribution area (in Portugal). So far, environmental conditions have likely not become
detrimental to Atlantic salmon in Brittany rivers (Piou and Prévost 2013; Bal et al. 2014). When
considered more carefully, the reported overall declining trend of abundance of Atlantic
salmon occurred mainly from the mid 70’s to the beginning of the 90’s (Chaput 2012). We
likely failed to detect this early decline because our study period starts in 1987. Still, recent
work from Olmos et al. (2019) suggests a downward trend in salmon returns for France even
over the period considered in our study. Abundance estimates from Olmos et al. (2019) are
derived from catch series and assumed exploitation rates (based on expert judgement) of
various fisheries, whereas in this study exploitation rates are estimated from multiple sources
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of data. The apparent discrepancy between Olmos et al. (2019) and our results may also be
due to the fact they consider Brittany only. Although it is the region of France holding the
majority of the salmon rivers left in the country, the national scale declining pattern might be
driven by other regions.

The estimates of abundance for the Aulne and the Couesnon are exceptions to the general
stationary pattern of abundance. The Aulne has a unique pattern of adult returns in the mid
90’s that are twice as high as for the rest of the study period. This sudden rise in the
abundances is most likely a consequence of massive juvenile stocking in this river in the early
90’s. The revealing of this temporal pattern was not contingent on the hypotheses made
regarding the counting probabilities on this river (see supplementary material B). Although for
taking advantage of all the information available, the explicit consideration of local expert
knowledge is advisable for tailoring the best possible model to the situation at hand, it was not
key in our case study. In the Couesnon, the increasing trend of abundance is associated to
sustained efforts to enhance access and migration to spawning and nursery habitats, to
improvements in water quality, and possibly to the effects of some stocking as well. Again, the
ability of our HBM approach to reveal river specific patterns that make sense, relative to
ancillary information not a priori introduced in the modelling, supports its relevance.

Beside temporal patterns, river specific effects are also of interest. Most notably, lower
abundances, relative to the productive area available, are estimated for the Leff, the Jaudy,
the Yar and the Queffleuth (Fig. 6.b). The very low adult returns in the Queffleuth may at least
partly be a consequence of the severe impediments to upstream fish passage in its upper
estuary. For the three other rivers, there is no obvious explanation and further investigations
are needed to disentangle at least three potential causes, namely low juvenile production,
dispersion of adults to neighbouring rivers, or underestimation of adult returns due to
overestimation of angling exploitation. The last factor cannot be ruled out and is a potential
limitation of this modelling approach. Indeed, although the hierarchical structure of our model
is key to enable us to estimate the abundance of adult returns from catch data only, it tends
to homogenize average exploitation rates among rivers (so called “shrinkage” towards the
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mean) when little river specific data are available for contrasting exploitation intensity between
rivers. This may result in an overestimation of the exploitation rates for rivers with low
exploitation intensity, which in turn leads to an underestimation of the abundance. This could
apply to the three rivers cited above which have very low reported catches and are bordered
by two bigger and potentially more attractive rivers for anglers, the Trieux and the Léguer.
Better river specific data on fishing effort or additional fisheries independent data on
abundance would certainly help to alleviate this concern.

The HBM approach we have proposed to offer a way out of the fisheries scientist dilemma
framed in the introduction of this paper. It essentially relies on the joint modelling of catch
statistics and fisheries independent data on abundance, potentially including direct
observation of the latter. Two key points are the disposal of catch statistics for the full set of
spatio-temporal units of interest and a single formulation of the process generating catch from
abundance, irrespective of the availability or not of fisheries independent data. The latter can
vary in nature (e.g. scientific surveys) as long as they lead to a measure of abundance which
is considered as a reference indicator which estimation is deemed relevant over a wider set
of spatiotemporal units. For the exploitation model, we proposed a version suited to our case
study, but other options may be warranted to adapt to other contexts. To do so, many of the
concepts and techniques found in classical fisheries science textbooks (e.g. Hilborn and
Walters 1992; Quinn and Deriso 1999) may be taken up. Beyond the details of the modelling
required to adapt to a given case study, the modelling guidelines we have put in practice are
quite general irrespective of the species considered. But undoubtedly, our HBM approach is
of special interest in salmon, be it Pacific or Atlantic.

Salmon species are both fragile and most wanted by fishermen, both commercial and
recreational. Their conservation is therefore a matter of great concern and the assessment of
their populations and fisheries is required. The singularity of salmon species resides, inter alia,
in their anadromy and their homing behaviour. From a population and fisheries assessment
perspective, anadromy is very advantageous. Any individual in a population may migrate twice
(even more for repeat spawners) in its life through a limited section of river or estuary, thus
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providing great opportunity for direct observation of population abundance by various counting
techniques (e.g. trapping, video-recording) or by means of mark-recapture protocols. But at
the same time, the homing translates into a challenge as it leads to the structuring of the
species into a myriad of populations to be assessed separately. Despite the opportunity for
collecting very informative fisheries independent data on abundance, the required facilities
can only be deployed over limited numbers of populations, essentially for operational and
financial constraints. In the face this ambivalent situation, we propose to tap the fact that
salmon species are also fished in their natal rivers or estuaries and these fisheries are most
often surveyed. Indeed, fishing records with wide spatio-temporal coverage are available. Our
HBM approach has been designed to take the best advantage of catch statistics for
broadening the scope of abundance estimation well beyond the populations surveyed
according to fisheries independent protocols. Our case study on is an good illustration in this
respect.

In Atlantic salmon the need to expand the provision of abundance estimates of adults returns
stems also from the recommendations of the North Atlantic Salmon Conservation
Organization (NASCO) for the management of Atlantic salmon Fisheries (NASCO 2009). By
putting priority on conservation, NASCO conditions the exploitation of any salmon population
to its assessment relative to so-called conservation limits (CL). This assessment requires to
have both estimated abundance and determined a CL. The default approach recommended
by NASCO is to express the CL in terms of spawner abundance and to base its determination
on a stock-recruitment analysis. In Brittany, the salmon populations management attempts to
fulfill NASCO recommendations. CLs have been set to all populations, but the comparison
with the abundance of adult returns is only achieved for the Scorff. This type of situation is not
exceptional and, because of the general lack of estimates of adult returns at the river scale,
the comparison with CLs is conducted on a minority of rivers throughout the area of distribution
of the species (ICES 2019). Our proposed approach offers a good opportunity to enhance
both the assessment and the management of salmon populations in accordance with NASCO
guidelines. In Brittany, it will also contribute to a better definition of CLs. Juvenile recruitment

33

© The Author(s) or their Institution(s)

Page 34 of 54



Page 35 of 54

817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833

834

Canadian Journal of Fisheries and Aquatic Sciences

data are collected by electrofishing over the full set of rivers of our case study. Thanks to the
adult returns estimates derived from our HBM approach, they have been used in a regional
meta-analysis of stock-recruitment relationships which has led to the definition of new CLs.

At the international level, the status of Atlantic salmon is assessed at the scale of regional
stock complexes (6 in North American and 10 in Europe; Chaput 2012; ICES 2019). This
assessment is conducted under the auspices of the International Council for the exploration
of the sea (ICES) and is used to provide management advice for distant fisheries (at
Greenland and off the Faroes Islands) operating on mixed populations originating from both
sides of the Atlantic. Recently, new life-cycle models have been developed (Massiot-Granier
et al. 2014; Olmos et al. 2019, 2020). They not only improve over previous assessment
approaches but also open the door for a better understanding of the ecology of salmon at sea.
These new models assimilate aggregated series (i.e. at the scale of the regional stock
complexes) of in-river adult salmon returns. These series are currently produced by the
scientific experts of the ICES North Atlantic Salmon Working Group. The methods used are
diverse and still lack documentation and standardization. Our HBM approach offers a
possibility forimprovement on these two aspects as it can be easily used for deriving regionally

aggregated estimates of abundance by summing over rivers.

34

© The Author(s) or their Institution(s)



835

836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869

Canadian Journal of Fisheries and Aquatic Sciences

REFERENCES

Arreguin-Sanchez, F. 1996. Catchability: a key parameter for fish stock assessment. Rev Fish
Biol Fisheries 6(2): 221-242. doi:10.1007/BF00182344.

Bagliniere, J.L., and Champigneulle, A. 1982. Densité des populations de truite commune
(Salmo trutta L.) et de juvéniles de saumon atlantique (Salmo salar L.) sur le cours
principal du Scorff (Bretagne): preferendums physiques et variations annuelles (1976-
1980). Acta oecologica : oecologia applicata 3(3): 241-256.

Bal, G., Rivot, E., Bagliniére, J.-L., White, J., and Prévost, E. 2014. A Hierarchical Bayesian
Model to Quantify Uncertainty of Stream Water Temperature Forecasts. PLOS ONE
9(12): €115659. doi:10.1371/journal.pone.0115659.

Borgstrem, R., Opdahl, J., Svenning, M.-A., Lansman, M., Orell, P., Niemela, E., Erkinaro, J.,
and Dempson, J.B. 2010. Temporal changes in ascendance and in-season
exploitation of Atlantic salmon, Salmo salar, inferred by a video camera array.
Fisheries Management and Ecology 17(5): 454-463. doi:10.1111/j.1365-
2400.2010.00744 x.

Brun, M., Abraham, C., Jarry, M., Dumas, J., Lange, F., and Prévost, E. 2011. Estimating an
homogeneous series of a population abundance indicator despite changes in data
collection procedure: A hierarchical Bayesian modelling approach. Ecological
Modelling 222(5): 1069-1079. doi:10.1016/j.ecolmodel.2010.10.030.

Buoro, M., Servanty Royer, S., Beaulaton, L., and Prévost, E. 2019. Estimation and
standardisation of Atlantic salmon abundance time series on DiaPFC ORE rivers.
Zenodo. doi:10.5281/ZENODO.3275148.

Chaput, G. 2012. Overview of the status of Atlantic salmon (Salmo salar) in the North Atlantic
and trends in marine mortality. ICES Journal of Marine Science 69(9): 1538—-1548.
doi:10.1093/icesjms/fss013.

Clark, J.S. 2003. Uncertainty and Variability in Demography and Population Growth: A
Hierarchical = Approach. Ecology 84(6). 1370-1381. doi:10.1890/0012-
9658(2003)084[1370:UAVIDA]2.0.CO;2.

Clark, J.S., and Bjgrnstad, O.N. 2004. Population time series: process variability, observation
errors, missing values, lags and hidden states. Ecology 85(11): 3140-3150.
doi:10.1890/03-0520.

Congdon, P. 2014. Applied Bayesian Modelling. John Wiley & Sons.

Consuegra, S., de Leaniz, C.G., Serdio, A., and Verspoor, E. 2005. Selective exploitation of
early running fish may induce genetic and phenotypic changes in Atlantic salmon.
Journal of Fish Biology 67(s1): 129-145. doi:10.1111/j.0022-1112.2005.00844 .x.

35

© The Author(s) or their Institution(s)

Page 36 of 54



Page 37 of 54

870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906

Canadian Journal of Fisheries and Aquatic Sciences

Cressie, N., Calder, C.A., Clark, J.S., Hoef, J.M.V., and Wikle, C.K. 2009. Accounting for
uncertainty in ecological analysis: the strengths and limitations of hierarchical
statistical modeling. Ecological Applications 19(3): 553-570. doi:10.1890/07-0744.1.

Dartiguelongue, J. 2017. Contréle du fonctionnement de la passe a poissons installée a
Kerhamon sur la riviere Elorn (Finistére). Suivi de I'activité ichtyologique en 2016.
Technical Report, Services et Conseils en Environnement Aquatique.

Dauphin, G.J.R., Brugel, C., Legrand, M., and Prévost, E. 2017. Separating wild versus
stocking components in fish recruitment without identification data: a hierarchical
modelling approach. Can. J. Fish. Aquat. Sci. 74(7): 1111-1124. doi:10.1139/cjfas-
2015-0443.

Dauphin, G.J.R., Chaput, G., Breau, C., and Cunjak, R.A. 2019. Hierarchical model detects
decadal changes in calibration relationships of single-pass electrofishing indices of
abundance of Atlantic salmon in two large Canadian catchments. Can. J. Fish. Aquat.
Sci. 76(4): 523-542. doi:10.1139/cjfas-2017-0456.

Davidson, I., Cove, R.J., Milner, N.J., and Purvis, W.K. 1996. Estimation of Atlantic salmon
(Salmo salar, L.) and sea trout (Salmo trutta, L.) run size and angling exploitation on
the Welsh Dee using mark-recapture and trap indices. In Stock Assessment in Inland
Fisheries, Blackwell Science, Oxford. pp. 293-307.

Fenberg, P.B., and Roy, K. 2008. Ecological and evolutionary consequences of size-selective
harvesting: how much do we know? Molecular Ecology 17(1): 209-220.
doi:10.1111/j.1365-294X.2007.03522..x.

Gee, A.S. 1980. Angling Success for Atlantic Salmon (Salmo salar) in the River Wye in
Relation to Effort and River Flows. Aquaculture Research 11(3): 131-138.
doi:10.1111/j.1365-2109.1980.tb00820.x.

Gelman, A., Carlin, J.B., Stern, H.S., Dunson, D.B., Vehtari, A., and Rubin, D.B. 2013.
Bayesian Data Analysis, Third Edition. CRC Press.

Gelman, A., Meng, X.-L., and Stern, H. 1996. Posterior predictive assessment of model fitness
via realized discrepancies. Statistica Sinica 6(4): 733-760. Institute of Statistical
Science, Academia Sinica.

Gelman, A., and Rubin, D. 1995. Avoiding model selection in bayesian social research.
Sociological methodology 25: 165—173. doi:10.2307/271064.

Gough, P.J., Winstone, A.J., and Hilder, P.G. 1992. A Review of Factors Affecting the
Abundance and Catch of Spring Salmon from the River Wye and Elsewhere, and
Proposals for Stock Maintenance and Enhancement. Review, National Rivers
Authority (Welsh Region), Cardiff, Wales.

Gueguen, J.C., and Prouzet, P. 1994. Le saumon atlantique: biologie et gestion de la

ressource. Editions Quae.

36

© The Author(s) or their Institution(s)



907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942

Canadian Journal of Fisheries and Aquatic Sciences

Harvey, A.C., Tang, Y., Wennevik, V., Skaala, 9., and Glover, K.A. 2017. Timing is everything:
Fishing-season placement may represent the most important angling-induced
evolutionary pressure on Atlantic salmon populations. Ecology and Evolution 7(18):
7490-7502. doi:10.1002/ece3.3304.

Hilborn, R., and Walters, C.J. 1992. Quantitative Fisheries Stock Assessment: Choice,
Dynamics and Uncertainty. Springer Science & Business Media.

ICES. 2019. Working Group on North Atlantic Salmon (WGNAS). ICES Scientific Reports
1(16): 375.

King, T.L., Verspoor, E., Spidle, A.P., Gross, R., Phillips, R.B., Koljonen, M.-L., Sanchez, J.A.,
and Morrison, C.L. 2007. Biodiversity and Population Structure. In The Atlantic Salmon
Genetics, Conservation and Management, E. Verspoor, L. Stradmeyer, and J.L.
Nielsen. Blackwell Publishing, Oxford. pp. 117-166.

Lassalle, G., and Rochard, E. 2009. Impact of twenty-first century climate change on
diadromous fish spread over Europe, North Africa and the Middle East. Global Change
Biology 15(5): 1072—1089. doi:10.1111/j.1365-2486.2008.01794 .x.

Mantyniemi, S., Romakkaniemi, A., and Arjas, E. 2005. Bayesian removal estimation of a
population size under unequal catchability. Can. J. Fish. Aquat. Sci. 62(2): 291-300.
doi:10.1139/f04-195.

Massiot-Granier, F., Prévost, E., Chaput, G., Potter, T., Smith, G., White, J., Mantyniemi, S.,
and Rivot, E. 2014. Embedding stock assessment within an integrated hierarchical
Bayesian life cycle modelling framework: an application to Atlantic salmon in the
Northeast Atlantic. ICES Journal of Marine Science 71(7): 1653-1670.
doi:10.1093/icesjms/fst240.

Maunder, M.N., and Punt, A.E. 2004. Standardizing catch and effort data: a review of recent
approaches. Fisheries Research 70(2-3): 141-159.
doi:10.1016/j.fishres.2004.08.002.

Milner, N.J., Solomon, D.J., and Smith, G.W. 2012. The role of river flow in the migration of
adult Atlantic salmon, Salmo salar, through estuaries and rivers. Fisheries
Management and Ecology 19(6): 537—-547. doi:https://doi.org/10.1111/fme.12011.

NASCO. 2009. NASCO Guidelines for the Management of Salmon Fisheries. NASCO Council
Document, North Atlantic Salmon Organization (NASCO), Edinburgh, Scotland, UK.

NASCO. 2019. State of North Atlantic salmon. Edinburgh, Scotland, UK.

Olmos, M., Massiot-Granier, F., Prévost, E., Chaput, G., Bradbury, I.R., Nevoux, M., and Rivot,
E. 2019. Evidence for spatial coherence in time trends of marine life history traits of
Atlantic salmon in the North Atlantic. Fish and Fisheries 20(2): 322-342.
doi:10.1111/faf.12345.

37

© The Author(s) or their Institution(s)

Page 38 of 54



Page 39 of 54

943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979

Canadian Journal of Fisheries and Aquatic Sciences

Olmos, M., Payne, M.R., Nevoux, M., Prévost, E., Chaput, G., Pontavice, H.D., Guitton, J.,
Sheehan, T., Mills, K., and Rivot, E. 2020. Spatial synchrony in the response of a long
range migratory species (Salmo salar) to climate change in the North Atlantic Ocean.
Global Change Biology 26(3): 1319-1337. doi:https://doi.org/10.1111/gcb.14913.

Parent, E., and Rivot, E. 2012. Introduction to Hierarchical Bayesian Modeling for Ecological
Data. CRC Press. doi:10.1201/b12501.

Piou, C., and Prévost, E. 2013. Contrasting effects of climate change in continental vs. oceanic
environments on population persistence and microevolution of Atlantic salmon. Glob
Change Biol 19(3): 711-723. doi:10.1111/gcb.12085.

Plummer, M. 2003. JAGS: A program for analysis of Bayesian graphical models using Gibbs
sampling. Proceedings of the 3rd international workshop on distributed statistical
computing. 124(125): 1-10.

Prévost, E., and Chaput, G. 2001. Introduction. In Stock, recruitment and reference points:
assessment and management of Atlantic salmon, Etienne Prévost et Gérald Chaput.
Edited by E. Prévost and G. Chaput. INRA Editions, Paris.

Prévost, E., Chaput, G., and Chadwick, E.M.P. 2001. Transport of stock-recruitment reference
points for Atlantic salmon. /In Stock, recruitment and reference points: assessment and
management of Atlantic salmon, Etienne Prévost et Gérald Chaput. Edited by E.
Prévost and G. Chaput. INRA Editions, Paris.

Prévost, E., Parent, E., Crozier, W., Davidson, |., Dumas, J., Gudbergsson, G., Hindar, K.,
McGinnity, P., MacLean, J., and Sattem, L.M. 2003. Setting biological reference
points for Atlantic salmon stocks: transfer of information from data-rich to sparse-data
situations by Bayesian hierarchical modelling. ICES J Mar Sci 60(6): 1177-1193.
doi:10.1016/j.icesjms.2003.08.001.

Prévost, E., and Porcher, J.-P. 1996. Méthodologie d’élaboration de totaux autorisés de
captures (TAC) pour le saumon atlantique (Salmo salar L.) dans le Massif Armoricain.
Technical Report, GRISAM.

Quinn, T.J., and Deriso, R.B. 1999. Quantitative fish dynamics. Oxford University Press.

Quinn, T.P., McGinnity, P., and Cross, T.F. 2006. Long-term declines in body size and shifts
in run timing of Atlantic salmon in lIreland. J Fish Biology 68(6): 1713-1730.
doi:10.1111/j.0022-1112.2006.01017 .x.

Rago, P.J. 2001. Index measures and stock assessment in Atlantic salmon. In Stock,
recruitment and reference points: assessment and management of Atlantic salmon,
Etienne Prévost et Gérald Chaput. Edited by E. Prévost and G. Chaput. INRA Editions,
Paris.

Ricker, W.E. 1975. Computation and interpretation of biological statistics of fish populations.

Department of the Environment, Fisheries and Marine Service.

38

© The Author(s) or their Institution(s)



980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016

Canadian Journal of Fisheries and Aquatic Sciences

Rivot, E., and Prévost, E. 2002. Hierarchical Bayesian analysis of capture-mark-recapture
data. Can. J. Fish. Aquat. Sci. 59(11): 1768—1784. doi:10.1139/f02-145.

Rivot, E., Prévost, E., Cuzol, A., Bagliniére, J.-L., and Parent, E. 2008. Hierarchical Bayesian
modelling with habitat and time covariates for estimating riverine fish population size
by successive removal method. Can. J. Fish. Aquat. Sci. 65(1): 117-133. NRC
Research Press. doi:10.1139/f07-153.

Royle, J.A., and Dorazio, R.M. 2008. Hierarchical modeling and inference in ecology: The
analysis of data from populations, metapopulations and communities.
doi:10.1016/B978-0-12-374097-7.50001-5.

Rubin, D.B., and Gelman, A. 1992. Inference from Iterative Simulation Using Multiple
Sequences. Available from https://dash.harvard.edu/handle/1/3630270 [accessed 1
September 2017].

Salanié, J., Le Goffe, P., and Surry, Y. 2004. La péche au saumon dans le Massif Armoricain:
Etat des lieux et mesure de l'effort de péche. Bulletin Frangais de la Péche et de la
Pisciculture (375): 35-70. doi:10.1051/kmae:2005039.

Saura, M., Moran, P., Brotherstone, S., Caballero, A., Alvarez, J., and Villanueva, B. 2010.
Predictions of response to selection caused by angling in a wild population of Atlantic
salmon (Salmo salar). Freshwater Biology 55(4): 923-930. doi:10.1111/j.1365-
2427.2009.02346.x.

Servanty Royer, S., and Prévost, E. 2016. Mise a jour et standardisation des séries
chronologiques d’abondance du saumon atlantique sur les cours d’eau de 'ORE
DiaPFC et la Bresle. Research Report. Rapport final, Février 2016., ONEMA - INRA.
Available from https://hal.archives-ouvertes.fr/hal-01608451 [accessed 16 April 2020].

Tenan, S., O’Hara, R.B., Hendriks, I., and Tavecchia, G. 2014. Bayesian model selection: The
steepest mountain  to  climb. Ecological Modelling  283:  62-69.
doi:10.1016/j.ecolmodel.2014.03.017.

Thorley, J.L., Youngson, A.F., and Laughton, R. 2007. Seasonal variation in rod recapture
rates indicates differential exploitation of Atlantic salmon, Salmo salar, stock
components. Fisheries Manage 14(3): 191-198. doi:10.1111/j.1365-
2400.2007.00540.x.

Thorstad, E.B., Okland, F., Aarestrup, K., and Heggberget, T.G. 2008. Factors affecting the
within-river spawning migration of Atlantic salmon, with emphasis on human impacts.
REV FISH BIOL FISHER 18(4): 345-371. Springer Netherlands. doi:10.1007/s11160-
007-9076-4.

Ver Hoef, J.M., and Boveng, P.L. 2015. Iterating on a single model is a viable alternative to
multimodel inference. The Journal of Wildlife Management 79(5): 719-729.
doi:10.1002/jwmg.891.

39

© The Author(s) or their Institution(s)

Page 40 of 54



Page 41 of 54 Canadian Journal of Fisheries and Aquatic Sciences

1017  Webb, J., Verspoor, E., Aubin-Horth, N., Romakkaniemi, A., and Amiro, P. 2007. The Atlantic

1018 Salmon. In The Atlantic Salmon. Edited by E. Verspoor, L. Stradmeyer, and J. Nielsen.
1019 Blackwell Publishing Ltd, Oxford, UK. pp. 17-56. doi:10.1002/9780470995846.ch2.
1020
1021

40

© The Author(s) or their Institution(s)



Canadian Journal of Fisheries and Aquatic Sciences Page 42 of 54

Notation Definition Equation Type
t Year from 1987 (t=1) to 2017 (t=31)
r River from the Couesnon River (r=1) to the Blavet River

(r=18)
a Sea age category: MSW (a=1) and 1SW (a=1)
p Fishing period: MSW fishing period (p=1), 1SW fishing

period (p=2) and extension of the 1SW fishing period

(p=3)
Exploitation
Cira Catch of sea age category a made year t in the river r (1) Y
Utra Exploitation rate of sea age category a made year tin the (2)

river r
ltrap Binary indicator specifying which fishing period p must be (2) X

applied to each sea age category a, in any given year t

and river r
Virp Complementary log-log scaled exploitation rate of the (3) 0

fishing period p for year tin river r
Wirp Mean of the linear-Normal model set on v, (3) and (4) 5]
4 Precision of the linear-Normal model set on v;, (3) and (19) W
arp Intercept of the linear-Normal model set on v, (4) and (5) 0
B1/p Flow coefficient of the linear-Normal model set on v; (4) and (6) 0
Qtp Flow index of fishing period p and year t (4) X
B2/ Fishing effort coefficient of the linear-Normal model seton (4) and (7) 0

Virp

Etrp Fishing effort expressed as the duration of the fishing (4) X

period p, the year tin the river r
U Mean of af, Normal distribution (5) v
5 Precision of ar, Normal distribution (5) and (19) Y
b’ Mean of 81}, Normal distribution (6) W
rﬁ’ Precision of 87/, Normal distribution (6) and (19) 0
ub? Mean of B2¢, Normal distribution (7) W
r€2 Precision of B2/, Normal distribution (7) and (19) W
Adult returns
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1022
1023
1024
1025
1026
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Nt,r,a
Ntra

N Ct, ra

Ptra
St,r

5t,r,a

TaB

Number of adults of sea age category a returning to river
rthe year t

Mean of N, Poisson distribution

Partial count of adult returns of sea age category a in the
Couesnon River from 1996 to 2015 and in the Aulne River
from 1999 to 2017 (and the Elorn MSW in 2007)

Counting probability of adult returns of sea age category
ain river r the year t

River size of river r in year t expressed in as 100 m? of
riffles and rapids equivalents

Adult return density per unit of river size of sea age
category a in river r the year t

Total density of adults (1SW and MSW combined)
returning to each river rin year t

Proportion of sea age category a in river r the year ¢
Mean of q; 1 logit-Normal distribution

Precision of g 1 logit-Normal distribution

Mean of the log-Normal linear model set on d; ,
Precision of the log-Normal linear model set on d; ,
Intercept of the log-Normal linear model set on d;,

Additive random effect of the year for the log-Normal
linear model set on d,

Additive random effect of the river for the log-Normal
linear model set on d;,

Precision of a2f Normal distribution

Precision of a3? Normal distribution

(9), (10) and (11)

(12)

(12) and (13)

(13) and (15)

(14)
(14)
(14) and (19)
(15) and (16)
(15) and (19)
(16)
(16) and (17)

(16) and (18)

(17) and (19)
(18) and (19)

Y*

D

© € € ©6 € € ©0 <

O]

€

Tab. 1 Definitions of the model quantities.
Type : W: Parameters; 8: Latent variables; X: Covariates; Y: Observable random quantities.
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Parameter Prior distribution Marginal posterior distribution
distribution mean sd mean sd
Exploitation rates
g Normal 0 10 -1.96 0.22
us Normal 0 10 -4.05 0.30
s Normal 0 10 -3.49 0.31
pb? Normal 0 10 0.41 0.11
pB? Normal 0 10 0.02 0.18
pg! Normal 0 10 0.08 0.19
pb? Normal 0 10 -0.04 0.24
B2 Normal 0 10 0.70 0.30
g2 Normal 0 10 -0.12 0.49
Abundances
e Normal 0 10 1.30 0.07
a1d Normal 0 10 -1.23 0.22
Precision parameters
T Gamma 1 3.16 14.50 4.46
5 Gamma 1 3.16 1.70 0.26
4 Gamma 1 3.16 3.87 1.43
19 Gamma 1 3.16 5.67 4.36
9 Gamma 1 3.16 1.41 0.81
13 Gamma 1 3.16 1.93 1.47
781 Gamma 1 3.16 15.91 9.20
781 Gamma 1 3.16 8.58 6.81
781 Gamma 1 3.16 11 7.99
781 Gamma 1 3.16 1.94 1.27
782 Gamma 1 3.16 2.46 2.87

© The Author(s) or their Institution(s)
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782 Gamma 1 3.16 0.78 0.83
19 Gamma 1 3.16 9.61 1.63
d Gamma 1 3.16 4.07 0.60
792 Gamma 1 3.16 11.61 3.56
793 Gamma 1 3.16 3.43 2.48

1027

1028 Tab. 2 Statistical summaries (mean and standard deviation) of prior and marginal posterior

1029  distributions of the model parameters (see also supplementary material D)
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1030
Mean cv
Abundance Abundance Abundance not
Combined
observed partially observed observed
Exploitation rates
MSW (utr.1) 0.15 18% 31% 45% 43%
1SW (utr2) 0.06 16% 38% 63% 58%
Abundances
MSW (Nt 1) 145 - 36% 55% 50%
1SW (Nt 2) 512 - 32% 52% 48%
1031
1032 Tab. 3 Mean and CV of the posterior estimates of exploitation rates and abundances by sea
1033  age category. Coefficients of variation (CV) of posterior distributions are averaged over the
1034  full set of years and rivers and separately for three subsets according to the quality of the
1035 information available on abundance (observed, partially observed and not observed).
1036  Combined refers to the full set of rivers and years irrespective of their observation status.
1037

© The Author(s) or their Institution(s)
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Fig. 1 Rivers of Brittany considered in this study (Base map source: https://www.data.gouv.fr;

map projection: RGF93). Rivers are figured in blue. Black lines outline the edges of the
watershed associated to each river. A number from 1 to 18 is allocated to each river following
a north-eastern to south-eastern rotation (1: Couesnon, 2: Trieux, 3: Leff, 4: Jaudy, 5: Léguer,
6: Yar, 7: Douron, 8: Queffleuth, 9: Penzé, 10: Elorn, 11: Mignonne-Camfrout-Faou, 12: Aulne-
Douffine, 13: Goyen, 14: Odet-Jet-Steir, 15: Aven-Ster Goz, 16: Ellé-Isole, 17: Scorff and 18:

Blavet).

Fig. 2 Simplified Direct Acyclic Graph (DAG) showing the conditioning structure of the model.
Model quantities are represented by circles or ellipses, except covariates which are
represented by rectangles. They are filled with grey if the quantity is fully observed (known),
in white if fully unknown and with stripes if only partly observed. The arrows represent
conditioning and are pointing to the conditioned quantity. Frames represent a repetition of
structure over the spatial (river, r) or temporal (year, t) units, sea age (a) and fishing period

(p)- See text for more detailed explanations.

Fig. 3 Uncertainty of the estimation of exploitation rate and abundance according to various
data scenarios (see text; sub-section Sensitivity to the quality and quantity of fisheries
independent data on abundance in the Materials and methods section). The average of the
standard deviation of the posterior distributions of the exploitation rates (log-log scale) and of
the abundances (log-scale) are calculated always for the same set of 12 rivers that are data-

poor whatever the data scenario considered.

Fig. 4 Marginal posterior distributions of the covariate effects on the complementary log-log
scaled exploitation rate (Equation 3, 4 et 5). For each fishing period, the hierarchical mean of
the covariate effect is presented before the effect of every river. The median (dot) and the

90% BCI (line) of the posterior distribution are displayed. Black: 0 is not included in the 90%
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BCI. Grey: 0 is included in the 90% BCI.

Fig. 5 Time series of annual posterior distributions of exploitation rates by sea age category
(MSW and 1SW) from 1987 to 2017 for the Elorn (a and e), the Aulne (b and f), the Couesnon
(c and g) and the Penzé (d and h). The median (dot) of coefficients and the 90% BCI (line) of
the posterior distributions are displayed. The shade of grey indicates the quality of information
available for population abundance: black when abundance is observed, light grey when
abundance is not observed and dark grey when abundance is partially observed. For 1SW
exploitation rates, empty dots are used when fishing was extended over a third period in

autumn.

Fig. 6 Marginal posterior distributions of year (a) and river (b) effects of the adult density (log
scale, equation 16, 17 and 18). The median (dot) of the effects and the 90% BCI (line) of their
distributions are displayed. For river effects, the shade of grey indicates the quality of
information available for population abundance: black when abundance is observed (for at
least part of the study period), light grey when abundance is not observed and dark grey when

abundance is partially observed.

Fig. 7 Time series of posterior distributions of yearly adult abundance by sea age category
(MSW and 1SW) from 1987 to 2017 for the Elorn (a and e), the Aulne (b and f), the Couesnon
(c and g) and the Penzé (d and h). The median (dot) and the 90% BCI (line) are displayed.
The shade of grey indicates the quality of information available for population abundance:
black when abundance is observed, light grey when abundance is not observed and dark grey

when abundance is partially observed. When abundance is observed only a dot is displayed.
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t: 1987-2017 /r:1:18 /1 a: 1:2

p: 1:3
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