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Introduction

Understanding the ecology of fish populations in interaction with their ecosystem is a
major challenge of aquatic and fisheries ecology and is a prerequisite for managing
populations and ecosystems.

Because of their high life-history variability and their sensibility to the different
pressures throughout their life cycle and at different spatial scales (marine and freshwater
phase), diadromous fish (e.g. salmons, shads, lamprey, eels ...) have received a considerable
attention from population ecologists.

Atlantic salmon (Salmo salar) occurs naturally along both East and West coasts of the
North Atlantic Ocean (Fig.1) (Mills, 1989; Shearer, 1992; Klemetsen et al., 2003). Many
populations of Atlantic salmon are now extinct or seriously endangered (Webb, 2007;
Limburg and Waldman, 2010). The fragmentation of habitat (due for example to dams), the
degradation of water quality due to human activities and overfishing are the main causes of
this rarefaction (Parrish et al., 1998; Limburg and Waldman, 2010). Some A. salmon
populations are now listed as endangered, in the USA (Maine) (US Endangered Species Act),
in Canada (inner Bay of Fundy, Nova Scotia, New Brunswick) (Committee on the Status of
Endangered Wildlife), or in Europe (registration in the appendix II of “EU Habitat
Framework” which implies the definition of conservation areas for this species). Canada has
the most important part of Eastern Atlantic wild salmon populations.
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Fig 1: Distribution area of Atlantic salmon (Salmo salar) in North Atlantic. Arrows represent the
migration to the sea of the different populations of Atlantic salmon (Source : Atlantic Salmon Federation
— www.asf.ca/docs/uploads/northatlanticup-I.jpg)

The life cycle of A. salmon is divided between the river and the ocean (Fig. 2). In
Canada, adults migrate upstream to spawn in late autumn (October- November) (Mitchell and
Cunjak, 2007a). Eggs then Juveniles (0+, 1+ and 2+) stay in freshwater until smoltification,
an important morphological and physiological transformation preparing them for sea life.
Smolts leave the river and migrate to the Ocean where they will live between one and three
year before returning to the freshwater tributary in which they were born. Initial movement of
fish from the sea to a location close to their ultimate spawning destination generally occurs
between June and August (Mitchell and Cunjak, 2007a).




Fig 2 : Life cycle of Atlantic salmon (Source : With courtesy of the Atlantic Salmon Trust and
Robin Ade — www.nasco.int/atlanticsalmon.html

Understanding the factors controlling the spatio-temporal dynamics of freshwater
juvenile (i.e. parr) abundance in the wild is of primary interest for population ecology. It is
critical for the analysis of stock (i.e., egg deposition by spawners) and recruitment (i.e.,
juvenile production of the subsequent generation) relationships. The transition from eggs to
0+ juvenile is a major bottleneck for Atlantic salmon populations (Elliott 2001; Milner et al.,
2003). From a management perspective of salmon stocks, the freshwater juvenile is the
earliest, the most widely used, and often the only development stage that can be monitored
prior to and independently from fisheries.

The abundance of A. salmon juveniles in freshwater is highly spatially structured
within a watershed. Numerous factors control the spatial distribution of juveniles. (1) First,
juvenile abundance depend upon the distribution of spawners (and associated redds) in the
watershed during the spawning season. This can be controlled by obstacles (natural or human
made) in interaction with water discharge (Mitchell and Cunjak, 2007b; Taylor et al., 2010).
Preferundum for spawning habitat also conditions the initial distribution of 0+ juveniles; (2)
Second, density dependent and independent factors can control the eggs - 0+, 0+->1+ and
older survival rates. These factors are also susceptible to be highly variable both in space and
time (Tezlaff et al., 2005); (3) Third, density dependent and independent factors control the
migration of juveniles within the watershed. In particular, upstream and downstream
migrations have been reported between 0+ and 1+ stages, and between 1+ and 2+ stages
(Steingrimsson et al., 2003).

Hence, analyzing the spatio-temporal distribution of A. salmon juveniles is a
prerequisite for understanding the functional role of different sectors within a watershed and
of different habitat type within each sector with regards to the recruitment dynamics and to
the whole population dynamics.

Successive removal by electrofishing is the most commonly used method for deriving
estimates of abundance of riverine fish such as salmonids (Bohlin et al., 1990). First, a




number of sites (typically characterized by different position in the watershed and different
habitat type) are selected from the river stretch of interest and then the fish are sampled from
each site by the successive removal method (Hankin 1984; Bohlin et al., 1990). In such kind
of survey, row data then consist in a series of number of fish caught during the successive
removals pass in different sites. Interpreting these field surveys require integrating these row
catches data within statistical models aiming at (i) Estimating population size (or density) at
the sampling site level; (ii) Integrating these estimations obtained at the site level to quantify
the different factors (time, sectors, habitat type ...) structuring the variability of the density;
(iii) Extrapolating these results to quantify juvenile abundance in space and time at the scale
of the whole river stretch.

Hierarchical Bayesian Models (HBM) provide a useful framework for such statistical
analyzes (Wyatt, 2002; Wyatt et al., 2003; Rivot et al., 2008; Dauphin et al., 2009; Ruiz and
Laplanche, 2010; Brun et al., 2011). They offer a consistent framework for the analysis of
large and heterogeneous data set characterized by data rich and data poor statistical units and
multiple dependencies between variables. They can handle large and complex models in term
of the number of the structure of dependency between the variables. The probabilistic
structure of hierarchical models helps to jointly treat data rich and data poor statistical units
by organizing the transfer of information from data rich to data poor units (Rivot and Prévost,
2002). HBM also offer a consistent probabilistic framework to explicitly consider the
different sources of uncertainty in estimations and extrapolations (predictions).

In this work, a HBM was built to analyse the spatio-temporal variability of the
abundance of three age classes of A. salmon juveniles (0+, 1+ and 2+) in the Catamaran brook
(New Brunswick, Canada) during 21 years between 1990 and 2010. The data set analyzed in
this work is highly informative. Each year between 1990 and 2010, between 9 and 31 sites
(characterized by a position in the watershed and a habitat type) were sampled for 0+, 1+ and
2+ juveniles density through electrofishing with 3 to 5 successive removal pass.
Environmental variables such as water discharge are also available.

An original statistical HBM was built to analyze these data. In particular, by analogy of
zero-inflated models (Martin et al., 2005; Sileshi et al., 2009; Ancelet et al., 2010, Calama et
al., 2011; Vaudor et al., 2011), the HBM integrates a mixture component in the distribution of
the fish density that can handle both very low and very high fish density, and this was
analyzed in relation with environmental factors (e.g. water discharge) that may condition
accessibility to some river reaches.

The model was designed to explore interesting ecological questions. In particular, the
objectives were:

(1) To estimate the abundance of the three juvenile age classes (0+, 1+ and 2+) at the

scale of the Catamaran brook between 1990 and 2010;

(2) To analyze the stock-recruitment dynamics (spawners - 0+) and the dynamics of
0+-> + and 1+->2+ survival rates at the scale of the whole river strech, and propose a
first exploration of the relationship with environmental variables such as water
discharge;

(3) To quantify the functional role of the different reaches with regards to the contribution
to the juveniles recruitment (3 age classes) at the scale of the whole Catamaran
watershed;

(4) Explore the relationship between the spatio-temporal distribution of juveniles and the
environmental factors (e.g. water discharge) controlling the accessibility of different
reaches to spawners.

(5) Explore if a link between the patterns of colonization of different reaches in the
watershed and the recruitment dynamics exists.




The report is organized as follows. In the first part of the Material and Methods section,
the study site and the data set are detailed. Then, the HBM model is described. Results first
propose some diagnostics to evaluate the modeling hypotheses. The second part of the results
section concentrates on estimates of juvenile abundance at the scale of the whole watershed
and on stock-recruitment relationship. Results concerning the contribution of the different
reaches within the watershed are given in the third part. In the discussion, the originality of
the HBM approach are outlined, and the ecological meaning of our results are discussed. The
report concludes with some interesting perspectives of this work.




Material and methods

Study site and data set

Catamaran brook

The Catamaran brook (46°52.7°N, 66°06.0°W) is a third-order tributary of the Little
Southwest Miramichi River in central New Brunswick, Canada (Fig. 3). The Catamaran brook
is a remarkable study area with a long term multidisciplinary research program (Cunjak et al.,
1993), with numerous studies about dynamic and behaviour of juveniles (Cunjak and
Therrien, 1998; Steingrimsson et al.; 2003, Girard et al.; 2004, Imre et al., 2005, Breau et al.,;
2007).

The drainage area is about 52 km2 and the main watercourse is 20.5 km with a mean
slope of 1.3% (Cunjak et al., 1990). Atlantic salmon is the most common fish species in this
stream but the distribution is not homogenous due to the presence of beaver dams and
waterfall that limits the colonisation of the upstream part of the system (Cunjak and Therrien,
1998). Adult Atlantic salmon return to spawn in the river between late September and early
November (Cunjak et al., 1993). Salmon juveniles remain in the stream for 2-3 years before
migrating to sea (Randall, 1982; Cunjak et al., 1993). Five stream sections were chosen (Fig.
3): Lower, Gorge, Middle, Tributary and Upper (Cunjak et al., 1993). Another stream is also
studied, Otter brook. Five habitats type were identified in the Catamaran brook (Table. 1).

Table 1: Characteristics of the five habitat types present in Catamaran brook (Source : Cunjak et al.,
1993, Girard et al., 2004).

Habitat type Depth Water flow Substrates
Shallow Slow Small-medium particle sizes
<46 cm <15cm.s? Homogeneous
>2§e§n >15F2f; 1 Heterogeneous substrate sizes
Deep Fast
>23 cm >15 cm.s? EEREES
Shallow Fast Rubbles and Boulders
<23cm >15 cm.s? Heterogeneous
Deep Slow .
>46 om <15 cm.st Sands and silts
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Fig 3: Situation of Catamaran brook in New Brunswick, Canada. The bottom panel gives the
positions of the 5 reaches sampled in the brook.

Sampling sheme and data

Between 1990 and 2010, between 9 and 31 sites were sampled, each year by
electrofishing during autumn (from late September to early December) for three age classes
(0+, 1+ and 2+). Each site is a section of the stream identified by a reach in the Catamaran
watershed (Lower, Gorge, Middle, Tributary, Upper or Otter Brook), a habitat type (Pool,
Flat, Bedrock run, Run or Riffle. The wetted surface of each sampling site is measured
(between 14 and 262 m2),

The sampled section was blocked with barrier nets and electrofished with a minimum
of three successive removals and a maximum of five. After all the catches, fishes were
released back into the sections from which they were captured.

The whole data set for successive removal data consists in the number of fish caught
during the 3 to 5 successive removals for a total of 1479 sampling units. Each sampling unit is
identified by the indices (a,h,y,r.k) :

-a=1, 2, 3stands for age classes (0+, 1+, 2+ respectively)

- h=1,...,5 stand for the 5 habitat types (Bedrock run, Riffle, Run, Flat and Pool,
respectively)

-y=1,...,21 stand for years (1990-2010)

-r =1,...,6 stand for the 6 reaches (Lower, Gorge, Middle, Otter brook, Upper and
Tributary, respectively)

- k =1, 2 for the repetition per (a, h, y, r) (some year, 2 different sites with the same
habitat type were sampled in the same reach).

For each sampling unit (a,h,y,r,k), the number of fish caught during the j™ pass (j = 1,
.., 5)isnoted C; (a, h,y,1,k).




The total surface areas of all the reaches and of each habitat in each reach were also
measured (Table. 2).

Table 2 : Surface Area (m2) and range of percentage of surface area sampled (during the 21

xears! per reach and habitat type.

Gorge Lower Middle Upper Total
4269 3662 3747 1416 13094
0% 5-12% 2.5-8% 0% 2-5%
4375 3085 5804 1792 15056
0% 3-6.5% 1-3% 1-6% 0.6-2.5%
1942 5741 9723 1908 19314
4-11% 2-8% 0.4% 0% 1.5-4.5%
5786 18912 14627 3397 4272
2.5-6% 0.5-2% 2%-6% 4-8.5% 0.4-3%
16371 31399 33902 8514 90186
1.5-4.5% 0.8-4% 0.4-2.5% 2-4.5% 1-3%

Environmental data such as the water discharge and the spawners abundance are also
available (Cunjak com pers.). The water discharges (m®s™) are recorded at a hydrometric
station in the Middle reach between 1989 and 2010 and a simple statistical model allows to
obtain the discharge at the stream mouth (see Mitchelle and Cunjak, 2007a). The number and
the age (grilse or Multiple Sea Water (MSW)) of spawners were determined from a fish
counting fence located near the mouth of the brook between 1990 and 2008. Daily
temperature data are also available for the period 1992-2010.

Hierarchical Bayesian Model

Available row data essentially consists in the number of fish caught during the five
successive removal pass in each sampling site. These data cannot be interpreted as such for
ecological inferences, but must be integrated within a statistical modelling approach to
provide inferences on the density and total number of fish at different scales (reaches and the
whole river stretch). A Hierarchical Bayesian Model was built to reach this goal, as sketched
in Figure 4.

In the sequel, the probability distribution function f of the variable V conditionally on
parameters ¢ will be noted V~f(¢)




Parameters
rand effects
(reach, year,
habitat)

L Estimated
densities
Extrapolation
yeary
Observations
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Site i

Fig 4 : Scheme of the hierarchical Bayesian Model for integrating sucessive removal data. The
first layer (blue) represents the number of fish caugh in the different sites each year. The second
layer (yellow) symbolizes the estimated density for each site. The third layer corresponds to the
parameters and effects estimated thanks to the data. Black arrows represent the modeling process
and the statistical inference follows the reverse way.

Capture model for one site (a, h, y, r, k)

A classical model using binomial distribution was supposed for the successive
removal experiment in each site (Wyatt 2002; Rivot et al. 2008; Brun et al. 2011).

Classical hypotheses were supposed to be verified: (1) During the electrofishing
removal experiment, because of the small amount of time between the different passes, the
population in each site is supposed to be closed in the sense that no emigration, immigration
or natural mortality occur between the different passes; (2) The probability of capture may
vary between sampling units, but all fish in the sampling unit have the same probability of
capture and behave independently; (3) The probability of capture is considered constant
between successive removal pass. Under these hypotheses, catches at each pass ],
C; (a,h,y,r,k)can be modelled though a binomial distribution with initial number of fish

present before the pass, denoted N; (a, h, y,, k) and a probability of capture p (a, h,y, 7, k):
1) Ci(a,h,y,r,k)~Binomial(N; (a,h,y,7,k),p (a, h,y,7,k))

Before the first pass, the initial number of fish in each sampling unit is denoted
N; (a, h,y,r k). The number of fish present in each site before the pass j (for j = 2, ..., 5) is

defined as .

2 N; (a,h,y,7,k) = Nj_1 (a,h,y,1,k) — C;_1(a,h,y,7,k)




The initial number of fish N, (a, h,y,r, k) depends on the fish density (fish.m?)
d(a, h,y,r, k) and the surface area of the sampling sites S(a, h,y,r, k). We suppose that the
fish are randomly distributed in the whole river. Then, N; (a, h, y,r, k) will follow a Poisson
distribution with expected mean A(a, h,y,r, k) = d(a,h,y,r,k) X S(a, h,y,1,k):

3) N, (a, h,y,r, k) ~ Poisson (A(a, h,y,1,k))

Hierarchical structure between sites

The probability of capture is known to be rather high and to vary slightly with
environmental factors such as water level, discharge, fish length, ... . However, the variability
remains weak and it is hard to define systematic rules for it.

By contrast, the variability of fish density between the sampling units (a,h,y,r.,k) is
much higher. Population dynamics is highly variable between years (variability of spawners
abundance, or survival rates ...). Spatial variability is likely to be correlated with accessibility
of river section and with riverine physical habitat (Cunjak et Therrien, 1998; Bardonnet et
Bagliniere, 2000).

Consistently with this background, a hierarchical structure was built to capture the
variability of the probability of capture and of the density.

Probability of capture

A fully exchangeable hierarchical structure between all sampling units was built on the
probability of capture (no systematic effects of year, habitat, reach, or age class are modelled
a priori). For computational convenience, the hierarchical model was built in the logit() scale.
z(a, h,y,r, k) = logit(p(a,h,y,r, k)) follows a Normal distribution with a mean p, and a
standard deviation o, = sd?:

4  z(a,hy,r k)~ Normal(u, o,)

A mixture hierarchical model for the Density

A Gamma distribution for the density

The densities d(a, h, y, r, k) were considered to be partially exchangeable and follow a
Gamma distribution conditionally on the shape r;(a,h,y,r, k) and the inverse scale
uq(a, h,y,r k). These two parameters were dependent on the expected mean E;(a, h,y, )
and on the coefficient of variation CV;(a,y,r) :

d(a, h,y,r, k)~ Gamma(ry(a,h,y,7, k), u,(a, b, y, 7, k))
1

CVa(ayr)?
1

Eq (a.h.Y.T) XCVq (a,y,r) 2

(5) rq(a, h,y,r, k) =

k ud(a’h’yfr’k)z

A mixture model to capture the variability in accessibility




The spatial distribution of A. salmon juveniles is highly heterogeneous between the 5
different reaches (Cunjak et Therrien, 1998). For instance, Tributary and Upper reaches are
never colonized by spawners. As a consequence, the 0+ density is always near 0. However,
because of migrations during the juvenile phase, the density of 1+ and 2+ fish can be slightly
positive for some years. In the Middle reach, colonisation by spawners is generally limited by
numerous beaver dams which persist for many years after construction. The density of 0+ fish
could be positive or null depending upon the accessibility conditions. But once again, because
of migration of older juveniles, density of 1+ and 2+ fish are almost always positive.

As a consequence of this spatio-temporal variability related to the accessibility, the
distribution of the densities between all sampling units (a,h,y,r,k) has a peak near very low
densities (near 0, although O cannot be totally excluded because of randomness induced by
binomial sampling), completed by a classical dome shaped distribution for other positive
values. By analogy with zero-inflated models, a mixture model was built to capture this
variability.

Variability in accessibility was captured through the Boolean variable B(a,y,r)
indiced by the age, year and reach. B(a,y,r) = 1 is associated with a non negligible density.
The ecological interpretation is that the colonisation of the reach was possible. B(a,y,r) = 0
is associated with density near 0, because the colonization was not possible.

The values of B were not fixed in the model but estimated conditionally upon the
catches data. The B(a,y,r) were a priori drawn in a Bernoulli distribution with parameters
pg(a,r) which are the average probability that the reach r is colonised by the age class a
(informative priors were set on the pg(a,r) ‘s ; see after and Table 3):

(6) B(a,y,r) ~Bernoulli(pg(a,r))

Finally, the expected mean and the coefficient of variation of the Gamma distribution
for the density (eq. 5) were then defined following the classical formula for a mixture model:

(7) Log(Ed(a, thJ T)) = Bd(a'ylr) X Eé(a' h'}’,r) + (1 - Bd(a'}’:r)) X Eczl(a' h,y,r)
CVy(a,y,1) = By(a,y,r) x CV} + (1 —By(a,y,7)) X CV2

. B(a,yr)=1

The expected mean of the density was modeled in the log-scale as a linear
combination of B3(a,y,7) gnd @a(a h)

8 log(Ei(a,hy, 1) = Bi(ay,r) +aalah)

The habitat effect (interaction Age x Habitat ; Cunjak et al., 1993, Girard et al., 2004,
Rivot et al., 2008) was introduced through additional fixed effects a;(a, h). The variability of
the density due to other factors was introduced through a random effect 5} (a,y,r) standing
for the interaction Age x Reach x Year. The Bi(a,y,r)’s were normally distributed with
unknown expected mean and standard deviation depending upon the age classes, denoted
ug(a) and ag(a)respectively :
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@  Bilay,nl ~Normal(uz(a),op(a))

The residual variability of the density was modelled through a coefficient of variation
CV; (Table. 3)

. B(a,y,r)= 0

This case corresponds to very low (near 0) density of juveniles in the reach r the year
y. The log of the expected mean of the density was set equal to a fixed effect 53 (a):

(10) log (Ei(a h,y,m) = Bi(a)

Summing up the model specification in a Directed Acyclic Graph.

A scheme of the full hierarchical model in the form of a Directed Acyclic Graph (Lunn et al.

2009) is given in Figure 5.
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Fig 5 : Simplified Directed Acyclic graph (DAG) for the model

Prior specification for free parameters

Prior distributions were assigned to all free parameters (those that were not
conditioned by any quantity of the model). For most of them, rather diffuse (weakly
informative) prior distributions were used, in order to let the Bayesian posterior inferences
reflect the information brought by the data (Table. 3).

More informative Beta priors distributions were set on the pg(a,r) ‘s (Table 2).
Expert knowledge about the accessibility of the reaches was introduced for some reaches. The
Lower and the Gorge reaches were almost always colonised; this was introduced through a

11




Beta(4,1) prior distribution. The Upper and the Tributary reaches were never colonised
(Cunjak et al., 1993). This knowledge was introduced through a Beta(1,4) distribution. In the
case of the Middle and the Otter brook reach, a high variability between year and age class
due to beaver dams was observed, then a diffuse Beta(1,1) prior was used.

A constraint was introduced to avoid confusion between the habitat effects on the
density: For each age class a, the sum of the @, (a, h) was set to 0.

Table 3: Prior distribution of free parameters

Parameters Distribution

U, ~ Normal(0,100)

sd, ~ Uniform(0,10)

cvy ~ Uniform(0,5)
Forr=1,2 pg(a, 1) ~Beta(4,1)
Forr =15,6 pg(a,r) ~Beta(1,4)
Forr =3,4 pg(a,r) ~Beta(1,1)

pg(a) ~ Normal(0,100)

sdg(a) ~Uniform(0,10)

~ Normal (0,100

aa(a, k) (sum t(g 0) :

B3(a) ~ Normal(0,10)

Extrapolation of the number of fish to the whole Catamaran watershed

The HBM framework was used to extrapolate fish densities and number at the scale of
the reaches and finally for the whole watershed, accounting for uncertainties. Unfortunately,
because the surface areas of all habitat types were not available for the Tributary and Otter
Brook, the prediction could only be applied for 4 of the 6 reaches.

The extrapolation method proposed by Brun et al. (2011) was used. For each
combination of factor Age Class x Habitat Type x Year x Reach, the number of fish on the
whole reach was drawn in the posterior predictive Poisson distribution:

(11) N'(a, h,y,r) ~ Poisson (S;(h,v) X E4(a,h,y,1))

where S;(h,r) is the total surface area for the reach r and habitat type h, (Table .2) and
Ey(a, h,y,r) is the expected mean of the Gamma distribution given in eq. 7 drawn in its
posterior predictive distribution. The number of fish estimated from the sites sampled was not
considered in this approach but the small surface area sampled compared to the total surface
area (sampling rate is about 3%) minimizes the effect of such an approximation.

The total number of fish in each reach was obtained by summing the N’(a, h,y,r) over
all habitat types, and the number in the whole watershed (except Tributary and otter brook)
was obtained by summing the N'(a, h, y, ) over all habitat type and reaches.

The time series of the ratios (Number of 1+ / Number of 0+) and (Number of 2+ /
Number of 1+) were computed to provide insight to the population dynamics of the juvenile
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life stages. Under the hypothesis of a close population (no emigration and immigration at the
scale of the brook), these ratios provide estimates of the average annual (Autumn year t >
Autumn year t+1) survival rates of juveniles. The ratio (Number of 2+ / Number of 1+)
provides an estimate of the combination of both survival and emigration as downstream
migration outside the Catamaran brook occurs between 1+ and 2+ fish (Cunjak et al., 1993)

Posterior Checking

Posterior predictive checking was proposed to check the model consistency. Posterior
checking aims at using the a posteriori fitted model to replicate new data and to check if the
replicated data looks similar to the observed ones. Here, posterior check was made at the level
of the latent layer of the densities, as the modelling of the spatio-temporal distribution of the
density is the most critical part of the model.

Replicated densities in each sampling unit (a,h,y,r,k) were drawn in their posterior
predictive distribution :

(12) d'(a,h,y, 1, k)~ Gamma(rg(a, h,y, 1, k), uq(a, h,y,r k))

with parameters r;(a, h,y,r, k) and ug(a, h,y,r, k) also drawn in their posterior distribution.
The replicated densities were compared to the fitted densities (no observed densities are
available as the densities are in a latent layer of the hierarchical structure) via the log of the
ratio (d(a, h,y,r, k) /d'(a, h,y, 1, k)).

Bayesian Computations

The joint posterior distribution of all unknown quantities (parameters, latent variables
and missing data) was estimated through Markov Chain Monte Carlo (MCMC) simulations
(Robert, 1996; Gelman et al., 2004) thanks to the software OpenBUGS® V3.1.2 (Lunn et al.
2009) and the R-library BRugs® V 0.6-1. Three independent chains were used and the first
8000 iterations were discarded. Then 40 000 iterations were realized and the convergence of
the MCMC chains for the model parameter was tested via the Gelman Rubin diagnostics as
implemented in OpenBUGS®. The duration of simulation is about 14 hours.
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Results

Posterior distribution of key parameters and
latent variables, and checking of key modelling
hypotheses

Capture probability

Posterior estimates of the overall mean of the capture probability (Table 4) shows that
on average, 72.6% of the fish was captured at the first pass during electrofishing sampling. The
average efficiency of electrofishing is rather high, wich is consistent with previous results (Rivot et al.
2008; Cunjak et al., 1993). The posterior predictive distribution of the capture probability pyeq in
Table 3 which represents what could be predicted from the hierarchical model for a not sampled site
has a posterior mean at 0.71 with 2.5% chances to be below 0.46 and 2.5% chance to be greater than
0.89. The between site variability of the capture probability is rather low, as pointed out by the
posterior estimate of o, = sdj which is rather low (Table. 4).

Table 4 : Main statistics of the posterior distribution of parameters for the hierarchical structure on
capture probability. p_p = logit(p _z)

Standard
deviation

0.726 6.2x10° 0.714 0.726 0.738
0.642 7x107 0.627 0.642 0.658
0.713 0.113 0.459 0.727 0.893

Median 97.5%

Figure 6 shows the estimates of probability of capture for all sampling units drawn as
a function of age classes, reaches, habitat type and year. Most of the posterior estimates are
between 0.70 and 0.75, which is consistent with the overall mean p,,.

Results also highlight that a variability in the estimates of p exists, but also that no
systematic effects of factors Age, Reach, Habitat type and Year can be detected. Results
support the exchangeable hierarchical modelling hypothesis that was set on the p’s. They also
mean that introducing systematic effects of Age, Reach, Year or Habitat type on the p’s would
have provided very limited improvements to the model.
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Fig 6 : Probability of capture of all sampling units drawn as a function of a)Age, b) Reach and
Age, ¢) Habitat and Age, d) Year and Age. Boxplots represents the between units variability of
point estimates (posterior median) of p. Red, green and blue represent respectively 0+,1+ and 2+

Correlation between p and d ?

During an electrofishing experiment, if we make abstraction of the Binomial sampling
noise, the number of fish caught at the first pass, C; (i.e. the observation at hand) results from
the product of the initial number of fish in the site N;, with the probability of capture p.
Hence, in the point of view of inferences, a certain confusion may exist between the fish
density and the probability of capture as an infinite number of values for the unknown (N,, p)
can lead to the same observation C;.

To track for such statistical identification issues, the statistical correlation between
capture probability and density for all sites was assessed graphically. Results didn’t reveal any
spurious negative correlations between p and d, as illustrated with two examples in Fig. 7. In
the case a), the two parameters are well estimated. In the case b), the probability of capture
could rzlot be precisely estimated, but the density is clearly very low (between 0 and 0.02
fish.m™).

Effects on density

Mixture model

The modelling approach estimates the posterior distribution of the Bernoulli (Boolean)

variables B(a,y,7). The value of B can be interpreted as a indicator of the presence of fish,
the value 1 indicating that the density is non negligible (the reach is colonized by the
juveniles) and the value 0 indicating that the density is near 0.
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Figure 8 show the time series of the posterior mean of the B(a,y,r)’s per age classes
for the 6 reaches. As announced in the Material and Method section, the Trib. And Upper
reaches are never colonized by spawners, so the density of 0+ juveniles is always near 0. Otter
Brook and Middle reaches are randomly colonized, and Lower and Gorge reaches are always
colonized by 0+ juveniles. Surprisingly, no sector is never colonized by 1+ and 2+ fish. This
will be further discussed latter in the report.

a) b)

1.0
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0.0
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d d

Fig 7 : Pairwise MCMC plots showing the shape of the joint posterior distribution of

p(a,h,y,r,k),d(a h,y r k) ) for 2 examples : a) Lower , 2006, 2+, Bedrock ; b) Middle, 2002, 2+,
Run

0+ 1+ 2+

Lower

Gorge

Middle

Trib

Upper

Otterbk

Fig 8 : Time series of the.posterior mean of fhe Bernoulli variablé B(a,y,r) interpreted as an
indicator of the presence of fish of the three age classes in each reach between 1990-2010. The
average posterior probability that B=1 for the 3 ages classes are respectively (9 97, 0.97, .0.97),
(0.97, 0.97, 0.97), (0.56, 0.90, 0.94), (0.65, 0.86, 0.51), (0.04, 0.21, 0.07), (0.04, 0.12, 0.13)
respectively for Lower, Gorge, Middle, Otter Brook, Upper and Tributary.
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Interaction Year, Age, Reach

Figure 9 shows the posterior distribution of the random effects g} (a,y,r) drawn as a
function of Age class, Year and Reach (note that the B2 (a,y,r)’s where only given for the
three reaches that are regularly colonized by spawners). Those parameters can be interpreted
as the interaction effect of those 3 factors (on the log-scale of the density).

Results first show that average density decrease with age classes (0+, 1+ and 2+),
which is consistent with the general idea of the population dynamics.

The spatio-temporal variability of the juvenile density in the watershed is quite high.
No particular synchrony between reaches and between age classes appears in the time series
of the Bi(a,y,r)’s. This result is consistent with the modelling choice that was made: an
interaction term for the combination of the three factors Age class, Year and Reaches.

Again, as shown in Figure 9, for one particular age class (0+, 1+ and 2+), the overall
mean of the B(a,y,7)’s (as shown by the horizontal lines in the graphs) are quite similar
between the three reaches Lower, Gorge and Middle. This result is consistent with the
exchangeable hypothesis across Reaches x years that was made for the hierarchical structure
on the B (a,y,1)’s.

O WER __GORGE ____MIDDLE
2 3 3 3
1 3 14 ° Trah i RIREE }
O_+_ o < o [ 3 k4 o ]
o %Eiﬂ gt l 3t o ; i3 - o 3
i : i ; *
1+ o o =]
SR o Mlafa b 54 o Fig
(] (] % o
2 2 8 = ; = X
. ° + D : = H = i
: TR S

Fig 9 : Posterior distribution of B}(a,y,r) per age class and reach, the horizontal lines represent
the mean of B} for each age class and reach during the 21 years (represented in the x axis).
Boxplot in white font are the posterior predictive of the B}’s for the combination of factors where
no electrofishing data were available
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Habitat preferences

The posterior distribution of the habitat effect per age class in Fig. 10 show that
significant habitat effects on the density exist. These habitat effects presumably reflect age-
class habitat preference (and avoidance).

Results are also in accordance with the prior assumption that the habitat effects could
be specific for each age class. For instance, as shown in Fig. 10, the effect of habitat “Pool” is
clearly negative for 0+ juveniles, but positive for 2+ juveniles. This might reflect a difference
of habitat preference between age classes of A/ salmon juveniles.

However, these results must be balanced by the fact that the habitat and reach effects
might be confounded because of the sampling scheme and unequal distribution of habitat
types across all reaches. For example, all the sampling sites with bedrock run (BR) habitat
type take place in the Lower and Gorge reaches where such habitats are uniquely found.
These are also the two reaches where high densities of juveniles occur every year. By
contrast, the samplings for Run habitats were made in every reach.
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Fig 10 : Posterior distribution of habitat effects per age class ea4(a, h). The horizontal line reflect
the above average of ay(a, h) (equal to 0 by construction)

Posterior checking

The internal consistency of the model was assessed by contrasting the fitted densities
with the replicated densities in each sampling site. This was done by looking at the
distribution of the logarithm of the ratio d(a, h,y,r, k) / dyep(a, h,y, 7, k). Figure 11 shows
that these ratios are rather well distributed around the value 0, indicating no strong average
discrepancy between the replicated densities and the fitted density, although the ratio has a
huge range of variation.
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Fig 11 : Comparison between d(a, h,y,r, k) and d'(a, h, y, 1, k) for all sampling sites. The red

line represents the value 0.

However, results point out a failure of the mixture model to accurately predict the very
low values of the densities observed in the Upper and Tributary reaches. Indeed, for the
samples sites corresponding to these two reaches, an almost systematically value below 0 was
observed (See the last sample sites in Fig. 11 and Fig. 12). For these reaches, results hence
point out that the a posteriori replicated densities are almost all systematically greater than the

fitted densities.
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Abundance of juveniles and population dynamics
at the scale of the Catamaran brook

Total abundance of 0+, 1+ and 2+ juveniles

A huge between year variability of the total abundance of the three age classes is
observed (Figure 13). The between year variability is especially high for the 0+, and looks to
be dampened for older age classes 1+ and 2+.

The estimation uncertainty is quite large. This is essentially due to the very small
percentage of the wetted area sampled by electrofishing. Every year, about 3% of the entire
stream surface area is sampled.

1e+05

Number of fish

0e+00 2e+04 4e+04 6e+04 8e+04

0+

1990 1995 2000 2005 2010
year (sampling of 0+)

Fig 13 : Time series of estimated abundance of 0+, 1+ and 2+ salmon juveniles in Catamaran
Brook, 1990-2010. 1+ and 2+ have been one (resp. two) year lagged to match with the 0+ fish, so
that fish from the same cohort are aligned on the same year. For each age class, the thick line
represents the posterior median and the shaded area is the posterior uncertainty (97.5%
credibility interval ).

First insight on the Stock-Recruitment relationship

The average density of 0+ juvenile in the whole watershed (a measure of the
Recruitment) was examined in relation with the number of spawners migrating up in the
Catamaran brook the year before (Figure 14a). The average density of 0+ juvenile was also
examined in relation with the average water discharge during the autumn (October-
November) of the spawning migration (Figure 14b).

Figure 14a pointed out that the density of 0+ seems to be related to the number of
spawners. The density of 0+ juvenile seems also to depend positively on the average water
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discharge in the previous autumn. But surprisingly, the number of spawners migrating up the
catamaran looks independent from the average flow from October to November (Fig. 15).
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Fig 14 : Relationship between the density of 0+ and a) the number of spawners migrating up in
the catamaran brook (one year lagged) (the size of the circles is proportional to the average water
discharge between October and November); b) the average water flow (Oct-Nov; one year lagged)
(the size of the circles is proportional to the number of spawners).
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Fig 15 : Relationship between the number of spawners migrating up in the Catamarran Brook
and the average water discharge (October-November).
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The success of the reproduction was assessed_through the analysis of the relationship
between the ratio (Number of 0+/Number of spawners) and the number of spawners (Fig.
16a). Results point out that no particular pattern, except a huge random variability, is obvious
in this relationship. No density dependence effect appears in the stock-recruitment
relationship.

By contrast, a clear positive correlation exists between the ratio (Number of
0+/Number of spawners) and the average water discharge in autumn (Fig. 16b). Hence, the
average discharge during the autumn seems to be more consequential for the recruitment than
the number of spawners, suggesting a strong environmental control of the recruitment success
by the average water discharge during the autumn of the spawning migration.

The recruitment and the success of recruitment were also studied in relation with other
environmental variables like temperature and water discharge considered during other periods
but none relationship was found.
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Fig 16: Relationship between the ratio (Number of 0+/Number of spawners) and a) the number of
spawners ; b) the average water discharge (October-November).

Ratio N1+/NO+ and ratio N2+/N1+

The ratio (Number of 1+ / Number of 0+) (in log-scale) is below 0 (<1 in natural
scale) for almost all years in the time series, except for years 2002 and 2005 for which
positive values (>1 in natural scale) cannot be excluded. Clearly, estimates for years 2002 and
2005 are totally inconsistent in terms of population dynamics and may be an artefact of the
sampling scheme. After excluding these two years, the average ratio is around 0.36, which is
consistent with the value of an annual survival rate (Fig.17a).

The ratio (Number of 2+ / Number of 1+) (in log-scale) is below 0 (<1 in natural
scale) for almost all years in the time series, except for years 1995 and 2008 for which
positive values (>1 in natural scale) cannot be excluded. The average ratio calculated over the
time series is about 0.44 (Fig. 17b).
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Fig 17 : Time series of posterior estimates of a) the ratio log(N1+/NO+). 1+ fish have been one year
lagged to match with the 0+ fish b) the ratio log(N2+/N1+). 2+ fish have been one year lagged to
match with the 1+ fish.. Thick line: posterior median; Shaded area: 97.5% Bayesian posterior
credibility interval.

Functional role of the different reaches with
regards to the population dynamics

Relative contribution of the reaches to the total abundance

The contribution of each reach to the total abundance of juvenile salmon in Catamaran
Brook varies highly between years (for all age classes) (Fig.18). The patterns are also clearly
different between age classes.

The greater temporal variability in the relative contribution is observed for the 0+
juveniles age classes. The Lower and Gorge reaches have the greatest contribution
(contribution between 55% and 100%). These reaches are closest to the mouth of Catamaran
Brook and are typically accessible to spawning adults each year. Contribution of the Middle
reach is highly variable, (contribution between 0% and 50%) between years, in relation to
accessibility of this sector to the spawners during the upstream migration.

Interestingly the contribution of the different reaches seem to be more and more
homogeneous (between years) for 1+ and 2+ fish. Roughly speaking, the distribution of 2+
every year is about 40% in the Middle reach, 10% in the Gorge reach and 50% in the Lower
reach whatever the distribution of the 0+ of the same cohort (Fig. 18, right panel). Hence,
even if the Middle reach is not always colonized by 0+ fish, the functional role of this sector
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of the Catamaran brook with regard to the total production of 2+ parrs is almost always very
important.
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Fig 18 : Time series of the relative contribution of the 4 main reaches to the overall abundance for
the three age-classes (0+, 1+ and 2+) of juvenile salmon in the catamaran brook.
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Figure 19 brings another interpretation of the same results. It highlights how the
contribution of the different reaches changes for 0+/1+/2+ fish of the same cohort, for 4
particular cohorts chosen to illustrate the different patterns existing in the distribution. The
four examples point out differences in the spatial dynamics of the cohorts. For cohorts born in
1996 and 1997, the contribution of the Middle Reach was very low for 0+ but get higher for
1+ and 2+. This might suggest an important migration of 1+ and 2+ into the Middle Reach.
By contrast, for cohorts born in 1993 and 2004, no change in the relative contribution of the 4
reaches appears when fish get older and older.
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Fig 19 : relative contribution of the 4 main reaches to the overall abundance for the three age-
classes (0+, 1+ and 2+) of juvenile salmon as demonstrated for four cohorts 1993, 1996, 1997 and
2004 (year of birth of 0+ juveniles).
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Relationship between accessibility and environmental covariates

Logically, the huge between year variability of the contribution of the reaches to the
recruitment (measured in term of O+ juvenile abundance) highlighted in Fig. 18 is related to
the variability of the accessibility to spawners (Fig. 20). In particular, for the Middle reach,
years with low contribution of the Middle reach to the 0+ recruitment are in general years for
which B=0.
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40

Contribution of the Middle reach
40

00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
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Fig 20 : Relation between the relation contribution of the Middle reach and the accessibility (B) of
this sector a) 0+, b) 1+, ¢) 2+

The relationship between the accessibility and the water discharge can be examined
further through the relationship between the indicator variable B and the average water
discharge between October and November. Fig. 21b suggests that a certain threshold of water
discharge seems to be necessary to allow the migration of spawners in the Middle reach. By
contrast, Gorge and Lower reaches are always accessible even in low water discharge
conditions (Fig. 21a).

Surprisingly, even if the recruitment success appears as positively correlated with the
average water discharge in the autumn of the spawning migration (as showing Fig. 16b), no
clear relationship could be found between the whole recruitment success at the scale of the
Catamaran and the relative contribution of sectors which accessibility highly depends upon
the water discharge conditions
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Fig 21 : Posterior median of the indicator variable B (interpreted as an indicator of the

accessibility) for 0+ juveniles as a function of the average discharge (Oct-Nov) of a) Lower reach,
b) Middle reach.

Evidence of an intense migration between reaches

Results also suggest that an intense migration of salmon juveniles occurs within the
watershed.

For instance, the ratio (Number of 1+ fish (one year lagged)/ Number of 0+ fish) in the
Middle reach is very often much greater than 1 (>0 in log scale) (Fig. 22a). Hence, for some
cohorts, the density of 1+ fish in this sector is high even if the density of 0+ fish was near zero
the year before. This reinforces the hypothesis of upstream migration. By contrast, the ratio
N2+/N1+ is rarely greater than 1 (>0 in log scale) (Fig. 22b), thus suggesting that the essential
of the upstream migration seems to be made by the age class 1+.

The upstream migration of juvenile from the Gorge reach to the Middle reach was
studied in relation with variables like temperature, water discharge during the migration
period and density dependence phenomena but none relationship was found.
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Discussion

Model

Following the approaches of Wyatt (2002), Wyatt et al. (2003), Rivot et al. (2008),
Dauphin et al. (2009) and Brun et al. (2011), a Hierarchical Bayesian Model was built to
estimate the spatio-temporal distribution of wild A. salmon juveniles in the Catamaran brook
from a large data set of successive removal data via electrofishing.

Some simplifying assumptions were made. In modelling, the capture process via
electrofishing, the simplifying assumption was made that the probability of capture was
constant across successive pass. This hypothesis has been criticized because a decrease in the
probability of capture across the successive removal pass is likely to occur. This could arise
from: (1) An heterogeneous catchability among individuals leading to the most easily
captured individuals being caught first (discussed in Mantyniemi et al., 2005); (2) A change
in the fish behaviour or the reduced susceptibility to electricity for fish already having
experienced an electric shock (Bohlin et al., 1990). In the data set analyzed in the present
study, 3 to 5 removal pass are available on each sampling site. Such a data set would have
allowed us to test for the decrease in the probability of capture across the successive
removals, following the approach of Wyatt (2002), Dauphin et al. (2009) or Brun et al.
(2011). However, this would have been in the price of increasing model complexity, but with
likely only small improvement in the accuracy of population estimates.

The choice of a Poisson distribution for modeling the abundance and the capture
processes is also discussable. Indeed, one of the underlying hypothesis for Poisson-Binomial
model is that fish are totally randomly distributed and behave independently with regards to
the capture process. Schooling or any other behavior or phenomenon leading to an
aggregation of fish can lead to strong departure from this hypothesis (Linden and Méntyniemi
2011). Using a Negative Binomial instead of a Binomial distribution for the capture process
can help capturing a part of the overdispersion induced by the departure from the Poisson
hypothesis (Linden and Mantyniemi, 2011).

However, because the originality of our approach was rather on the modeling of the
spatio-temporal distribution of the density (e.g. through the mixture approach), we rather
chose to keep the Poisson-Binomial successive removal capture model simpler.

Beyond these limits, the approach offers a substantial contribution to the modelling of
the abundance of salmonid juveniles in the wild from successive removal data sets.

The present work is another application illustrating how the HBM framework is
powerful and flexible for processing multiyear and multisite successive removal data. It
successfully enabled the joint treatment of several years of data and integration of a habitat-
categorical covariate to explain spatial variability of the density of salmon juveniles. It takes
advantage of the “borrowing of strength” (Rivot and Prévost 2002; McAllister et al., 2004,
Robert et al., 2010) between sampling units to improve the estimation of the total salmon
population size in the three age classes every year. The HBM framework successfully
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accommodated the large data set, which contain poorly informative or even missing data for
some units, in particular for the 2+ age class for which catch data are often very low. The
conditional probability structure enables the transfer of information from data-rich to data-
poor units, while explicitly accounting for the cross-units variability of the density and
probability of capture. The posterior predictive distribution of the probability of capture
conveys all the posterior information that can be used to infer the density at any site where
only very low numbers of fish were caught. The model provides estimates of the population
size on a whole river stretch, while accounting for the two sources of uncertainty: (i) the
sampling variance due to the removal method in sampling sites and (ii) the uncertainty arising
from the across-site variability of the density.

The most original part of our modelling approach is the mixture modelling approach
introduced to model the spatio-temporal distribution of the density that enables to capture
both very high and very low densities. Our approach has lot of similarities with zero-inflated
models developed for counting data in ecology (Martin et al., 2005; Sileshi et al., 2009;
Ancelet et al., 2010; Calama et al., 2011; El-Shaarawi et al., 2011; Vaudor et al., 2011).
However, to our best knowledge, our model is the first one that merged a mixture model for
the density within an integrated statistical model for successive removal data.

Moreover, the mixture model introduced a latent variable (the Bernoulli variable B in
the model) with an ecological interpretation linked with the process of accessibility to certain
sectors of the Catamaran brook. This latent variable takes the value 0 when the sector was not
colonized by salmon juveniles and equals 1 if the sector is colonized. But the status of this
variable is stochastic and the probability to be 0 or 1 is interpreted as the probability to be
actually colonized. For some reaches like the Middle reach, the status of B for 0+ juveniles
was successfully related to environmental factors like the average water discharge during the
autumn during the migration of spawners.

Population dynamics

The HBM provides 21-years time series of abundance estimates for the three age
classes of A. salmon juvenile in the catamaran brook. The complex hierarchical structure
enabled us to assess the distribution of abundance at different spatial scales, namely the whole
Catamaran watershed, the reaches within the watershed and the habitat types within reaches.
This provided substantial insights to the population dynamics of the juvenile phase of the A.
salmon life cycle in this watershed.

At the scale of the whole watershed, the time series of abundance estimates first
highlighted a huge between year variability of the 0+ juveniles. This is consistent with
previous knowledge on A. salmon population dynamics, as the recruitment of 0+ juveniles is
known to be highly sensitive to environmental fluctuations (Jonsson et al., 1998; Elliott 2001,
Milner et al. 2003). Such a result is also consistent with estimates found in other watersheds.
For instance, in the Oir river (Lower Normandy, France), Bagliniére et al. (2005) and Rivot et
al. (2008) found that the 0+ salmon densities fluctuated widely between years.

The density (fish.m™) of 0+ juveniles found in the Catamaran brook was more variable

and with a maximum rather high by comparison with estimates obtained for other watersheds.
For instance, densities on riffle habitat types were found to be between 0.009 and 0.59 in the

29




Catamaran (this study) and between 0.018 and 0.38 in the Oir river (Rivot et al., 2008). This
difference in densities could be explained by the importance of the Miramichi River which is
one of the most productive Salmon River in North America. Also, this must be balanced by
the fact that although they have the same denomination, habitat types are not necessarily
equivalent between such a Canadian and French river.

Habitat preferences were also found to be consistent with other studies (Bagliniere and
Champigneulle, 1986; Bardonnet and Bagliniéere, 2000; Brun et al., 2011) An other interesting
result is that habitat preferences revealed age-specific especially for Pool habitat which seems
to be avoid by the 0+ and 1+ age classes like Flat habitat but not by 2+.

The time series of 0+ abundance estimates allowed for a first examination of the
Stock-Recruitment relationship. No strong Stock (measured as the abundance of spawners) —
Recruitment (measured as the abundance of 0+) was found, but an environmental control of
the Recruitment success by the water discharge was pointed out. Indeed, the abundance of 0+
revealed relatively independent from the abundance of spawners the previous year. Similarly,
the ratio (abundance 0+ / abundance spawners) revealed independent from the abundance of
spawners. Thus, no evidence for density dependence could be found. But interestingly, the
ratio (abundance 0+ / abundance spawners) revealed positively and significantly correlated
with the average water discharge during the autumn of the spawning migration. No
relationship was found with the water discharge in other periods of time neither with
temperature.

The spatialized structure of the model also gave access to estimates of the relative
contribution of each sector to the juvenile production in the whole watershed. The
contribution of each reach to the total abundance of salmon juveniles in Catamaran Brook
varied highly between years (Fig.18). The patterns were also clearly different between age
classes.

The greatest temporal variability of the contribution between reaches was observed for
the O+ age group. This is largely related to the between year variability of accessibility during
the spawning migration. Beaver dams are important factor (in New Brunswick, not in France
I) that control accessibility in interaction with water discharge. Beavers will commonly build
a series of accessory dams which create series of barrier to the migration (Collen et Gibson,
2001). Accessibility will be dependent upon discharge, because only high water flow can
facilitate passages through the dam for salmon adapted at swimming in high flows and
jumping over barrier (Collen et Gibson, 2001). In the Catamaran brook, the variability in the
accessibility in relation with water discharge is particularly visible for the Middle reach, for
which the indicator variable B was found positively related to the water discharge during the
upstream migration of spawners.

When accessible to spawners, the Middle reach revealed productive with regards to
the contribution of the total O+ recruitment. In parallel, the ratio (0+ abundance / Spawners
abundance) revealed positively correlated to the average water discharge. But surprisingly
(and unfortunately), no clear relationship was found between the relative contribution of the
Middle reach to the whole 0+ recruitment and the ratio (0+ abundance / Spawners abundance)
indicator of the recruitment success. In other terms, although a clear control of the recruitment
success (measured as the ratio (0+ abundance / Spawners abundance) by the water discharge
was found, no clear functional relation could be found between the overall 0+ recruitment at
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the scale of the Catamaran brook and the contribution of sectors which production revealed
regulated by water discharge.

An other interesting result is that the relative contribution of the different reaches with
regard to juveniles production is much less variable for older age classes (2+) than for the 0+
age class. In particular, the contribution of the Middle reach with regard to the total
production of 2+ parr is always significant (40% on average), even if the reach was practically
not colonized by 0+ fish f the same cohort. Three hypotheses (not exclusive) can be
formulated to explain this observation: (1) A difference between the reaches in the survival
rate might exist, with much higher survival rates of 0+ and 1+ fish in the Middle reach than in
other sectors such as Lower and Gorge; (2) A downstream migration between the Gorge and
the Lower reaches and the little southwest Miramichi for 1+ occurs, whereas no migration
outside the Middle reach occurs; (3) An upstream migration of juveniles from the Gorge to
the Middle reach between the 0+ and the 2+ stages.

This last hypothesis was reinforced by other results, showing that the migration
between the O+ and 1+ stages is more intense than between the 1+ and 2+ stages. Such a
migration takes place in early summer (June-July) and sometimes in October (Cunjak et al.,
1990). Several hypotheses (non exclusive) were made to try to interpret these migrations: i) A
density dependent migration (Steingrimsson et al., 2003) ; ii) The effect of extreme
temperatures requiring juveniles to move to find better living conditions; iii) The effect of
flow during the migration period that encourages juveniles to move to reach an area richer in
preferred habitat. In this study these assumptions were tested but none of them were verified.
This migration has been observed by Steingrimsson et al. (2003) and Breau et al. (2007) but
at the scale of individual. The impact of environmental variables on the growth rate of
juvenile has already been studied (Jensen and Johnsen, 1999; Imre et al., 2005) but not the
impact on upstream migration of juvenile. Further analyses are needed to understand the
factors controlling juvenile migration within and outside the watershed.

Prospects

The population model provides a framework for structuring further research and data
collection in the near future.

Further analyses of the Stock-recruitment relationships could also be developed.
Indeed, the success of recruitment has been shown as being dependent on the water flow
during the period of spawners migration. A stock-recruitment mode with a productivity
parameters depending on environmental covariates such as the water discharge could be
developed.

The model jointly analyses the three juvenile ages classes 0+, 1+ and 2+. However,
these age classes were considered to be independent, in the sense that the population
dynamics processes (e.g. survival, migration) between these three juvenile age classes are not
represented. Following ideas developed in Buckland et al. (2004), Rivot et al. (2004) or
Buckland et al. (2007), one of the most promising perspectives opened by this work would be
to embed the HBM model built for electrofishing data within a population dynamics model
explicitly representing the population dynamics between the different age classes.
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Representing the population dynamics between 0+, 1+ and 2+ in the Catamaran
watershed would certainly require additional observations and data as it requires to jointly
model survival and migrations within the watershed between reaches and outside the
watershed. A tentative model for modeling the migrations between the Gorge and the Middle
reach was proposed and fitted to the time series of abundance data. However, available

information provided by series of abundance only revealed insufficient to jointly estimate
survival and migration parameters.
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Appendix | : Probability distributions and functions

used in the model

Table 1 : Probability distribution used in the model

Density function

Distribution Notation
1 1
Normal X|u, 6%~ Normal (u, o2 Xy, 02) = exp (—— (X — u)?
| (w0%) p(X|u, %) Trs p( o2 w*)
- X)) = laxe—ﬂ
Poisson X|A~ Poisson (1) p X!
X=1,2,...
ﬁ(l
— a-1,-pX
Gamma X|a, B~Gamma (a, B) gt T(a)X ¢
x>0
1
Uniform X|a, b~ Uniform (a, b) p(Xla,b) = b—a
b>X>a
Ta+p) .,
= —_—— - —_ B-1
Beta X|a, B~ Beta (a, B) p(Xla, §) T(a)T(ﬁ)X OL=24
0>X>1
— n X _ n—-X
Binomial X|n, p~ Binomial (n,p) p(Xin.p) = (X)p 1-p)
X=1,2,...,n
Table 2 : Functions used in the model
Function equation
logit p(a, h,y, 7k
) h’ ) ) k = 1
z(a, h,y, 7, k) og(l_p(a‘h‘y’r’k))
|Ogit'l eZ(ahyrk)

p(a, h, T, k) = 14+eZ(ahy 1K)
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Appendix I1: Winbugs® Model

model

{

#Parameters for z

mu.z~dnorm(0,0.01)
tau.z<-1/(sd.z*sd.z)
sd.z~dunif(0,10)

#Parameters for d

CV.d2<-1
CV.d1~dunif(0,5)

for (Ain 1:3)
{
for (R in 1.6)
{
for (T in 1:21)
{

CV.d[A,T,R]<-B[A,T,R]*CV.d1+(1-B[A,T,R])*CV.d2

¥
¥

}
#Effect of interaction between HAB/AGE

for (H in 1:5)

{

for (A'in 1:3)

{

alpha.d[H,A]~dnorm(0,0.01)
al.d[H,A]<-alpha.d[H,A]-mean(alpha.d[,A])
}

}

#Parameters mixture model

p.B[1,1]~dbeta(4,1)
p.B[2,1]~dbeta(4,1)
p.B[3,1]~dbeta(1,1)
p.B[4,1]~dbeta(1,1)
p.B[5,1]~dbeta(1,4)
p.B[6,1]~dbeta(1,4)
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p.B[1,2]~dbeta(4,1)
p.B[2,2]~dbeta(4,1)
p.B[3,2]~dbeta(1,1)
p.B[4,2]~dbeta(1,1)
p.B[5,2]~dbeta(1,4)
p.B[6,2]~dbeta(1,4)

p.B[1,3]~dbeta(4,1)
p.B[2,3]~dbeta(4,1)
p.B[3,3]~dbeta(1,1)
p.B[4,3]~dbeta(1,1)
p.B[5,3]~dbeta(1,4)
p.B[6,3]~dbeta(1,4)

for (A'in 1:3)

{
for (R in 1:6)

{
for (T in 1:21)

{
B[A,T,R]~dbern(p.B[R,A])

¥
¥

}
#Effect interactions Age/Reach/Year

Bet2.d~dnorm(0,0.1)

for (A'in 1:3)
{

mu.bet1[A]~dnorm(0,0.01)
tau.bet1[A]<-1/(sd.betH[A]*sd.betH[A])
sd.bet1[A]~dunif(0,10)

for (R in 1:6)
{

for (T in 1:21)

{
Betl.d[A, T,R]~dnorm(mu.betH[A],tau.betH[A])

for (Hin 1:5)
{
log.E.d[H,A T,R]<-B[A,T,R]*(betl.d[A,T,R]+al.d[H,A])+(1-B[A,T,R])*bet2.d

¥
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e

#Extrapolation

for (T in 1:21)
{

for (Ain 1:3)
{

for (R in 1:6)
{

for (H in 1:5)
{

lambda’[H,A,T,R]<- E.d’[H,A,T,R]*St{H,R]
N’[H,A,T,R]~dpois(lambda’[H,A,T,R])
E.d’[H,A,T,R]<-exp(log.E.d[H,A,T,R])

¥
¥
¥
k

for (i in 1:K)

{
#d

d[i]~dgamma(r.d[i],mu.d[i])
mu.d[i]<-1/(E.d[i]*CV.d[a[i],y[i],s[i]]*CV.d[a[i],y[il.,s[il])
E.d[i]<-exp(log.E.d1[i])
log.E.d1[i]<-log.E.d[h[i],a[i],y[i].s[i]]
r.d[i]<-1/(CV.d[a[i],y[i],s[iI11*CV.d[a[i].y[i].s[i]])

# Posterior Checking
d.rep[i]~dgamma(r.d[i],mu.d[i])
#Hzetp

plil<-exp(z[i])/(1+exp(z[i]))
z[i]~dnorm(mu.z,tau.z)
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#N

lambda[i]<-d[i]*S][i]
N1[i]~dpois(lambda[i])1(,21000)

N2[i]<-N1[i]-c1[i]
N3[i]<-N2[i]-c2[i]
N4[i]<-N3[i]-c3[i]
N5[i]<-N4[i]-c4][i]

# Likelihood
c1[i]~dbin(p[i],N1[i])
c2[i]~dbin(p[i],N2[i])
c3[i]~dbin(p[i],N3[i])
c4[i]~dbin(p[i],N4[i])
c5[i]~dbin(p[i],N5[i])

}
¥
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Résumé :

Un Modéle Hiérarchique Bayesien (MHB) a été construit pour estimer la distribution spatio-temporelle des
juvéniles de Saumon Atlantique (Salmo salar) dans le Catamaran (Nouveau Brunswick, Canada) grace a un jeu de donnees
important d’enlévements successifs par péche électrique. La partie la plus originale de la modélisation concerne I’utilisation
d’un modéle de mélange introduit pour représenter la distribution spatio-temporelle de la densité qui permet de capturer a la
fois les densités trés élevées et trés faibles. De plus ce modéle de mélange introduit une variable latente qui a une
interprétation écologique liée a 1’accessibilité de certains secteurs du Catamaran par les géniteurs au moment de la
reproduction.

Ce travail est une application illustrant comment les MHB sont des outils puissants et flexibles pour ’utilisation de
données sur plusieurs sites et années d’enlévements successifs et ce modele fournit un cadre pour d’autres recherches et la
collecte de données dans le future.

Le MHB fournit une série temporelle d’estimation d’abondance de 21 années pour les 3 classes d’age de la phase
juvénile. A I’échelle du bassin versant, les séries temporelles d’estimation d’abondance ont montré une importante
variabilité interannuelle des juvéniles d’age 0+. De plus, la série temporelle d’estimation d’abondance des 0+ a permis une
premiére étude de la relation de stock-recrutement. Un contréle environnemental sur le succés de recrutement par le débit a
été mis en évidence. La structure spatialisée du modéle a donné acces a des estimations de la contribution relative des
différents secteurs a la production de juvénile. La plus grande variabilité temporelle de contribution entre les secteurs est
observée pour les 0+ ce qui semble 1ié a la variabilité interannuelle de I’accessibilité des secteurs durant la migration des
reproducteurs. Une migration vers I’amont des juvéniles du secteur Gorge vers Middle entre les classes d’age 0+ et 1+ a
aussi été mis en évidence.

Abstract :

In this work, a Hierarchical Bayesian Model (HBM) was built to estimate the spatio-temporal distribution of wild
Atlantic salmon (Salmo salar) juveniles in the Catamaran brook (New Brunswick, Canada) from a large data set of
successive removal data via electrofishing. The most original part of our modelling approach is the mixture modelling
approach introduced to model the spatio-temporal distribution of the density that enables to capture both very high and very
low densities. Moreover, the mixture model introduced a latent variable with an ecological interpretation linked with the
process of accessibility to certain sectors of the Catamaran brook.

This work is an application illustrating how the HBM framework is powerful and flexible for processing multiyear
and multisite successive removal data and this model provides a framework for structuring further research and data
collection in the future.

The HBM provides 21-years time series of abundance estimates for the three age classes of A. salmon juvenile in
the Catamaran brook. At the scale of the whole watershed, the time series of abundance estimates highlighted a huge
between year variability of the 0+ juveniles. Moreover, the time series of 0+ abundance estimates allowed a first
examination of the Stock-Recruitment relationship but only an environmental control of the Recruitment success by the
water discharge was pointed out. The spatialized structure of the model gave access to estimates of the relative contribution
of each sector to the juvenile production. The greatest temporal variability of the contribution between reaches was observed
for the 0+ age group which seems related to the between year variability of accessibility during the spawning migration. An
upstream migration of juveniles from the Gorge to the Middle reach between the 0+ and the 1+ stages was also pointed out.
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