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The migration dynamics and inter-annual variation in early at-sea survival of Atlantic salmon (Salmo salar) smolts over 14 years of study are
reported for four river populations located in the Gulf of St. Lawrence (Canada). Acoustically tagged smolts were monitored at three points along
their migration from freshwater to the Labrador Sea, a migration extending more than 800 km at sea and a period of 2 months. A hierarchical
state-space version of the Cormack-Jolly-Seber model was used to estimate apparent survival rates from incomplete acoustic detections at key
points. There was a positive size-dependent probability of survival through the freshwater and estuary areas; the odds of survival of a 16 cm smolt
were 1.5-1.7 times higher than for a 13.5cm smolt, length at tagging. Length adjusted (centred to the mean fork length of smolts during the
study of 14.6 cm) survivals through the estuary and nearshore waters were estimated to range between 67 and 90% for the two river populations
migrating through Chaleur Bay in contrast to lower survival estimates of 28—-82% for the two populations from the neighbouring Miramichi Bay.
Across the 14 years of study, survival estimates varied without trend for the populations of Chaleur Bay, but declined for the populations migrat-
ing through Miramichi Bay. Survival through the Gulf of St. Lawrence was variable but generally high among years and rivers, ranging from 96%
day~" to 99% day . Long term, replicated studies at multiple sites using acoustically tagged smolts can provide empirical data to examine hy-
potheses of the location and timing of factors contributing to smolt and post-smolt mortality of salmon at sea.

Keywords: acoustic telemetry, Atlantic salmon, hierarchical CJS model, smolt survival.

Introduction declines in population abundance estimates or fisheries landings,
Many Atlantic salmon (Salmo salar) populations in the western  as proxies for abundance, have been noted (Beaugrand and Reid,
North Atlantic portion of the species’ range are currently at or 2003, 2012; Chaput et al., 2005). Historically, multiple causes in
near record low abundances (ICES, 2017). Since the 1990s, sharp ~ fresh water (dams, poor land-use patterns, etc.) diminished the
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salmon’s natural range and reduced population productivity
(Parrish et al., 1998) but declines in the past two decades cannot
be directly or exclusively attributed to freshwater factors. In the
past decade, return rates of smolts to one-sea-winter salmon for
populations in the North Atlantic have been low, averaging less
than 3.5% (an instantaneous mortality rate >3.35) across moni-
tored rivers (ICES, 2017). Favourable oceanographic conditions
have been associated with higher abundances of Atlantic salmon
in some populations and in some years, but the same factors do
not appear to be acting on all populations equally (Friedland
et al., 2000; Peyronnet et al., 2007).

Anadromous salmonid population abundances are most sensi-
tive to factors affecting marine survival (Otero et al, 2011;
Kilduff et al, 2015; Nieland et al, 2015), suggesting that the
causes of the most recent declines of Atlantic salmon are due to
increased mortality at sea. Increasingly variable inter-year marine
survival for several Pacific salmon species is correlated with
changes in oceanographic conditions (Kilduff et al., 2015). Local
effects, such as fish passage and the nearshore ecosystem, and off-
shore factors including variations in the physical, chemical, and
biological components of the ecosystem are involved in the mor-
tality of Atlantic salmon but the location, timing, and the propor-
tional contribution of various factors to total mortality remain
elusive (Thorstad et al., 2012). If an important component of the
annual marine mortality of anadromous salmon takes place in
the initial phase of seaward migration and can be documented,
then further studies can be defined to understand the causal
mechanisms and advise on mitigation options. However, if the
early marine phase is not an important survival period/area, then
local mitigation may not be useful and factors further afield need
to be studied.

It is now possible to implant electronic (acoustic) transmitters
in small fish and track their movements over increasingly long
periods of time. Such studies can provide information on individ-
ual fish distribution, migration rates, marine residency patterns,
as well as population-level survival rates and to identify critical
marine habitats and periods (Lacroix, 2008; Drenner et al., 2012;
Thorstad et al., 2012; Goulette et al., 2014; Hussey et al,, 2015). In
eastern North America, acoustic tracking studies have been un-
dertaken on a geographically diverse number of wild Atlantic
salmon populations ranging from the southern areas in Maine
(USA; Lat. 44.67°N; Kocik et al., 2009) to northeastern popula-
tions in Newfoundland (Lat. 47.9°N; Dempson et al., 2011) and
mid-latitude populations in the Gulf of St. Lawrence (Lat.
50.28°N; Lefevre et al, 2013; Daniels et al, 2018). With few
exceptions (Lacroix, 2008; Kocik et al., 2009; Stich et al., 2015),
the studies reported on movements and survival of Atlantic
salmon smolts in the home river estuary within 50 km from the
head of tide or to nearshore environments in the vicinity of the
river’s confluence with the sea, and rarely included more than 2
years of smolt tagging from the same river. At many sites, preda-
tion on smolts during the initial period and area of migration is
considered to be important, and local conditions that either en-
hance or reduce predation risk may determine initial survival
(Kocik et al., 2009; Halfyard et al., 2013; Daniels et al., 2018). Few
of the published studies provide sufficient annual replication to
characterize the annual variation in survival rates thus precluding
the testing of hypotheses of factors which may be responsible for
the early marine-phase mortality of salmon smolts.

We report on data collected from a 14-year and multi-
population acoustic telemetry study to quantify survival rates of

G. Chaput et al.

acoustically tagged wild Atlantic salmon at pre-defined geographic
locations during the freshwater (smolt stage), estuarine (smolt
stage), and open ocean (post-smolt stage) migratory phases. The
study considers populations of Atlantic salmon from four unim-
pacted (free fish passage) rivers from the southern Gulf of St.
Lawrence (Canada) over the period 2003-2016. Acoustically tagged
salmon smolts are tracked over a period extending approximately 2
months at sea and over 800 km offshore.

Material and methods

Description of study area

The Miramichi River (47.2°N 65.0°W) has a basin area of ap-
proximately 14 000 km? with two major tributaries that converge
in tidal waters; the Southwest Miramichi River and the Northwest
Miramichi River (Chiasson, 1995). Salmon from the Miramichi
River pass through Miramichi Bay on their migration to the Gulf
of St. Lawrence. Miramichi Bay, a shallow natural barrier-built es-
tuary, is seasonally stratified with average salinities in the outer
portion of less than 25 parts per thousand (ppt) and a maximum
depth that rarely exceeds 10 m (Chiasson, 1995; St-Hilaire et al,
1995). The Restigouche River (48.0°N 66.3°W; basin area of
12 820 km?) and the Cascapedia River (48.2°N 65.9°W; basin
area of 3 147 km®) both flow into Chaleur Bay, an open bay that
enters directly into the Gulf of St. Lawrence. It is deep compared
to Miramichi Bay, with a central trough of maximum depth of
approximately 100 m and surface salinities generally less than 27
ppt during the open water period (Koutitonsky and Bugden,
1991). The Chaleur and Miramichi Bays are located in the south-
west portion of the Gulf of St. Lawrence (GSL), a stratified semi-
enclosed sea with an approximate surface area of 226 000 km®
(Koutitonsky and Bugden, 1991). Surface layers (<30 m) are of
low salinity (27-32 ppt) and sea surface temperatures generally
approximate or exceed 20°C in summer (DFO, 2017). The Gulf
of St. Lawrence has two connections to the North Atlantic Ocean;
Cabot Strait to the east at a width of 104km and a maximum
depth of 480 m and the Strait of Belle Isle to the north at a width
of 15km and depth less than 60m (Koutitonsky and Bugden,
1991) (Figure 1). The head of tide locations of the four study
rivers are approximately 900 km from the Strait of Belle Isle
(Figure 1).

Smolt collection and tagging

Atlantic salmon smolts were captured in rotary screw traps
(Chaput and Jones, 2004) set at the same locations over the study
period for the Southwest Miramichi (127 km above the head of
tide), Restigouche River (115km above the head of tide), and the
Cascapedia River (8 km above the head of tide) (Figure 1). For
the Northwest Miramichi, smolts were captured in the Little
Southwest Miramichi River (30 km above the head of tide) during
2003-2008 and in the Northwest Miramichi River (24 km above
the head of tide) during 2013-2016. The distances from the head
of tide to the outer bays ranged from just under 70km for the
Miramichi River locations to between 47 and 106 km for the two
rivers in Chaleur Bay. The outlets of the two bays are approxi-
mately 800 km south of the Strait of Belle Isle (Figure 1).

The dates of tagging and release of Atlantic salmon smolts varied
by river and year (Supplementary Figure S1). Generally, smolts
were first captured and tagged in the Southwest Miramichi, then
the Northwest Miramichi, followed by the Restigouche and finally
the Cascapedia. Among years, the dates of release varied by as much
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Figure 1. Map of study area. Left sub-panels show the release locations by study river, the head of tide receiver locations, and the respective
bay receiver lines. Right panel depicts bay receiver lines as well as the receiver line locations at exits from the Gulf of St. Lawrence.
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Figure 2. Cumulative frequency distributions by fork length (cm) of Atlantic salmon smolts tagged and released in the four rivers over the
period 2003-2016. Also shown in each river panel is the trend and associated p-value of the linear regression of median length vs. year.
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as 3 weeks, the earliest dates of tagging were in 2010, 2012, and
2013 while the latest dates of tagging occurred in 2008 and 2014.

Smolts were selected for tagging on the basis of length with efforts
to select smolts generally greater than 13 cm fork length (FL). The re-
alized length range was 12.1-23.3 cm FL with median lengths among
rivers and years ranging from 13.5 to 15.0 cm FL (Figure 2). Size dis-
tributions of tagged smolts in 2014 in three of the four rivers were
among the smallest of the time series (Figure 2).

Acoustic transmitters, models V8SC and V9 (9 mm diameter,
2.9-3.3 g in air, hereafter referred to as V9) and the smaller V8
(8mm diameter, 2.0g in air) pinging at 69kHz (Innovasea
Marine Systems Canada, Inc., Halifax, NS) with a unique identifi-
cation code, were surgically implanted into the peritoneal cavity
of selected smolts (Daniels er al., 2018). Smolts were generally
tagged and released at the site of capture. The exception was in
2014-2016, when smolts from the Northwest Miramichi River
were released upstream of their capture location, approximately
52km above the head of tide. Fish recovered post-surgery in a
holding pen in the river for a few hours prior to being released.
Each tag was programmed to ping at random delays of either 20—
60s or 25-55s and had an estimated minimum battery life of 74
days (Supplementary Table S1). The whole weight of tagged smolts
was not reliably measured. The tag burden, expressed as the ratio
of tag length to fork length of fish, ranged from 9.0 to 16.9%, with
a mean of 14.2%. Based on general length to weight relationships
of smolts from these rivers (Fisheries and Oceans Canada, unpub-
lished data), the tag burden ratio in terms of weight was estimated
to be very similar to the tag burden ratio based on length.

Receiver deployments and monitoring

Lines, in some cases staggered, of acoustic receivers (VR2, VR2W,
VR2AR, or VR4 models, Innovasea Marine Systems Canada, Inc.)
were deployed at the head of tide of each of the four rivers and at
the outer bay exits to the Gulf of St. Lawrence (Miramichi Bay
and Chaleur Bay) (Figure 1). Effective detection range of the
receivers is considered to encompass a radius of 0.5km. Since
2007, a receiver line has been installed annually at the Strait of
Belle Isle (Figure 1). A second receiver line was installed 3.5 km
north of the primary Strait of Belle Isle line during 2015 and 2016
to provide empirical data for estimating the detection efficiency
of the primary Strait of Belle Isle line. A partial receiver line was
installed across the Cabot Strait beginning in 2010 and complete
coverage closing off the strait was established in 2012 (Figure 1).
Spacing distance among receivers at the Strait of Belle Isle line
was a maximum of 800m. All receiver lines were seasonally
deployed in spring and removed in the fall, with the exception of
Cabot Strait receiver line which operates year-round. The struc-
ture (number of receivers, placement) of each receiver line was
generally similar among years, however, the physical environment
and other anthropogenic factors affected the detection range of
the individual receivers and the overall array.

Description of data

There are 14 years of tracking data for the Southwest Miramichi
River (2003-2016), 10 years for the Northwest Miramichi River
(2003-2008; 2013-2016), 13 years for the Restigouche River
(2004-2016), and 11 years for the Cascapedia River (2006-2016)
(Figure 3; Supplementary Table S2). A total of 2 862 Atlantic
salmon smolts had complete tagging and release information over
the 48 years and river combinations. The number of smolts
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tagged and released annually by river ranged from 25 to 105 fish.
When presented, migration characteristics are based on the times
and dates of the first detections of individual smolts at any re-
ceiver in each array.

Modelling detection and survival probabilities

A Bayesian state-space implementation of the Cormack—Jolly—
Seber (CJS) model (Gimenez et al., 2007; Royle, 2008) is used to
disentangle the imperfect detection (p) of tagged smolts on the
receiver arrays from apparent survival (¢) during their out mi-
gration from freshwater to the Gulf of St. Lawrence and to the
Strait of Belle Isle. The state-space parameterization of the CJS
model constructs distinct models for the unobserved survival
(¢) process and the observed detection process (p). For simpli-
fication, we refer to apparent survival or simply survival as the
joint probability of a tagged fish surviving to pass a receiver
array and of the tag being detected at that array (see discussion
for implications on estimates of apparent survival of tagged
smolts).

The unobserved survival process model (Equation 1) assumes
that if a fish (#) carrying an acoustic tag is alive at the observation
point j-1 then its survival state at point j is a realization from a
Bernoulli process with parameter ¢;. The state process (survival)
is represented by a binary variable z(, j), which takes the value 1
if individual i is alive at the detection point j and 0 otherwise.
This process is modelled as random draws from a Bernoulli dis-
tribution where z(3, j) is conditional on z(i, j-1), whether fish i is
alive (1) or dead (0) at the previous detection point:

2(i,j) | z(i,j— 1), @; ~ Bernoulli(z(i,j — 1)&;) (1)

with j= 1-4 corresponding to the three to four post-release detec-
tion points where a fish, which is alive may be observed after ini-
tial tagging and release (j=0). If a fish is not alive at j-1 then
z(i, j) = 0 with probability 1. The initial state at release, i.e. z(3, 0),
is set equal to 1.

The re-observations y(i, j) are modelled as independent
Bernoulli random variables, conditional on the z(i, j)’s and the
probability of detection (p):

}/(17]) | Z(iaj)v p] ~ Bernoulli(z(i7j)pj)7 (2)

where (i, j) =0 with probability 1 if z(i, j) =0, otherwise (i, j) is
a Bernoulli random variable with parameter p; the probability of
detection at array j.

The parameters p and ¢ are proportions bounded on the range
[0, 1] but are logit-transformed to improve the model’s conver-
gence properties. A hierarchical structure assuming exchangeability
is considered for the detection and survival parameters, conditional
on individual effects of tag type and smolt size, reflecting the multi-
year () and multi-population (r) design of the study (Gelman
et al., 2004; Bonner and Schwarz, 2006). The exchangeability as-
sumption considers that the year and population specific parame-
ters at the arrays (p..3 ¢s) are drawn from common prior
distributions with unknown hyperparameters for the correspond-
ing groups (river r and array j) (Gelman et al, 2004).

Individual effects
Individual effects on p and ¢ are examined for the acoustic tag
type used and the size of smolts at tagging (Royle, 2008). The V9
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Figure 3. Summary of number of tagged fish released and number of tags detected at the respective receiver lines for four rivers during

2003-2016, for tag types (V9, V8) combined.

version of the tag was used during 2003-2015. The V8 version
was used in 2014-2016 (Supplementary Table S2). The tag model
is considered to have potential effects on both the probability of
detection, due to differences in output, and on the probability of
survival, due to differences in relative tag burden.

Tag type (V9; V8) is modelled as an offset on the logit scale of
the average probability of detection at the arrays:

y(ilr, t],5) | z(i[r, 1], ), p(i[r.t],])
with ~ Bernoulli(z(i[r, t], j)p(i[r, t], 7)) (3)

logit (p(i[r7 t],])) = W(r,t,j)+ B,*v9i—B,*v8 (4)

for j=1:3; r=1:4; t=2003:2016; i=individual fish 1:2 862;
p(i[r,t],j) the probability of detecting fish i within river r and
year tat array j; WP (r, t,j) the mean logit probability of detection
within river r, year ¢, at array j; Bpthe offset in the probability of
detection for tag type; v9; =1 if tag type was V9 for fish i, 0 other-
wise; v8; = 1 if tag type was V8 for fish 7, 0 otherwise.

Preliminary analyses of the proportions of tags detected at the
arrays suggested a positive association with the fork length of the
fish at tagging (Figure 4). There is also a decreasing temporal
trend (linear regression of median length vs. year) in the size dis-
tributions of smolts tagged in the Southwest Miramichi and
Northwest Miramichi rivers over the period of study (Figure 2).
Survival probabilities relative to the length of fish at tagging by
river and tag type overall are modelled as linear effects on the

logit scale with tag type included as an interaction term with fork
length (i.e. differing slopes for tag type) as:

Z(i[?’, t]vj) ‘ Z(i[f, t]7j - 1)7 @(Z[f, tLj)
] ~ Bernoulli(z(i[r, t],j — 1)@(i[r, t], 7)) (5)
With

logit(@(i[r, t},])) = M(Z)(rv tvj)
+ (o4 Bo*v9i—Bo*v8) < fl,  (6)

for j=1:2; r=1:4; r=2003:2016; i=1: 2 862; Q(i[r,t],j) the
probability of survival of fish i within river r and year ¢ through
transition zone j u?(r, t,7) the mean logit probability of survival
within river r, year ¢ through transition zone j; oy the average slope
over tag type to fish length relationship, logit scale; By the offset in
the slope of fork length due to tag type; v9; =1 if tag type was V9
for fish 4, 0 otherwise; v8; =1 if tag type was V8 for fish 4, 0 other-
wise; fli=fl; — fl the centred fork length (cm) of individual 7 fI.
the mean fork length (cm) of smolts across all rivers and years.

The effects for smolt length and tag type on the probabilities of
survival are considered for the release to head of tide transition and
the head of tide to bay array transitions (j=1, 2) but not for the
Gulf of St. Lawrence transition (j= 3). It is assumed that the tagging
and handling effects associated with the size of smolt tagged and tag
type are negligible for the surviving smolts migrating through the
Gulf of St. Lawrence given the time required for the tagged smolts
to reach the Gulf and the increased body size of the surviving smolts
which would result in reduced tag burdens on the survivors.
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includes all fish of length <= 13.0 cm. Fork length bin 17.3 includes lengths of 17.1-17.5, and fork length bin 18.0 includes fish of lengths
>17.5 cm. The p-values for the null hypothesis (Ho: slope = 0) of the logistic regressions of detected tag (binary 0, 1) vs. fork length (centred
to the mean fork length of 14.6 cm over all years) are also shown in each panel.

Hierarchical structure for probability of detection (p)

For the head of tide arrays (p;), the number of receivers and their
placement was annually similar (exchangeable) for a location but
differed among locations. The annual probabilities of detection
[pP(r,t,j) in Equation (3)] are modelled conditional on a prior
hyperdistribution for each array (r=1:4) (Table 1). For the two
bay receiver arrays (p,), the number of receivers and their place-
ment was annually similar but differed between the deployments
at the outlet of Miramichi Bay and the outlet of Chaleur Bay to
the Gulf of St. Lawrence. The annual river-specific probabilities
of detection at the bay arrays are modelled as exchangeable
among years and rivers within each bay; Miramichi Bay array
(b=1) for the Southwest Miramichi (r=1) and Northwest
Miramichi (r=2) rivers and Chaleur Bay array (b=2) for the

Restigouche River (r=3) and Cascapedia River (r=4) (Table 1).
During 2003-2006, the primary Strait of Belle Isle array was not
operational and the bay arrays were the last detection point. For
those years, the prior distribution for the probability of detection
at each bay array is set at the respective bay-specific hyper-distri-
bution of the probability of detections inferred from the 2007 to
2016 monitoring years.

The number of receivers and their placement at the primary
Strait of Belle Isle line (j=3) was generally similar during 2007-
2016. The probability of detection at the primary Strait of Belle Isle
is assumed to be identical among rivers (r=4) and exchangeable
across years (t) (Table 2). An informative prior for the mean proba-
bility of detection of the primary array is derived from an analysis
of a sentinel tagging experiment conducted at the primary Strait of
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Table 1. Variables, likelihoods, and priors for the observation (p; probability of detection) and the process (¢; probability of survival)
dynamics of the hierarchical state space formulation of the Cormack-Jolly-Seber capture and recapture model.® ® ® ® ®

Parameter Likelihood

Priors

Probability of
detection (p)

Head of tide lines (j=1)

logit(p, , ;) ~ N(wp,,, T©p;,)
r=1: 4; t=12003: 2016

Bay lines (j=2)

logit(p, 5, ) ~ N(H-Ppps TP2p)
r=1: 4 b=1: 2; t=2003: 2016

At primary Strait of Belle Isle line (j=3)
logit(ps ) ~ N(ups, Tps)
t=2007 : 2016

Tag type

At secondary Strait of Belle Isle line (j =4)
84y ~ Beta(a,b)

To head of tide line (j=1)
logit(@, ,,) ~ N(u@,,, 1.9,,)
r=1:4; t=12003: 2016

Product (d,)

Probability of
survival (@)

From head of tide to bay line (j =2)
Iogit(gz,n t) ~ N(H'QZ,N T'Qz,r)
r=1:4; t=12003: 2016

From bay line to primary Strait of Belle Isle line (j=3)

logit(@; ,p,) ~ N9y, 1.9;)
r=1:4;, b=1:2;t=2007: 2016

Fork length o, ~ N(p.o,, T.01)
r=1:4
Tagtype By ~ N(p.By, T.Bg)

WPy, ~ N(07 T.&p; Lr)

1.8 1, = 1/(0.€2

p; 1.r); C-Ep; 1r = 10

TPy = 1/(G.p1_,)2; o.p1, ~ Uniform(0, 10)
wpy, ~ N(O, T8 1)

T.&p 2 = 1/(0.8,2,: b) 5 O 2p =10
Tpp = 1/(0.p2p)" 0.p2p ~ Uniform(0, 10)

H~P3:|°g<%);p,3 ~ Beta(4.4, 5.6)

1/(c.p3)% 6.p3 ~ Uniform(0, 10)

A

p3 =

0

,Ep: 1/(G.Bp)2; c.B, ~ Uniform(0, 10)
=1

B,

A

a
n@d,, ~ N, T 1,)
T80, 1r = 1/(0'8%0; 1,r); C.eg; 10 = 10

1.0, = 1/(01,)2; Gy, ~ Uniform(0, 10)
H'QZ_VN N(07 T.Eg; 2.r)

T.Eg; 2y = 1/(C.8}, ,,); O.8g, 2, = 10

1.8, = 1/(62,)% G2y ~ Uniform(0, 10)
P--Qu, ~ N(0, t.&g, 3)

TEp;, 3 = 1/(0.85. 3); &g 3 =10

105 = 1/(03) 05 ~ Uniform(0, 10)

p.o, =0
To = 1/(0.0()2; c.0 ~ Uniform(0, 10)
nPg =0

.8y = 1/(0.Bg)% 0.8y ~ Uniform(0, 10)

The superscript r|b refers to the river (r) within a bay (b) with 1|1 the Southwest Miramichi within Miramichi Bay, 2|1 the Northwest Miramichi within
Miramichi Bay, 3|2 the Restigouche River within Chaleur Bay, and 4|2 the Cascapedia River within Chaleur Bay. In all cases, G refers to the standard deviation.
For all normal distributions, the variance is expressed as precision (inverse of variance).

Belle Isle array to provide independent information on detection
probabilities (Supplementary). The average detection probability to
a radius of 0.5km was estimated to be 44% and this is used to pa-
rameterize an informative but uncertain prior for the mean detec-
tion probability of the primary Strait of Belle Isle array (Table 1).

The secondary Strait of Belle Isle line (j=4) was installed in
2015 and 2016 to provide empirical data to estimate the detection
efficiency of the primary Strait of Belle Isle array. This is the last
point of detection and there is no auxiliary information on the
expected value of the probability of detection. The detections at
this array are modelled as conditional on the product of p, and
¢4 (0; on the logit scale) and on a fish being alive at the primary
Strait of Belle Isle array (z(i, 3));

y(i, 4) | z(i, 3),8s4 ~ Bernoulli(z(i, 3),84). (7)
It is assumed that d, differs between years but is similar for the

river origins of the smolts and an annually uninformative prior
for the product is used (Table 1).

Hierarchical structure for probability of survival (¢)

The first transition stage (¢,) encompasses the point of release
(j=0) to the head of tide array (j=1) and the distance as well as
the physical and biological environment of this zone differs
among the four rivers. Thus, the p®(r,t,1) [Equation (6)] are
modelled exchangeably among years (t) for each river group
(r=1:4) (Table 1). The second transition stage (¢,) encompasses
the geographic region from the head of tide array (j=1) to the
bay arrays (j=2) in Miramichi Bay and Chaleur Bay. The dis-
tance from the head of tide arrays and the physical and biological
characteristics of the estuary zones also differ among the four riv-
ers and the survival probabilities are modelled exchangeably
among years (t) for each river group (r) (Table 1).

The third transition stage (Gulf of St. Lawrence) encompasses the
geographic region from the exit of Miramichi and Chaleur Bays
(j=2) to the Strait of Belle Isle array (j= 3). There is a minimal dif-
ference in the straight-line migration distances between the bay
arrays and the Strait of Belle Isle array but there are important differ-
ences in the observed migration durations with tagged smolts from
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Table 2. Summary of migration characteristics (median and 5th to 95th percentile range for all smolts and years) and survival rates (range of
median values as % and based on median migration days expressed as % day ") of acoustically tagged Atlantic salmon smolts from four rivers

in the Gulf of St. Lawrence.

Transition River

Distance Migration (days) Migration (km day ')  Survival (%) Survival (% day ')

Release to head of tide array ~ Southwest Miramichi 127 52;21-113 27; 12-65 62-92 93-98
Northwest Miramichi  30; 52 2.9;0.8-7.7 10; 4-37 90-91 93-98

Restigouche 115 4.4,2.3-10.6 26; 11-50 73-93 96-98

Cascapedia 8 1.2;0.2-4.2 6;2-36 93-97 82-97

Head of tide to bay array Southwest Miramichi 68 3.6;22-79 19; 9-31 42-82 83-97
Northwest Miramichi 67 4.6; 2.6-10.2 15; 7-26 28-74 78-93

Restigouche 106 7.4; 4.2-13.7 14; 8-25 67-95 96-99

Cascapedia 47 8.0;3.7-185 6;3-13 68-90 93-99

Bay array to primary Strait Southwest Miramichi ~ ~800 48.4;31.7-53.7 17;15-25 54-64 98-99
of Belle Isle array Northwest Miramichi 46.2;35.2-515 17, 16-23 60-68 99-99
Restigouche 40.2; 29.8-49.3 20; 16-27 35-74 96-99

Cascapedia 36.1; 21.9-479 22;17-37 27-78 97-99

the Miramichi River locations taking longer to transit the Gulf of St.
Lawrence than smolts from the Chaleur Bay rivers (Table 2;
Supplementary Table S3). The probabilities of survival are modelled
exchangeably among years by bay specific group, Miramichi Bay riv-
ers and Chaleur Bay rivers (Table 1).

Odds ratios of survival probabilities associated with the size of
smolt at tagging are calculated as the predicted survival of a
16 cm smolt relative to the predicted survival of a 13.5 cm smolt.
Survival rates by transition zone for a smolt of fork length corre-
sponding to the mean length smolts in the study (14.6 cm), are
presented as well as the survival rates per median day at large in
each zone (¢'/?). Uncertainties in the estimates of the probabili-
ties of detection and survival are described by the coefficient of
variation, corrected for the logit transformation.

Model fitting and assessing convergence

The hierarchical state-space CJS model was fit to smolt tagging
data from the four rivers for the years 2003-2016, representing
2 862 observations, using the freely available software package
OpenBUGS (Lunn et al., 2013). A total of 60 000 Markov chain
Monte Carlo (MCMC) simulations with two chains was used, the
first 50 000 were discarded and the remaining 10 000 samples
were thinned by 10 to produce 2 000 MCMC values to summarize
the posterior distributions. We assessed whether there was evi-
dence of non-convergence by examining trace plots of the
MCMC chains, by checking that the Gelman—Rubin r-hat statis-
tics were < 1.1, and by examining for unimodal distributions of
the model parameters (Brooks and Gelman, 1998). The diagnos-
tics examined did not suggest any non-convergence.

We examined a number but not all possible combinations of
parameters and model structures for detection and survival.
Adequacy of the model was assessed by predicting detections at
the three array locations based on the posterior distributions of p
and ¢ (Supplementary Table S4 and Figures 35-S10). By design,
we favoured a hierarchical structure for the probabilities of detec-
tion to make use of the data from the entire time series of the
study. The alternative of assuming a constant probability of de-
tection over years at each of the arrays was not realistic given the
empirical observations to the contrary, and all the model variants
that assumed a constant probability of detection over years
resulted in higher residual deviances and poor fits. Independent
and hierarchical structures were examined for the probability of

survival with and without individual effects associated with size
of smolts and tag type (Supplementary Table S4).

When discussed, statistical significance corresponds to a p-val-
ue < =0.05. For the individual effects parameters, the p-values
are calculated as the smallest proportion of the MCMC values
drawn from the marginal posterior distribution that overlap zero.

Results

During 2003-2016, a total of 2 862 Atlantic salmon smolts from
four rivers were tagged with acoustic transmitters. A total of
2 243 of these tags, 78% of releases, were subsequently detected at
receiver arrays located at or near the head of tide (Figure 3;
Supplementary Table S2). A total of 1 160 tags, 41% of released
fish, were subsequently detected at the bay receiver arrays. Finally,
487 tags, 17% of released fish for the corresponding years, were
detected at the primary Strait of Belle Isle array, almost 2 months
and more than 800 km away from their release locations. In 2015
and 2016, 119 tags were detected at the secondary Strait of Belle
Isle array, representing 23% of the tagged smolts released, similar
to 122 tags detected at the primary Strait of Belle Isle array for the
same years. During 2010-2016, only two tags placed in smolts
were detected at the Cabot Strait line (Ocean Tracking Network,
unpublished data) suggesting that the Strait of Belle Isle is the pri-
mary migration route for smolts from the rivers in this study
leaving the Gulf of St. Lawrence.

Migration summaries
Tagged smolts from the Cascapedia River had the shortest fresh-
water distance from release to the head of tide (8 km) and were
generally detected within 2 days post-release (Table 2;
Supplementary Table S3). In contrast, smolts from the Southwest
Miramichi had the longest migration distance to the head of tide
(127 km) and most fish were detected at the head of tide 2—-11
days post release. Tagged smolts from the Southwest Miramichi
River and the Restigouche River had the fastest migration rates in
freshwater at a median over years of 27km day ' and 26km
day™', respectively (Table 2). The median migration rate of
tagged smolts in the Northwest Miramichi was 10km day ' and
the slowest migration rate was estimated for the Cascapedia
smolts at 6 km da}f1 (Table 2).

Migration rates of tagged smolts through the bays were highest
for the Southwest Miramichi (19 km day "), relatively similar for
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Figure 5. Posterior distributions of the fork length individual effects
(logit scale) on the probability of survival through the freshwater
and bay zones for each river. Violin plots summarize the kernel
densities of the distributions and show the median (open symbol),
interquartile range (thick line), and the range of 95% of the
observations (thin line).

the Northwest Miramichi and Restigouche River groups (15km
day ' and 14km day ', respectively), and slowest for the
Cascapedia River smolts (6 km day '; Table 2). In contrast to the
differences in migration rates through Chaleur Bay, the days from
release to detection at the Chaleur Bay arrays were more similar
for the Restigouche (7 days) and Cascapedia (8 days) smolts, in-
dicating that the Cascapedia smolts which had a very short fresh-
water phase post-release lingered longer in brackish and saltwater
compared to the Restigouche smolts before exiting the bay (Table
2). These differences in migration duration between rivers within
the same bay may reflect an acclimation period associated with
tagging and handling.

The migration duration through the Gulf of St. Lawrence varied
from just over 20 days to just under 65 days (Table 2; Supplementary
Table S3). Migration duration was generally the longest for the
Southwest Miramichi smolts at 48 days (median), and the shortest
but most variable for the Cascapedia smolts at 36 days (Table 2).
Detections of acoustic tags at the Strait of Belle Isle from the four riv-
ers were synchronized among the four rivers with detections across all
years (2007-2016) and rivers occurring during a relatively narrow 4-
week period of late June to late July (Supplementary Figure S2).
Migration rates through the Gulf of St. Lawrence were in the range of
17-22km day ' (median over all rivers and years) with the fastest
median migration rate for the Cascapedia and Restigouche smolts (22
and 20km day ™', respectively) and the slower rates for the Northwest
Miramichi and Southwest Miramichi smolts (17 km dayfl; Table 2).

Individual—tag type and fork length

There was no statistically significant (p=0.36) difference in the
probabilities of detection associated with the tag type used. Tag
type was also not a statistically significant covariate (p=0.12) for
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survival when included as an interaction term with fork length
(Supplementary Figure S8c). Statistically significant (p < 0.05)
positive associations of fork length on probability of survival were
estimated for three of the four rivers; the exception being the
Cascapedia River (p=0.16) (Figure 5). Based on the median of
the marginal posterior distribution of the fork length coefficient,
the odds ratio of survival for a smolt of 16 cm fork relative to a
smolt of 13.5 fork length was in the range of 1.51-1.74.

Estimated probabilities of detection

The estimated probabilities of detection at the head of tide re-
ceiver lines were generally high (often >90%) with few exceptions
such as for the Northwest Miramichi in 2006 (<40%) and for the
Restigouche in 2011 (~50%) (Figure 6). The uncertainties (coef-
ficient of variation on the inverse logit scale) in the annual proba-
bilities of detection at the head of tide array were most consistent
for the Southwest Miramichi, Cascapedia, and Restigouche Rivers
(0.1-11.1%) and most variable for the Northwest Miramichi
River (0.1-32.4%).

The estimated probabilities of detection were higher at the
Miramichi Bay line compared to the Chaleur Bay line, with me-
dian posterior values across years of 83 vs. 56%, respectively
(Figure 6). The uncertainties in the annual probabilities of detec-
tion were higher at the bay arrays compared to the head of tide
arrays, with annual CVs by river ranging from 7.3 to 31.9%.

The probabilities of detection of the primary Strait of Belle Isle
line varied annually from a low of 42% in 2006 (median value;
very similar to the prior) to a high of just over 67% in 2010 and
in 2015 (Figure 6). The median of the estimates for 2015
and 2016 derived from the detections at the twinned line were
67 and 64%, respectively. The uncertainties in the annual esti-
mates of the probability of detection ranged from 8.6 to 30.4%
with CV values in 2015 and 2016 of 8.7 and 8.6%, respectively.

Estimated probabilities of survival

The posterior distributions of the estimated probabilities of sur-
vival in freshwater, in the estuary, and in the Gulf of St.
Lawrence, standardized to the mean fork length (14.6cm) of
smolts from all rivers and years, are shown in Figure 7. The prob-
abilities of survival in freshwater were highest (median 96%) and
relatively similar (median range 93-97%) over years for the
Cascapedia River, slightly lower (90%) for the Northwest
Miramichi River and lowest for the Restigouche (median values
73-93%) and Southwest Miramichi (range of medians 62-92%)
rivers which had the longest distance and migration duration to
head of tide (Figure 7; Table 2). Survival estimates from release to
the head of tide were generally high and greater than 90% day '
for all rivers and years (Table 2). The uncertainties in the annual
estimates of survival were lowest for the Cascapedia and the
Northwest Miramichi Rivers (annual CV range of 2.3-4.4%), in
contrast to the Southwest Miramichi and Restigouche rivers with
annual CV ranges of 2.7-10.6%, respectively.

The estimated probabilities of survival of tagged smolts transiting
Chaleur Bay were higher (annual medians ranging from 67 to 95%,
93 to 99% day ') than for smolts transiting Miramichi Bay (annual
medians ranging from 28 to 82%, 78 to 97% day ') (Figure 7; Table
2). The lowest estimated survivals of any rivers and years were for
smolts from the Northwest Miramichi River during 2013-2016
(medians ranging from 28 to 45%; Figure 7). Survival rates of smolts
migrating through Miramichi Bay were higher during 2006-2008
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Figure 6. Violin plots of posterior distributions of the probability of detection by river at the head of tide lines (upper row), at the bay lines
(middle row), and by year (all rivers) at the primary Strait of Belle Isle line (lower row), 2003-2016. The open symbol is the median of the
posterior distribution. For the bay lines, the violin plots in blue are for the years (2007-2016) when the primary Strait of Belle Isle line was
operational. For the Strait of Belle Isle line, the violin plots in blue correspond to the years when the secondary twinned line was operational
(2015 and 2016). The results are for Model variant 11 g in Supplementary. In all panels, the grey shadings are the posterior distributions of the
predicted probabilities of detection over all years for the corresponding spatial hierarchical structure (Table 1).

(91-94% day ' for Southwest Miramichi; 90-91% day™' for
Northwest Miramichi) than during the last 4 years of the study
(2013-2016; 83-90% day ' for Southwest Miramichi; 78-91%
day ' for Northwest Miramichi). This contrasts with survival rates
through Chaleur Bay that remained high with no evidence of
declines over the same periods (Figure 7). Uncertainties (CV) in the
annual estimated probabilities of survival were greatest for the
Northwest Miramichi River, ranging from 17 to 43%.

With few exceptions (Restigouche River in 2007-2009,
Cascapedia River in 2008), the median estimated survival rates of
tagged smolts through the Gulf of St. Lawrence were between 45
and 78% (Figure 7), 96-99% da}f1 (Table 2). Estimates of survival
rates through the Gulf of St. Lawrence were the most uncertain of
all the transition zones, with annual CVs ranging from 13 to 45%.

Discussion
The objectives of this study were to characterize the early phase
migration and to gain insights into the location and timing of
smolt and post-smolt mortality of wild Atlantic salmon smolts
and post-smolts from unimpacted (free fish passage) rivers in
eastern Canada. Atlantic salmon smolts and post-smolts were
successfully detected using acoustic telemetry during the initial
50+ days post migration from freshwater, through estuaries and
nearshore bays and to distances exceeding 900 km at sea from the
point of release in freshwater.

In this study, we refer for convenience to the estimation of sur-
vival of smolts and post-smolts when what is in fact being esti-
mated is the probability of detecting a tag that has been deployed
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Figure 7. Violin plots of posterior distributions of probability of survival for a smolt of centred length 14.6 cm to the head of tide lines
(upper row), from the head of tide to the bay lines (middle row), and from the bay lines to the primary Strait of Belle Isle line (lower row), for
the four rivers, 2003-2016. For the survivals through the bays, the violin plots in blue are the probabilities of survival estimated for the years
when the primary Strait of Belle Isle line was operational (2007-2016). For the survivals through the Gulf of St. Lawrence, the violin plots in
blue are the years when the secondary twinned line was operational (2015 and 2016). In all panels, the grey shadings are the posterior
distributions of the predicted probabilities of survival over all years for the corresponding spatial hierarchical structure (Table 1).

in a fish, conditional on the tag being retained in the fish, the fish
with the tag moving within range of the receivers and a tag trans-
mission being detected by a receiver. Within the model in this
study, the observations represent the last component of this dy-
namic (probability of a tag transmission being detected by a re-
ceiver) whereas what we referred to as survival represents the
other components; that an implanted tag is retained in a fish and
the tag within the fish migrates downstream within the range of
receivers, more correctly termed apparent survival.

Location and timing of mortality
The main interest of this study was to estimate population level
smolt and post-smolt survivals. Survival rates through the

freshwater stage were generally high (>90%) for the fish released
less than 30 km from the head of tide but lower (60-90%), annu-
ally variable and negatively associated with the migration distance
or the time from release to detection for the two rivers (Southwest
Miramichi and Restigouche) with a longer freshwater migration
distance. Variable but generally high survival rates (ranging from
70 to 100%) of acoustically tagged smolts over variable migration
distances in freshwater zones (2-53km) have been reported in
other studies (Lacroix, 2008; Halfyard et al, 2012; Lefevre et al.,
2013; Gibson et al., 2015; Crossin et al., 2016; Hawkes et al., 2017).
The exception to this was reported for smolts in the Penobscot
River for which survival rates through freshwater zones were much
lower (mean cumulative survival of 47%) and attributed to the
effects of passage at hydro facilities (Stich et al., 2015).
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Survival rates through estuaries and coastal bays were lower
than in freshwater areas, highly variable among years and con-
trasted among bays. Comparisons across studies of survival esti-
mates through estuaries, bays, or nearshore coastal environments
are more difficult in large part because of physical differences in
the dynamic and geographically diverse habitats transited by
salmon in the species range in eastern North America. In this
study, the two areas monitored differ in coastal structure, water
chemistry and passage routes, with the Miramichi being a semi-
enclosed bay with constrained passage into the Gulf of St.
Lawrence in contrast to the wide and open Chaleur Bay.
Dempson et al. (2011) monitored tagged smolt movements in a
geographically complex fjord, island and channel habitat, similar
to the complex nearshore area traversed by tagged smolts in the
study by Stich et al. (2015) and Hawkes et al. (2017). The study
area in Halfyard et al. (2013) consisted of geographically complex
areas with diverse estuaries and bays and extended estuary areas
whereas in the study area of Lefevre et al. (2013) the river opened
almost directly into the Gulf of St. Lawrence with no estuary or
inner bay component. Survival rates through these diverse areas
are highly variable, with values of 54-87% for the Conne River
study (Dempson et al., 2011), 39-74% for smolts for the Atlantic
coast of Nova Scotia (Halfyard et al., 2012), and much lower sur-
vivals, <50%, for two southern stocks (Kocik et al., 2009; Hawkes
et al., 2017). Survival rates per day in these near coastal areas are
highly variable but compared to the freshwater phase of the mi-
gration, the survival rates are lower in the estuary/bay areas (see
studies above).

Once the smolts leave the coastal bays, inferred apparent sur-
vival rates as post-smolts through the Gulf of St. Lawrence were
in the range of 28-78% with survivals rates exceeding 96-99%
day™! for all rivers and years. Survival rates of tagged smolts,
expressed as rates per day, are lowest in the estuary portions and
highest during the migration through the Gulf of St. Lawrence,
which is consistent with mortality being highest on small fish at
first entry to the sea and declining as fish grow and move offshore
(Thorstad et al., 2012).

The spatial and temporal differences in apparent survival rates
from our study in two neighbouring coastal areas, and between
two rivers within one basin over two time periods, may in part be
related to both physico-chemical and biotic differences. Although
we present the temporal trend in survival rates of Northwest
Miramichi smolts as a contiguous series, the fish tagged during
2003-2008 were taken from a different branch of the Northwest
Miramichi than those tagged in 2013-2016 with the smolts from
the latter period captured downstream and released again above a
tributary (Tomogonops River) impacted by acid and metal runoff
from a decommissioned base metal mine (St-Hilaire and Caissie,
2001). There are concerns for Atlantic salmon smolt vulnerability
to episodic acidification and elevated concentrations of bioavail-
able aluminum during spring snow melt and increased runoff
(Kroglund et al., 2008; Kelly et al., 2015). Thorstad et al. (2013)
reported on delayed mortality in the early period of marine mi-
gration of smolts exposed to aluminum and moderate acidifica-
tion in freshwater. This cannot be excluded as a factor
contributing to the lower apparent survival rates in the
Northwest Miramichi smolts in the latter part of the time series
as well as a factor contributing to differences between the
Miramichi Bay and the Chaleur Bay rivers.

There is also an important biotic difference in the estuarine
environments of Miramichi Bay and Chaleur Bay. The upper
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portion of the Northwest Miramichi estuary is the only confirmed
spawning location of striped bass (Morone saxatilis) in the south-
ern Gulf of St. Lawrence and the spawning period overlaps in
timing with the downstream smolt migration. Atlantic salmon
smolts have been identified in stomachs of striped bass sampled
from the Miramichi (DFO, 2016). Furthermore, Daniels et al.
(2018) report on inferred predation rates of striped bass on
salmon smolts from the Miramichi based on contrasting move-
ment patterns of acoustically tagged animals. The inferred preda-
tion rates ranged from 2 to 18%, between stocks and years, with
annual variations in the spatial and temporal overlap of the two
species likely contributing to the differences in the inferred preda-
tion rates.

Finally, we cannot exclude the possibility that the differences in
estimated survival rates between bays and over years in this study
are also in part due to differences in the size distributions of acous-
tically tagged smolts among years and rivers. A weight of evidence
analysis of factors contributing to variations in apparent survival
rates is beyond the scope of this paper however the data from this
14-year study would be appropriate for testing these hypotheses.

Limitations of study and results

Modelled estimates of apparent survival of acoustically tagged
and tracked smolts can be biased. Survival estimates can be biased
downward if the tag is not retained by the fish and the fish sur-
vives and migrates past the receiver arrays. There is evidence
from literature that implanted tags can be expelled from the body
cavity without resulting in death of the fish, and the probability
of expulsion was related to the ratio of tag size to fish size
(Lacroix et al., 2004; Welch et al., 2007; Sandstrom et al., 2013).
Expulsion of larger tags (24 mm length by 8 mm diameter) was
noted but Lacroix et al. (2004) indicated that the 24 mm tags
were the only tags, which were retained by some fish during the
316-day duration of the experiment. In the study by Welch et al.
(2007), tag expulsion of 24 mm by 8 mm tags generally occurred
after 4 weeks post-surgery. Based on these studies, tag shedding
in this study was not considered to be a factor that would bias the
estimation of apparent survivals since the smolts had migrated
through the bays within 2 weeks or less in most cases.

However, it is assumed that a tag detection at a receiver line is
from a tag in a salmon smolt rather than in the stomach of a preda-
tor swimming by the receiver. If the predation event occurred up-
stream of the bay array, then some of the detections at the bay
arrays could be of tags in predator stomachs rather than smolts and
in such cases, the inferred survival rate of tagged smolts to the bay
arrays would be overestimated; consequently the survival rate
through the Gulf of St. Lawrence would be underestimated.

One important factor that can affect the exchangeability assump-
tion of survival in the hierarchical model used in this study is the
size of the smolts tagged. Sizes of smolts used in the experiments
varied annually and differed among rivers. Other studies have
reported on correlations between tagging effects (survival) and
smolt size (Lacroix et al., 2004; Welch et al., 2007; Halfyard et al.,
2013). Lacroix et al. (2004) recommended a transmitter length of
16% or less of fish length for telemetry studies. The V9 tags used in
this study measured 21 mm in length, and based on criteria of
Lacroix et al. (2004) could be placed in smolts 13.1 cm or longer.
There were very few smolts in this study that did not meet this min-
imum size, representing <2% of smolts over all rivers and years
and less than 6% of smolts from the Northwest Miramichi.
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Relevance of inferences from tagged smolts to untagged
smolts

An important concern regarding the use of marked animals to
make inferences on behaviour and survival of unmarked/
unhandled animals is the consequence of tagging and handling
effects on the estimates of survival or migration dynamics. It is
extremely difficult to make the case that a tagged smolt would be-
have and have the same mean probability of survival as an
untagged smolt. In terms of absolute levels, it is unlikely that the
estimates derived from marked animals correspond to those of
unmarked animals (Riley et al., 2018). There can be important
growth and survival effects of handling and tagging even when
animals are held in captivity post tagging (Moore et al., 1990;
Lacroix et al., 2004; Welch et al., 2007; Ammann et al., 2013) and
monitoring tagged fish in captivity does not provide much insight
into the conditions encountered by fish released to the wild. The
capture, handling, tagging procedures in addition to introducing
stress and injury to individual animals (Ammann et al, 2013)
also interrupt the migration phenology of wild smolts during a
particularly sensitive period (Riley et al, 2007). Removal from
schooling with conspecifics, release back to the river during the
day or even near dusk when wild conspecifics are sheltering and
not in active migration phase, can result in increased vulnerability
to predation (Furey et al., 2016). There is evidence from this
study that acoustically tagged Atlantic salmon smolts less than
14cm fork length suffered a higher mortality than smolts of
greater size and this could be an effect of stress from tagging and
handling and correlated with the tag/body size ratio. In two rivers
(Southwest Miramichi, Restigouche), estimated apparent survival
rates to the head of tide receivers after correcting for size, are neg-
atively associated with the migration duration, which can be
interpreted as a delayed mortality from handling and tagging and
an increased vulnerability to predation. For the Cascapedia smolts
for which there is a very short freshwater migration distance and
time from release to the head of tide, the smolts had a prolonged
migration duration through Chaleur Bay compared to
Restigouche River smolts suggesting that there may have been a
period of acclimation in the bay specifically for the Cascapedia
smolts.

Estimating apparent survival rates at the further migration
points and times is also challenging. As fish die over time, there
are fewer tagged fish available with which to estimate detection
and survival probabilities. This has consequences on the uncer-
tainty of the estimates, as evidenced from the higher coefficient of
variations of the estimates of the detection and apparent survival
probabilities at the bay and the Strait of Belle Isle arrays.
Increased sample sizes of tagged fish from a single stock could be
considered, as was the case for the Restigouche River, by tagging
multiple stocks that share a common bay exit, or multiple stocks
that share a common exit to the Labrador Sea. The probability of
detection at receiver lines can only be inferred if there are tags,
which are detected at a “downstream” array (along the migration
route, or temporally). At the last detection array only the product
of the survival and detection can be inferred (Gimenez et al.,
2007; Royle, 2008). The use of auxiliary data such as sentinel tags
to independently inform on detection rates is required if survival
rates to the last array are to be estimated. Auxiliary data from sen-
tinel tags are best incorporated in the model as prior information.
When the last array is twinned, as was done for the Strait of Belle
Isle line in 2015 and 2016, the detection probabilities of the next
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to last array can be estimated from observations, i.e. the prior for
the primary Strait of Belle Isle line is updated with observations.
In this study, the prior probability of detection based on sentinel
tags was strongly updated by the empirical observations of the
secondary twinned line at the exit to the Labrador Sea.

Insights into the factors that modify the variation in survival
rates within particular areas of the smolt and post-smolt migra-
tion require experiments to be conducted over multiple years and
populations (Thorstad et al., 2012). The multi-year and multi-
river aspects of this study provided particular advantages to de-
scribing and modelling smolt migrations and estimating survival
rates that otherwise would not be possible from single year and
single river experiments. The observations in this study can be ef-
fectively modelled using a hierarchical structure and such a model
provides a means of using all the information even in years when
the full monitoring infrastructure is not in place.

In long-term studies, it is imperative that the methods and ex-
perimental design be standardized to ensure that the empirical
observations reflect to the extent possible, the variations in the
phenomenon of interest, rather than a consequence of differences
in methodologies, experimental design, or technologies. In the
study reported here on estimating survival rates of Atlantic
salmon smolts from four rivers over 14 years, factors that could
be standardized include the tag type, the size distribution of
smolts being tagged, the tag implantation procedures and the
placement of the receiver arrays. By standardizing these elements
of the study, the individual river experiments are more likely to
be exchangeable and by using hierarchical models, the inferences
on the parameters of interest less uncertain.
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