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The Bras d’Or Lake watershed of Cape Breton Island, Nova Scotia, Canada is a unique inland sea ecosystem, UNESCO Biosphere
Reserve and home to a group of regionally distinct Atlantic salmon (Salmo salar) populations. Recent population decreases in
this region have raised concern about their long-term persistence. We used acoustic telemetry to track the migrations of juve-
nile salmon (smolts) from the Middle River into the Bras d’Or Lake and, subsequently, into the Atlantic Ocean. Roughly half of
the tagged smolts transited the Bras d’Or Lakes to the Atlantic Ocean, using a migration route that took them through the Gulf
of St Lawrence’s northern exit at the Strait of Belle Isle (~650 km from the home river) towards feeding areas in the Labrador
Sea and Greenland. However, a significant fraction spent >70 days in the Lakes, suggesting that this population has an alterna-
tive resident form, in which smolts limit their migrations within the Bras d’Or. Smolts in good relative condition (as determined
from length-to-mass relationships) tended to be residents, whereas fish in poorer condition were ocean migrants. We also
found a covarying effect of river temperature that helped to predict residence vs. ocean migration. We discuss these results
relative to their bioenergetic implications and provide suggestions for future studies aimed at the conservation of declining
salmon populations in Canada.
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Introduction

North American Atlantic salmon (Salmo salar) populations
have been decreasing throughout the species’ range since
European colonization (Whoriskey, 2009). However, acute
decreases at the southern margins of their distribution (Gibson
et al.,2006) are pushing many populations close to extinction

(Committee on the Status of Endangered Wildlife in Canada,
2011). It is clear that a reduction in sea survival is limiting
salmon populations (Dutil and Coutu, 1988; Holm et al.,
2000; Lacroix and Knox, 200353 Lacroix et al., 2005; Halfyard
et al.,2012), but the mechanisms underlying reduced survival
are uncertain. The synchronous and geographically wide-
spread decline of many different populations might suggest a
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common driver (Mills et al., 2013; see also Springer and van
Vliet, 2014 for Pacific salmon). However, given the pro-
nounced phenotypic diversity among Atlantic salmon popula-
tions, which influences many aspects of their ecology (Ritter,
1989; O’Connell ef al., 2006), no satisfactory explanation for
the observed and wide-spread decreases has yet emerged
(Halfyard et al.,2012,2013; Friedland ez al.,2014). Researchers
are now focusing on understanding the determinants of marine
survival in regional population groupings that differ markedly
in their life history and migration tendencies (e.g. Lacroix et al.,
2005; O’Connell et al., 2006; Kocik et al., 2009; Halfyard
et al.,2013). It is hoped that with enough of this kind of infor-
mation on behaviour and survival, we will eventually be able to
identify either a common driver that affects all salmon popula-
tion trends or various drivers acting regionally or at popula-
tion-specific scales.

The early, freshwater life-history stage and the transition
between the freshwater and marine life-history phases (smolt-
ing) are the first significant survival challenges for juvenile
salmon (e.g. the ‘mortality bottleneck’; Kennedy et al., 2008;
Crossin et al., 2015), but these are difficult to measure.
Individual survival and its population-level consequences can
now be studied with relative ease via electronic tracking tech-
niques (Hussey et al., 2015). From the limited number of
telemetry studies of Atlantic salmon smolts, as well as smolts
of other anadromous salmonids, it is apparent that survival
estimates during the transition to marine environments varies
with population and species. Predation appears to be an
important factor in many but not all populations, whereas
local environmental conditions that either enhance or reduce
predation risk may be the most crucial determinant of survival
(Lacroix et al., 2005; Kocik et al., 2009; Halfyard et al., 2013).

Salmon smolts originating from Cape Breton in eastern
Canada migrate through the Bras d’Or Lake ecosystem en route
to the Atlantic Ocean. However, the salmon in this ecosystem
may have a fundamentally different biology from Atlantic
salmon elsewhere. The Bras d’Or Lake is the only brackish-
water, inland sea in North America, a distinction that warranted
designation as a World Biosphere Reserve by United Nations
Educational, Scientific and Cultural Organization (UNESCO) in
2011. Drawing from thousands of years of aboriginal tradi-
tional ecological knowledge, members of the Mi’kmaq First
Nation hypothesize that at least a portion of the salmon origi-
nating from the rivers of the Bras d’Or close their life history
within the Pitu’pak (the Mi’kmaq name of the Bras d’Or system;
Collaborative Environmental Planning Initiative, 2006). This
would mean that some salmon do not migrate to the Northwest
Atlantic as most other salmon do elsewhere, despite having
direct access to the ocean. This raises intriguing questions about
the evolution of salmon in this system, and whether Bras ’Or
salmon possess alternative migratory phenotypes (sensu
Hutchings, 1986). Generally, salmon smolts use estuaries to a
minimal extent during seaward migration, transiting in a
directed, expeditious manner (Moore et al., 1998; Lacroix et al.,
2005; Thorstad et al., 2011; Lefévre et al., 2012). However, the
hypothesis that salmon close their life history within the Bras
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d’Or ecosystem has not been formally tested, and so the impor-
tance of this habitat is not clear.

The timing of smolt migrations down natal rivers and into
estuaries is likely to be cued by both endogenous and exoge-
nous factors. Body condition (body mass, somatic lipid density,
etc.) is an important factor for the initiation of smoltification
(Rikardsen et al., 2004). Once smoltification is initiated, body
condition tends to decrease as somatic energy is directed
towards the restructuring of osmoregulatory systems, contin-
ued growth and locomotion (Wedemeyer et al., 1980). Body
condition may therefore influence individual migration ten-
dency, as well as rates of travel and the timing of entry into the
marine environment.

Water temperature is also a robust predictor of the timing
of smolt migration and can operate either independently from,
or in tandem with, other environmental factors, such as river
discharge rates, water velocity, turbidity and lunar cycles
(McCormick et al., 1998; Thorstad et al.,2011). As an abiotic
‘master factor’ that influences many aspects of physiology,
behaviour and ecology (Brett, 1971), water temperature alone
explains a high proportion of the annual variance of the tim-
ing of smolt migration in some rivers (e.g. >90%; Jonsson and
Ruud-Hansen, 1985). An interaction between environmental
condition and body condition should therefore predict both
the timing and the pace of smolt migrations, within a specific
seasonal window of opportunity (e.g. the ‘smolt window’;
McCormick et al., 1998).

Drawing both from traditional Mi’kmaq knowledge and
from our understanding of the ecological and physiological
drivers of smolt migrations, our aim was to use acoustic
telemetry to document the migratory strategies of fish from
this region, by identifying the proportions of down-river
migrating smolts that remain within the Bras d’Or estuary vs.
migrating to the North Atlantic Ocean. By so doing, we pro-
vide initial information about whether salmon possess alter-
native migratory phenotypes in this unique ecosystem, at least
at the juvenile life-history stage. We document spatio-tempo-
ral patterns of residency within the Bras d’Or estuary, general
migration pathways through the Lakes, the role of body con-
dition on these patterns and the interacting role of tempera-
ture. For smolts that migrated to the North Atlantic, we also
assess rates of marine travel and overall survival.

Materials and methods

The Bras d’Or ‘Lake’ is a hydrodynamically complex inland sea
and a UNESCO Biosphere Reserve that dominates the land-
scape of Cape Breton Island, Nova Scotia (45°51’37” N,
60°46'44” W; Fig. 1). It has a surface area of ~1200 km?, drains
a watershed area of ~3600 km?, reaches a maximal depth of
280 m and has three narrow channels connecting it to the
Atlantic Ocean (Yang et al.,2007). The Middle River (Fig. 1) is
the largest river draining into the Bras d’Or, with its main stem
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Figure 1: Map of the Ocean Tracking Network’s Bras d’Or Array in Cape Breton Island, Nova Scotia, with an inset of Atlantic Canada. Positions of
the various acoustic receiver gates define the boundaries of each numbered segment of the estuary. The white diamond in the inset shows the

location of the autonomous Wave Glider in the Gulf of St Lawrence.

running ~35 km from the Cape Breton Highlands and draining
an area of 325 km?. Historically, the Middle River produced the
most salmon in this system, with thousands of spawning adults
per year (Gibson ez al., 2006). More recently (1983-2010), cen-
suses have documented only 31-486 adults, prompting an
endangered classification (Gibson et al., 2006).

For this study, smolts were captured in the Middle River in
partnership with the Unama’ki Institute of Natural Resources
(UINR). Smolts were captured with a rotary trap and tagged
with acoustic transmitters. In 2012, 16 smolts were captured
between 16 and 23 May and implanted with V9 acoustic trans-
mitter tags (2.9 g in air; Vemco Ltd, Halifax, Nova Scotia,
Canada). In 2013, 50 smolts were captured between 7 and 11
May and implanted with smaller V8 tags (2.0 g in air). Tag mass
was ~11% of fish body mass in 2012 and ~8% in 2013. For
each fish, we measured fork length (in millimetres) and body
mass (0.1 g), and a few scales were collected for ageing. Fork
lengths and body masses were also determined for the smolts
that were not selected for tagging (7 =150 in 2012 and =515
in 2013), to provide a comparison to the tagged group (Fig. 2).

We used standard surgical procedures to insert the tags in the
abdominal cavity (Lacroix et al., 2005). Only fish >128 mm
were tagged because their larger sizes more easily accommo-
dated acoustic tags. In both years, all tags were programmed to
ping at ~50 s intervals, which provided a battery life of ~74 days.

All of our fish handling and surgical protocols conformed
to guidelines established by the Canadian Committee on
Animal Care, approved by the Dalhousie University Animal
Care Committee (Dalhousie University Animal Care Protocol
14-105) and Cape Breton University Animal Care Committee
(Permits # ACC-2011-10; ACC#1213-16).

A spatial array of omni-directional, data-logging acoustic
receivers (VR2Wj; Vemco Ltd) was configured to record pat-
terns of movement, residence and habitat use within the Bras
d’Or estuary (Fig. 1) and to detect the directional exit of
smolts to the Atlantic Ocean. A total of 25 receivers was
deployed within and across the various constrictions that link
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Figure 2: Length-mass relationship for the Atlantic salmon smolts
captured on the Middle River, Nova Scotia. Open circles represent all
non-tagged smolts captured in both years of study. Red circles indicate
the fish tagged in 2013, whereas blue circles are for 2012.

the main basins and embayments of the Bras ’Or system, as
well as the three exits to the Atlantic Ocean. The receivers
were placed so that their reception ranges covered the width
of the channels or embayments where they were placed
(Fig. 1; see Supplementary material for range-testing informa-
tion). These receiver ‘gates’ were placed near each end of a
channel, so that fish moving in a particular direction would be
heard first entering and then leaving the channel.

We divided the estuary into seven discrete segments based
on their geomorphology, hydrography and water residence
times (numbered 1-7 in Fig. 1), and classified a fish as being
present in a particular habitat segment when it was detected on
receiver gates that bounded that segment. When a fish released
at the tagging site on the Middle River was subsequently
detected on the Nyanza Bay receiver line, then we classified the
fish as having occupied the Nyanza Bay segment of the Bras
d’Or. However, if a fish released from the tagging site went
undetected on the Nyanza Bay line (or on any other receiver
line), we then assumed that the fish either died (possibly preda-
tion) somewhere between the release site and the mouth of
Nyanza Bay or that it remained resident in Nyanza Bay but out
of detection range (although death would be the most likely
explanation given the 74 day nominal tag life). Next, if a fish
was detected on the Nyanza Bay line and then subsequently on
the inner Great Bras d’Or Channel line, the inner Little Bras
d’Or Channel line or northern Barra Strait line, we classified
the fish as having occupied the North Basin. If, however, the
fish was detected on the Nyanza Bay line but then nowhere
else, we assumed that it remained resident in Nyanza Bay (at
least for the duration of its transmitter’s battery life), although
it might have resided or died in other parts of the St Andrew’s
Channel of North Basin without being detected. Finally, if a
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fish was detected on one of the terminal receiver lines posi-
tioned at the exits of the Bras d’Or system to the Atlantic
Ocean (e.g. Great Bras d’Or Channel, Little Bras d’Or Channel
and St Peter’s Channel), then we assumed that it left the Bras
d’Or and entered the ocean. We made all of these assumptions
based on previous studies, which have shown that Atlantic
salmon smolts typically pass rapidly though estuaries, proceed-
ing directly towards the ocean, with infrequent reversals of
direction (Thorstad et al., 2011; Halfyard et al., 2013).

Additional detections of tagged fish from the Gulf of
St Lawrence occurred on Ocean Tracking Network (www.
oceantrackingnetwork.org) acoustic receivers deployed in
arrays (i.e. Cabot Strait, Strait of Belle Isle) or mounted on a
marine autonomous vehicle [Liquid Robotics (Sunnyvale, CA,
USA) Wave Glider SV2] in the Gulf of St Lawrence (Fig. 1).

Conclusions about the movement of fish among various seg-
ments of the estuary assume that fish will always be detected
when they pass a gate. We assessed detection efficiency as fol-
lows: (i) by calculating the probability that an individual
receiver would detect a single transmission from a fixed or
mobile test tag; (ii) by computing the probability that a gate
will detect one or more transmissions from a tagged salmon
smolt that is known to have passed within range of a gate
because of independent detections by another fixed or mobile
receiver; (iii) by deploying sentinel tags that signalled at
known intervals over extended periods within range of gates
located in problematic areas, so we could determine the frac-
tion of signals recorded; or (iv) by conducting range testing, in
which tags similar in signalling power to those used on the
smolts were periodically deployed from a boat at known dis-
tances from receivers to provide measures of detection effi-
ciency at the time of the test (Kessel et al., 2014).

In the absence of direct measurement of somatic fat or somatic
energy density, the residuals from regressions of body mass
against a linear measure of body size is the most common method
to estimate the body energy condition of fishes (Schulte-Hostedde
et al., 2005). We regressed body mass against body length and
used the residuals as a measure of length-corrected condition.

Using the acoustic telemetry detection data from the tagged
fish, we estimated residence times within each segment of the
Bras d’Or Lakes (as numbered in Fig. 1). A two-factor analysis
of covariance (ANCOVA) was used to examine segment dif-
ferences in residency times between fish that exited the Bras
d’Or vs. those that did not, in both years, while accounting for
variation in tag release date (Julian day). Tukey’s honest sig-
nificant difference test was used for pairwise comparisons.
Likewise, variation in body size (length and mass) was exam-
ined. We compared differences in both length and mass as a
function of Bras d’Or residency or exit and year of sampling.

To explore relationships between river temperature and
salmon abundances (measured as numbers of smolts captured
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at the fish wheel), we used linear regression. To test the com-
bined influence of water temperature (exogenous factor) and
body mass (endogenous factor) as predictors of resident vs.
ocean migration strategies, we used a generalized liner model
(GLM) with a binomial distribution and logit fit.

Before calculating marine migration rates [body lengths
(BL) per second], we applied a growth correction factor of
1.65 mm day~! (Dutil and Coutu, 1988) to the measured smolt
lengths at the time of tagging to account for growth occurring
between the time of initial fish capture and exit from the Bras
d’Or Lakes.

Results

Tag detection efficiencies in the Bras d’Or
Array

Minimum detection efficiencies at the acoustic gates varied
between 82.4 and 96.6% during the study, indicating a high
capability of the receiver network to detect our tagged fish.
The lowest detection efficiencies occurred for low-power
range-testing tags near the surface in shallow, narrow, wind-
ing channels when currents were strong and environmental
conditions were likely to generate high levels of ambient noise.
At least three tagged smolts passed through two of the gates
without being detected during the course of the experiments;
one through the northern Barra Strait, and two through the
outer Little Bras ’Or Channel (during a period when it was
briefly compromised in 2013; see Supplementary Data).

Opverall, the acoustic receiver array in the Bras d’Or estuary
exhibited a high degree of efficiency, a performance that was
comparable or superior to that achieved in arrays deployed in
environments of similar size and complexity (Kessel et al.,
2014).

Biological characteristics of salmon smolts

An analysis of covariance model comparing length-dependent
body mass between years was significant (ANCOVA, F, ¢, =
75.55, P <0.001), but the categorical year effect was not
(F=1.98, P=0.164). This means that neither body mass nor
the allometric relationship between length and mass differed
between years, and that the significance of the full model was
driven simply by the covarying effect of body length on body
mass (F=148.62, P <0.001). The mean sizes of acoustically
tagged fish in both years (mean = SD: 2012, 135.8 £ 6.2 mm
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and 25.4+4.2g; 2013, 138.8 £5.3 mm and 26.0£5.6 g)
were larger than those of the general population (2012,
130.6 £ 7.3 mm and 22.6 £ 3.4 g; 2013, 131.4 + 7.6 mm and
20.7+4.1 g; ANCOVA, F; ,,o = 2121.6, P < 0.001; Fig. 2).

Bras d’Or residency and proportions
migrating to the Atlantic Ocean

Acoustic tag detection data for both 2012 and 2013 are sum-
marized in Table 1. Four of 16 (25%) smolts tagged in 2012
migrated into the Atlantic Ocean (termed ocean migrants)
during the study period, as did 22 of 50 (44 %) of those tagged
in 2013. Conversely, four of 16 (25%) remained active within
the Bras d’Or receiver array throughout the duration of bat-
tery life (termed residents) in 2012, as did 18 of 50 (26%) in
2013. In each year, there were fish that were undetected and
thus classified as dead, presumably via predation: eight of 16
(50%) in 2012, and 10 of 50 (20%) in 2013.

Patterns of movement within the Bras d’Or were similar
between years (although for ease of interpretation, data from
2013 only are presented in Fig. 3). In both years, ocean
migrants and residents consistently differed in their occu-
pancy patterns of the different parts of the Bras d’Or system.
In 2013, all ocean migrating fish were registered in Nyanza
Bay (17 =22 of 22) and then subsequently at other locations in
the Bras d’Or Array (Fig. 3A). In contrast, only 13 of the 18
resident fish registered in Nyanza Bay (Fig. 3B) were then
detected anywhere else in the Bras d’Or. These 13 either
remained in parts of the Nyanza Bay or North Basin but out
of detection range, or they potentially died via predation or
some other cause.

Overall residency times for both the resident and ocean
migrant groups were similar in the Bras d’Or, but the two
groups differed in the habitats that they occupied (Fig. 4). In
both years, resident fish spent significantly more time in
Nyanza Bay than ocean migrants (two-factor ANOVA,
F, 4,=5.916, P =10.005), whereas in 2013 ocean migrants
spent significantly more time in St Patrick’s Channel and
Whycocomagh Bay than did resident fish (P =0.042),
although only three fish (two migrants and one resident) used
Whycocomagh Bay in 2013. Finally, in both years, resident
and sea migrant fish spent similar amounts of time in the
North Basin (P = 0.124).

Overall, ocean migrating smolts spent a mean of 30.7 days
in the Bras d’Or system before entering the North Atlantic

Table 1: Summary of Atlantic salmon (Salmo salar) smolt tagging effort and tracking results

Year No. of tagged Undetected; presumed Detected within
smolts mortalities array

Resident in Bras
d'Or Lake estuary

Ocean Detected
migrants at sea?

Values are numbers of tagged individuals, and values in parentheses are the percentage of all tagged individuals in a given year. 2Marine detections occurred at
Cabot Strait and at the Strait of Belle Isle, as well as on the autonomous Ocean Tracking Network Wave Glider. See Fig. 1 for geographical details.
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Figure 3: Summary of the acoustic detection data from Atlantic salmon smolts tagged in the Bras d’Or Array during 2013. (A) Movements of the
22 tagged smolts that migrated to the Atlantic Ocean. (B) Movements of the 18 fish that did not exit the estuary. Grey symbols represent possible
migration pathways that were not used by tagged fish.
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Figure 4: Comparison of Atlantic salmon smolt residence times in
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ocean migrants and open bars resident fish (i.e. smolts that stayed in
the estuary for the tag battery duration at least). Asterisks indicate
statistically significant contrasts between migrants and residents

(00 =0.05).

Ocean. Ocean entry coincided with the New Moon, with last
detections generally occurring before dusk on an ebbing tide.

River temperature trends

Water temperatures measured at the fish wheel were similar
during the smolt run in both years. They averaged 8.8 £ 1.6°C
(mean = SD) in 2012 and 8.3 +1.7°C in 2013. Smolt abun-
dances peaked at the wheel at similar dates in both years (e.g.
10-12 May). The number of fish captured on a given day was
positively related to daily river temperature (2012, F; ;,=40.29,
P<0.001; 2013, F, ,, = 18.72, P = 0.003).

Endogenous and exogenous correlates of
migration behaviour and residency times

Irrespective of year, body condition differed significantly between
resident and ocean migrant smolts [two-factor ANCOVA;
Fy e, =39.28, P<0.001; resident, 26.1+0.01 g (mean = SEM),
ocean migrant, 25.2 + 0.01 g; Fig. 5]. Collectively, body condi-
tion and river temperature at the time of tagging significantly
predicted the likelihood that smolts would migrate to sea or
remain resident within the Bras d’Or estuary. The probability of
migrating to sea increased when individual fish had low body
condition and when river temperatures were warmer (Table 2
and Fig. 6).
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Figure 5: Violin and box plots comparing the body condition residuals
(see Materials and methods) of Atlantic salmon smolts that either
migrated to sea or remained resident within the Bras d’Or Lakes. There
were no differences between years; therefore, data were pooled.

Table 2: Nominal logistic regression model examining the combined
role of endogenous and exogenous factors in predicting whether
Atlantic salmon (S. salar) smolts remained resident in the Bras d’'Or
Lake ecosystem or whether they exited to the Atlantic Ocean

aSignificant model effects are indicated by bold text. Abbreviations: LR x?, likelihood
ratio %2 value. Note that the interaction term (body condition * river temperature)
was non-significant and thus removed from the final model to preserve degrees of
freedom and increase statistical power. Model output is plotted in Fig. 6.

River temperature fluctuated during the period of tagging
in early May. Overall, temperature rose throughout the season
(Fig. 7).

Marine travel times

Table 3 summarizes the detection and migration rates of smolts
on the two marine acoustic lines at Cabot Strait and the Strait of
Belle Isle, as well as the lone detection made by the OTN Wave
Glider that was sailing transects in the northern Gulf of St
Lawrence during the study period. Average travel rates of the fish
in our study over the ~85 km between the Bras d’Or exits and the
Cabot Strait line were 50.9 cm s™!, equivalent to 2.6 BL s™!,
which is well within the range of observed migration speeds for
post-smolt Atlantic salmon (Folmar and Dickhoff, 1980; Booth
et al., 1997; Kocik et al., 2009; Lefévre et al., 2012).

Discussion

In this study, acoustic telemetry showed that 25-44% of the
Atlantic salmon smolts originating from the largest river in the
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Figure 6: Predictive effect of Atlantic salmon smolt body condition
(negative) and river temperature (positive) on the likelihood of
migration to the Atlantic Ocean. See Table 2 for statistical output of GLM.

Bras d’Or watershed successfully made directed marine migra-
tions into the Atlantic Ocean and onwards through the Cabot
Strait and the Strait of Belle Isle, towards known foraging areas
in the Labrador Sea and western Greenland (Fig. 1; Mills,
2003). However, a similar fraction of the smolts were not
detected exiting the Bras d’Or Array, which at least partly sup-
ports the hypothesis that some individuals may have adopted a
local residency strategy as an alternative to ocean migration, at
least during the ~74 day battery lifespan of the acoustic tags
used in this study. However, most North American salmon
populations containing two sea-winter individuals (i.e. spend-
ing two winters at sea prior to first spawning) are thought to
make extensive marine migrations to productive foraging areas
near Labrador, Greenland and Iceland (Mills, 2003). In con-
trast, one sea-winter fish tend to adopt more localized migration
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strategies, such as those in the Inner Bay of Fundy (Lacroix and
Knox, 2005; Lacroix, 2008). However, whether the resident
smolts that had delayed ocean migration for >72 days remain
resident indefinitely is unknown. To test whether fish remain
resident, and thus adopt an estuarine strategy, smolts would
need to be tagged with acoustic transmitters programmed to
last for at least a year.

The large fraction of tagged smolts that moved rapidly out
to sea indicates that the ocean migrant life-history option is at
least as important in this population as a resident strategy.
Future work will examine the inter-individual variation in
migration vs. residency patterns, explore the environmental
and endogenous correlates that underlie this variation and
examine how the two strategies could potentially affect popu-
lation persistence and resilience.

The emigration of Atlantic salmon smolts from freshwater to
estuaries can be a period of naturally high predation mortality,
with estimates ranging from 0 to >50% (Hvidsten and Lund,
1988; Dieperink et al., 2002; Thorstad et al., 2011; Lefevre
etal.,2012).1f we assume that non-detection of fish in the Bras
d’Or Array equates to mortality, then the mortality estimate
for 2012 (50%) was higher than in 2013 (20%). The higher
mortality in 2012 compared with 2013 could be attributable
to a burden imposed by the use of a larger model tag (V9,
~11% of body mass vs. V8, ~8% in 2013). However, a grow-
ing number of studies report that for some fishes, including
Atlantic salmon, there are no significant mortality, tag loss or
sublethal impacts of surgical tagging when devices are <12%
of body mass (Brown et al., 1999), hence the inter-year differ-
ences probably reflect variation in predation between years
(e.g. Halfyard et al., 2012, 2013; Jonsson and Jonsson, 2014).

Once past the fresh-salt transition zone at the Middle
River delta, we found that there were some distributional dif-
ferences between resident and ocean-migrating smolts.
Resident fish spent proportionally more time in Nyanza Bay
than did ocean migrating fish. This suggests that despite their
better body condition, residents may have required additional
time to become fully salt tolerant (e.g. up-regulated gill Na*/
K*-ATPase activity, number and size of gill chloride cells, and
intestinal water permeability; Boeuf, 1993) and may there-
fore have spent more time within the freshwater zones near
river mouths. Conversely, ocean migrating fish may have
already been sufficiently hypo-osmoregulated, permitting
them to move into the estuary without delay. Once through
Nyanza Bay, two of the ocean migrants spent more time in
Whycocomagh Bay than did the one estuary resident fish (see
Fig. 3), suggesting perhaps that fish in poor condition may
find suitable habitat for growth or foraging there.

There was an important covarying effect of body condition
and temperature in the decision to remain resident or migrate to
sea. In both years, decreased body condition increased the prob-
ability that smolts would migrate, whereas better-conditioned
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Figure 7: Daily counts of Atlantic salmon smolts captured at the fish wheel on the Middle River, Nova Scotia, and daily river temperatures. Red

bars indicate those captured during the period of fish tagging.

smolts remained resident. Coupled with the previous observa-
tion that ocean migrants moved from the Middle River and
into the Bras d’Or Lake estuary at a faster pace than resident
fish, migrants were perhaps more fully prepared for salt water
tolerance. As the energetic condition of ocean migrants was
also more depleted than residents, owing in part to the
unavoidable cost of investing in osmoregulatory restructuring
for saltwater entry, this suggests a greater urgency for migrants
to get to sea, where foraging opportunities are generally more
favourable than in the Bras d’Or, and thus better suited for
restoring condition. Similar trends have been observed in
Atlantic salmon elsewhere (Halttunen et al., 2012), and in
closely related brown trout (Eldey ef al., 2015) and brook
charr (Thériault and Dodson, 2003 and references therein).
Corroborating this, studies have indicated that the Bras d’Or
is indeed nutrient limited, with primary productivity below
that found in coastal areas of Nova Scotia (Gibson et al.,
2014), and lacking the important prey (e.g. Calanus finmarchi-
cus) that are found abundantly in the Gulf of St Lawrence and
Scotian Shelf (Shih et al., 1988).

Environmentally, river temperature recorded at the time of
capture and tagging was also a significant predictor of ocean
migration, with higher temperatures increasing the probability
of ocean migration. Bioenergetic theory would predict tem-
perature to influence decisions concerning migration
(Handeland et al., 2008). When basal metabolism is elevated
because of higher ambient temperatures, smolts in poor relative
condition would presumably succumb to energetic exhaustion

more quickly than smolts in better condition. Migration to the
generally cooler and more productive coastal waters would
surely bolster survival probability (Hendry er al., 2004).

The percentage of ocean migrant fish that survived to enter
the Gulf of St Lawrence definitively in the 2 years of the study
was high, at 69% (18 of 26). Rates of travel between the Bras
d’Or and the Strait of Belle Isle at the northern exit of the
Gulf averaged 28.2 cm s7! (1.5 BL s7!), which is similar to
migration rates observed previously in the Gulf of St
Lawrence by tagged smolts from the Riviére St Jean, Quebec
(Lefevre et al., 2012). These rates of travel may be indicative
of foraging behaviour (Dutil and Coutu, 1988). Interestingly,
only one of 12 fish detected on the Cabot Strait line was sub-
sequently detected departing the Gulf through the Strait of
Belle Isle. These fish could have died in the Gulf, changed
course by moving eastward to the North Atlantic Ocean,
their batteries could have died before detection at the Strait
of Bell Isle, or they could have eluded detection by the receiv-
ers there. An additional six tagged smolts were missed by the
receivers on the Cabot Strait line but had clearly crossed it
because they were subsequently detected at the Strait of Belle
Isle and by a mobile receiver carried by an autonomous vehi-
cle (Liquid Robotics Wave Glider) that was patrolling the
waters of the Gulf during the study. This suggests that a path-
way through the Gulf is the normal marine migration route
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Table 3: Summary of calculated ocean migration speeds for Atlantic salmon (S. salar) post-smolts leaving the Bras d’Or Lake estuary of Cape Breton

BdL exit route | Days to exit

Corrected body
length (mm)?

To CBS (km day~" |

To SBI (km day~" | To OTN-WG (km day~"

Distances used to calculate swimming speeds assumed the shortest straight-line distances between the last detection point in the Bras d’Or Array and the first
detection point in the Atlantic Ocean (see Fig. 1). Abbreviations: BdL, Bras d’Or Lake estuary; BL, body length; CBS, Cabot Strait acoustic receiver gate; GBC, Great Bras
d’Or Channel; LBC, Little Bras d’Or Channel; OTN-WG, Ocean Tracking Network Wave Glider; SBI, Strait of Belle Isle acoustic receiver gate. ?The initial length of smolts
when measured at tagging was adjusted to account for the additional growth occurring between the time of tagging and exit from the estuary (days to exit), based
on a post-smolt growth rate of 1.65 mm day~' (estimated for Gulf of St Lawrence populations by Dutil and Coutu, 1988).

for Middle River smolts. Many of the receivers of the Cabot
Strait line are positioned close to the bottom in deep water,
which decreases their detection range for pelagic fish. Taken
together, it seems most likely that survival of the tagged
smolts once they entered the Gulf was high, and our low
redetection at the Strait of Belle Isle of fish that had previ-
ously crossed the Cabot Strait was attributable to expiration
of tag batteries and environmental conditions that limited
receiver ranges.

Conclusion

This study has shown definitively that the Atlantic salmon
population in the Bras d’Or Lakes does not exclusively close
its life history within the Lakes. Instead, nearly half of the
salmon tracked rapidly entered the Atlantic Ocean after leav-
ing the Middle River and were detected moving towards
known foraging areas near Greenland. Residency times of
ocean migrant and resident fish differed to some extent in the
Lakes, but future studies are needed to understand why this
occurs and the associated patterns of activity and utilization.
Nevertheless, the resident vs. ocean migrant strategies that
we observed suggest that the brackish inland sea can be an

important rearing or staging area for young salmon, which
differentiates these Bras d’Or salmon populations from those
in other parts of Nova Scotia and eastern Canada. This sug-
gests that the Bras d’Or Lakes are a crucial habitat for juve-
nile salmon, rather than a habitat that is simply traversed en
route to feeding areas in the open ocean.

With respect to management of these Atlantic salmon, our
results suggest that efforts should be made to incorporate our
spatial results into future conservation planning. This would
apply to fisheries activities, which should be planned to avoid
unintended by-catch in the regions where smolts are found to
reside (Fig. 3), and aquaculture currently underway in the
Bras d’Or should be planned and monitored so that impacts
are minimal. More extensive information about distributions
and temporal residence patterns of salmon are still needed,
however, so that any regulations do not unnecessarily impinge
on the development of the local economy.

Supplementary material

Supplementary material is available at Conservation Physiology
online.
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