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Abstract

Climate change is expected to increase the frequency and magnitude of extreme
thermal events in rivers. The Little Southwest Miramichi River (LSWM) and the
Ouelle River (OR) are two Atlantic salmon (Salmo salar) rivers located in eastern
Canada, where in recent years, water temperatures have exceeded known thermal
limits (~23°C). Once temperature surpasses this threshold, juvenile salmon exploit
thermal heterogeneity to behaviourally thermoregulate, forming aggregations in
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coolwater refuges. This study aimed to determine whether the behavioural
thermoregulation response is universal across rivers, arising from common thermal
cues. We detailed the temperature and discharge patterns of two geographically
distinct rivers from 2010 to 2012 and compared these with aggregation onset
temperature. PIT telemetry and snorkelling were used to confirm the presence of
aggregations. Mean daily maximum temperature in 2010 was significantly greater
in the OR versus the LSWM (p = 0.005), but not in other years (p = 0.090–0.353).
Aggregations occurred on 14 and 9 occasions in the OR and LSWM respectively.
Temperature at onset of aggregation was significantly greater in the OR
(T   =  28.3°C) than in the LSWM (T   =  27.3°C; p  =  0.049). Logistic
regression models varied by river and were able to predict the probability of
aggregation based on the preceding number of hours >23°C (R   =  0.61 & 0.65;
P  = 27.4°C & 28.9°C; in the OR and LSWM respectively). These results imply
the preceding local thermal regime may influence behaviour and indicate a degree
of phenotypic plasticity, illustrating a need for localised management strategies.
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1. INTRODUCTION

Climate change is predicted to significantly alter the distribution of aquatic organisms
on a global scale, with water temperatures in some freshwater systems regularly
approaching the upper lethal limit of many species (Caissie, 2006). Within eastern
Canada, it is estimated that mean air temperature will increase by 2–6°C by the turn
of the century (IPCC, 2014). There is little doubt that an air temperature increase of
this magnitude will influence river temperatures (Swansburg, Chaput, Moore, Caissie,
& El Jabi, 2002) and increase the frequency of extreme thermal events (Brodeur,
Hébert, Caissie, & Breau, 2015; IPCC, 2014). These deviations from historical
thermal patterns are likely to influence distribution (Comte, Buisson, Daufresne, &
Grenouillet, 2013) and fundamental life history strategies of a diverse range of fishes
(see: Crozier & Hutchings, 2013; Jonsson & Jonsson, 2009). Habitat heterogeneity is
a physical characteristic that is often exploited by riverine organisms to mitigate the
effects of climate change during key points in the year (Jonsson, 1989; Lytle & Poff,
2004; Schlosser, 1991). Thermal anomalies can provide crucial habitat during periods
of both heat stress (Kaya, Kaeding, & Burkhalter, 1977; Mundahl, 1989; Snucins &
Gunn, 1995) and cold stress (Brown, Stanislawski, & Mackay, 1993; Cunjak &
Power, 1986; Gibbons & Sharitz, 1981; Peterson & Rabeni, 1996) for many
freshwater fishes. In recent decades, the importance of thermal patchiness as a
moderator for the adverse effects of climate change has been increasingly
acknowledged for a multitude of species, many of which live in environments that
border their range of thermal tolerance, such as the salmonids (Armstrong, Ward,
Schindler, & Lisi, 2016; Isaak, Young, Nagel, Horan, & Groce, 2015; Torgersen,
Price, Li, & McIntosh, 1999).
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Once water temperature approaches the upper incipient lethal temperature (27.8°C;
Elliott, 1991), juvenile salmonids will exhibit behavioural thermoregulation by
abandoning their territories to seek out cool water refuges. This behaviour is
commonly referred to as an aggregation response (Breau, Cunjak, & Bremset, 2007).
Behavioural thermoregulation has been observed in juvenile Atlantic salmon at a
variety of temperatures but is most commonly associated with water temperatures
approaching specific thermal limits. For example, Atlantic salmon parr have been
observed to relocate from feeding territories into cooler water refuges when water
temperatures have exceeded 22–23°C in the Miramichi River, New Brunswick,
Canada (Breau et al., 2007; Cunjak et al., 1993, 2005; Gibson, 1966). Although some
variability exists, these temperatures coincide with published thresholds for the onset
of thermal stress (22–24°C, Breau, Cunjak, & Peake, 2011; Lund, Caissie, Cunjak,
Vijayan, & Tufts, 2002) and the reduction in feeding behaviour in parr (22–24°C;
Elliott, 1991). A review by Elliott and Elliott (2010) concluded that the upper thermal
limit for survival (7 days with a 50% survival rate) in juvenile Atlantic salmon ranged
from 22 to 28°C, with ~22.5°C representing the upper temperature limit for growth
(see: Elliot & Hurley, 1997; Grande & Andersen, 1991; Jonsson, Forseth, Jensen, &
Næsje, 2001; Lund et al., 2002). Despite some variability in thermal thresholds for
behaviour and physiology, the physiological mechanism behind thermally induced
territory abandonment remains largely unknown.

Most of the aforementioned temperature thresholds were determined using a single
study population and/or a constant acclimation temperature in the laboratory. The
potential influence of river temperature variability (thermal history) on the initiation
of the aggregation response is therefore inherently disregarded. If thermal stress
occurs in juvenile Atlantic salmon when temperatures exceed 23°C, we expect that
behavioural thermoregulation, in the form of aggregations within thermal refuges,
will arise due to the presence of a single thermal cue regardless of the river and its
particular thermal regime. As a result, the objective of this study was to establish
whether predetermined thresholds of behavioural thermoregulation (thermal stress)
are similar between populations in two eastern Canadian rivers with variable (and
stressful) thermal regimes.

2. MATERIALS AND METHODS
2.1. Study areas
2.1.1. Little Southwest Miramichi River, New Brunswick

The Little Southwest Miramichi River (LSWM) is one of the largest branches of the
Miramichi River, located in New Brunswick, Canada (Figure 1), with a catchment of
1,190  km  (Hebert, Caissie, Satish, & El  Jabi, 2011) representing 14.5% of the
accessible rearing area for juvenile Atlantic salmon (Amiro, 1983). The LSWM is a
sixth order stream that is approximately 60–80  m in width and has an approximate
depth of 0.55 m and flow of 34.1 ± 0.57 m /s at mean annual discharge (MAD) and a
cobble/small cobble substrate (Modified Wentworth Scale; Wentworth, 1922). It is
common for summer water temperatures in the LSWM to exceed biological
thresholds of 22–23°C for juvenile Atlantic salmon (Caissie, Breau, Hayward, &
Cameron, 2012; Caissie, Satish, & El Jabi, 2007; Cunjak, Linnansaari, & Caissie,
2013) and in recent years (2003–2005, 2010 and 2012), to occasionally surpass the
upper critical temperature for survival of 27–28°C (Elliott & Elliott, 2010).
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Fig. 1 Map of site locations in two Atlantic salmon rivers in Eastern Canada and (a)
location of tributary sourced cool water refuges encompassed by stationary Passive
Integrated Transponder (PIT) antennae (+) in (a) la Grande River, QC, a contributing
tributary to the Ouelle River (OR) containing two known thermal refuges, Trib1 (T1) &
Trib2 (T2); and in (b) the Little Southwest Miramichi River (LSWM), NB. Inset: a
schematic of the Catamaran Brook site (CBK), showing the typical stationary PIT array
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and temperature logger ( ) set up common to all sites across both rivers. Shaded areas
indicate typical PIT tagging and release areas in the LSWM

To assess specific frequency of, and conditions leading to, behavioural
thermoregulation (i.e. juvenile salmon aggregations in cold water refuges), two 950
m reaches of the LSWM, each containing a known thermal refuge tributary,
Catamaran Brook (CBK) and Otter Brook (OBK), were chosen as study areas (Figure
1). CBK is a third order tributary (mean width 7.2  m; daily
T  ± SE = 17.08 ± 0.25°C & T  = 19.17 ± 0.29°C throughout 2010 study period),
located 25 km upstream from the mouth of the LSWM. Within the CBK study reach, a
second known thermal refuge tributary is located 280 m downstream from the mouth
of CBK, hereafter referred to as Rock Tributary (RT; i.e. daily T  = 15.03 ± 0.18°C
& T  = 17.49 ± 0.23°C) throughout the 2010 study period). OBK is a second order
tributary that is strongly influenced by deep aquifer groundwater discharge (i.e. daily
T   =  16.88  ±  0.21°C & T   =  18.99  ±  0.23°C throughout 2010 study period;
Kurylyk, MacQuarrie, & Voss, 2014) and is located approximately 6.7  km
downstream from CBK.

2.1.2. Ouelle River, Quebec

The Ouelle River drains into the St Lawrence River estuary ~150  km northeast of
Quebec City, Quebec, Canada (Figure 1). It is a sixth order river with a catchment
area of ~796  km  (Gendron, 2013) and a MAD of 15.9  ±  1.3  m /s, containing one
major tributary, the Grande River, which joins the Ouelle River ~25 river km from the
confluence with the St Lawrence. The Ouelle River has a relatively stable population
of Atlantic salmon (DFO, 2015). Like the LSWM, it is common for water
temperatures within the Grande River and the Ouelle River to surpass thresholds of
thermal stress for juvenile Atlantic salmon, with water temperatures >27–28°C
occurring often in recent years (2010–2012; Dugdale et al., 2016; Gendron, 2013). A
~2,400  m reach of the Grande River was selected as a study site and included two
second order cool tributaries (T1 and T2; daily T  ± SE of T1 = 16.77 ± 1.56°C &
T   =  18.91  ±  1.58°C; T2 T  & T   =  17.00  ±  2.36°C & 17.34  ±  2.60°C
throughout 2010 study period) located near the confluence with the Ouelle River
(Figure 1). These tributaries are known to attract aggregations of salmon parr during
periods of thermal stress (Gendron, 2013). Mean river width of the Grande River in
the study site is ~23 m, with a depth of ~0.5 m and a coarse pebble cobble substrate
(Dugdale et al., 2016). This study area will be referred to as the Ouelle River (OR)
throughout the remainder of the manuscript.

2.2. Electrofishing and PIT tagging

In 2010, a total of 240 (n = 120 per reach) 1+ and 2+ parr were captured and tagged
within the two study areas within the LSWM (Figure 1b) from June 8 to 14, using
modified 11 mm wedge (0.3 g; T. Linnansaari et al., unpublished data) or commercial
13  mm (0.6  g) half duplex Passive Integrated Transponder (PIT) tags (Texas
Instruments RI TRP W9WK and RI TRP WRHP respectively). Parr were captured
using a backpack electrofisher (Smith Root LR 24) from five tagging locations in
the Catamaran Brook study reach and from four locations in the OBK reach (Figure
1b). Fish were anaesthetised in a 40 ppm clove oil solution, and PIT tags were
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surgically implanted into the abdominal cavity. Only parr >80  mm were tagged to
maximise the survival rate of tagged fish (Sigourney, Horton, Dubreuil, Varaday, &
Letcher, 2005). Forklength and wet weight (g) were measured on all captured parr and
tallied by site. Mean forklength and weight were 91.6  ±  11.2  mm and 8.6  ±  3.8  g,
respectively, with a mean tag weight to body weight ratio of 0.073.

Electrofishing within the OR study reach was conducted in both 2011 and 2012. In
2011, a backpack electrofisher (Smith Root 15c) was used to capture 166 parr within
a 1 km radius of T1 and T2 from June 22 to 24. In 2012, from June 1 to 14, a further
293 Atlantic salmon parr were captured from nine evenly spaced locations also
located within a ~1 km radius of T1/T2. Parr captured in both years were tagged using
13 mm and 11 mm PIT tags using a similar protocol to that used in the LSWM.
Mean ± SD forklength and weight measured 94.6 ± 12.8 mm and 11.3 ± 12.0 g and
104.4 ± 10.8 mm and 15.2 ± 5.4 g in 2011 and 2012, respectively, with a mean tag
weight to body ratio of 0.04 in 2011, and 0.03 in 2012. For a more detailed
description of the tagging procedure in 2012, see Dugdale et al. (2016).

2.3. Antenna set‑up and PIT tag monitoring

In 2010, three PIT antennae (single or double wire loop; stranded, gauge 10 copper
wire; 5–10  m in width) were set up encompassing thermal plumes at each of the
mouths of RT and OBK in the CBK and OBK study reaches (Figure 1b Inset). Each
set of antennae was configured to detect directionality of entry into the plume (i.e.
fish entering from up  or downstream direction, or, entering from the middle parts of
the channel). A fourth antenna was added to the OBK configuration to detect
movement into the OBK tributary. Antennae were tuned to resonance (Texas
Instruments Antenna Tuning Indicator RI ACC 008B) and connected to a 134.2 kHz
half duplex reader/controller board (Texas Instruments Series 2000 reader system,
RI RFM 008B, RI RFM MB2A) via a four channel multiplexer module (Texas
Instruments RI MOD TX8A) set to 50  ms charge and listen times, resulting in 10
scans per second. A reader system was coupled to a data logger board (Oregon RFID)
that recorded individual PIT tag number, date, time and antennae code within an
approximate 1 m range of the antennae. PIT antennae were active June 27–August 10
throughout the summer of 2010 in the LSWM. Within the LSWM, active tracking,
using a backpack PIT detection unit (Linnansaari, Roussel, Cunjak, & Halleraker,
2007) and a modified 2 person antenna (Linnansaari & Cunjak, 2007), was used to
determine the location of tagged fish prior to the onset of aggregation events and
throughout aggregation events to locate presence of tagged fish within the trailing
plume not encompassed by the stationary antennae.

Four antennae in a square configuration were assembled to encompass the cool water
plume of both T1 and T2 within the OR in 2011; antennae were operational from June
21 to August 27. In 2012, two antennae were placed in each of T1 and T2, one at the
mouth within the cool water thermal plume and another 5  m upstream to establish
movement direction into tributaries during periods of heat stress. Antennae were
operational from 12 June to 28 August 2012. For a full description of antennae
configuration in 2012, see Dugdale et al. (2016).

2.4. PIT‑enabled aggregation detection
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We used PIT detection data to characterise the timing and duration of fish aggregation
responses triggered by thermal events in the LSWM in 2010, and in 2011 and 2012 in
the OR. Using this method, an aggregation was classified as the detection of ≥2
unique PIT codes within a brief (≤1  hr) period of time. It was stipulated that these
detections must occur throughout the warming period of the day (~7:00–17:00 hr) in
the study rivers to eliminate fish detections observations that might not represent high
temperature driven movements, that is diurnal movement (Gries, Whalen, Juanes, &
Parrish, 1997; Thorpe, Morgan, Pretswell, & Higgins, 1988), or discharge related
refuge (Dugdale et al., 2016; Puffer et al., 2015). This number was chosen as it was
above the average PIT count of those individuals residing within proximity of the
antennae and corresponded to visual surveys during select high temperature events
wherein large aggregations (i.e. >10 individuals) were observed, yet only two tagged
fish were recorded. Aggregations typically comprised substantially more individuals
than those detected by the PIT antennae, and for this reason, the detection of PIT tags
was used as a proxy to identify the timing of an aggregation response but are not
indicative of the strength of the response. As PIT equipment was not deployed in the
LSWM throughout 2011 and 2012, aggregation presence was determined solely
through snorkelling survey and was used to supplement PIT data in 2010. Similarly,
aggregations were determined by snorkel survey throughout 2010 in the OR
(Gendron, 2013), and by PIT detection in 2011 and 2012.

2.5. Visual snorkelling surveys of fish aggregations

In addition to the PIT tag data, we conducted visual surveys to characterise the timing
and duration of fish aggregation responses triggered by thermal events in the LSWM
in 2010, 2011 and 2012, and in 2010 and 2011 in the OR. Snorkelling surveys were
conducted within thermal plumes and the main river at all sites to determine
behaviour of juvenile salmon prior to, and throughout, thermal events. This style of
visual survey is recognised as an effective method of quantifying fish presence and
behaviour (Johnson et al., 2007), while minimising disturbance and risk of injury in
comparison to other survey methods, such as electrofishing or seine netting.
Snorkelling surveys were conducted in the LSWM by swimming upstream within
main stem reaches and within thermal plumes (CBK, RT and OBK). Similar
snorkelling surveys took place in the OR (main stem and within thermal plumes of T1
and T2). Presence/absence of aggregation, species identification, age class, fish count
and water temperature were recorded. A visual confirmation of an aggregation was
classified as a group of ≥5 parr within 1 m . When an aggregation of Atlantic salmon
was observed, number of fish, estimated age class and location were noted. In the
LSWM, surveys to determine the presence/absence of aggregation were conducted
throughout the warming period of the day until water temperatures began to cool
(~7:00–17:00) when air temperature was forecasted to be >25°C and water level was
<1.4 m (Environment Canada Station ID 01BP001).

2.6. Temperature and discharge data collection

In the LSWM, Onset Hobo Pendent  temperature loggers (accuracy ±0.53°C) were
fixed within perforated PVC piping and anchored in place by use of a cinderblock. A
total of nine loggers were set to read at 15 min intervals and placed within all study
tributaries, thermal plumes and within the LSWM main stem in both reaches (e.g. see
Figure 1b inset); loggers were active from May to September in all study years. Daily
discharge data for the LSWM were obtained from the Environment Canada gauge
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station (Environment Canada Station ID 01BP001), located ~21 km downstream from
the OBK reach.

In the OR, 2010 temperature data were collected by inserting Maxim iButton data
loggers (model DS1922L) into pressure treated wood stakes. iButton loggers were
inserted into holes lined with silicone rubber, then sealed into the stake with duct
tape. Stakes were attached to veneer plates, deployed and were fixed in place using
large boulders (Gendron, 2013). In 2011 and 2012, temperature was measured by use
of 14 Onset Hobo loggers placed at regular intervals throughout the 2.4 km OR study
reach. Each logger was assembled within PVC piping and weighted in a similar
fashion to those in the LSWM with two loggers placed within the tributaries in
conjunction with antennae placement. Discharge measurements were taken from an
Environment Canada gauging station (Environment Canada Station ID 02PG022),
located approximately 4.7 km downstream in the main stem Ouelle River.

2.7. Statistical analyses

To compare environmental characteristics (mean and maximum daily temperature and
mean daily discharge) between rivers, years and days with or without aggregations, a
linear model one way or two way analysis of variance (ANOVA) was conducted.
When analysing temperatures on days with versus days without aggregation, we used
mean and maximum temperatures of “x” days leading up to “y” aggregation days.
This method was selected to assess why an aggregation might occur on certain days
as opposed to the days leading up to that aggregation. In case of a significant
interaction between river and year, a subsequent Tukey post hoc test was conducted to
discern differences between variables. When appropriate, data were log transformed
to meet the assumptions of normality and homoscedasticity. In all cases, α  =  0.050
and values were expressed as mean ± standard error of the mean (SEM).

Area under the curve (AUC) was used to assess the measurable variance in diel
thermal pattern. AUC was calculated for the period of time leading up to the first
aggregation event to the final day where aggregations were noted in either river in
2010 and 2012 (June 27–August 8). These dates were selected not only due to the
presence of aggregations, but also to mitigate any effect of decreasing daylight hours.
As we were interested in the differences in thermal patterning between rivers, data
were pooled by river across years and a paired sample t test was run for all 31 days
throughout the month of July to determine significance between AUC of the rivers
(LSWM or OR) on individual days.

Behavioural thermoregulation is not expected to follow a normal distribution, and
thus, a nonparametric test is more appropriate for assessing statistical significance.
Temperature when an aggregation response was first observed by either visual survey
or PIT detection will hereafter be referred to as “onset temperature” (T ). As both
methods were applied in the LSWM in 2010, a paired t test was used to address any
potential implications that might arise from exercising two data collection techniques
(t 0.6; p  =  0.576). Between river T  was tested using a Mann–Whitney U test
and exact p value, chosen for its robustness when handling small and unequal sample
sizes (Ruxton, 2006). Probability of aggregation occurrence with number of hours
exceeding 23°C was analysed using a binomial logistic regression. Logistic model fit
was examined by using McFadden's pseudo R . All data were analysed using R

onset

2  =  onset

2
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statistical software (R Development Core Team, 2016). In all instances, α = 0.050 and
unless otherwise stated, values are expressed as mean  ±  SEM. Thermal and
observational data were collected from June 27 to August 26 in both rivers for all
years. Data for July 6–9 and August 15 in 2010 were excluded from aggregation
analyses in the OR because presence–absence of aggregations could not be confirmed.
Due to our broader interest in overall differences between the rivers, the onset of
aggregation data was pooled across years for statistical analyses.

3. RESULTS
3.1. Temperature and discharge conditions

Summer daily mean water temperature (T ) in the LSWM varied significantly
between years (F = 56.3, p < 0.001), with 2011 T  being cooler than either 2010 or
2012 (Table 1), while 2010 and 2012 were not significantly different from one another
(p  =  0.93). A similar trend was observed in the OR, where T  in 2011
(19.9 ± 0.4°C) was significantly cooler than 2010 (21.9 ± 0.1; p  <  0.001) and 2012
(21.3 ± 0.7°C; p = 0.002; Table 1). OR T  did not differ between 2010 and 2012
(p  =  0.320). Summer daily mean water temperature did not significantly differ
between the two rivers (F = 0.6, p = 0.440).

Mean maximum summer water temperature (T ) differed significantly between
rivers in 2010 (LSWM = 23.9 ± 0.4°C; OR = 25.5 ± 0.4°C; F = 8.313, p = 0.005), but
did not differ significantly in 2011 (LSWM  =  21.9  ±  0.2°C, OR  =  22.6  ±  0.3°C;
F  =  15.1, p  =  0.09) or 2012 (LSWM  =  24.2  ±  0.3°C, OR  =  24.6  ±  0.4°C; F  =  0.9,
p = 0.353; Table 1). Absolute T  in the LSWM occurred on July 8 (30.6°C), July 18
(25.5°C) and August 4 (28.8°C) in 2010, 2011 and 2012 respectively (Figure 2).
Absolute T  in the OR occurred on 7 July 2010 (32.3°C), 16 July 2011 (28.2°C) and

Table 1
Summer water temperature and stream discharge variables of the Little Southwest Miramichi
River (LSWM) and the Ouelle River (OR) for 2010–2012. Data were collected from June 27 to
August 26 in all years. All values represent daily mean ± SEM derived from hourly maximum
(T ) and minimum (T ) temperature, the mean diel fluctuation in temperature (T ) and
mean summer discharge (MSD)

Daily
variable

Units Mean (all years) Mean LSWM Mean OR
columns of Tab
a formatting iss
copy?

LSWM OR 2010 2011 2012 2010

T °C 23.3 ± 0.2 24.2 ± 0.3 23.9 ± 0.4 21.9 ± 0.2 24.2 ± 0.3 25.5 ± 0.4

T °C 18.7 ± 0.2 18.4 ± 0.2 19.0 ± 0.3 17.9 ± 0.2 19.2 ± 0.4 18.9 ± 0.4

T °C 4.6 ± 0.1 5.8 ± 0.2 4.9 ± 0.2 4.0 ± 0.2 4.9 ± 0.2 6.5 ± 0.3

T °C 20.9 ± 0.1 21.2 ± 0.2 21.4 ± 0.3 19.8 ± 0.2 21.5 ± 0.3 21.9 ± 0.1

MSD m /s 21.8 ± 1.3 6.1 ± 0.7 13.6 ± 0.8 32.2 ± 2.4 19.5 ± 2.6 2.7 ± 0.3

mean

mean

mean

mean

max min range

max

min

range

mean

3

max

max

max
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Fig. 2

2 August 2012 (30.5°C), exceeding T  measured in the LSWM in all 3  years
(Figures 2 and 3).

Daily maximum temperature in (a) the Little Southwest Miramichi River
(LSWM); and (b) the Ouelle River (OR) throughout the study period (June 27–August
26) in 2010, 2011 and 2012. Symbols ( ) indicate days where aggregations occurred in
each river; ()stars indicate days that were excluded from aggregation analysis (6–9 July

max
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Fig. 3

and 15 August 2010 within the OR) as presence–absence of aggregation could not be
confirmed

Aggregation onset in relation to daily maximum water temperature (°C) and
mean summer discharge (MSD) from June 27 to August 26 (2010–2012) in (a) the Little
Southwest Miramichi River (LSWM), NB; and (b) the Ouelle River (OR), QC. Closed
symbols represent days where the onset of an aggregation was observed, while open
symbols are days where no aggregations were present. MSD was 21.8 ± 1.3 m /s in the
LSWM from 2010 to 2012, and 6.1 ± 0.7 m /s in the OR

Within river mean summer discharge varied greatly by year in the LSWM, with 2011
(32.2 ± 2.4 m /s) having a significantly greater discharge than 2010 (13.6 ± 0.8 m /s;
p < 0.001) and 2012 (19.5 ± 2.6 m /s; p < 0.001; Table 1). No significant differences
were observed between 2010 and 2012 in the LSWM (p = 0.113). A similar trend was
observed in the OR, where mean discharge during the study period (June 26–August
27) was 3.4 times greater in 2011 (9.1  ±  0.9  m /s) than in 2010 (2.7  ±  0.3  m /s;
p  <  0.001), and 2.4 times greater in 2012 than in 2010 (6.6  ±  1.6  m /s; p  =  0.031;
Table 1). Mean summer discharge (MSD) from 2010 to 2012 (interannual) in the
LSWM River was 21.8 ± 1.3 m /s, compared to 6.1 ± 0.7 m /s in the OR (Table 1;
Figure 3). Intra annual MSD, expressed as a percentage MSD for the study period,
that is 2010–2012, was significantly different between rivers in 2010 (%
MSD  = 62.2 and % MSD  = 43.9; t  = 2.8, p = 0.006), but not in 2011 (%
MSD   =  147.7 and % MSD   =  148.2; t   =  0.1, p  =  0.979), or 2012 (%
MSD  = 89.6 and % MSD  = 107.7, t  = 0.7, p = 0.499).

3.2. Aggregation occurrence
3.2.1. Little Southwest Miramichi River

Thermally challenging conditions exceeding 23°C occurred in the LSWM when
discharge was predominantly <67.5% of the interannual MSD, but were attained
throughout a range of 28.7%–143% interannual MSD. During the study period, flows
conducive to the development of thermal stress (>23°C) in juvenile salmon were
observed 98.4% of the time in 2010, 64.5% in 2011 and 88.7% 2012. Mean time of
diel T  throughout the study period occurred at 17:11  hr  ±  55  min (mean  ±  SD;
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Figure 4a). Aggregations occurred on 11  days throughout all years; however, T
occurred on 9  days due to persisting aggregations in 2010 (Table 1). In this year,
aggregations occurred in the LSWM on four consecutive days (July 6–9; T  = 28.0–
30.1°C; Figure 2). Aggregations that occurred on July 6 dispersed late day, however,
those that began on July 7 remained intact in all refuges until late day July 9. As a
result, only two onset of aggregation temperatures were observed for this year,
T  = 27.3 and 27.4°C (Table 2; Figure 2). No aggregations were observed in 2011
(T  LSWM = 25.5°C). In 2012, aggregations occurred on July 31, August 3–8 and
August 28, with T  and T  ranging from 26.1–28.1°C and 26.8–28.8°C
respectively (Table 2; Figure 2). Mean time of day for T  was 15:08  hr and all
aggregations occurred when discharge was ≤51% of MSD (<11.1 m /s; Figure 3).

onset

max

onset

max

onset max

onset
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Fig. 4 Aggregation metrics depicting (a) mean hourly temperature for June 27–August 8
for 2010 and 2012, in the Little Southwest Miramichi River (LSWM) and the Ouelle
River (OR). Shaded areas represent the standard deviation of the mean. Bars indicate
mean time of onset of aggregation (T ) in each river. Area under the curve (AUC)onset
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was used to determine cumulative differences in diel thermal patterning; (b) boxplot of
pooled T  for the LSWM and the OR from 2010 and 2012. Onset of aggregation
temperature was significantly greater in the OR (Mann–Whitney U test, U  =  32.5,
p = 0.049)

Table 2
Aggregation characteristics of the Little Southwest Miramichi River (LSWM) and the Ouelle
River (OR) from 2010 to 2012. Data were collected from June 27 to August 26 in all years. No
aggregations occurred in 2011 in either river

Aggregation
date

River Onset temp
(°C)

Time of day
(hr)

Daily maximum
temperature (°C)

2010

July 6 LSWM 27.3 15:51 28.0

July 7 LSWM 27.4 12:15 29.8

July 12 OR 30.3 17:00 30.6

July 14 OR 26.7 12:50 28.6

July 15 OR 28.9 15:45 28.9

August 4 OR 27.0 15:30 27.1

August 5 OR 28.6 18:34 28.6

2012

July 15 OR 28.1 15:45 29.0

July 16 OR 27.2 13:02 27.5

July 21 OR 27.3 14:48 27.3

July 22 OR 27.1 15:09 27.1

July 27 OR 28.5 12:59 28.7

July 30 OR 28.8 13:42 29.5

July 31 LSWM 28.1 17:30 28.7

August 1 OR 28.6 13:16 29.8

August 2 OR 28.8 16:46 30.5

August 3 LSWM 26.9 16:02 27.3

August 4 LSWM 26.4 14:30 28.8

August 5 LSWM 27.3 15:20 28.6

August 5 OR 29.2 13:34 29.3

August 6 LSWM 27.5 15:23 28.2

onset

a
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August 7 LSWM 26.7 14:25 28.6

August 8 LSWM 26.1 14:55 26.8

Aggregations beginning on this day remained in place for 48+ consecutive hours, disassembling 9 July 2010.

3.2.2. Ouelle River

In the OR, discharge conditions allowing for temperature to exceed 23°C were
reached when flow was predominantly <47.2% of the interannual MSD
(range  =  6.3%–357.4%). Similarly, flows where thermal stress might occur (>23°C)
were observed 98.4% of the time in 2010, 75.8% in 2011 and 83.9% in 2012. Mean
time of diel T  throughout the study period occurred at 16:00  hr  ±  51  min
(mean  ±  SD; Figure 4a). The OR exhibited aggregations on 14 occasions, all when
discharge was ≤57% of MSD (<3.5 m /s; Figure 3). Aggregations occurred in the OR
on five days in 2010, that is three days in July (July 12, 14 and 15; T   =  26.7–
30.3°C; T  = 28.6–30.6°C; Table 2) and two consecutive days in August (August 4–
5; T  = 27.0–28.6°C; T  = 27.1–28.6°C; Table 2; Figure 2). As in the LSWM, no
aggregations were observed in the OR in 2011, despite maximum water temperatures
of 28.2°C. In 2012, aggregations were observed on nine occasions, six occasions in
July (15–16, 21–22, 27 and 30) and three occasions in August (1–2 and 5) when T
ranged from 26.7 to 29.2°C, and T  ranged from 27.1 to 30.5°C (Table 2). Mean
time of day for T  was 14:54 hr in the OR (Figure 4a).

3.3. Comparison and statistical analyses of LSWM versus OR

In years containing aggregations (2010 & 2012), the area under the curve between
rivers was significantly different (mean  ±  SD; AUC   =  496.4  ±  58.9,
AUC  = 508.8 ± 63.3; t  = 3.3, p = 0.001; Figure 4a). A significant difference was
observed for both T  and T  on aggregation days in the LSWM versus days
without aggregations leading up to the event (F  =  29.0, p  <  0.001 & F  =  20.2,
p  <  0.001 respectively). In the OR, no significant difference was found in T
between aggregation and the preceding days (F = 2.4, p = 0.136); however, there was
a significant difference in T for the same period (F = 8.1, p = 0.008). When years
were pooled, T  and T  on aggregation days did not differ significantly between
rivers (F = 3.1, p = 0.093 and F = 0.1, p = 0.707 respectively). Median T  between
the LSWM and the OR, 27.3°C and 28.3°C, respectively, varied significantly (Mann–
Whitney U = 32.5; n  = 9, n  = 14; p = 0.049; Figure 4b). Time of day when
aggregations occurred was earlier in the OR than the LSWM but was not found to
differ significantly (mean  ±  SD  =  14:54  hr  ±  105.6  min, 15:08  hr  ±  85.7  min
respectively; t   =  0.72; p  =  0.562; Figure 4a; Table 2). Logistic regression
coefficients were determined to be 1.432 for both rivers, while the intercept varied
−35.909 and −40.875 for the LSWM and the OR respectively (Figure 5). Based on the
logistic regression curve, P  values (the temperature at which there is a 50%
likelihood of an aggregation response) were 27.4°C and 28.9°C in the LSWM and the
OR respectively. McFadden's pseudo R  values were 0.65 for the LSWM and 0.61
for the OR (Figure 5).
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Fig. 5 Number of days with thermally challenging water temperatures (>23°C) within
the Little Southwest Miramichi River (LSWM) and the Ouelle River (OR) rivers
throughout the 2010 and 2012 summer periods. The logistic regression curves for T
show the probability of an aggregation event as a function of hours exceeding given
temperatures in thermally stressful years (2010 and 2012)

4. DISCUSSION

Prevailing meteorological conditions in eastern Canada meant that the LSWM and the
OR exhibited broadly similar thermal and discharge trends over the period of 2010–
2012. The summers of 2010 and 2012 could be characterised as being relatively hot
with low flow in both the Little Southwest Miramichi River and the Ouelle River. By
contrast, the summer of 2011 saw comparatively greater rainfall resulting in higher
than average flow and a lower mean water temperature. Elevated water temperatures
and low summer flows are intrinsically linked (Wetzel, 2001). Aggregations occurred
when main stem discharge was well below MSD in their respective rivers but
required a significant increase in water temperature for behavioural thermoregulation
to occur. It is worth noting that discharge alone was not a viable predictor of
aggregation occurrence, and thus, the observation of a low summer flow is a
requirement, a precursor, among other environmental conditions that promote
behavioural thermoregulation.

We predicted that the environmental conditions required to induce a thermal
aggregation in juvenile Atlantic salmon would be similar between the two rivers. We
established that the LSWM and OR had significantly different thermal regimes, with
the OR experiencing physiologically stressful temperatures throughout a greater

onset
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proportion of summer months compared to the LSWM. Contrary to our prediction, the
behavioural thermoregulation response occurred at increased temperatures in the OR
in comparison with the LSWM (median T   =  28.3°C and 27.3°C respectively;
p  =  0.049), and this notion is further supported by observed differences in logistic
regression intercepts and the observed differences in P  values. Interestingly, the
model coefficient was uniform across rivers (1.432), indicating a similar aggregation
response despite differences in initiation temperature. These results may suggest a
link between delayed aggregation responses in warmer, more thermally dynamic
rivers. In 2011, water temperatures in the LSWM did not exceed 25.5°C, whereas
water temperatures in the OR surpassed the mean T  of the LSWM on three
occasions (27.3–28.2°C) without an aggregation event. It is possible that the
occurrence of an aggregation is tightly linked to the temperature experienced by the
fish in the days and/or weeks leading up to the event (Frechette, Dugdale, Dodson, &
Bergeron, 2018). For example, in 2010 the mean T  for the week prior to the first
aggregation in the LSWM was 20.7°C, allowing for a large jump in T  on the first
day of an event (T   =  28.0°C, T   =  27.3°C). In 2012, the thermal pattern
suggested a different trigger for the aggregation response. Mean T  on the week
leading up to the first aggregation in the LSWM was 25.4°C, but overall water
temperatures had an increasing trend in diel T  over the 30  days preceding this
event (July 1  =  22.2°C, July 29  =  25.9°C; mean 30 day T   =  23.8°C), possibly
indicative of a cumulative effect of warming temperatures driving the aggregation
response. In 2011, temperatures in the OR did not show any major warming or
cooling trend (mean T  30 days prior = 24.1°C; mean T  week prior = 25.5°C).
This result may indicate that fish exposed to moderate thermal patterns, such as that
in the OR in 2011 may have the ability to acclimate to the specific thermal condition
experienced, resulting in a lack of behavioural thermoregulation on stressful days
(within reason). In 2012, water temperature in the OR exceeded T  of the LSWM
on as many as six occasions without a PIT detected aggregation, whereas this
occurred only three times in the LSWM. The results of this study suggest that juvenile
salmon behaviour, in the face of high temperatures, is affected by preceding local
environmental conditions. Our observations may imply an underlying physiological
plasticity and points to the influence thermal exposure has on the behavioural
thermoregulation response, despite a species wide innate physiological “concrete
ceiling” (Sandblom et al., 2016).

The implication of preconditioning in a natural environment remains a topic of much
interest. An emerging body of literature suggests that when identically reared in a
“common garden,” there are minimal physiological differences in thermal optima for
growth (Jonsson et al., 2001) and tolerance between salmonid populations from
varying latitudinal and thermal profiles (Anttila et al., 2014; Elliott & Elliott, 2010;
Lyytikäinen, Koskela, & Rissanen, 1997). Of further interest, evidence exists that
indicates the ability of salmonids to acclimate to warmer thermal environments. Chen
et al. (2015) found that rainbow trout (Oncorhynchus mykiss Walbaum) exposed to
increased temperatures underwent selection pressure that reduced phenotypic
variability allowing for an increased thermal tolerance (measured by aerobic scope
and maximum heart rate) after 19 generations. Similarly, Narum, Campbell, Meyer,
Miller, and Hardy (2013) and Chen, Farrell, Matala, Hoffman, and Narum (2018)
found a localised adaptive response (heat shock and temperature tolerance for
maximum heart rate) in redband trout (Oncorhynchus mykiss gairderi) of the
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Columbia River, where natural segregation of montane (cool water) and desert (warm
water) populations has occurred. These results suggest that genetic selection for
habitat (i.e. a localised physiological acclimation response) is possible given ample
segregation and vast ecological timescales (Narum, Campbell, Kozfkay, & Meyer,
2010).

Despite some discrepancies in opinion on the role of geographic origin in the
intraspecific physiological response, it is commonly accepted that acute thermal
tolerance in salmonids is inherently plastic and dependent on thermal exposure
(Corey, Linnansaari, Cunjak, & Currie, 2017; Konecki, Woody, & Quinn, 1995;
Lyytikäinen et al., 1997; Muñoz, Farrell, Heath, & Neff, 2015). The variable onset of
behavioural thermoregulation between the LSWM and the OR may indicate a
threshold of behavioural thermoregulation specific to particular environmental
conditions (preconditioning). This insinuates that the behavioural response in itself
might be plastic, just as the preconditioning/thermal history has strong implications
on the upper incipient lethal temperatures for many salmonid species (see: Anttila et
al., 2014; Chen et al., 2018; Eliason et al., 2011; Farrell et al., 2008; Narum et al.,
2013; Sandblom et al., 2016). Some evidence exists for this, as some alterations to
behaviour due to climate change have been previously documented. Alterations to
phenology and the timing of key lifecycle events have been observed in Atlantic
salmon smolts (Crozier & Hutchings, 2013) alongside sockeye (Oncorhynchus nerka)
and pink (Oncorhynchus gorbuscha) salmon adults (Crozier, Scheuerell, & Zabel,
2011; Kovach, Gharrett, & Tallmon, 2012). These behavioural alterations to exploit
habitat thermo heterogeneity may play a pivotal role in population resilience to the
effects of climate warming (Crozier et al., 2011; Mantua, Crozier, Reed, Schindler, &
Waples, 2015), alongside known physiological effects. With some indication that
thermal cardiac capacity in salmonids (Muñoz et al., 2015), and temperature at death
in mosquitofish, Gambusia holbrooki (Meffe, Weeks, Mulvey, & Kandl, 1995);
killifish, Heterandria formosa (Doyle, Leberg, & Klerks, 2011); and brook trout,
Salvelinus fontinalis (Stitt et al., 2014), are heritable traits, it is possible a local
genetic component may act selectively to maximise thermal tolerance in stressful
environments (Dionne, Caron, Dodson, & Bernatchez, 2008). Although plasticity and
adaptation may occur, any dramatic alteration to the current climate could run the risk
of trait selection and population bottlenecking, possibly contributing to an overall
reduction in genetic variation (Doyle et al., 2011; Falconer & Mackay, 1996).

Salmon have a limited capacity to use phenotypic plasticity and genetic predisposition
to acclimate to a warmer environment (Baroudy & Elliott, 1994; Elliott, 1991; Muñoz
et al., 2015). Phenotypic plasticity and genotypic adaptation occur due to varying
selection pressures, and the degree to which these processes manifest will largely
impact salmonid survival in a changing climate. Notably, understanding how fishes
exploit habitat heterogeneity as thermal “safeguards” is an important concept across
landscapes and large geographic areas. Here, we propose that thermal physiological
thresholds do not correspond with aggregation occurrence, and they might not apply
universally across riverscapes. We suggest a degree of plasticity in the behavioural
response to a physiological threshold similar to the phenotypic plasticity in the
thermal tolerance of salmonids. It is likely that this intricate relationship between
physiology and behaviour is intimately tied to localised thermal history and
preconditioning, be it system, river or reach specific. Our study alludes to behavioural
plasticity in juvenile Atlantic salmon based on thermal regime, an indirect indicator



6/20/2019 e.Proofing

https://wileyproofs.sps.co.in/eproofing_wiley_v2/printpage.php?token=UUXF7_qvuXF7BmXNvGCDJDsgGXIx6GjPko-0NLHjTRI 19/26

of the importance of thermal heterogeneity in rivers. With predictions of further
increases in water temperatures in coming decades for both the OR (Jeong, Daigle, &
St. Hilaire, A., 2013) and the LSWM (Caissie, 2013; Caissie, El Jabi, & Turkkan,
2014) watersheds, our findings may argue for a change in management practices,
focusing on a narrow, river specific approach based on local environmental
conditions. As the use of coolwater resources remains a universal phenomenon
despite a possible localised aggregation response, it is critical that thermo
heterogeneity remains a prominent habitat feature across riverscapes, whether natural,
or created by restoration activities (Kurylyk, MacQuarrie, Linnansaari, Cunjak, &
Curry, 2015). With this, it is important that conservation efforts make a concerted
effort to incorporate and develop river specific, complex thermal habitat structures
that allow for the necessary thermal heterogeneity to buffer the ever increasing threat
of extreme thermal events to cold water species.
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