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Figure 7.2 Schematic of study reach (2.4km section between upstream and downstream antenna pairs)

showing the location of electrofishing sites and temperature loggers.

Water temperature during this study period was characterised from 14 Onset HOBO UA-002-64

temperature loggers distributed at approximately regular intervals over a 3 km stretch of river
completely encompassing the study reach (figure 7.2). Each logger was inserted in white PVC
tubing to protect against direct sunlight and collisions with bedload and tied to a rock-filled burlap

sack serving as an anchor. The position of two of these thermographs corresponded to the
Four loggers were deployed in the

location of the upstream and downstream PIT antennas.
tributary thermal refuges (figure 7.2, inset), one at the mouth and one at the upstream antenna

of each tributary. Temperatures along the reach and within the tributaries were logged at 30
Discharge records were obtained from a gauging station situated

minute intervals.
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approximately 4.7 km downstream from the confluence between the riviere Ouelle and the
Grande Riviere (Environment Canada ID 02PG022). Although this reflects the combined
discharge of the Ouelle and the Grande, the data were deemed sufficient for identifying low flow

events associated with heat waves and high flow events associated with precipitation.

7.2.3 Fish capture and PIT tagging

Atlantic salmon parr were captured at 9 sites regularly distributed along a ~3 km stretch of river
encompassing the study reach (figure 7.2). These sites comprised approximately 15% of the
total area of the 3 km stretch of river. A backpack electrofishing device (Smith-Root Model 15¢)
was used to capture individuals during the first two weeks of June 2012; electrofishing sites were
sufficiently distant from one another that recapture of previously tagged individuals did not occur
during electrofishing. A total of 302 parr were captured, of which 293 were marked with PIT
tags. Individuals were anaesthetised using a clove oil solution (0.3 ml I'') and PIT tags
implanted in the peritoneal cavity. Both 12 mm and 23 mm PIT tags were used, with 12 mm
tags reserved for parr with a fork length <100 mm. Only fish with a fork length >80 mm were
tagged, because individuals below this size are affected by the PIT tagging procedure
(Sigourney et al., 2005). PIT tagging was therefore not expected to have had a significant effect
on parr survival. Following PIT tag insertion, fish were retained overnight in a cage to allow time
for recovery and released at their capture site the following morning. Mean fork length and mass
were 104.4£10.8 mm and 15.2+5.4 g respectively.

7.2.4 PIT data processing

7.2.4.1 Main stem detections

Detections at the reach boundary antennas were sporadic, so records from the upstream and
downstream antennas were pooled to create a database of fish detections at the upstream and
downstream limits of the study reach. The majority of individuals detected at one of the
antennas comprising the antenna pairs were not detected at the antenna immediately adjacent
to it, and it was therefore not possible to distinguish between movements into and out of the

study area. The PIT tag detection dataset from the reach boundary antennas was instead used
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to quantify the temporal occurrence of fish detected at the upstream and downstream ends of

the study area.

Principal component analysis (PCA) was used to identify main stem detections associated with
high temperature events by exploring the temperature, discharge and time associated with the
detection events. Agglomerative hierarchical clustering was applied to the first two PCA
components to classify groups of detections resulting from similar cues (in terms of temperature,
discharge and diel cycling). Clusters were assigned by cutting the cluster dendrogram at a level
of dissimilarity equal to the inconsistency coefficient (eg. Jain and Dubes, 1988). Groups of
detections classified as fish moving in response to high temperature events were isolated for
further analysis. These will subsequently be referred to as ‘main stem detection events’.

7.2.4.2 Thermal refuge aggregation events

Low flows during the study period limited fish access to three of the four antennas installed in
the tributary refuges, and detections at these antennas were therefore rare. As a result, the
detection logs from all four tributary antennas were combined into one file representing fish
detections in the two thermal refuges. A Matlab (MathWorks, 2009) function was subsequently
used to process this combined PIT tag detection database. Detections were filtered using a six
hour kernel to count the number of fish simultaneously present within the thermal refuges. This
kernel length was chosen as preliminary data inspection showed that it approximated the
minimum period of time from start to end of an ‘aggregation’ period. For the purposes of the
study, an aggregation was defined as an event whereby two or more unique tagged individuals
were detected in the thermal refuges within the 6 hour period corresponding to the filter kernel.
This threshold was chosen because large aggregations (> 10 individuals) of fish were observed
in the tributaries during several field visits, yet only two tagged fish were recorded in the
corresponding PIT tag data. This was due to the low proportion of tagged to untagged
individuals in the study reach resuiting from the relatively small percentage of the reach that was
fished (15%). Aggregation events therefore likely comprise substantially more individuals than
those detected at the PIT antennas.

PCA was used to classify aggregations resulting from similar cues, this time using temperature,
discharge, aggregation start time and aggregation duration as input variables. Aggregations
occurring at high temperature (therefore associated with thermoregulation) were separated for

further statistical analysis and shall subsequently be referred to as ‘thermal refuge
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aggregations’. Because the aim of this article was the characterisation of main stem parr
movements, the thermal refuge aggregations will not be examined in detail save for the
purposes of their comparison with main stem detection events. However, they are the focus of a
forthcoming article detailing differences in aggregation temperature thresholds between

temperature-impacted rivers in eastern Canada.

7.2.5 Statistical analysis of timing and temperature of main stem detections

Temperature and time metrics (table 7.1) were computed for each day within the study period
and for each main stem detection event and thermal refuge aggregation. This allowed for the
comparison of main stem detection events and aggregations in terms of their timing and
temperatures; a two sample t-test (Kanji, 1993) was used to ascertain whether differences in
timing and temperature between main stem detection events and thermal refuge aggregations

were significantly different.

Table 7.1 List of metrics extracted describing study period and main stem detection events or thermal refuge
aggregations.

Metric

Timing of main stem detections / thermal refuge aggregations
Time of first daily main stem detection, time of all detections
Time of aggregation start, midpoint and end
Aggregation duration

Temperature during main stem detections / thermal refuge aggregations
Temperature of main stem detections
Temperature at aggregation start, midpoint and end times
Minimum, mean and maximum temperature during aggregation event

Daily temperature metrics
Mean, minimum and maximum daily temperature
Mean, minimum and maximum temperature in previous 96, 72 and 48 hour periods
Daily degree hours (> 0°, >20° - 31° C)
Degree hours (> 0°, >20° - 31° C) in previous 96, 72 and 48 hour periods

The PIT data were used to generate a binary dataset describing the daily occurrence or non-
occurrence of main stem detection events. A two-sample t-test was used to determine whether

temperature metrics differed significantly between days on which main stem detections did or did
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not occur. Because time-series temperature data is inherently autocorrelated, the potential
effect of autocorrelation t-test procedure was evaluated by comparing the results of the initial ¢-
test to a similar t-test applied to the temperature residuals following the removal of the seasonal

trend.

Binomial logistic regression was applied to this dataset to examine whether temperature metrics
were able to predict days on which main stem movements occurred. The likelihood ratio test
(eg. Hosmer and Lemeshow, 2004) was used to test whether the inclusion of a given
temperature metric produced a significant improvement over the intercept-only model. Owing to
small sample sizes, conventional goodness-of-fit measures (Pearson’'s goodness-of-fit test,
Hosmer-Lemeshow test) were not applicable to the logistic models used here (Hosmer and
Lemeshow, 2004). Instead, goodness-of-fit was assessed under an inf;)rmation theory
framework by ranking the logistic model for each temperature metric using Akaike's size-
corrected information criterion (AICc; Burnham and Anderson, 2002; Stevens and DuPont,
2011). Normalised Akaike model weights (w; Wagenmakers and Farrell, 2004) were
subsequently calculated to determine the relative model strength for each temperature
covariate. McFadden’s generalised likelihood-ratio R? analogue (R’.) was used to approximate

the ability of temperature metrics to explain variability within the binary vectors (Menard, 2000).

7.3 Results

7.3.1 Characterisation of study reach/period

Mean daily water temperature (averaged over temperature loggers T1-T14) was 21.3+3.2° C
during the study period. A small but significant downstream temperature warming of 0.4° C was
noted between loggers T1 and T14. However, notable temperature variability was observed
between the sites (figure 7.3). Mean temperature within the two thermal refuges (loggers TR1U
and TR2U) was 16.4+2.1° C and 16.0+2.4° C respectively. Mean discharge at the nearest
hydrometric station was 6.0+11.3 m®’, the high standard deviation resulting from two notable
discharge events (81.6 m%s™ and 25.1 m®s™ respectively). Discharge values outside of these
events, achieved by examining days on which discharge were within one standard deviation of

the annual mean for the riviére Ouelle, were notably lower (3.0+3.1 m%™).
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Figure 7.3 Mean temperature recorded by loggers during study period (squares). Error bars from modified
Tukey-Kramer multiple comparison test (eg. Hochberg & Tamhane, 2008); loggers with non-overlapping bars
recorded statistically different mean temperatures (p < 0.05; eg. T1 and T14).

Of the 293 Atlantic salmon parr tagged, 39 were detected at least once during the study period.
The mean displacement of 0.57+0.68 km from post-tagging release site to subsequent detection
(table 7.2) indicates that fish were able to traverse distances greater that that separating the
reach boundary antennas and the thermal refuges (0.51 km and 1.60 km for the downstream
and upstream reach boundary antennas respectively). The detection of 5 individuals at
antennas more than 1.90 km distant from their initial release site further highlights the high
degree of mobility within the tagged juvenile salmon population. Although individuals detected
at the upstream reach boundary antenna originated from sites significantly upstream from those
detected at the other antennas (ANOVA p < 0.05), there was no significant difference in the
origin of fish between those detected at the downstream antennas and those within the thermal

refuges.
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Table 7.2 Summary of parr displacements from initial release site to first detection.

Individuals detected at Individuals detected Individuals detected at

downstream antennas at tributary antennas upstream antennas Total
Mean displacement (km) 0.64 0.32 0.78 0.57
Max. displacement (km) 2.41 1.90 1.97 2.41
Standard deviation (km) 0.77 0.48 0.66 0.68

7.3.2 Main stem detection events

7.3.2.1 Principal component analysis

Hierarchical clustering applied to principal component scores of the reach boundary PIT
detection data identified six distinct groups of detections (figure 7.4a). The first two groups
(clusters 1 and 2) indicate fish movement in response to elevated discharge. Cluster 1
corresponds to an especially high flow event (65.645.2 m’s™), although discharge during
detections in cluster 2 was also relatively high (10.2£9.0 m3s™). Clusters 3 and 4 occurred at
generally reduced flows and moderate water temperatures. These two groups likely represent
diel cycling movements, with cluster 3 occurring at a mean time of 21:01 and cluster 4 at 05:13.
The densest groups (clusters 5 and 6) correspond to high water temperature events. Cluster 5
occurred at a marginally higher discharge than cluster 6, but no significant difference in water

temperature or time was observed between the two groups, so they were examined together.

7.3.2.2 Main stem detection events associated with high water temperature

Clusters 5 and 6 comprise 20 discrete main stem detection events associated with high water
temperatures. These events occurred on seven unique days and comprised a total of ten
individuals. The number of tagged individuals detected per day varied from one to six, and was
significantly correlated with daily mean main stem temperature (R?> = 0.35, p < 0.05). Mean
temperature at which main stem detection events were recorded (from loggers T4 or T12
depending upon the detection) was 29.0+0.8° C. Mean daily temperature for days on which
detection events were observed was 24.4+0.8° C. Mean occurrence time for the first detection
of the day was 129148 minutes after midday (14:09). Mean occurrence time of all detection
events associated with high water temperatures was 151138 minutes after midday (14:31). By

means of comparison, daily maximum water temperature on days when movement events
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occurred at a mean of 217+39 minutes after midday (15:37). Events occurred over a range of
~2.5 hours, with the earliest movement event detected at 13:00 and the latest at 15.44.
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7.3.3 Thermal refuge aggregations

7.3.3.1 Principal component analysis

Principal component analysis of PIT-tag detections at the tributary thermal refuge antennas
revealed that aggregation events fell into seven distinct groups (figure 7.4b). Clusters 1, 2, 3
and 4 all correspond to high discharge events (38.5£17.5 m®s™). Mean temperature was low
during these events (16.621.7° C), and the distinction between these four clusters presumably
results from differences in aggregation start time and duration. Clusters 5 and 6 correspond to
moderate discharges and water temperatures. These groups appear to be associated with diel
habitat cycling into and out of the tributaries, given that they started relatively late in the
afternoon (mean time of 18:32), and continued for an average of 4311221 minutes. These two
clusters appear to be differentiated by minor variations in duration and temperature. The
remaining group, cluster 7, corresponds to high water temperatures events and was therefore

selected for further analysis.

7.3.3.2 Thermal refuge aggregations associated with high water temperature

Cluster 7 comprises a total of eleven thermal refuge aggregation events associated with high
water temperature. These aggregations comprised a total of eight tagged individuals, each
being detected from 1 to 10 times. Mean temperature at the start of aggregations was 24.8+1.8°
C compared to 27.7+1.9° C and 25.3£1.7° C for the aggregation midpoint and end, respectively.
By means of comparison, maximum summer water temperature recorded within the two
tributaries was 20.9° C, and mean tributary temperature during the eleven aggregations was
18.911.0° C. Mean aggregation event duration was 5191195 minutes, indicating that most of
the eleven events spanned a substantial period of time. Mean aggregation start time was
261213 minutes after midday (12:27). However, given that the aggregation midpoint (defined as
the time midway between the aggregation start and end) is the theoretical time at which the
greatest number of individuals is present within the tributary, it is more pertinent to consider the
midpoint time of 2861198 minutes after midday (16.46) when comparing timing of aggregation

events with movements at the study reach boundaries.

Aggregations events associated with high water temperatures only occurred once per day. Field
observations from several of these events indicated that true aggregation size was substantially
larger than that recorded in the PIT database, due to the presence of untagged individuals in
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addition to the marked fish. Furthermore, at least one aggregation event (3" August at ~16:30)
was observed in the field, but remained undetected by the PIT equipment. On this occasion, in
excess of 20 individuals were observed thermoregulating in the cold water ‘plume’ of one of the
tributaries but this event went undetected because low flows inhibited fish access to the tributary

antennas.

7.3.4 Comparison and statistical analysis of main stem detection events versus
aggregations

All main stem detection events corresponding to elevated temperature occurred during a 28 day
period from 11™ July until 7" August 2012 where water temperature was consistently high (mean
of 23.2+3.0° C, maximum of 30.5° C; figure 7.5a) and discharge was low (mean of 1.1£0.4 m%s™;
figure 7.5b) owing to elevated water temperatures and weak precipitation. Given that the aim of
this investigation is the analysis of movement behaviour in response to high water temperatures
(not discharge or diel cycling), subsequent analysis of detection events will therefore focus on
this 28 day period.
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Figure 7.5 Temperature, discharge, main stem detections and thermal refuge aggregations associated with high water temperatures during 28 day sub-

study period.



Although the mean occurrence time for the first main stem detection of the day (figure 7.5¢)
occurred after the start of aggregation events (figure 7.5d, 7.5e), the mean occurrence time for
all main stem detection events occurred on average 135 minutes before the aggregation
midpoint, the time at which the theoretical maximum number of individuals was present in the
tributary refuge. The time difference between these events was found to be significant (¢t = 2.97,
p < 0.05, df = 29), suggesting that main stem parr movement occurred a significant period of
time prior to maximum aggregation size (figure 7.6). Water temperature was observed to be
1.3° C warmer at the mean occurrence time of main stem detection events than at the thermal
refuge aggregation midpoint. This difference was also found to be significant (t = 1.95, p < 0.05,
df = 29).
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Figure 7.6 Timing of main stem detection events compared to thermal refuge aggregation midpoints (n=20
and n = 11 respectively). Mean times denoted by grey lines in middle of each box, 25th and 75th percentiles
given by upper and lower edges. Whiskers denote extrema within 90th percentiles and outliers are indicated
by crosses. Difference is significant (p < 0.05).
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A two sample t-test applied to temperature metrics shows that mean and maximum daily water
temperatures during the 28 day period were significantly different between non-movement and
movement days (defined as days on which main stem detections corresponding to high water
temperature occurred; figure 7.7, t = 3.7015 & 5.1258 respectively, p < 0.05, df = 26). A second
t-test test applied to the temperature residuals yielded the same result, so temporal

autocorrelation was judged to have not introduced any significant bias to the initial t-test result.
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Figure 7.7 Mean (a) and maximum (b) water temperatures on days on which main stem detections did and did
not occur (n =7 vs n = 21 respectively). Mean temperatures denoted by grey lines in middie of each box, 25th
and 75th percentiles given by upper and lower edges. Whiskers denote extrema within 90th percentiles and
outliers are indicated by crosses. Difference is significant (p < 0.05).

Logistic regression models fitted to detection events within this period also demonstrated that
water temperature measures are capable of predicting the daily occurrence of main stem
detection events with a good degree of accuracy (table 7.3). The best-fitting covariates were
daily number of degree hours above a given threshold, with daily degree hours >28° C found to
best model the occurrence of main stem detection events (AAICc = 0.00, w; = 0.59, R? =0.74, p
< 0.05), with an overall prediction accuracy of 89.29% (95.24% for non-movements, 71.43% for
movement events; figure 7.8a). Due to its moderately high (but still significant) p-value, this

covariate suffers from relatively large confidence intervals. However, confidence limits on the
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covariate of degree hours >22° C (AAIC: = 6.51, w; = 0.04, R? = 0.57, p < 0.05, % correct =

85.71) were smaller (figure 7.8b) despite its slightly weaker goodness-of-fit criteria.

Table 7.3 Statistics for five best-fitting logistic regression models. Quality of models ranked using Akaike’s
information criterion. AICc = Akaike’s size-corrected information criterion. AAICc = difference in Akaike’s
size-corrected information criterion in comparison to optimal model. w; = Normalised Akaike model weight.
R?.= McFadden’s generalised likelihood R? analogue.

% correctly P50 (°C
Covariate AlCc AAICc w; R4 predicted p-value hours)
Daily degree hours > 28° C 12.57 0.00 059 074 89.29 0.03 1.51
Daiiy degree hours > 23° C 1418 1.61 026 0.69 8571 0.04 45.12
Daily degree hours > 22° C 18.18 5.61 0.04 057 85.71 0.02 61.52
Degree hours >27° Cinprevious48 hrs 18.83 6.26 0.03 054 85.71 0.01 12.24
Degree hours >26° C in previous 48 hrs 19.62 7.05 0.02 052 85.71 0.01 24.30
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Figure 7.8 Logistic regression models showing probability of main stem detection events as a function of
degree hours above (a) 28° C and (b) 22° C. Dashed lines denote 95% confidence limits.
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7.4 Discussion

7.4.1 PCA Classification of detection events

Individuals detected in the main stem or tributary thermal refuges fell into three major categories:
discharge, diel cycling and high water temperature. Those not corresponding to elevated water
temperatures require further interpretation in order to understand their triggers. Detections
associated with high discharge events either represent involuntary displacements of fish
entrained by flow in the main stem (PCA clusters 1 and 2; figure 7.4a) or individuals seeking
shelter from high flow velocity in the tributaries (clusters 1 — 4, figure 7.4b). Juveniles are known
to seek hydraulic shelter during discharge extremes (Ebersole et al., 2006), and previous studies
have noted the use of tributaries as low velocity shelter zones (eg. (Tschaplinski and Hartman,
1983; McMahon and Hartman, 1989). Detections were also noted to correspond to diel cycling.
Movements attributed to diel habitat cycling have been reported by numerous studies that
suggest that parr move between nocturnal feeding habitat and diurnal shelter in order to
minimise predation risk (eg. Hiscock et al., 2002; Imre and Boisclair, 2004; Johnston et al., 2004;
Armstrong and Schindler, 2013; Roy et al., 2013). The timing of main stem detections thought to
be associated with these movements (21:01 and 05:13) corresponds well to the dusk-dawn
crepuscular cycling reported by Roy et al. (2013), who observed peak diel movement at ~20:00
and ~05:00. Diel habitat cycling towards tributary habitat has also been observed previously
(eg. Bujold, 2010), and this presumably explains the patterns of detection recorded at the

tributary antennas.

Principal component analysis clearly revealed a series of detections (both main stem detection
events and thermal refuge aggregations) that were associated with high water temperature
events. While it is reasonable to assume that fish detected in the cool water tributaries on days
of elevated water temperature were there for thermoregulation, main stem detections at the
- reach boundary antennas require more careful interpretation. Given that all but one of these
events occurred on days when mean daily river temperature exceeded the upper critical range
for Atlantic salmon, and since cluster analysis demonstrated that other detections were
associated with diel cycling or flow events, it is reasonable to assume that these events indeed
represent salmonid movements triggered by elevated water temperatures. However, because it
was not possible to determine directionality of movement, we were unable to determine whether
individuals were moving into or away from the study reach. Similarly, while two fish were

observed at both the downstream antenna and within the tributary thermal refuges, neither of the
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individuals were detected at both the reach boundary antennas and inthe thermal refuges on
the same day, and it is therefore not possible to determine whether they were travelling towards

the tributary refuges.

In spite of this, the most plausible explanation for the observed trend of detections concurrent
with elevated water temperatures is that fish triggering the reach boundary antennas on these
occasions were moving in search of cool water. This hypothesis is also supported by the fact
that the mean and maximum displacements from release site to subsequent detection
demonstrate that Atlantic salmon parr are readily able to travel relatively large distances.
Interestingly, the majority (79.5%) of post-release recaptures were in an upstream direction, with
individuals travelling a mean distance of 0.46+0.52 km upstream between PIT-tagging and
detection. The minority of individuals that were detected downstream from their initial release
site covered a larger mean distance (1.00+1.06 km), presumably aided by the flow direction. It
is possible that the larger proportion of individuals travelling in an upstream direction may be due
to elevated downstream water temperatures prompting salmonids to move upstream towards

cooler water.

7.4.2 Timing of main stem movements

Although uncertainty remains as to whether detections at the reach boundary antennas
represent fish movements en route to the tributary refuges, the timing of these detections in
comparison to the aggregation midpoint time is telling. First, the earlier mean detection
occurrence at the reach boundary antennas compared to the thermal refuge aggregation
midpoint suggests that, as hypothesised, juvenile salmonid movement is detected in the main
stem several hours before the thermal refuge aggregations reach their peak size. While the PIT
telemetry data does not indicate whether a fish originated close to the reach boundary antennas
or from further away, this result does imply that main stem movements in search of thermal
refuges occur earlier than full aggregation establishment. Although the mean start time of
aggregations in the thermal refuges occurred relatively early, it is likely that individuals detected
at this early point are those arriving from locations in close proximity to one of the two refuges.
Fish travelling from further afield (ie. the reach boundary antennas) will inevitably take longer to
arrive ‘within the refuge, hence the use of the aggregation midpoint to define the time of

maximum aggregation size.
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Second, the lag time between the detections at the reach boundaries and the timing of the
aggregation midpoint is sufficiently long to allow for fish movement from considerable’distances
up or downstream. Laboratory analysis of Atlantic salmon swimming velocities suggests that
juveniles (fork length = 100 mm) are able to comfortably swim (or hold station) at flow velocities
approaching 0.90 ms” (Arnold et al., 1991; Peake et al., 1997; Peake and McKinley, 1998),
more than sufficient for traversing the 1.60 km between the upstream PIT antenna and the cool
tributaries in the ~2.25 hours between detection at the reach boundary antennas and the
aggregation midpoint occurrence. Juvenile salmonids obviously move more siowly when moving
upstream against the current. However, PIT telemetry experiments in the wild have also shown
that parr are able to maintain sustained upstream ground speeds of 0.32 ms™ (Bujold, 2010).
This speed would be adequate for fish to potentially cover the distance between the downstream
reach boundary antenna and the tributaries (0.51 km), even if swimming ability was impacted by

heat stress.

Third, airborne thermal infrared (TIR) imaging surveys of the riviere Ouelle (Dugdale et al., 2013)
indicated that the two antenna-bounded tributary refuges were the sole stable cool water
sources in or near to the study reach. Although two smaller intermittent groundwater seeps a
small distance upstream of the study reach were detected during one of six TIR surveys, these
features were very small. Given their size and the fact that they were only identified on one of
six occasions (suggesting that they are highly unstable as sources of cold water), it is unlikely
that these features were used for thermoregulation. It is logical therefore to conclude that
salmonids detected at the reach boundary antennas during the study period were either
searching for refuges or were en route to the larger and more temporal stable tributary thermal

refuges.

7.4.3 Temperature of main stem movements

Aggregations within tributary thermal refuges were noted to start at a mean temperature of
24.8+1.8° C, likely due to fish experiencing the first stages of heat stress associated with
temperatures exceeding the upper critical range. Individuals near to the refuge will likely move
towards cold water, using them frequently and opportunistically in response to slight elevations
in water temperature. Nevertheless, provided the river temperature stays within the ‘thermal
tolerance zone’ (eg. Elliott, 1991), use of a refuge is not absolutely necessary, and fish located

further away (such as those in the vicinity of the reach boundary antennas) may not expend
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energy traversing the relatively large distance to the tributaries until water temperatures
necessitate it. However, when water temperature exceeds the upper incipient lethal threshold,
salmonids are obliged to thermoregulate. Even those individuals that normally reside
considerable distances away will start to search for cool water. This presumably explains the
observation of main stem detections occurring at a mean temperature of 29.0+0.8° C. However,
this temperature actually exceeds the upper incipient lethal temperature for Atlantic salmon parr
(27° - 28° C; Elliott, 1991; Crisp, 1993; Elliott and Elliott, 1995, 2010). While it is important to
note that this threshold represents the temperature at which 50% of individuals are able to
survive for a period of 7 days (Elliott and Elliott, 2010) and not the ultimate lethal limit (30° - 33°
C, Elliott, 1991; Elliott and Elliott, 1995, 2010), it is surprising nonetheless to observe individuals
moving, as heat stress associated with such temperatures has previously been observed to limit

swimming activity (Breau et al., 2011).

It is possible that such movements are indicative of acclimation to high temperatures. Elliott
(1991) showed that Atlantic salmon parr acclimated to 20° C (actually lower than the study
period mean of 23.2+3.0° C) were able to survive temperatures as high as 29.5° C for 1000
minutes at 31.1° C for 100 minutes, indicating that fish were at least theoretically able to survive
all but the highest temperature peaks observed on the Ouelle during the study period. While
little-to-no literature exists describing acclimated Atlantic salmon swimming performance at
these temperatures, some salmonids (eg. Chinook salmon, Oncorhynchus tshawytscha; Quigley
and Hinch, 2006; Steinhausen et al., 2008) exhibit a notable downturn in movement ability at 24°
- 25° C. Conversely, brook charr (Salvelinus fontinalis) movement behaviour indicates the
opposite trend, with dispersal rates increasing linearly with temperature until the upper incipient
lethal limit (Petty et al., 2012) as fish moved in search of cool water. It therefore seems plausible
that despite the thermal impact on swimming performance, main stem detections recorded at
high temperatures represent Atlantic salmon parr moving towards cool water. Furthermore,
given that main stem detections were noted to occur on average 66 minutes before the daily
temperature maximum, it is possible that salmon parr are anticipating the occurrence of the

temperature peak and thus are moving while they are still able to do so.

The fact that movement occurred at temperatures in excess of the laboratory-calculated upper
incipient lethal limit may also suggest that the riviere Ouelle salmon population is locally adapted
to elevated water temperatures. Inter-population thermal adaptation has been shown for a
range of salmonid species (eg. Konecki et al., 1995; Dionne et al., 2008; Jensen et al., 2008;

Eliason et al., 2011). Atlantic salmon in the Québec City region (comprising the riviere Ouelle)
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form a genetically distinct population, experiencing a significantly higher number of warm days '
(degree days > 5° C) than other regions of Québec (Dionne et al., 2008). Adaptation to this
thermal regime likely aided the ability of the riviere Ouelle’s juvenile salmonid population to move
at raised water temperatures, possibly through local elevation of the incipient lethal temperature.

7.4.4 Statistical analysis of movement trends

Given the significant difference between mean and maximum temperatures on days when main
stem movements did and did not occur, it is not surprising that logistic regression was able to
predict the daily occurrence of main stem detection events from water temperature metrics. The
metrics that best predicted daily main stem detection events were degree hours above a given
threshold temperature. That the best covariate (based on the AIC metrics) was degree hours >
28° C seems realistic, given that this approaches the mean temperature associated with main
stem detection events. Furthermore, this variable very closely approximates the upper incipient
lethal temperature for the Atlantic salmon (27° - 28° C; Elliott, 1991; Crisp, 1993; Elliott and
Elliott, 1995, 2010), and therefore supports the hypothesis that reach boundary antenna
detections at this temperature represent salmon parr being forced to move in search for cold
water as they experience temperatures outside of the ‘zone of thermal tolerance’ (eg. Elliott,
1991). The wide confidence intervals associated with this covariate are likely due to the large
number of zeroes yielded by days on which temperatures did not exceed 28° C and the
relatively low range of variability in the data. Confidence intervals would presumably be
improved if data existed for a longer heat wave period. The fact that the degree hours > 22° C
covariate yielded better confidence intervals while still predicting main stem movements with a
reasonable degree of accuracy is interesting, given that this variable is actually cooler than the
upper critical range of the Atlantic salmon. The good hodel fit is presumably simply a function of
the fact that all main stem detections occurred on hot days with a substantial number of degree
hours in excess of 22° C. However, the improved confidence intervals in relation to other
covariates is likely because metrics of degree hours from >23° C to >31° C (inclusive) contained
zero values that impeded the model fit. Indeed, several degree hour metrics were found to be
non-significant, presumably due to the presence of zeroes and the lack of sufficient variability.
These metrics would likely be significant (and therefore better predictors than degree hours >22°
C) if it had been possible to capture a larger amount of data during a longer duration heat wave

period.
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Our data suggest that relatively simple temperature metrics show great potential for predicting
days on which fish conduct reach scale movement in search of cool water. However, these
metrics are unknowable until after a main stem detection event has started. Nonetheless, even
if not used in a predictive capacity, the logistic model could be applied post-hoc to water
temperature data to determine the likelihood main stem detection event having taken place. The
output of such a model could subsequently be used to determine whether a river should be
closed to human activity (eg. sport fishing of adults) in order to reduce stress on juveniles.
Contrary to other studies (eg. Breau, 2013), cumulative temperature metrics incorporating data
from the days prior to those upon which events occurred (eg. degree hours over multiple days)
were not able to predict main stem detections better than simple daily temperature measures
(mean/maximum). This suggests that, at least in the riviere Ouelle, thermoregulation results
principally from daily temperature extremes rather than cumulative exposure. This may again be
an indication of local adaptation to generally raised temperatures in the riviere Ouelle salmon
population, as the average daily temperature during the entire study period exceeded 23° C.
Future research, therefore, should be targeted at examining whether salmonids in thermally
impacted rivers such as the Ouelle exhibit higher temperature thresholds for reach scale

movement or aggregation than those in cooler systems.

7.4.5 Recapture rate and uncertainty regarding undetected individuals

Given the relatively low recapture rates observed in this study, questions remain as to the fate of
tagged individuals that went undetected during high temperature events. It is likely that
limitations inherent in the PIT antenna setup largely account for the low detection rate, and
indeed, low redection rates are often a hallmark of PIT studies using stationary antennas (eg.
(Harvey, 1998; Enders et al., 2007; Achord et al., 2012). As previously noted, numerous
individuals were observed thermoregulating within the cool water plume of the thermal refuges,
but remained outside of the ‘detection range of the PIT antennas. It is therefore likely that many
of the tagged fish were in fact present thermoregulating in or near to the two thermal fefuges,
but were not detected by the PIT equipment. Similarly, the inability of the main stem antennas to
completely bisect the river likely meant that not all movements into and out of the study reach
were recorded, and it is possible that fish moved to find other refuges outside of the study reach.
Furthermore, given that fish were tagged over a reach that extended a considerable distance

beyond the upstream and downstream boundary antennas, it is possibie that some individuals

188



never even came close to the antennas, instead choosing other sources of cool water. The only
other refuges detected in proximity to the study area were small and ephemeral and it is unlikely
that they were sufficient to support thermoregulation of large groups of individuals. However, it
is instead possible that individuals moved towards cool water sources that were not detected
from any of the thermal imaging surveys conducted between 2009 and 2011. For example,
thermoregulation by salmonids in cool groundwater at the base of pools or within intergranular
spaces in the hyporheic zone has been observed by numerous studies (eg. Matthews et al.,
1994; Nielsen et al., 1994; Matthews and Berg, 1997; Elliott, 2000; Ebersole et al., 2003b,
2003a; Heggenes et al., 2013). These thermal features are often too diffuse to be positively
identified as cool water refuges in thermal imagery, and it is therefore possible that fish not
detected in the two antenna-bound thermal refuges used these types of cool water refuge for
thermoregulation. This may go ‘some way towards accounting for the whereabouts of
undetected individuals during high water temperatures. It is also possible that heat stress driven
mortalities account for some of the non-detections. Substantial parr mortalities were observed
on the OQuelle in 2010 (J-F Gendron, personal communication), and given that similar
temperatures were attained in 2012, it is likely that a proportion of the tagged individuals
succumbed to heat stress. However, no mortalities were actually observed during the study
period, so this hypothesis cannot be confirmed. Nonetheless, despite the uncertainty regarding
the fate of undetected individuals, the results of this study still provide an insight into the main

stem movement behaviour of Atlantic salmon parr during high temperature events.

7.5 Future research and conclusions

- Despite the clear links demonstrated here between temperature metrics and main stem
detections, more research is needed concerning salmonid movement behaviour in response to
water temperatures. Any future study should take into consideration a number of issues raised
by this investigation. First, the data used here to identify movements were relatively sparse. In
spite of the relatively large PIT-tagging campaign, low detection rates meant that definitions of
main stem detections and thermal refuge aggregations comprised relatively few individuals;
future investigations should attempt to tag an even greater number of individuals in order to
avoid this. In a similar vein, the lack of directionality recorded by the upstream and downstream
antennas is problematic; more extensive PIT antenna installations (eg. Johnston et al., 2009;

Roy et al.,, 2012) would likely solve this problem. In spite of this, however, the main stem
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detections observed here at the reach boundary antennas represent some of the first accounts
of main stem movement in response to high water temperatures. Such behaviour in juvenile

salmonids has not previously been documented, and warrants further i\nvestigation.

The data presented here contribute to a better understanding of the timing and temperatures of
main stem salmonid movement in response to high temperatures. Given that these events are
predicted to occur more frequently under future climate change, it is hoped that the results of
this investigation will aid in the development of appropriate strategies for managing river
activities during heat waves, with a view to conserving salmonid populations. The logistic
regression models presented here show that both main stem movement events can be
accurately predicted from relatively simple temperature covariates. Such metrics could therefore
be used by watershed organisations to set temperature limits for pastimes such as angling or
boating, in order to allow thermally-stressed fish sufficient recovery time. Although further
research is clearly necessary, the authors therefore hope that the results of this investigation will
contribute to conservation efforts, with a view to protecting salmonids in temperature-impacted

rivers and sustaining sensitive commercial and recreational fish populations.
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CHAPITRE 8 : CONCLUSION DE LA THESE

Bien qu’il existe de nombreux travaux concernant la température de 'eau des rivieres et les
refuges thermiques, peu d’'études ont jusqu’ici été réalisées a une échelle suffisamment grande
et avec une résolution spatiale assez fine pour permettre une meilleure compréhension des
facteurs contrélant I'hétérogénéité spatiale et temporelle de la température de 'eau a I'échelle
du paysage lotique. Les travaux réalisés dans le cadre de cette thése représentent donc une
premiere contribution a I'étude de ces sujets a I'échelle du paysage lotique. En outre, la taille et
la résolution de la base de données d'imagerie utilisée dans cette étude et sa capacité a éclairer
les processus fondamentaux contrélant des patrons de la température de I'eau et des refuges
thermiques conférent a cette recherche un haut degré d'originalité et la rend extrémement utile
pour comprendre les liens entre les salmonidés et la température de I'eau dans le cadre du

réchauffement climatique prévu.

Ces travaux peuvent étre séparés en deux parties principales : premiérement, des avancées
technologiques permettant la récolte de données thermiques a haute résolution et a I'étendue
d'un bassin versant entier pour caractériser la température de I'eau a I'échelle du paysage
lotigue, deuxiémement, des recherches fondamentales utilisant ces données pour répondre a
I'objectif global de la thése qui consistait a obtenir une meilleure compréhension de la variabilité
spatio-temporelle des refuges thermiques et de leurs effets sur les poissons d'eau froide, dans
ce cas-ci, le saumon Atlantique utilisé comme espéce modéle pour le besoins de I'étude. Les
contributions de chacune de ces parties seront donc ici présentées a leur tour, suivie d'une
bréve discussion de la portée de ces nouvelles découvertes et de quelques remarques finales

sur 'ensemble des résultats de la thése.

8.1 Avancées technologiques

La méthodologie de télédétection optique et infrarouge thermique détaillée dans cette thése
montre un fort potentiel pour 'acquisition des données nécessaires a la caractérisation des
milieux fluviaux a I'échelle du paysage lotique ou «riverscape». Bien que des conclusions
spécifiques concernant le systéme aient déja été présentées au chapitre 3, il est pertinent de
noter qu'un tel systéme pourrait avoir un impact important dans le domaine plus général de la
science des rivieres. Bien que plusieurs chercheurs aient déja fabriqué des systémes similaires,
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personne ne les a utilisés afin de caractériser d'aussi grandes superficies de rivieres que celles
détaillées ici, ni a une telle résolution. Au cours de la réalisation de ces survols, il a été
nécessaire de résoudre des nombreux problémes et d'en arriver & une compréhension
approfondie des questions logistigues associées avec l'acquisition d’images a trés grande
echelle. En faisant cela, nous avons été en mesure d'améliorer considérablement la fiabilité du
systéme. Pour une des premiére fois dans le mohde de la télédétection, il existe maintenant
une méthodologie de télédétection capable de récolter des données adaptées spécifiquement
aux besoins des communautés étudiant tant la géomorphologie que I'écologie des riviéres. Les
données d'imagerie optique et infrarouge thermique recueillies au cours de ce doctorat recélent
encore beaucoup d'information n’ayant pas été présenté dans cette thése. De plus, le systéme
a aussi éte utilisé pour I'acquisition de données sur d’'autres bassins versants non-discutés ici. |l
est. donc a espérer que ces données soient utilisées pour approfondir les résultats détaillés

dans les chapitres 5 a 7 de cette thése.

8.2 Recherches fondamentales

Les chapitres 5 a 7 présentent des résultats de recherches fondamentales qui répondent a trois
lacunes de connaissance spécifiques concernant les refuges thermiques et leurs effets sur les
salmonidés. Ces manques de connaissances concernent la variabilité temporelle des refuges
thermiques, leur distribution spatiale, et leur role sur les mouvements des tacons en période de

canicule.

La' chapitre cing discute de I'importante question de la variabilité temporelle des refuges
thermiques et plus spécifiquement du réle que jouent les conditions hydrométéorologiques sur
Fabondance des refuges et I'hétérogénéité thermique du profil en long d’'une riviere. Les
résultats indiquent que la variabilité temporelle de la distribution spatiale des refuges thermiques
varie notamment en fonction du type de refuge thermique. Ainsi, il a été observé que les
refuges créés par des processus d’eau souterraine, bien gu’ils soient les plus abondants, sont
aussi beaucoup plus variables dans le temps que les refuges thermiques associés au réseau de
drainage d’une riviére. Ce résultat a des implications importantes concernant la permanence de
'accés des salmonidés aux refuges thermiques. En effet, si une majorité des refuges froids
d’'une riviere sont éphémeéres, les poissons seront plus a risque durant les canicules, devant se

déplacer davantage afin de trouver un refuge thermique assurant leur survie. En sachant cela,
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le rapport entre le nombre de refuges thermiques stables et éphémeéres pourrait étre utilisé afin
d’identifier les riviéres ou les populations des salmonidés qui seront les plus sensibles aux
changements climatiques futurs, permettant ainsi de mieux cibler les efforts de conservation et

de gestion.

Il a aussi été noté que la variabilité temporelle des refuges thermiques provenant de l'eau
souterraine, ainsi que la complexité thermique des profils en long, étaient liées a des variables
hydrométéorologiques de longue et courte durées. Bien qu’il soit prévu que les changements
climatiques auront un impact sur le régime hydrologique et thermique des riviéres, aucune étude
n'existe concernant le réle gu’exerceront les refuges thermiques sur les effets des changements
du climat sur la répartition géographique du saumon atlantique. Les résultats de cette étude
pourraient donc étre combinés avec des modéles régionaux climatique de des modéles
hydrologiques afin d’estimer comment des variations de la précipitation et du débit influenceront
la disponibilité des refuges thermiques et des trongons froids. Ces données permettraient de
calculer la perte d’habitat thermigue potentiel selon différents scenarios climatiques et de mettre
en place des stratégies pour les protéger ou les restaurer. Par ailleurs, cette étude a démontré
que la variabilité temporelle des refuges thermiques est tout aussi importante que la variabilité
spatiale, et qu'elle doit donc étre prise en considération dans les futurs plans de gestion des

rivieres a saumon.

Le deuxiéme volet de recherche fondamentale contenue dans cette thése consistait a obtenir
une meilleure compréhension des facteurs régissant la distribution spatiale des refuges
thermiques a l'échelle du «riverscape». Les résultats indiquent que leur distribution spatiale
varie en fonction des processus physiques qui les créent. Tandis que les refuges thermiques
provenant du réseau de drainage sont distribués de fagon quasi-réguliére dans 'ensemble du
bassin versant, ceux associés a I'eau souterraine sont non seulement plus abondants, mais
aussi regroupés en trés haute densité dans les portions du bassin versant présentant le plus de
variabilité topographique. Cette importante variabilité spatiale dans I'abondance des différents
types de refuges pose une question importante en ce qui concerne 'arrangement spatiale des
refuges thermiques : est-il plus avantageux pour un saumon juvénile de sélectionner un habitat
dans un secteur de riviére ayant une haute densité de refuges d'eau souterraine, sachant qu’ils
sont éphémeres, ou est-ce préférable de demeurer a proximité d'un refuge de tributaire froid
compte tenu du fait que la densité de juvéniles risque d'y étre grande, méme en dehors des
périodes de canicules, en raison du plus faible nombre de refuges de ce type? Bien que la

réponse a cette question ne soit pas encore connue, lorsqu’elie le sera, les données du genre
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de celles présentées dans cette thése pourront étre utilisées afin d’'identifier les trongons ou les
rivieres ol des augmentations de la température de I'eau causées par le changement climatique

risquent d’avoir le plus grand impact.

En outre, cette recherche doctorale a montré que la distribution spatiale des refuges thermiques
(en termes de densité par kilométre et de leur présence ou absence) est fortement liée a des
facteurs hydrogéomorphologiques; a savoir, le confinement de la vallée, la courbure du chenal
et la proximité des vallées tributaires. Ces liens fournissent un éclairage sur les processus
géomorphologiques et hydrologiques fondamentaux qui régissent les résurgences riveraine
d’eau souterraine, et démontrent le réle important que joue la topographie du bassin versant sur
le nombre et la localisation des refuges thermiques. Ces variables hydromorphologiques
pourraient étre utilisées afin d’identifier le potentiel de productions de refuges thermiques d’'un
trongon ou d'une riviére, Ceci permettrait aux gestionnaires de bassins versants de déterminer,
sans survol aérien, les riviéres ou trongons qui seront théoriquement «riche» ou «pauvre» en
termes de refuges. Ces endroits pourraient alors faire I'objet d'efforts de protections supérieurs
pour minimiser les activités anthropiques susceptible de les affecter. Par ailleurs, ces données
pourraient aussi étre combinées avec des modeéles déterministes reliant les régimes de
résurgence de I'eau souterraine aux sorties des modéles de circulation régionale, afin d'identifier
comment la diétribution spatiale des refuges thermiques pourra changer dans le futur. Bien
gu'une telle étude ne soit probablement pas possible présentement en raison des limitations

informatiques, il est probable que cela deviendra envisageable dans un avenir trés proche.

Le chapitre 7 compléte le projet de doctorat en retournant a la raison d'étre de I'étude des
refuges thermiques, a savoir, la menace posée par la température de l'eau élevée sur les
salmonidés. Plus spécifiqguement, nous avons caractérisé le mouvement des poissons a
I'échelle du trongon en réponse a des périodes d’eau chaude durant des vagues de chaleur.
L'expérience de marquage-recapture a permis dobserver que les poissons forment non
seulement des agrégations durant les épisodes chauds, mais- aussi qu'ils effectuent des
mouvements dans le chenal principal quand la température de I'eau dépasse ~28° C. Le fait
que ces détections soient observées approximativement deux heures avant le pic des
agrégations indique que les poissons font des mouvements a I'échelle du trongon en réponse
aux températures élevés, vraisemblablement a la recherche d’habitats froids a des fins de
thermorégulation. Ces données représentent la premiére observation du mouvement des
tacons a I'échelle du trongon et suggérent que l'impact de la température élevée sur les

populations de salmonidés dépend de leur capacité de se déplacer vers les refuges thermiques.
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Il a aussi été constaté que des métriques de température simples sont capables de prédire
l'occurrence de ces mouvements avec un bon niveau de précision. Le fait que les modéles
logistiques associent les mouvements a un seuil de température de 28° C supporte le corpus
croissant de recherche qui suggérent que les tacons du saumon atlantique sont obligés de
chercher de l'eau fraiche une fois la limite de température |étale initiale supérieure est atteinte.
Il est a espérer que ces résultats serviront a mieux informer les stratégies de fermeture des
rivieres durant les canicules afin de protéger les poissons. Par ailleurs, les seuils de
température qui résultent des modeéles logistiques pourraient étre utilisés par les organismes de
bassins versants pour déterminer a posteriori les jours au cours desquels les saumons ont été
soumis & un stress thermique en vue de leur laisser suffisamment de temps pour récupérer. A
la lumiére de la menace croissante posée par le changement climatique, des outils tels que
ceux-ci pourraient étre d'une importance vitale pour la préservation des populations de poissons

avenir.

8.3 Développements futurs

Les constats de cette thése soulévent des avenues de recherche futures importantes en ce qui
concerne la variabilité spatio-temporelle des refuges thermiques et leurs liens avec les
salmonidés. Bien que les résultats de recherche présentés dans cette thése contribuent de
facon significative a I'ensemble de connaissances concernant les liens entre la température de
I'eau et les salmonidés, ceux-ci ne font qu'effleurer la surface de ce domaine de recherche d'une
importante cruciale dans le contexte actuel du réchauffement du climat. Une myriade de

questions de recherche devra donc encore étre étudice.

En ce qui concerne la variabilité temporelle des refuges thermiques, toute recherche future
devrait étre axée sur des périodes d'échantillonnages plus étalées que celles documentées
jusqu'a présent afin d’augmenter I'étendue de la variabilité des corrélations entre les paramétres
hydrométéorologiques et I'abondance des refuges thermiques ou I'hétérogénéité thermique du
profil en long. Bien que les corrélations discutées dans le chapitre 5 étaient fortement
significatives, ils bénéficieraient d’'une plus grande gamme de valeurs afin d'explorer la
variabilité du nombre de refuges ou de la complexité thermique d'une riviére résultant des
événements hydrométéorologiques extrémes tels les tempétes, les sécheresses, ou, sur une

plus longue durée, les hivers trés secs ou trés pluvieux. Dans le méme ordre d'idée, il serait
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aussi intéressant d’examiner la variabilité saisonniére des refuges thermiques. Tandis que nous
avons ici évalué leur variabilité d'un été a lautre, il existe trés peu de données concernant
comment les refuges thermiques varient entre I'été et I'hiver ou a l'intérieur d'une méme saison.
Malgré que des études nombreuses examinent l'utilisation des zones de résurgence sur la
survie des ceufs de salmonidés et la protection des nids (ex. Hansen, 1975; Curry et al., 1995;
Baxter and McPhail, 1999; Soulsby et al., 2009), aucune étude n’a encore examiné si les
refuges thermiques froids persistent durant I'hiver comme des refuges chauds, ni leur variabilité
spétio-temporelle hivernale. Une telle étude serait donc trés intéressante afin de déterminer
- l'effet possible des refuges thermiques froids et chauds sur la distribution inter-saisonniére de
salmonidés.

Concernant la distribution des refuges thermiques, le chapitre 6 discute des mécanismes
régissant leur variabilité spatiale, notamment celle des refuges provenant de I'eau souterraine.
Cependant, tel que discuté dans l'article, des données de qualité supérieure telles que celles
provenant de modeles numériques a partir des données LiDAR ou des cartes géologiques a
haute résolution auraient vraisemblablement permis la réduction de I'erreur associée avec les
régressions et les indices de Jacobs. Une étude utilisant ces sources de données améliorées
devrait donc étre une priorité pour le futur. Ces données permettraient également
vraisemblablement une modélisation déterministe de la variabilité spatiale des refuges
thermiques. De méme, tandis que cette thése a mis en évidence la variabilité spatiale des
refuges thermiques, les causes sous-jacentes a la complexité du profil thermique en long des
rivieres en termes des trongons froids et chauds demeurent pu étudiés. Tandis que les
mécanismes controlant ces trongons ont été discutés dans le chapitre cing (ex. terrain agricole,
terrasses alluviales), une étude quantitative examinant en détail ces phénoménes serait d'une
grande importance. Par ailleurs, toute étude future considérant la distribution spatiale des
refuges thermiques devrait viser une meilleure compréhension de leur variabilité et des
' mécanismes qui les régissent a 'échelle régionale. Une telle connaissance permettrait de
déterminer si une densité de refuges thermiques élevée dans certaines régions rend les
populations de poissons plus résilientes au bhangement climatique que dans des régions ou les
refuges sont peu abondants. |l est probable que la variabilité régionale des refuges thermiques
et des patrons de I'hétérogénéite thermique soit une fonction de différences fondamentales dans
la géologie des bassins versants en termes de leur perméabilité et de leur topographie. Les
recherches futures devraient donc viser a examiner le role de la géologie de surface et du
substrat rocheux, et de la topographie sur les variations régionales dans l'abondance et la

distribution des apports d'eau froide.
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Malgré les résultats présentés au chapitre 7, la réponse des salmonidés aux refuges thermiques
demeure peu connue, particulierement a I'échelle du paysage lotique. Un moyen par lequel
cette situation pourrait étre améliorée serait de répéter des expériences similaires dans d’autres
régions afin de comprendre si les indices thermiques et temporelles associés avec le
mouvement des poissons a I'échelle du trongon sont similaires entre des bassins versants
différents. |l serait aussi intéressant de déterminer si les seuils de température associés aux
événements d’agrégation dans les refuges thermiques sont toujours les mémes, ou si les
populations de saumon atlantique dans les systémes affectés par des températures élevées,
comme la riviere Ouelle, sont adaptés aux températures élevées. Par ailleurs, I'utilisation d’'une
plus grande quantité d’antennes PIT améliorerait la qualité des études futures en p'ermettant la
détection des poissons tout au long du trongon d'étude. Il serait alors possible de quantifier
précisément le mouvement des poissons et de déterminer les trajets d'individuels suivis afin

d’accéder aux refuges thermiques.

Des recherches antérieures ont déja démontré des liens entre la localisation des refuges
thermiques et la distribution de différentes espéces de salmonidés du Pacifique (ex. Torgersen
et al., 1999; Ebersole et al., 2001; Fausch et al., 2002; Ebersole et al., 2003b). Cependant, des
études similaires n’ont jamais été réalisées pour le saumon Atlantique. Ainsi, étant donné que
les données détaillées dans le chapitre 6 comprennent la localisation de tous les refuges
thermiques présents dans l'ensemble des rivieres a saumon du bassin versant de la
Restigouche, il serait théoriquement possible d’effectuer une étude de style «riverscape» afin
d'éclairer les liens entre la densité de saumons et la distribution des refuges thermiques a
I'échelle du bassin versant. Compte tenu du fait qu’il existe déja des données historiques de
densités de saumons juvéniles sur la riviere Restigouche, une telle étude pourrait permettre de
déterminer les liens possibles entre la distribution des refuges thermiques et celles des saumons
atlantiques a trés grande échelle. Cette étude pourrait avoir des conséquences importantes
pour la gestion a I'echelle du bas}sin versant des populations de salmonidés dans les riviéres
impactées par la température et pourrait donc aider les efforts de conservation contre la menace

du changement climatique.
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8.4 Remarques de cléture

Dans leurs déclarations finales, Fausch et al. (2002) ont noté qu'’il était nécessaire de fournir aux
chercheurs et aux gestionnaires des bassins versants les outils appropriés pour protéger la
faune fluviale des influences anthropiques néfastes. Nous espérons que les avancées
techniques et les résultats de recherche fondamentale contenus dans cette thése contribueront
a la survie de saumon atlantique face a la menace du changement climatique. Par ailleurs,
nous souhaitons que les résultats de ces études renforcent la compréhension scientifique des
liens entre le paysage fluvial, la température de I'eau des riviéres et la faune fluviale, en vue de
mieux comprendre I'écosysteme du milieu fluvial dans son ensemble. Malgré cela, il reste
énormément de recherches a faire afin d'obtenir une meilleure compréhension des interactions
entre les processus physiques et écologiques des riviéres, non seulement en ce qui concerne la
température de I'eau mais aussi tous autres facteurs abiotiques et biotiques. Il est donc a
espérer que les chercheurs travaillant dans le domaine fluvial continuent a utiliser et a
développer de nouveaux outils et techniques afin de repousser les limites de la recherche
fondamentale a I'échelle du paysage lotique et ainsi faire progresser la connaissance de ces

environnements importants et délicats.
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