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Abstract River water temperature regimes are expected to change along with climate over the next decades. This
work focuses on three important salmon rivers of eastern Canada, two of which warm up most summers to
temperatures higher than the Atlantic salmon lethal limit (>28°C). Water temperature was monitored at 53 sites on
the three basins during 2–18 summers, with about half of these sites either known or potential thermal refugia for
salmon. Site-specific statistical models predicting water temperature, based on 10 different climate scenarios,
were developed in order to assess how many of these sites will remain cool enough to serve as refugia in the
future (2046–2065). The results indicate that, while 19 of the 23 identified refugia will persist, important
increases in the occurrence and duration of temperature events in excess of 24°C and 28°C, respectively, in
the mainstems of the rivers, will lead to higher demands for thermal refugia in the salmonid populations.

Key words thermal refugia; water temperature; modelling; Atlantic salmon; climate change

Le changement climatique et la résilience des refuges thermiques fluviaux pour les salmonidés
dans les rivières de l’Est canadien
Résumé Les régimes thermiques des eaux fluviales devraient changer avec le climat au cours des prochaines
décennies. Ce travail s’intéresse à trois rivières à saumon de l’Est canadien dont deux présentent des températures
plus élevées que la limite létale du saumon atlantique (28°C) à plusieurs reprises la plupart des étés. La
température de l’eau a été contrôlée sur 53 sites des trois bassins durant 2 à 18 étés. Environ la moitié de ces
sites est connue comme refuges thermiques potentiels pour le saumon. Des modèles statistiques spécifiques de
site prévoyant la température de l’eau ont été développés afin d’évaluer combien de ces sites resteront assez frais
pour servir de refuge dans l’avenir (2046–2065), sur la base de dix scénarios climatiques différents. Les résultats
indiquent que, bien que 19 des 23 refuges identifiés persisteront, l’augmentation importante de l’occurrence et de
la durée de températures comprises entre 24 et 28°C dans les chenaux principaux conduiront à une demande plus
importante de refuges thermiques pour les populations de salmonidés.

Mots clefs refuges thermiques ; température de l’eau ; modélisation ; saumon de l’Atlantique ; changement climatique

1 INTRODUCTION

Water temperature is highly correlated with atmo-
spheric variables and with air temperature in particu-
lar. In northern regions, stream water temperature
regimes share a particular seasonal pattern, with tem-
peratures close to 0°C during the ice-covered season
and a sinusoidal shaped pattern similar to the air
temperature pattern during the free water season,
with a maximum during summer (Caissie 2006).

Eastern Canadian salmonids such as Atlantic salmon
(Salmo salar) and brook trout (Salvelinus fontinalis)
have adapted to such a thermal regime. Salmonids
have specific survival temperature distribution ranges
and their reproduction, feeding and growth require
even more specific thermal conditions (Jonsson and
Jonsson 2009, Elliott and Elliott 2010). For salmo-
nids in particular, temperature is a critical habitat
variable to maintain healthy populations.
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High temperature has the double effect of low-
ering the dissolved oxygen concentration in water,
while increasing the metabolic rate and thus the oxy-
gen demand of fish. When oxygen consumption
becomes less than oxygen demand, the fish must
rely on anaerobic energy pathways.

Most recent studies tend to converge on a num-
ber of survival and feeding temperature thresholds for
different salmonid species. Table 1 summarizes the
upper critical temperatures for survival and feeding
for Atlantic salmon and brook trout (Jonsson and
Jonsson 2009, Elliot and Elliot 2010, Breau et al.
2011). These two species are found in many eastern
Canadian rivers, including the three rivers of the
present study, and are popular species for recreational
fishing. Temperature thresholds are defined as: (a)
incipient lethal temperature, a temperature that can
be tolerated by approx. 50% of fish during an
extended period (usually 7 days); (b) upper feeding
range, the range of temperatures at which fish may
cease to feed; and (c) ultimate lethal temperature, a
temperature that cannot be tolerated even for short
periods (minutes). It should be noted that the indi-
cated optimal temperatures for growth must be modu-
lated by food availability and other habitat variables
(Bacon et al. 2005).

Thermally stressed individuals have been
observed to move into cooler regions, or thermal
refugia, to avoid potentially lethal thermal conditions
(Cunjak et al. 2005, Breau et al. 2007). In a labora-
tory experiment, Breau et al. (2011) found that the
basal metabolic rate of 2+ Atlantic salmon reaches its
maximum at 24°C, the same temperature at which
maximum oxygen consumption, cessation of feeding
and behavioural changes are observed.

This work focuses on three important salmon
rivers of eastern Canada (Fig. 1) where salmon

populations currently are subjected to a gradient of
thermal stresses in summer. One system, the Sainte
Marguerite River (Quebec), is located further north,
where salmon are more rarely affected by thermal
stress, while the other two, the Ouelle River (in
Quebec) and Little Southwest Miramichi River (in
New Brunswick), warm up to temperatures higher
than the Atlantic salmon lethal limit (>28°C) on
many days during practically every summer. In recent
years, high temperature events have led to episodic
fishery closures at the Miramichi River by the
Canadian Ministry of Fisheries and Oceans. The
Little Southwest Miramichi River (LSWM), a tribu-
tary of the Miramichi, experiences 28 days per season
above 23°C and temperatures as high as 30°C have
been recorded on this river. Mortalities were reported
in the Ouelle River in 2002 and 2010 (Ministère des
ressources naturelles et de la Faune, pers. comm.), two
years that experienced particularly severe summer low
flows and temperature peaks as high as 32°C. While
experiencing such extreme temperature events every
year, the Ouelle and LSWM sustain important salmon
populations and an important recreational fishery,
which demonstrate that, in addition to local adapta-
tion, these populations depend on the availability of
discrete thermal refugia along the river courses.

River water temperature regimes are expected to
change along with climate in the next few decades.
Stenotherm instream species are going to be the more
strongly and more rapidly affected by such changes.
For instance, studies assessing the instream habitat of a
variety of North American salmonid species conclude
that the average summer water temperature will be
higher, and that temperature thresholds defining ther-
mally stressful conditions for salmonids (approx.
20–22°C, see Table 1) will be exceeded more often
and for longer periods in 2050, leading to habitat losses
(Eaton and Scheller 1996, Chu et al. 2005, Monk and
Curry 2009, Isaak et al. 2010, Mantua et al. 2010).

In order to understand and predict the evolution of
river thermal regimes, water temperature models of two
main types are generally used (Caissie 2006): determi-
nistic models, which explicitly describe the physics of
the heat exchange processes, and statistical/empirical
models, which establish direct relationships between
atmospheric and field conditions and the river tempera-
ture (Benyahya et al. 2007). Deterministic models have
the advantage of making explicit the cause–effect rela-
tionships between the water temperature and its different
drivers, and to explicitly separate the different contribu-
tions to the heat balance (Hebert et al. 2011, Leach and
Moore 2011). Such models, however, usually require a

Table 1 Upper critical temperatures ranges (°C) for
survival and feeding of Atlantic salmon (Salmo salar)
and brook trout (Salvelinus fontinalis). Adapted from
Elliott and Elliott (2010), Jonsson and Jonsson (2009)
and Breau et al. (2011).

Critical temperature (°C)

Salmo salar Salvelinus fontinalis

Optimal growth 16 14
Incipient lethal 27.8 25.3
Upper feeding range 22–28 22
Ultimate lethal 30–33 29
Observed behavioural
reaction

22–24

Thermal refugia for salmonids under climate change scenarios 1045



large amount of geospatial and land-use information at
the basin and reach scales, as well as quite localised
meteorological information (Caissie et al. 2007,
Hannah et al. 2008, Benyahya et al. 2010). As they
take explicit account of the different processes influen-
cing water temperature, deterministic models can be
designed or adapted to evaluate the impact of the con-
struction of hydraulic structures, such as a dam, or water
withdrawals, such as an irrigation system, but their
implementation in large-scale studies involving many
different sites may become data expensive. However,
statistical models can be calibrated from available his-
torical water temperature and weather data acquired at a
particular site, without explicit knowledge of the local
physiography or land use. A statistical model can be
used as a predictive tool for management and planning
purposes at the specific site for which it was calibrated.
Because they do not explicitly model processes, such
empirical models assume that all conditions that are not
weather-related, such as land use, remain constant. Such
empirical models include linear and nonlinear regres-
sions (Mohseni and Stefan 1999, Erickson and Stefan
2000), stochastic models (Caissie et al. 2001, Benyahya

et al. 2008) and nonparametric models (Chenard and
Caissie 2008, St-Hilaire et al. 2011).

The general objective of this paper is to estimate
the severity of future riverine thermal conditions in
mainstems and known cooler refugia for Atlantic sal-
mon and brook trout near the southern limit of their
current range, in Quebec and New Brunswick pro-
vinces, Canada. The specific objectives are to establish
site-specific water temperature models based on sum-
mer weather conditions at many sites on three eastern
Canadian salmon rivers, and to evaluate the evolution
of the thermal conditions at these sites by 2046–2065
with regards to salmon and trout stress thresholds.

Water temperature has been monitored at 53 sites
distributed on the three basins during 2–18 summers
(June–September), with about half of these sites
being known or potential thermal refugia (usually
cold tributaries). Site-specific stochastic models pre-
dicting water temperature are developed using air
temperature and precipitation data, in order to assess
how many of these sites provided potential thermal
refugia between 1970 and 1999 according to histor-
ical weather conditions, and how many will remain in

Fig. 1 Locations of the meteorological stations and water temperature monitoring sites in each of the three drainage basins:
(a) St Marguerite, (b) Ouelle, and (c) LSWM. M and R with site numbers respectively designate mainstem (M) and paired
cooler refugia (R) tributary waters.

1046 Anik Daigle et al.



the future (2046–2065), according to 10 different
climate scenarios.

2 STUDY SITES AND WATER
TEMPERATURE DATA

Details about each river location, drainage area, dis-
charge, average summer air temperature and annual
summer precipitation are listed in Table 2. The catch-
ments of the three study drainage basins are shown in
Fig. 1. All three study rivers have healthy popula-
tions of Atlantic salmon, with total juvenile (parr)
densities locally reaching 30 individuals per 100 m2

based on electrofishing surveys.
The St Marguerite River is located on the

Québec North Shore region, which, as its name
describes, is located on the north shore of the St
Lawrence River in the eastern part of the province.
It flows into the Saguenay River, near its confluence
with the St Lawrence River. Extensive research has
been conducted on this river since 1995, as part of
the Centre interuniversitaire de recherche sur le sau-
mon atlantique (CIRSA, www.bio.ulaval.ca/cirsa/)
research programme. Water temperature was moni-
tored from June to September at 13–24 sites in 2005,
2007, 2009 and 2010 (Table 3).

The Ouelle River flows into the St Lawrence
River about 100 km downstream of Québec City.
Based on available thermal records, the Ouelle is
probably one of the warmest salmon rivers in
Québec. The Ouelle system is flashy with low base-
flow contributions: summer flows are highly variable
and low flows can be severe. Flows reached a histor-
ical minima in 2010. Fifteen water temperature mon-
itoring sites were installed in the Ouelle and its
tributaries between 2008 and 2010.

The Little Southwest Miramichi River (LSWM)
is a tributary of the Miramichi River that flows north
to east through New Brunswick into the northern
portion of Northumberland Strait. The water tempera-
ture of the LSWM and its main tributary, Catamaran

Brook, has been monitored since 1992 (Caissie et al.
2001, 2007). Twelve additional water monitoring
sites were installed in 2009 and 2010.

Water temperature was measured using Onset
Pendant temperature loggers, with a 0.10°C resolu-
tion and a ±0.47°C accuracy at 25°C. Each logger
was inserted in a perforated white PVC tube that was
attached to a concrete block and deposited on the
river bed. Temperature was measured every 15 min
from May–June to August–September (approx. 100
days each year).

Water temperature was measured at a total of 53
sites across these three watersheds. Most water

Table 2 Characteristics of the river basins.

St Marguerite Ouelle LSWM

Location 48°21'N; 70°7'W
(Québec)

47°20'N; 69°56'W
(Québec)

46°53'N; 66°6'W
(New Brunswick)

Drainage area (km2) 1100 (NE arm) 800 1340
Number of water temperature sites 24 15 14
Distance to weather station (km) 7–50 8–16 45–65
Mean air temperature (°C) for

1 June–30 Sept
14.9 16.2 16.6

Mean total precipitation (mm)
for 1 June–30 Sept

501 343 370

Table 3 Water temperature monitoring sites and corre-
sponding length of water temperature records. M# codes
designate sites in the mainstem of the river and R# codes
identify potential refugia. Refugium-mainstem pairs are
identified by the same number.

St Marguerite Ouelle LSWM

Site No. of days Site No. of days Site No. of days

R1 181 R1 165 R1 236
R2 404 R3 181 R3 239
R3 226 R4 209 R4 239
R4 266 R6 181 R5 239
R5 178 R7 91 R6 6679
R6 129 R9 185 R7 226
R7 212 R8 272
R8 266 R9 140
R9 390
R10 156
R12 331
R13 137
M2 403 M1 185 M1 236
M3 268 M2 221 M2 239
M4 337 M3 183 M3 79
M5 180 M5 281 M4 279
M6 404 M6 181 M5 239
M7 222 M7 312 M6 5723
M8 337 M8 912 M7 228
M9 398 M9 186 M8 263
M10 312 M10 213 M9 225
M11 193
M12 325
M13 137

Thermal refugia for salmonids under climate change scenarios 1047
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temperature monitoring sites were chosen in pairs,
with one temperature logger installed in a known or
potential thermal refugium (usually a cold tributary),
and one in the mainstem of the river, a few metres
upstream of the refugium. Sites locations and the
corresponding number of days with available water
temperature data can be found in Fig. 1 and Table 3.

Air temperature and precipitation time series
were obtained from Environment Canada weather
stations at Ste-Rose-du-Nord (48°24′N; 70°32′W),
La Pocatière (47°21′21″N; 70°01′55″W) and
Miramichi RCS (47°00′34″N; 65°27′54″W) for the
St Marguerite, Ouelle and LSWM basins, respec-
tively (Fig. 1). Figure 2 shows the 2010 summer air
temperature, precipitation and water temperature for a
mainstem-refugium pair located on the Ouelle.

3 METHODS

The water temperature models that were developed are
site-specific: one empirical statistical model was cali-
brated for each water temperature monitoring site, given
the availablewater temperature data collected at that site.
Based on antecedent air temperature and precipitation
information, each model predicts daily minimum, max-
imum and mean water temperature at the respective
thermograph site. Subsequently, simulated air tempera-
ture and precipitation data obtained from 10 climate

change scenarios are put into each calibrated model to
obtain daily water temperature for the 1970–1999 refer-
ence period, and for the future 2046–2065 period.
Statistics of the reference and future temperature regimes
for each site are then compared in order to evaluate the
evolution of the temperature regimes of the three rivers,
as well as the persistence of the potential thermal refugia
for salmon and trout in these systems.

3.1 Water temperature models

The models used for water temperature are an
improved version of the models presented by Jeong
et al. (2013). The architecture, calibration and valida-
tion of the models are summarized here, and the reader
is referred to Jeong et al. (2013) for further details.

The water temperature models are multilayer per-
ceptrons (MLPs) relating cumulative precipitation of
the d1 previous days and average air temperature resi-
duals of the current and d2 previous days (the predic-
tors), to the daily minimum, mean and maximum water
temperature residuals of that day (the predictands).

Residuals are obtained by subtracting the seaso-
nal component (interannual mean for each day) to the
daily value of the air/water temperature:

TRðtÞ ¼ TðtÞ � TsðtÞ (1)

30
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daily mean air T°

daily mean water T° at M6
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Fig. 2 Summer air temperature, precipitation and water temperature for the M6-R6 mainstem-refugium pair located on the
Ouelle, for 2010.
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where TR(t) is the air/water temperature residual at
day t, T(t) is the air/water temperature at day t, and
TS(t) is the air/water temperature seasonal component
value at day t. The air temperature seasonal compo-
nent at each site is modelled by a sinusoidal function
of the form (Cluis 1972):

TsðtÞ ¼ aþ b sin
2π
365

ðt � t0Þ
� �

(2)

where a, b and t0 are coefficients estimated by a
nonlinear least square approach. An example of the
air temperature seasonal component and residuals for
the LSWM air temperature is shown in Fig. 3.

The numbers of previous d1 and d2 days for the
computation of the predictors were chosen based on
the best modelling performances obtained with differ-
ent values of d1 and d2 (Jeong et al. 2013). These were
found to be d1 = 10 and d2 = 1. The two predictors are
thus defined as P10(t), the cumulative precipitations
from the 10 previous days (days t – 10 to t), and ATR2

(t), the average of the air temperature residuals of the
current and the previous day (days t and t – 1).

Multilayer perceptrons (MLPs) are well-known
feed-forward artificial neural networks that have been
successfully used in water temperature modelling
(Chenard and Caissie 2008, Daigle et al. 2010). The
MLPs used in the present study have three layers: the
input layer is two-dimensional as two predictors are
used; the hidden layer is also two-dimensional; and the
network has three outputs, corresponding to the three
predictands: the minimum, the mean and the maximum
daily water temperature residuals. Each of the three
outputs is calculated with the following equation:

WT̂RðtÞ ¼ g2

�X2
j¼1

w1jg1
�
wj1ATR2ðtÞ

þ wj2P10ðtÞ þ wj0

�þ w10

�
(3)

where WT̂RðtÞ is the predicted (min, mean or max)
water temperature residual at day t; w1j, wj1, wj2, wj0

Fig. 3 Top: Inter-annual mean daily air temperature recorded at Miramichi RCS meteorological station between 1970 and
1999 (light grey line) and the modelled seasonal component (dark line). Bottom: air temperature residuals for 1995.
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and w10 are adjustable parameters (also known as
weights); and g1 and g2 are tangent sigmoid activation
functions. The MLPs are trained using a Bayesian reg-
ularization backpropagation optimization algorithm.
Such optimization consists of the minimization of an
objective function combining the sum of squared errors
and the sum of the squares of all adjustable parameter
values in the neural network, in order to produce more
stable outputs (MacKay 1992, Demuth and Beale 2000).

The performance of the water temperature models is
evaluated given two performance measures, the root
mean square error (RMSE) and the mean bias
error (MBE):

RMSE ¼ 1

n

Xn
t¼1

WT̂RðtÞ �WTRðtÞ
� �2" #1=2

(4)

MBE ¼ 1

n

Xn
t¼1

WT̂RðtÞ �WTRðtÞ
� �

(5)

In general, the predictions of statistical models cali-
brated based on error minimization will have a variance
smaller than that of the observed data. Here, this means
that ðWT̂RÞ < varðWTRÞ, and thus that highest absolute
residuals, and consequently water temperature
extremes, will be underestimated. To overcome this
limitation, a variance inflation procedure was adopted.
Variance inflation consists of artificially increasing the
variance of a time series, in order to better reproduce its
natural variability. This is done by multiplying the pre-
dicted time series by a variance inflation factor:

WT̂
0
RðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
varðWTRÞ
varðWT̂RÞ

s
�WT̂RðtÞ (6)

where WT̂
0
RðtÞ is the variance inflated water temperature

residual at day t. Variance inflation helps to reproduce the
variance of the observed data, but increases prediction
RMSE slightly (<0.1°C; see Jeong et al. 2013).

TheMLPs are calibrated using 60% of the available
data, and the remaining 40% are used for validation.
Calibration and validation sets are sampled randomly.
This split-sample validation is repeated 25 times in order
to test the stability of the prediction performance.

Since time series available at some sites are short,
the outputs of the calibrated MLPs are combined using
an ensemble approach. Ensemble approaches are used
to produce more robust estimates by taking advantage
of all available data, and are especially useful when the

sample size is small. Here, 25 series of water tempera-
ture residuals are estimated by the 25 models calibrated
in the split-sample procedure. The final estimated water
temperature time series is produced by adding the water
temperature seasonal component to the ensemble mean
of the 25 estimated water temperature residual series.

3.2 Climate scenarios

To produce simulated water temperature time series
for the reference (1970–1999) and projected future
(2046–2065) periods, the calibrated water tempera-
ture models are input with air temperature and pre-
cipitation data from five different climate simulations
that were provided by the Ouranos Consortium
(Huard and Chaumont 2011). Five simulations were
selected amongst more than 40, obtained from the
World Climate Research Programme Coupled Model
Inter-comparison Project phase 3 (Meehl et al. 2007)
and the North American Regional Climate Change
Assessment Program (www.narccap.ucar.edu/). The
five simulations were selected so that most of the
range of projected future changes in summer tem-
perature and precipitation on the three study river
basins was covered. The selected simulations involve
two regional simulations from the Canadian Regional
Climate Model (CRCM), two global models (CSIRO
and MIROC) simulations using three SRES (Special
Report on Emissions Scenarios) scenarios (Table 4).

Climate model outputs generally present systematic
differences with local historical meteorological condi-
tions over a reference period. These biases may be due
to model error, including misrepresentation of long-term
natural variability and/or to the difference in scale
between the model spatial resolution and the scale of
the processes that affect the system under study. Climate
model outputs are often bias-corrected (downscaled)
when used for regional hydrological impact studies, as
these involve factors and processes over drainage basin
areas that operate at smaller scales than the spatial reso-
lution of climate models (Wu 2010, Chun et al. 2013,
Perazzoli et al. 2013). For the present study, the simu-
lated air temperature and precipitation time series, pro-
vided by the Ouranos Consortium, were bias-corrected
given daily scaling (DS) and daily translation (DT)
approaches. These are two statistical methods that belong
to the model output statistics family (Chiew et al. 2010,
Themeßl et al. 2010). They are based on the computation
of a mapping (the former on the mean monthly values,
and the latter on different percentiles) between the histor-
ical and simulated climate variable distributions (on the
same reference period), and the application of this

1050 Anik Daigle et al.
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mapping to the climate model raw outputs. Details about
the present application can be found in Huard and
Chaumont (2011). Applying these two debiasing techni-
ques to the outputs of the five climate model simulations
results in 10 different climate scenarios for each of the
reference and future periods. These 10 debiased simu-
lated air temperature and precipitation time series will
thereafter be referred to as climate scenarios.

3.3 Temporal evolution of the water temperature
regimes

A water temperature model calibrated at one site with
inputs from 10 future climate scenarios will provide 10
future water temperature scenarios for this site. The
evolution of the water temperature regimes at every
study site is made by comparing these future water
temperature scenarios to the water temperature time ser-
ies simulated using observed meteorological conditions
in the 1970–1999 reference period. Comparisons are
made for a number of water temperature metrics as listed
in Table 5. These temperature metrics were chosen to:

● evaluate the evolution of thermal regimes in east-
ern Canadian rivers between 1970–1999 and
2046–2065;

● determine which sites identified as potential
thermal refugia during the reference period are
likely to remain sufficiently cold in the future
period;

● evaluate the recurrence and duration of stressful
events at mainstem sites in the reference and
future periods (metrics 7Dmax, %max24-28,
Dmax24-28); and

● evaluate the evolution of the cooler conditions,
during which the fish may recover from more
thermally stressful daytime hours (metric %
min20).

The maximum, 7 day mean daily temperature
(7Dmax) gives a measure of the maximum multi-
day temperature periods encountered at a site, with-
out over-emphasising events of short time duration
(e.g. instantaneous values). The frequency, duration
and timing of temperature events >24°C, and >28°C
are quantified by the percentage of summer days
exceeding these thresholds, the mean number of con-
secutive days meeting this criterion and the
average date of first occurrence. The choice of 24°C
and 28°C temperature thresholds was motivated by
the Atlantic salmon and brook trout critical tempera-
ture ranges found in the literature (Table 1). The
percentage of summer days with a minimum daily
temperature exceeding 20°C was also computed in
order to represent the cooler period during which the
fish may recover from the warmer daytime hours.

4 RESULTS

4.1 Water temperature models

An example of water temperature simulation, for site
M7 on the Ouelle, is shown on Fig. 4. Prediction

Table 5 Temperature metrics used to compare reference
(1970–1999) and future (2046–2065) simulated water
temperature regimes. Each statistic is computed over the
whole series.

Metric Definition

Mean Daily mean summer temperature
7Dmax 7-day maximum daily temperature

(or 7-day mean of the daily maxima)
%max24 %max28 Percentage of summer days with maxima

exceeding 24°C and 28°C
%min20 Percentage of summer days with minimum

temperature exceeding 20°C
Dmax24 Dmax28 Average duration of events exceeding 24°C

and 28°C daily maxima
Tmax24 Tmax28 Average timing of first event exceeding

24°C and 28°C daily maxima
Contrast Mean temperature contrast between R-M

pairs (from June to September)

Table 4 Climate models and SRES scenarios employed in the present study.

Model Country Resolution SRES scenario References

CRCM4.2/CGCM3.1 Canada/Canada 45 × 45 km2 A2 a, b
CRCM4.2/ECHAM5 Canada/Germany 45 × 45 km2 A2 a, c
CSIRO MK 3.0 Australia 1.9 × 1.9o B1 d
CSIRO MK 3.5 Australia 1.9 × 1.9o B1 d
MIROC 3.2 HIRES Japan 1.1 × 1.1o A1B e

a Scinocca and McFarlane (2004).
b http://www.ec.gc.ca/ccmac-cccma/
c Roeckner et al. (2006).
d Gordon et al. (2002).
e Hasumi and Emori (2004).
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performances (after variance inflation) of the ensem-
ble water temperature models on the daily minimum,
mean and maximum temperatures among sites are
illustrated by histograms in Fig. 5. The validation
performance values are the median of the 25 RMSE
values achieved by 25 MLPs when tested on valida-
tion sets (see Section 3.1). The simulation perfor-
mances are the RMSEs achieved by the ensemble
of 25 MLPs. Most MBE absolute values are <0.1°C
and all are <0.2°C (not shown).

There are site to site variations in the simulation
performances of the water temperature models (Fig. 5).
Mean (standard deviation) RMSE values for the daily
mean temperature in the St Marguerite, Ouelle and
LSWM basins are 1.0(0.3)°C, 1.0(0.3)°C and 1.6
(0.4)°C, respectively, with mean validation RMSEs
0.05–0.14°C higher. In general, RMSE values achieved
for mainstem sites are higher than for refugia sites on

the Ouelle and LSWM, but no appreciable mainstem-
refugia difference was noted for the St Marguerite
models. For example, daily mean temperature valida-
tion RMSEs are 0.25°C and 0.35°C higher, on average,
for the mainstem sites than for refugia sites on the
Ouelle and LSWM, respectively. Validation and simu-
lation performances are close in general, indicating a
good generalisation performance for the MLPs. MBE
absolute values are all <0.1°C, with one exception.

4.2 Climate scenarios and the evolution of water
temperature regimes

The summer water temperature metrics listed in Table 5
were computed from the water temperature time series
simulated given historical (observed during 1970–
1999), reference (1970–1999) and future (2046–2065)
air temperature and precipitation data. The resulting

Fig. 4 Observed and simulated summer daily minimum, mean and maximum water temperatures at site M7 on the Ouelle,
for 2001 (top row), 2002, 2003, 2008, 2009 and 2010 (bottom row). RMSE values for predicted daily minimum, mean and
maximum temperatures at this site are 1.4, 1.3 and 1.9°C, respectively.
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Fig. 5 Distributions of the RMSE validation and simulation values for predicted daily minimum, mean and maximum
temperatures at all sites.

Table 6 Daily mean temperatures (°C) for June–September computed from the water temperature time series simulated
given historical (1970–1999), reference (1970–1999) and future (2046–2065) air temperature and precipitation data.
Median and standard deviations (SD) of the 10 values obtained using the 10 climate scenarios are shown for every site.
Sites on the same line are refugium-mainstem (R-M) pairs.

Historical Reference Future Historical Reference Future

Median SD Median SD Median SD Median SD

St Marguerite refugia St Marguerite mainstem
R1 11.4 11.4 <0.1 12.7 0.8
R2 14.2 14.1 <0.1 15.6 1.0 M1-2 14.8 14.7 <0.1 15.9 1.0
R3 14.1 14.0 <0.1 15.2 0.9 M3 14.4 14.4 <0.1 15.6 1.0
R4 12.9 12.8 <0.1 13.9 0.8 M4 15.1 15.1 <0.1 16.3 0.9
R5 14.8 14.7 <0.1 16.1 0.9 M5 15.7 15.6 <0.1 16.9 1.0
R6 14.3 14.3 <0.1 15.4 0.8 M6 15.1 15.0 <0.1 16.2 1.0
R7 13.2 13.2 <0.1 14.1 0.6 M7 15.1 15.0 <0.1 16.2 1.0
R8 14.7 14.6 <0.1 15.8 0.8 M8 15.6 15.5 <0.1 16.7 1.0
R9 12.6 12.6 <0.1 13.8 0.8 M9 16.7 16.7 <0.1 17.9 0.9
R10 15.0 14.9 <0.1 15.7 0.6 M10 16.6 16.5 <0.1 17.8 1.0

M11 16.7 16.6 <0.1 17.8 0.9
R12 11.2 11.2 <0.1 12.1 0.6 M12 16.4 16.3 <0.1 17.6 1.0
R13 8.4 8.4 <0.1 9.0 0.4 M13 16.0 15.8 <0.1 17.2 1.0

Ouelle refugia Ouelle mainstem
R1 12.8 12.8 <0.1 13.7 0.6 M1 19.0 19.0 <0.1 20.5 0.9

<0.1 M2 17.9 17.9 <0.1 19.3 0.8
R3 12.6 12.6 <0.1 13.4 0.5 M3 18.8 18.8 <0.1 20.3 0.9
R4 15.1 15.1 <0.1 16.3 0.7 M4 18.1 18.2 <0.1 19.7 1.0

M5 18.7 18.7 <0.1 20.3 1.0
R6 15.0 15.0 <0.1 16.4 0.8 M6 17.8 17.9 <0.1 19.5 1.0

M7 18.0 18.0 <0.1 19.6 1.0
R8 14.3 14.4 <0.1 15.5 0.7 M8 18.3 18.3 <0.1 19.8 0.9

M9 18.1 18.1 <0.1 19.6 0.9

LSWM refugia LSWM mainstem
M1 15.8 15.9 <0.1 17.1 0.8
M2 14.7 14.7 <0.1 16.4 1.1

R3 14.8 14.8 <0.1 16.5 1.1 M3 16.4 16.4 <0.1 18.3 1.2
R4 13.8 13.8 <0.1 15.5 1.1 M4 15.5 15.5 <0.1 17.2 1.1
R6 13.9 14.0 <0.1 15.3 0.8 M6 17.7 17.7 <0.1 19.2 1.0
R7 13.7 13.8 <0.1 14.8 0.7 M7 15.8 15.9 <0.1 17.4 1.0
R8 14.3 14.3 <0.1 15.4 0.7 M8 17.8 17.9 <0.1 19.6 1.1
R9 14.5 14.6 <0.1 15.6 0.7 M9 18.0 18.1 <0.1 19.4 0.9
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daily mean temperatures are shown for every site in
Table 6. Reference and future values in Table 6 are the
median and standard deviations of the 10 daily mean
values obtained using the 10 climate scenarios. Sites
listed on the same line are refugium-mainstem (R-M)
pairs.

The mean summer temperature contrasts
between R-M pairs are shown in Table 7. This metric
is computed as the average of the daily mean tem-
perature differences between the two paired sites.
Due to a lack of data, no model could be calibrated
right next to the St Marguerite R1 site, and the latter
was thus paired with site M2 (see Table 7 and Fig. 1).

All other temperature metric values for the his-
torical, reference and future periods were computed,
and results for 7Dmax, %max24, %min20, Dmax24
and Tmax24 can be found in the Appendix
(Tables A1–A5). Historical and reference values are
very similar for all temperature metrics. The largest
differences are found in the mean timing of the first
events >24°C and >28°C, with most differences

ranging from 0–9 d and most reference period stan-
dard deviation values between 1–8 d (Table A5).
Almost all these differences are overestimations on
the part of the reference scenarios, meaning that these
tend to place the first high temperature events slightly
later than what was observed.

A general picture of the thermal regime evolu-
tion in each of the three rivers is shown in Fig. 6. The
box plots combine values for metrics computed for
all mainstem sites and all 10 climate scenarios in a
given basin, for reference and future periods. Metrics
shown are 7Dmax, %max24, %max28, Dmax24,
Tmax24 and %min20. Figure 7 shows the same
information for the refugia sites.

5 DISCUSSION

As expected, modelling performances on the extreme
daily values are poorer than on the daily mean values,
with mean RMSEs increasing by 0.1–0.4°C (Fig. 5).
While daily mean values combine the whole range of
daily temperatures, extreme values are responses to a
combination of short-duration conditions. The temporal
resolution of the predictors is too coarse to capture such
conditions. In addition, as stated before, statistical mod-
els calibrated based on error minimization will, in gen-
eral, underestimate the variance of the observed data.
The variance inflation method used helped to improve
the replication of the variance of the data, but at the
expense of prediction precision (Jeong et al. 2013).

Validation and simulation RMSEs on the LSWM
sites are approx. 0.6°C higher, on average, than those
of the two other basins. This cannot be attributed to
the amount of available data, or to a higher average
summer temperature, which are similar, on average,
for the three basins. This lower performance of the
LSWM model could however be due to the fact that
the meteorological data used to calibrate the water
temperature models on the LSWM sites were
acquired at a more remote station than that of the
other basins (Table 2). Previous water temperature
modelling studies have shown that the use of regional
scale meteorological data for reach-scale modelling
can lead to lower modelling performances, especially
for more sheltered streams (Marcé and Armengol
2008, Benyahya et al. 2010, Hebert et al. 2011).

As expected, historical and reference values are
very similar for all temperature metrics (Tables 6, 7,
A1–A5), showing that the debiased climate models
were successful in representing the historical climatic
environment of the rivers. The larger standard devia-
tions obtained for the future period metrics reflects

Table 7 Mean summer temperature contrast across refu-
gium-mainstem pairs (R-M pair contrast, °C); computed
from the water temperature time series simulated given
historical, reference and future air temperature and preci-
pitation data.

Historical Reference Future

Median Std Median SD

St Marguerite R-M pairs
R1-M2 3.4 3.3 <0.1 3.3 0.2
R2-M2 0.6 0.6 <0.1 0.4 0.1
R3-M3 0.4 0.4 <0.1 0.4 0.1
R4-M4 2.2 2.2 <0.1 2.4 0.2
R5-M5 0.9 0.9 0.1 0.8 0.1
R6-M6 0.7 0.7 <0.1 0.9 0.2
R7-M7 1.8 1.8 <0.1 2.1 0.4
R8-M8 1.0 0.9 <0.1 1.0 0.1
R9-M9 4.1 4.1 <0.1 4.1 0.1
R10-M10 1.6 1.6 <0.1 2.0 0.4
R12-M12 5.2 5.2 <0.1 5.6 0.4
R13-M13 7.6 7.5 0.1 8.2 0.6

Ouelle R-M pairs
R1-M1 6.2 6.2 <0.1 6.8 0.4
R3-M3 6.2 6.2 <0.1 6.9 0.4
R4-M4 3.1 3.1 <0.1 3.5 0.3
R6-M6 2.8 2.9 0.1 3.1 0.2
R8-M8 4.0 4.0 <0.1 4.3 0.3

LSWM R-M pairs
R3-M3 1.6 1.6 <0.1 1.7 0.1
R4-M4 1.7 1.7 <0.1 1.6 0.1
R6-M6 3.7 3.7 <0.1 3.9 0.1
R7-M7 2.1 2.1 <0.1 2.6 0.3
R8-M8 3.5 3.6 <0.1 4.2 0.5
R9-M9 3.5 3.5 <0.1 3.8 0.2

1054 Anik Daigle et al.



Fig. 6 7Dmax, %max24, %max28, Dmax24, Tmax24 and %min20 values computed for all mainstem sites and all 10
climate scenarios in the three basins, for reference and future periods. On each box plot, the horizontal line is the median
value, the edges of the box are the 25th and 75th percentiles, the vertical dashed line extend to the most extreme values not
considered outliers, and the crosses are outliers.

Fig. 7 7Dmax, %max24, %max28, Dmax24, Tmax24 and %min20 values computed for all refugia sites and all 10 climate
scenarios in the three basins, for reference and future periods.
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the fact that the climate models/SRES scenarios were
deliberately selected based on their contrasting pro-
jected changes in summer air temperatures and
precipitation.

The large overlaps between reference and future
period values in Figs. 6 and 7 are mostly due to the fact
that these combine all site values and thus the whole
water temperature range in a given stream.
Nevertheless, the comparisons of all the metric median
values indicate a warming of the summer water tem-
peratures between the reference and future periods, in
all of the three watersheds. The 7-day maximum med-
ian values, for instance, show 1.9, 0.7 and 2.7°C
increases for the St Marguerite, Ouelle and LSWM
mainstems, and 1.5, 0.6 and 1.9°C increases in the
refugia of the same respective rivers. The highest rela-
tive changes occur in the median values of %max24
and %min20 in the river mainstems, with percentages
of days exceeding 24°C daily maximum and 20°C daily
minimum thresholds doubling and even quadrupling
from reference to future periods. The %max24, %
max28 and %min20 values remain low in most refugia
sites, but the median duration of events >24°C
(Dmax24) increase by 0.3–0.8 d, and the first >24°C
event (Tmax24) occurs 3–7 d earlier. All reference and
future period mean values were tested for significantly
different means (one-way ANOVA test) and the null
hypothesis of no difference was rejected with p < 10-4

for all mainstem sites, and with p < 0.01 for all but two
refugia sites (%28max for the St Marguerite sites and
Tmax24 for the Ouelle sites).

The evaluation of the number of potential thermal
refugia available in the reference and future periods
requires a definition of a thermal refugium, which
does not exist in terms of seasonal water temperature
requirements and is species dependent. Such a require-
ment could be that the temperature never reaches
stressful values. A less restrictive, but equally relevant
perspective, could be that the temperature stays lower
than in the river mainstem, providing a permanent
lower temperature option to the fish. To comply with
these two perspectives, we chose to identify a site as a
thermal refugium on the basis of two criteria: (1) a
mean summer water temperature lower than 16°C,
which is the lower/upper optimal water temperature
for Atlantic salmon/brook trout parr growth (Jonsson
and Jonsson 2009); and (2) a mean mainstem-refu-
gium water temperature difference (as measured by the
contrast metric) >1°C.

The second criterion is met by all listed refugia
in the reference period (Table 7). Results show that
the mean temperature contrast between the mainstem

and potential refugia is rather stable between refer-
ence and future periods, even showing small
increases for some sites.

According to the first criterion, all 23 listed R-sites
in Table 3 can be considered as thermal refugia during
the reference period, and 19 remain in the future period
(Table 6). Submitting the corresponding mainstem sites
to the same criterion shows that half of theM-sites have
mean daily temperature <16°C in the reference period,
and only two (in the upstream St Marguerite) remain in
the future period. This, and the general increases in the
occurrence and duration of high temperature events, is
an indication that the need for thermal refugia can be
expected to grow in the future.

These results are consistent with studies attempting
to quantify river temperature trends and predict future
river water temperature. In a study conducted on
streams in northwest United States, Arismendi et al.
(2013) measured significant warming trends of ~0.10–
0.29°C per decade between 1979 and 2009. Isaak et al.
(2010) measured an increase in mean and maximum
water temperatures of 0.3°C per decade in a network
located in a mountainous region of Idaho. They esti-
mate that this increase resulted in a 8–16% bull trout
habitat loss per decade. Using relationships between
stream isotherm shift rates, spatial temperature gradient,
slope and sinuosity, Isaak and Rieman (2013) estimate
that isotherms shifted from 1.5 to 43 km during the 20th
century in rivers of slope 0.1–3%, and will shift another
5–143 km in the next 50 years, assuming an additional
2°C warming prediction. Monk and Curry (2009),
using logistic stream temperature models for northeast-
ern North American rivers, found that the consecutive
number of weeks with mean weekly maximum tem-
perature exceeding 20°C is projected to increase from
7.4 weeks (1980–2002 reference period) to 8.7–10.0
weeks, on average, in 2046–2055. On a more global
scale, Van Vliet et al. (2013) coupled physically-based
hydrological and thermal models to predict river tem-
perature at 347 sites distributed in different hydrocli-
matic zones on five continents, and found that the mean
river temperatures are projected to increase by
0.5–2.4°C by 2071–2100, as compared to the
1971–2000 reference period.

While the main advantage of deterministic mod-
els is to explicitly represent causal relationships
between reach-scale water temperature and its differ-
ent drivers, the reliability of such models is generally
limited by the poor availability of large amounts of
diverse input data with adequate resolution. For
example, the parameters representing a highly vari-
able component of the model (e.g. direct heating by
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short wave solar radiation), will yield realistic physical
conditions only if local weather and riparian zone and
topographic shading conditions are known at the val-
ley segment scale (Benyahya et al. 2010, Hebert et al.
2011). The data demands, regarding reach-scale
groundwater–surface-water thermal exchanges, are
similarly significant and daunting. For studies that
aim to model water temperature at a large number of
sites, the application of a complex deterministic model
can thus be very data and time demanding. Depending
on the objectives of the study, statistical models that
define direct relationships between water temperature
and a small number of easily available variables (e.g.
air temperature), offer an interesting alternative. In the
present study, site-specific empirical relationships
were only defined between water temperature, air
temperature and precipitation. Future changes in pro-
cesses that are not directly expressed by air tempera-
ture and precipitation, such as changes in the flow
regimes and riparian vegetation, are thus not
accounted for by the models. For example, expected
decreases in winter snow pack could lead to more
severe summer low flows and thus more frequent
high temperature events. These models may also not
hold in extrapolation conditions, and may be unable to
correctly model the impact of changes in climate
variability. The models are also site-specific; inclusion
of additional physiographic, geospatial and/or ground-
water information could yield basin-scale or regional
models, taking explicit account of the specific char-
acteristics of the individual river reaches.

6 CONCLUSION

The main improvement from the models presented by
Jeong et al. (2013) is the fact that the models used in
the present study can produce minimum and max-
imum daily water temperature, in addition to the
mean daily temperature. The maximum daily tem-
perature is useful to point out thermally stressful
events. The minimum daily temperature was mod-
elled because it represents the cooler period during
which the fish may recover from the more thermally
stressful hours. The %min20 metric thus computes
days for which this recovering period is not available.

The aim of the models presented here is to con-
trast the thermal regime responses to climatic varia-
bility for many sites in three different river basins.
Statistical empirical models were calibrated on a site-
specific basis, providing site-specific adapted transfer
functions between meteorological conditions and
daily mean, minimum and maximum water

temperatures. 25 MLPs were calibrated and validated
for each site, and water temperature time series were
simulated using this ensemble.

The abundance and persistence of thermal refugia
is of capital importance for the survival of salmonid
populations in many Canadian rivers. The calibrated
models were input with future climate scenarios in
order to evaluate the evolution of the thermal regimes,
and to assess how many potential thermal refugia will
remain in the future (2046–2065).

Results suggest that 19 of the 23 identified
potential refugia will remain potentially useful in
the future. Results also indicate that according to 10
water temperature metrics describing mean daily
values, weekly maximum values and occurrence,
duration and timing of high temperature events, the
thermal regimes of all three rivers will be signifi-
cantly affected by climatic changes. Even if most
tributaries studied here are expected to stay at daily
mean temperatures <16° on average, between June
and September, the higher mean temperature and
important increases in occurrence and duration of
>24°C and >28°C temperature events in the main-
stems of rivers will lead to higher demands for ther-
mal refugia in the salmonid populations.

The models presented are empirical relationships
between air temperature, precipitation and water tem-
perature. The limited spatial resolution of the water
temperature monitoring network, and the limited length
of the water temperature time series, remain major
limitations in the development of empirical water tem-
perature models. In spite of the fact that water tempera-
ture monitoring has become inexpensive and its
importance is gaining recognition, high resolution
and/or long-term surveys are still rare in Canada.
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APPENDIX

Table A1 7-day maximum daily temperature (7Dmax) computed from the water temperature time series simulated given
historical, reference and future air temperature and precipitation data. SD: standard deviation.

Historical Reference Future Historical Reference Future

Median SD Median SD Median SD Median SD

St Marguerite refugia St Marguerite mainstem
R1 19.8 19.2 0.4 21.0 1.2
R2 23.1 22.8 0.4 24.3 1.1 M1-2 25.3 25.5 0.3 26.9 1.4
R3 22.7 22.0 0.4 23.9 1.1 M3 24.5 24.6 0.3 26.3 1.5
R4 21.1 20.5 0.4 21.8 0.7 M4 24.3 24.3 0.4 26.0 1.4
R5 23.6 23.5 0.4 24.1 0.8 M5 26.1 26.0 0.4 28.1 1.5
R6 23.0 22.6 0.4 23.4 0.6 M6 24.2 24.1 0.4 25.9 1.5
R7 19.1 18.9 0.2 19.9 0.6 M7 24.5 24.4 0.4 26.3 1.6
R8 23.4 23.1 0.3 24.7 1.1 M8 25.5 25.6 0.4 27.2 1.4
R9 20.4 19.9 0.4 21.5 1.1 M9 26.1 26.1 0.4 27.8 1.4
R10 22.6 22.5 0.2 22.8 0.3 M10 27.0 26.8 0.4 27.9 0.9

M11 27.1 27.1 0.4 28.3 0.9
R12 19.5 19.3 0.3 20.0 0.6 M12 27.4 27.2 0.4 29.0 1.5
R13 13.6 13.1 0.2 14.0 0.6 M13 28.6 28.5 0.5 30.3 1.6

Ouelle refugia Ouelle mainstem
R1 19.9 19.9 0.2 21.0 0.8 M1 29.7 29.8 0.4 30.8 0.7

M2 27.4 27.3 0.3 28.1 0.5
R3 18.8 18.7 0.1 19.4 0.5 M3 28.3 28.3 0.3 29.0 0.5
R4 22.4 22.5 0.2 23.8 0.7 M4 29.9 30.1 0.4 31.3 0.7

M5 31.0 31.1 0.5 32.3 0.8
R6 23.0 23.1 0.2 24.4 0.8 M6 30.2 30.5 0.4 31.7 0.7

M7 30.0 30.2 0.6 32.0 1.1
R8 21.4 21.4 0.2 22.1 0.5 M8 29.9 30.1 0.5 31.2 0.7

M9 27.4 27.5 0.2 28.6 0.9
M10 26.0 25.9 0.3 26.7 0.4

LSWM refugia LSWM mainstem
M1 25.5 25.2 0.7 26.6 1.1
M2 27.6 27.3 0.7 31.4 2.4

R3 28.2 28.6 0.4 32.9 2.6 M3 27.2 27.8 0.8 30.2 1.4
R4 25.9 25.4 0.3 28.8 2.6 M4 28.7 28.8 0.6 32.8 2.6
R6 24.0 23.7 0.6 25.2 1.2 M6 29.8 29.5 0.7 31.1 1.2
R7 21.4 21.0 0.6 22.7 1.0 M7 30.6 30.3 0.9 32.6 1.6
R8 23.2 23.2 0.3 24.2 0.7 M8 32.3 31.8 0.9 33.8 1.4
R9 29.4 29.0 0.8 30.8 1.4 M9 31.0 30.6 0.7 31.9 1.0
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Table A2 Percentage of days with maxima exceeding 24°C (%max24); computed from the water temperature time series
simulated given historical, reference and future air temperature and precipitation data.

Historical Reference Future Historical Reference Future

Median SD Median SD Median SD Median SD

Ste Marguerite refugia Ste Marguerite mainstem
R1 0.0 0.0 0.0 0.0 0.0
R2 0.1 0.1 0.1 1.0 1.7 M1-2 2.8 2.3 0.2 7.0 5.8
R3 0.0 0.0 0.0 0.6 1.0 M3 1.1 0.9 0.1 4.0 4.0
R4 0.0 0.0 0.0 0.0 0.0 M4 0.7 0.6 0.1 3.4 3.5
R5 0.4 0.2 0.1 0.8 1.7 M5 5.1 4.7 0.6 12.2 8.2
R6 0.0 0.0 0.0 0.1 0.6 M6 0.7 0.5 0.0 3.0 3.3
R7 0.0 0.0 0.0 0.0 0.0 M7 0.8 0.7 0.1 4.0 3.9
R8 0.2 0.2 0.1 1.1 2.0 M8 2.6 2.2 0.2 7.4 5.6
R9 0.0 0.0 0.0 0.0 0.1 M9 4.9 4.4 0.3 11.7 7.9
R10 0.0 0.0 0.0 0.0 0.0 M10 8.7 8.1 0.6 17.6 9.2

M11 11.7 10.4 1.0 19.8 8.6
R12 0.0 0.0 0.0 0.0 0.0 M12 9.3 8.4 0.7 18.6 9.2
R13 0.0 0.0 0.0 0.0 0.0 M13 12.9 11.8 1.1 20.9 9.4

Ouelle refugia Ouelle mainstem
R1 0.0 0.0 0.0 0.0 0.0 M1 30.4 30.4 0.7 46.7 9.7

M2 14.1 13.5 0.5 28.6 8.3
R3 0.0 0.0 0.0 0.0 0.0 M3 23.3 23.6 0.9 40.9 9.4
R4 0.0 0.0 0.0 0.5 0.6 M4 27.7 27.8 1.0 44.0 9.4

M5 34.8 34.8 0.8 50.5 9.7
R6 0.1 0.1 0.1 1.7 2.1 M6 27.8 27.9 1.0 43.9 9.4

M7 26.0 26.9 1.3 43.3 9.7
R8 0.0 0.0 0.0 0.0 0.0 M8 26.6 26.9 1.0 44.0 9.8

M9 15.4 15.8 0.7 31.6 9.1
M10 6.9 6.8 0.6 18.5 6.5

LSWM refugia LSWM mainstem
M1 1.6 1.6 0.3 6.6 4.0
M2 3.7 3.9 0.4 13.6 6.5

R3 5.4 5.8 0.6 16.1 6.9 M3 10.4 10.2 0.7 24.0 10.8
R4 1.5 1.3 0.1 6.3 3.7 M4 6.4 6.2 0.5 17.5 7.3
R6 0.2 0.2 0.1 2.5 2.1 M6 22.0 21.7 0.8 38.1 9.4
R7 0.0 0.0 0.0 0.0 0.0 M7 11.1 11.4 0.6 24.4 7.2
R8 0.1 0.1 0.1 0.5 0.9 M8 26.3 26.7 0.5 43.3 9.0
R9 10.3 9.4 0.9 19.7 6.3 M9 23.9 24.0 0.7 39.3 8.0
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Table A3 Percentage of days with minimum temperature exceeding 20°C (%min20); computed from the water temperature
time series simulated given historical, reference and future air temperature and precipitation data.

Historical Reference Future Historical Reference Future

Median SD Median SD Median SD Median SD

St Marguerite refugia St Marguerite mainstem
R1 0.0 0.0 0.0 0.0 0.0
R2 0.0 0.0 0.0 1.1 1.3 M1-2 0.3 0.3 0.1 2.1 2.6
R3 0.2 0.1 0.1 1.7 2.1 M3 0.5 0.4 0.1 3.2 3.1
R4 0.0 0.0 0.0 0.0 0.1 M4 2.8 2.4 0.2 8.5 5.7
R5 0.7 0.4 0.2 3.2 2.5 M5 1.2 1.0 0.2 7.2 5.1
R6 0.0 0.0 0.0 0.0 0.0 M6 2.9 2.6 0.2 9.0 6.1
R7 0.0 0.0 0.0 0.0 0.0 M7 3.0 2.4 0.2 9.1 6.1
R8 0.4 0.3 0.1 2.5 2.4 M8 3.7 3.2 0.2 10.1 6.7
R9 0.0 0.0 0.0 0.0 0.0 M9 6.4 6.0 0.4 16.0 8.1
R10 0.0 0.0 0.0 0.0 0.0 M10 4.1 3.7 0.2 12.0 7.0

M11 4.3 3.8 0.4 12.8 6.3
R12 0.0 0.0 0.0 0.0 0.0 M12 3.0 2.6 0.2 10.2 6.4
R13 0.0 0.0 0.0 0.0 0.0 M13 2.9 2.4 0.2 9.8 4.7

Ouelle refugia Ouelle mainstem
R1 0.0 0.0 0.0 0.0 0.0 M1 17.4 17.5 0.6 33.5 9.1

M2 12.3 12.8 0.5 27.6 7.3
R3 0.0 0.0 0.0 0.0 0.0 M3 19.6 19.7 0.7 36.4 9.2
R4 0.7 0.5 0.2 3.9 2.3 M4 11.6 11.6 0.3 25.0 7.3

M5 13.2 13.5 0.6 29.0 7.9
R6 0.3 0.2 0.1 2.0 1.7 M6 10.1 10.2 0.5 23.9 7.4

M7 11.0 11.2 0.5 25.6 7.8
R8 0.0 0.0 0.0 0.5 0.5 M8 10.9 10.8 0.3 24.3 7.7

M9 16.7 16.7 0.6 32.3 8.4
M10 1.6 1.7 0.2 7.3 3.5

LSWM refugia LSWM mainstem
M1 1.5 1.5 0.2 7.0 3.9
M2 0.9 1.0 0.2 5.3 3.6

R3 0.5 0.8 0.2 5.1 3.5 M3 0.5 0.7 0.2 4.1 3.0
R4 0.3 0.3 0.1 2.6 2.3 M4 1.4 1.6 0.2 7.6 4.5
R6 0.0 0.0 0.0 1.0 1.0 M6 9.4 9.4 0.3 22.6 8.5
R7 0.0 0.0 0.0 0.7 0.8 M7 4.2 3.7 0.4 11.3 5.2
R8 0.0 0.0 0.0 0.0 0.0 M8 8.4 8.6 0.4 21.9 8.7
R9 0.2 0.4 0.2 2.7 1.8 M9 9.9 10.1 0.5 22.7 6.8
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Table A4 Duration (in days) of events exceeding 24°C daily maxima (Dmax24); computed from the water temperature time
series simulated given historical, reference and future air temperature and precipitation data.

Historical Reference Future Historical Reference Future

Median SD Median SD Median SD Median SD

St Marguerite refugia St Marguerite mainstem
R1 – – – 1.5 0.0
R2 1.5 1.3 0.4 1.9 0.4 M1-2 2.2 2.3 0.2 2.6 0.5
R3 – 1.0 0.0 2.0 0.4 M3 1.8 1.8 0.1 2.3 0.6
R4 – – – – – M4 2.0 1.8 0.1 2.3 0.5
R5 1.3 1.4 0.2 1.5 0.3 M5 2.0 2.1 0.1 3.0 1.0
R6 – – – 1.9 0.4 M6 1.8 1.6 0.2 2.2 0.5
R7 – – – – – M7 1.8 1.8 0.3 2.2 0.5
R8 1.0 1.2 0.2 2.1 0.6 M8 2.4 2.3 0.2 2.7 0.6
R9 – – – 1.0 0.6 M9 2.4 2.3 0.1 3.1 0.9
R10 – – – – – M10 2.6 2.5 0.1 3.6 1.2

M11 2.7 2.8 0.1 3.8 1.2
R12 – – – – – M12 2.7 2.6 0.1 3.5 1.0
R13 – – – – – M13 2.9 3.0 0.1 3.7 1.0

Ouelle refugia Ouelle mainstem
R1 – – – – – M1 4.0 3.9 0.2 6.6 1.3

M2 3.3 3.3 0.2 4.8 1.2
R3 – – – – – M3 3.7 3.9 0.2 6.0 1.3
R4 – – – 1.6 0.4 M4 4.1 4.0 0.2 6.4 1.3

M5 4.3 4.4 0.2 7.2 1.3
R6 1.0 1.0 0.4 1.9 0.4 M6 3.9 4.0 0.2 6.1 1.3

M7 3.7 3.7 0.2 5.9 1.3
R8 – – – – – M8 3.8 3.8 0.2 5.8 1.2

M9 3.4 3.5 0.2 4.9 1.2
M10 2.5 2.5 0.1 3.5 0.8

LSWM refugia LSWM mainstem
M1 1.6 1.7 0.2 2.4 0.8
M2 1.6 1.8 0.2 2.6 0.7

R3 1.8 2.0 0.2 2.7 0.8 M3 2.2 2.3 0.2 3.0 0.7
R4 1.7 1.6 0.2 2.1 0.7 M4 2.0 2.1 0.3 2.8 0.8
R6 1.6 1.5 0.3 2.0 0.5 M6 3.6 3.6 0.3 5.3 1.3
R7 – – – 1.8 0.4 M7 2.7 2.7 0.2 3.6 0.8
R8 1.0 1.0 0.3 1.5 0.5 M8 3.6 3.8 0.3 5.1 1.0
R9 2.5 2.3 0.1 2.8 0.8 M9 4.0 4.1 0.2 5.4 1.0
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Table A5 Timing of first event exceeding 24°C daily maxima (Tmax24); computed from the water temperature time series
simulated given historical, reference and future air temperature and precipitation data.

Historical Reference Future Historical Reference Future

Median SD Median SD Median SD Median SD

St Marguerite refugia St Marguerite mainstem
R1 – – – 202 0
R2 204 210 8 195 8 M1-2 186 196 5 185 10
R3 – 216 6 199 8 M3 198 206 5 190 10
R4 – – – – – M4 202 204 3 197 10
R5 208 206 7 201 7 M5 185 189 3 180 10
R6 – – – 200 7 M6 203 205 4 194 11
R7 – – – – – M7 196 206 4 193 10
R8 205 208 8 203 8 M8 190 199 4 183 11
R9 – – – 197 21 M9 185 193 2 182 11
R10 – – – – – M10 181 184 3 177 8

M11 182 183 2 177 7
R12 – – – – – M12 179 181 3 173 8
R13 – – – – – M13 176 180 2 171 6

Ouelle refugia Ouelle mainstem
R1 – – – – – M1 163 164 1 160 3

M2 180 182 2 175 7
R3 – – – – – M3 167 169 1 163 5
R4 – – – 203 4 M4 165 167 2 163 4

M5 161 161 1 159 2
R6 205 206 6 202 6 M6 164 166 2 162 4

M7 165 166 2 163 4
R8 – – – – – M8 164 165 2 161 3

M9 174 176 1 168 7
M10 186 189 2 177 8

LSWM refugia LSWM mainstem
M1 205 202 3 190 8
M2 181 185 3 169 12

R3 176 180 4 167 10 M3 163 164 4 160 5
R4 194 194 4 181 11 M4 178 181 3 167 9
R6 202 203 5 201 8 M6 170 172 2 166 5
R7 – – – 207 3 M7 173 176 4 167 6
R8 214 214 5 206 11 M8 164 165 3 161 4
R9 175 176 5 170 6 M9 168 170 2 164 5
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