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ABSTRACT
Thermal refuges in rivers and streams provide critical habitat for cold-water species during periods of thermal stress. In this 
study, we created a new cold-water thermal refuge by pumping cool groundwater to a warm coastal river in Nova Scotia, Canada. 
Thermal infrared imagery revealed a notable thermal plume, measuring approximately 55 m2 at the water surface during low-
flow conditions, with mixing limited by the installation of a flow deflector. Above-water and underwater cameras recorded 
several fish utilizing the created cold-water plume during periods of high ambient river temperatures (up to 30°C). Thermal 
numerical modelling was conducted to interpret the field data and assess the impact of alternative designs and conditions. Model 
results revealed that the extent of the created thermal plume substantially increased (+202%) with the use of a deflector and that 
the plume size was controlled by several factors including the river flow rate and temperature, the pumping rate and the ground-
water temperature. The study findings demonstrate the efficacy of creating cold-water habitat in the face of a warming climate 
and lay the foundation for future proactive thermal management strategies aimed at maintaining thermal diversity in warming 
rivers.

1   |   Introduction

Rivers are warming globally, which is driving loss and fragmen-
tation of cold-water habitat (Isaak et al. 2017) and eliciting in-
terest in proactive thermal management in rivers. River water 
temperatures strongly influence the physiological processes and 
distribution of poikilotherms (Bowen et al. 2020; Breau, Cunjak, 
and Peake 2011; Morash et al. 2020). High summer water tem-
peratures have begun to reach or exceed optimal temperature 
thresholds for cold-water organisms in many rivers throughout 
North America (e.g., Isaak et al. 2012; Linnansaari et al. 2023). 
Accordingly, summer heat waves are already causing fish mor-
talities (e.g., Garrabou et al. 2022), and projected river warming 

trends (Caldwell et al. 2015; Isaak et al. 2017; Liu et al. 2020) will 
likely exacerbate present-day riverine thermal challenges.

When water temperatures exceed the upper temperature thresh-
olds for cold-water fish that behaviourally thermoregulate, they 
will seek out thermal refuges to alleviate thermal stress (e.g., 
Breau, Cunjak, and Bremset 2007; Frechette et al. 2018; Goetz 
and Quinn  2019; Wilbur et  al.  2020). In the context of high 
summer temperatures, Sullivan et  al.  (2021) defined a ther-
mal refuge as a discrete patch or plume that has (1) a notable 
thermal offset with the main river of ≥ 2°C and (2) at least one 
cold-water organism preferentially occupying it during periods 
of thermal stress. It should be noted that cold-water fish are 
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capable of detecting temperature differences of < 1°C, but we 
use a 2°C offset as the thermal refuge threshold in line with this 
recent thermal refuge typology (Sullivan et al. 2021) and the US 
Environmental Protection Agency primer (Torgersen, Ebersole, 
and Keenan 2012). Cold-water refuges often naturally occur 
due to inflows from cooler tributaries and groundwater dis-
charge (e.g., Dugdale et al. 2018; Fullerton et al. 2018; Kurylyk 
et al. 2015) and can be further cooled by riparian shading (e.g., 
Ebersole, Liss, and Frissell 2003). These refuges promote resil-
ient aquatic ecosystems that can withstand both short-term heat 
waves and potentially long-term climate warming (Fullerton 
et al. 2018; Ouellet et al. 2020), although the relative warming 
rate of thermal refuges compared with rivers remains poorly 
understood (Kurylyk, MacQuarrie, and Voss  2014). There is 
increased interest in mapping thermal refuges and understand-
ing how aquatic species utilize them, with common tools being 
remote sensing (e.g., Dugdale, Bergeron, and St-Hilaire  2015; 
Selwood, Cunninham, and Mac Nally 2019) and acoustic telem-
etry (e.g., Frechette et al. 2018; Keefer, Peery, and High 2009). 
Different fish species and life stages have distinct temperature 
thresholds that trigger aggregations in thermal refuges. For ex-
ample, Wilbur et al. (2020) showed that brook trout exclusively 
occupied cold-water plumes for mainstem temperatures > 21°C, 
whereas Atlantic salmon parr began to aggregate when main-
stem temperatures exceeded 25°C and exclusively occupied ref-
uges when temperatures were > 27°C.

Given the loss or fragmentation of cold-water habitat and asso-
ciated deleterious impacts on cold-water biodiversity (Hahlbeck 
et al. 2023), researchers have called for a holistic management 
approach to aid in the mapping and protection of thermal refuges 
(Linnansaari et al. 2023; Mejia et al. 2023). Habitat distribution 
modelling has indicated that added policies and management 
actions geared towards protecting cold-water refuges may in-
crease the likelihood of Pacific salmonid persistence in a warm-
ing world (Snyder et al. 2022). Likewise, simulations of varying 
levels of refuge availability in four warming rivers indicated that 
pools cooled by groundwater can allow salmonid populations to 
persist under substantial warming (Railsback and Harvey 2023). 
Unfortunately, such thermal refuge mapping or modelling proj-
ects may not be useful in thermally homogeneous rivers that do 
not have the thermal ‘patchiness’ that generates thermal refuges. 
In general, understanding present thermal refuge distribution 
and preserving, augmenting, and creating new thermal refuges 
are topics that have gained more attention recently because of 
river warming (Kurylyk et al. 2015; Steel et al. 2017).

Enhancing or creating thermal refuges through anthropo-
genic means may be considered ‘ecological renovation’ (Prober 
et al. 2018) rather than ecological restoration. Despite the con-
siderable interest of local watershed groups in thermal refuge 
mapping, only a few studies have attempted to enhance existing 
thermal refuges (e.g., OWE Board and EM Soil 2021), and we 
are not aware of any peer-reviewed studies documenting the cre-
ation of new thermal refuges. The overall goal of this study was 
to create a new thermal refuge that cold-water fish could utilize 
during periods of thermal stress. This was attempted by pump-
ing cool groundwater directly to a warm river with minor in-
stream channel modifications. Field monitoring was conducted 
using aerial thermal infrared (TIR) imagery, temperature and 
water level loggers, and above-water and underwater visual 

cameras. We also used a numerical model of coupled hydrody-
namic and thermal dynamics to interpret the field data and as-
sess the impact of alternative designs and conditions.

2   |   Materials and Methods

2.1   |   Study Site

This study was conducted in Rights River (drainage area 
27.2 km2), one of three main tributaries that feed into Antigonish 
Harbour along the north shore of Nova Scotia, Canada (Figure 1). 
This area primarily consists of forests, farmland and rural res-
idential properties, with the lower river reaches (~5 km) run-
ning through the northern portion of the town of Antigonish. 
The Rights River ecosystem is productive and has known pop-
ulations of sea trout (Salmo trutta trutta) and Atlantic salmon 
(Salmo salar; Antigonish Rivers Association 2022), which has a 
long documented history of cold-water refuge use in Nova Scotia 
(Huntsman 1942).

The Antigonish region experiences a modified-continental 
climate with total annual precipitation of 1315 mm and mean 
annual and mean summer (June–August) air temperatures of 
6.8°C and 16.9°C, respectively for 1981–2010 (ECCC 2024). The 
study site overlies a surficial alluvial aquifer (MacPherson and 
Peters 1972; Stea et al. 2006), with the deeper bedrock geology 
in the Windsor Group with Lime-Kiln Brook, Churchville and 
Hood Island formations (Keppie 2000).

The Municipality of the County of Antigonish has a groundwa-
ter abstraction and treatment facility within 25 m of Rights River 
(Figure 1). The facility is used as a backup town water supply 
during summer droughts. The facility consists of two wells that 
were drilled in 1993 within a surficial aquifer (Table 1; well logs 
in supplement, Figure  S1) and pumps with control and moni-
toring systems. Well 1 (45.6297°, −61.9977°) has a diameter of 
203 mm, total depth of 17.7 mbgs, casing depth of 0–12.5 and 
15.5–17.7 mbgs and screened interval from 12.5 to 15.5 mbgs. 
Well 2 (45.6293°, −61.9962°) has a diameter of 203 mm, screened 
interval from 10.7 to 13.9 mbgs and total depth and casing depth 
of 19.7 mbgs. The wells undergo quarterly water quality mon-
itoring to ensure the water meets drinking water guidelines. 
The water is pumped from the edge of the facility for a 2-week 
duration during quarterly testing, and the well discharge runs 
off into the river during this time. The facility has an approved 
watercourse withdrawal in place for a safe yield of 32 m3 h−1. The 
pumped groundwater has an effectively constant temperature 
year-round of ~9.5°C (range of 9°C°C–10°C), as would be ex-
pected at these depths for this region (Smith et al. 2023).

2.2   |   Study Period

There was sufficient precipitation during summer 2023 to sus-
tain the primary water supply for Antigonish. Therefore, the 
backup water supply was not needed during this period, and 
the well was available for pumping to the river. Accordingly, 
in summer 2023, we conducted two separate studies to in-
crease the chance of having measurements coincident with 
heat waves when cold-water organisms are most likely to rely 

 19360592, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eco.2739 by B

arret K
urylyk - D

alhousie U
niversity D

alhousie , W
iley O

nline L
ibrary on [14/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 of 14

on thermal refuges. The first study took place during a warm 
period that began on July 11 and lasted 14 days. Groundwater 
was discharged via a hose from the facility to the river at a 
constant flow rate of 32 m3 h−1 and temperature of 9°C°C–
10°C. The second study began on August 14 and lasted 5 days. 
For the second study, groundwater was discharged at a con-
stant flow rate of 25 m3 h−1 and temperature of 9°C°C–10°C. 
Groundwater temperatures presented herein were recorded in 
the well or groundwater abstraction facility because these data 
were continuously available for both study periods. However, 
the temperature of the groundwater discharging from the hose 
to the river recorded during the second study period indicated 
only minimum heating (0.5°C) along the hose due to expo-
sure to sunlight. For both studies, a temporary flow deflector 
(Figure 1d) (Kurylyk et al. 2015) was constructed in the river 
channel with large rocks to minimize the immediate thermal 

mixing of the generated cold-water plume with the warm river 
mainstem.

2.3   |   In Situ Loggers and Monitoring

A total of eight and four HOBO® TidbiT MX2203 temperature 
loggers were installed during the first and second study pe-
riods, respectively. Water temperature loggers were placed 
along the streambed at the pipe outlet and within and outside 
of the created thermal refuge to record the thermal contrast 
and cold-water plume extent (Figure 1b,d). On July 22, there 
was a flash flood during the first study period (Figure 3b) that 
resulted in several loggers being lost. Therefore, some logger 
locations were adjusted slightly during the second study pe-
riod to ensure they were adequately secured. A stilling well 

FIGURE 1    |    (a) Location of Antigonish in Nova Scotia and Atlantic Canada. (b) Locations of the groundwater abstraction and treatment facility, 
temperature loggers, stilling well, above-water and underwater cameras, and air pressure logger. (c) Watershed boundary of Rights River. (d) Zoomed-
in section of the pipe discharge location.
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with a Solinst Levelogger® 5 water level logger was installed 
just downstream of the thermal refuge at the same location for 
both studies (Figure 1b,c) to yield a river stage time series. A 
Solinst Barologger® 5 pressure transducer was attached to the 
groundwater abstraction and treatment facility to record air 
pressure to correct the stilling well pressure readings. All log-
gers recorded data in 15-min intervals. Above-water and un-
derwater cameras were installed facing the thermal refuge to 
record fish utilizing the thermal refuge. Above-water cameras 
recorded images every 30 min, whereas underwater cameras 
recorded images every 10 min. Hourly air temperature, air 
pressure, relative humidity, wind speed and precipitation data 
were recorded at a nearby Environment and Climate Change 
Canada weather station (< 20 km; Climate ID 8201001; ECCC 
2023). Stream gauging was conducted twice per study pe-
riod using an acoustic Doppler velocimeter (SonTek Flow 
Tracker2).

2.4   |   Drone TIR Imaging

TIR imaging was conducted periodically throughout both 
study periods to detect thermal anomalies at the water sur-
face. A preprogrammed flight spanning the entire study area 
at an elevation of approximately 42 m and with 90% front and 
side image overlap was flown during the first study period on 
Friday, July 14 at 2:30 PM (shown later in Figure  5). During 
this time, TIR imagery were collected with and without the 
groundwater being discharged to the river from the ground-
water abstraction and treatment facility (i.e., the pump turned 
off and on). Additionally, a TIR video was recorded to inves-
tigate the early thermal plume dynamics once the pump was 
turned on in the well. Because of aircraft restrictions in the 
area associated with a nearby airport, a specially licensed 
drone operator was contracted to operate the drone for the 
preprogrammed flight on Friday, July 14. Also, a handheld 
device was built to affix the drone in the air and capture ad-
ditional TIR images from a static position. TIR imagery was 
collected using the DJI Matrice 300 RTK drone equipped with 
a visual and uncooled thermal camera (Zenmuse H20T) with 
a pixel resolution of 640 × 512, focal length of 13.5 mm and 
wavelength of 8–14 μm (DJI  2020). Given issues associated 
with thermal drift in drone-mounted TIR sensors (Dugdale 
et al. 2019), we only use the TIR imagery to assess the cold-
water plume geometry and dynamics based on the relative 
temperatures of the plume versus the ambient river.

2.5   |   Thermal and Hydrodynamic Numerical 
Modelling

Numerical modelling of water flow and temperature was con-
ducted to interpret the field data and assess the impact of alter-
native conditions for creating cold-water thermal refuges. The 
coupled hydrodynamic and thermal dynamic simulations were 
performed in MIKE 21/3 coupled FM (DHI 2023a, 2023b). This 
model uses a flexible mesh approach with a cell-centred finite 
volume method to solve the incompressible Reynolds-averaged 
Navier–Stokes equation invoking the assumptions of Boussinesq 
and hydrostatic pressure (DHI 2023b). The temperature mod-
ule considers vertical heat transfer via an energy balance at the 
water surface and longitudinal heat transfer due to advection 
and dispersion. The MIKE 21/3 coupled FM model is a widely 
applied model for both hydrodynamic and temperature mod-
elling (e.g., Ranjbar, Etemad-Shahidi, and Kamranzad  2020; 
Sokolova et  al. 2013). Further details on the well-established 
governing equations can be found in MIKE 21 and MIKE 3 flow 
model hydrodynamic and transport module scientific documen-
tation (DHI 2017).

The numerical model domain spans approximately 120 m in 
length (along channel) and 50 m in width (Figure 2). The cross-
channel dimension includes the river channel and floodplain, 
whereas the along-channel model domain extent was selected 
to surpass the downstream extent of the cold-water plume ob-
served in the TIR imagery as discussed in Section 3.1. The com-
putational mesh for Rights River was created in MIKE using 347 
differential GPS (DGPS) points taken within the study region 
using an Emlid Reach RS2 (Budapest, Hungary, 5- and 10-mm 
horizontal and vertical accuracies, respectively) connected to a 
real-time kinetic network (HxGN SmartNet). Several channel-
submerged cross-sections were measured, and LiDAR point 
cloud data (Government of Nova Scotia 2024) were used to ex-
tend the model domain to include the floodplain. The horizontal 
domain used an unstructured triangular mesh, and the vertical 
domain consisted of a structured mesh (equidistant containing 
three layers). As the study area was small, a dense mesh was cre-
ated with the total number of elements and nodes respectively 
32,802 and 16,688.

Boundary conditions were specified for the 3D hydrodynamic 
model (Figure 2b). The sides and bottom boundaries were set as 
no-flow conditions, the upstream boundary was a specified flux 
based on flow measurements during the stable flow (pre-flood) 

TABLE 1    |    Model simulations and conditions.

Run ID
Groundwater 

temperature (°C)
Groundwater 

discharge (m3 h−1)
Upstream river 

discharge (m3 h−1)
Deflector? 
(Yes/No)

1 9.5 32 1800 Yes

2 9.5 32 1800 No

3 9.5 16 1800 Yes

4 15 32 1800 Yes

5 15 16 1800 Yes

6 9.5 32 10,800 Yes
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period, and the downstream boundary was set to free flow. 
The temperature module in MIKE 21/3 was used with water 
density specified as a standard function of temperature (DHI 
2023a). Recorded water temperature data were used for the 
inflow boundary. The temperature module considers vertical 
heat exchange at the water surface via latent heat, sensible heat, 
short-wave radiation and long-wave radiation (DHI 2023b). 
Atmospheric heat fluxes were computed based on standard 
MIKE 21/3 algorithms (DHI 2023a) and required air tempera-
ture and relative humidity as inputs. These were obtained via 
the nearest ECCC climate station (ID: 8201001). A clearness co-
efficient of 70% and a constant roughness height of 0.05 m were 
specified for initial model runs, with other parameters set to the 
model default values (see Table S1).

The pumped groundwater discharge was specified as a 
constant discharge and temperature source in the model 
(Figure  2b), in line with temperature and flow measure-
ments available directly from the groundwater abstraction 

and treatment facility flow meters and temperature sensors. 
The ‘dike structure’, available as a MIKE FM structure (DHI 
2023b), was incorporated in the model to function as the flow 
deflector constructed in the field (Figure  2b). The deflector 
geometry was developed from DGPS points collected along the 
deflector during its installation.

To assess the influence of different river and groundwater con-
ditions on the thermal plume size, six thermal numerical sce-
narios were computed using the model with different upstream, 
groundwater source (flow, temperature) and deflector condi-
tions (Table 1 and Figure 2a).

Model Runs 1 and 2 used baseline data with and without the 
deflector, respectively, to consider how the deflector influences 
the thermal mixing of the river and the discharged groundwa-
ter; all runs other than Run 2 included the deflector (Table 1). A 
decrease in groundwater discharge (half of baseline data) was 
used to simulate a reduction in the well yield (Run 3). Run 4 

FIGURE 2    |    (a) Flow chart of model simulations with superscript numbers referring to model run numbers described in Table 1. (b) Elevation of 
study area (based on LiDAR data for floodplain and DGPS points for channel) with the groundwater discharge point and temporary deflector location 
in the field and model. (c) Boundary conditions and model mesh for visual purposes only as the actual mesh was denser (Section 2.5). Figure 1b 
presents the model domain extent overlaid on aerial imagery. GW = groundwater, GP = groundwater pumping rate, QRiv = Upper boundary river 
discharge rate.
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used baseline data with an increase in groundwater tempera-
ture to simulate groundwater temperatures sourced from a dif-
ferent aquifer depth and associated seasonal thermal signal (e.g., 
Kurylyk, MacQuarrie, and Voss 2014). A run with a paired re-
duction in groundwater discharge and an increase in groundwa-
ter temperature was simulated to assess combined effects (Run 
5). Finally, an increase in the upper river boundary discharge 
to 3 m3 s−1 (sixfold increase) was used to assess the impact of 
high flows and associated hydrodynamic mixing on the thermal 
plume extent (Run 6).

Each model was simulated with 15-s timesteps for the period 
with the highest water temperatures (July 14 at 9 AM to July 18 at 
10 PM). A spin-up period of 4 h was selected for each model with 
initial water temperatures of 20°C. The DHI MatLab Toolbox 
(Version 19.0.0; DHI 2021) was modified to calculate the 3D 
thermal plume extent for the time steps on July 14 at 5:15 PM and 
July 18 at 5:45 PM for all model simulations, with the modified 
code accounting for 3D plume calculations, and included in the 
Supporting Information (see Data Availability Statement). These 
two times were chosen because of observations of fish aggrega-
tions during these periods. Thermal data were interpolated over 
the mesh grid based on average temperature from cell centres. A 
reference point upstream of the groundwater discharge location 
was selected to represent the ambient river water temperature. 
Following Sullivan et  al.  (2021), the modelled thermal plume 
was classified as nodes with water temperatures that were > 2°C 
colder than the reference water temperature.

2.6   |   Thermal Advection due to Groundwater 
Inflows

Advective thermal inflows due to mass inflows (e.g., pumped 
groundwater) are conveyed to the downstream end of the 
model domain and increase the advective thermal outflows. 
Accordingly, here, we calculate the ‘apparent heat advection’, 
which accounts for both the mass/heat inflow and the mass/
heat outflow downstream and thus yields the net warming (pos-
itive net advection) or cooling (negative net advection) effect of 
the groundwater inflows on the model domain (Kurylyk, Moore, 
and MacQuarrie 2016):

where Hgw is the apparent (or net) heat advection due to ground-
water inflow (Watts), cw�w is the volumetric heat capacity of 
water (4.186 × 106 J m−3°C−1), Qgw is the groundwater discharge 
inflow rate (m3 s−1), Tgw is the groundwater inflow temperature 
(°C) and Tamb is the ambient river temperature (°C), herein taken 
as the upstream boundary temperature. This equation yields the 
apparent heat inflow at a point (the pipe mouth). Rather than 
calculate a full energy balance, which is already resolved in the 
model, we compare the apparent heat advection (Watts) due to 
groundwater pumping (Equation  1) to the downwelling solar 
radiation across the river surface area in the model domain 
(1485 m2), as downwelling solar radiation is typically the dom-
inant heat flux during a summer day (e.g., Leach et al.  2023). 
Given the lack of radiation data measured at a local climate sta-
tion, we extracted radiation data at this location from the grid-
ded radiation dataset from NASA Power (2024).

3   |   Results

3.1   |   In Situ Flow and Temperature Measurements 
and Fish Presence

3.1.1   |   First Study Period (11–24 July 2023)

The second warmest day of 2023 occurred during the first study 
period on July 14th with local air temperatures reaching 30.4°C 
(Figure  3a). However, a heavy rainfall event also occurred 
during the first study period (on July 22nd), with 113 mm of pre-
cipitation over a 24-h period (Figure 2a). Water levels prior to the 
rainfall event were consistently between 0.40 and 0.43 m and in-
creased to a maximum of 2.1 m during and following the heavy 
rain (Figure 2b). Because of lost temperature loggers during the 
flood event, water temperature time series recorded within the 
created thermal plume were not available for the first study pe-
riod. However, water temperature data were available outside 
of the plume during the first study period, and the groundwater 
abstraction and treatment facility recorded values between 9°C 
and 10°C for the groundwater that was pumped into the river. 
Excluding water temperature data during the flood as all loggers 
were thermally uniform during this period (Figure 3d), the min-
imum, average and maximum river water temperatures were 
17.6°C, 22.3°C and 30.8°C, respectively, for the first study pe-
riod. The thermal difference between the maximum water tem-
peratures recorded by a logger (1A; Figure 1b) and the constant 
groundwater discharge temperature (10°C) was calculated and 
yielded minimum and maximum thermal differences of 9.7°C 
and 20.8°C, respectively (Figure 3d,e).

For this study, we define a fish aggregation in the thermal ref-
uge as the presence of ≥ 5 fish. Fish aggregations were observed 
throughout the study period, with an increased number of fish 
(fry and parr) captured with above-water and underwater cam-
eras during warm periods on July 13th, 14th, 15th and 18th. 
Several fry (> 20) of an unidentified species aggregated in the 
cold-water plume on July 13 (maximum mainstem water tem-
peratures of 27.2°C). Images of fry and parr (> 20) of suspected 
Atlantic salmon (S. salar) or brown trout (S. trutta) were cap-
tured periodically on July 14 and during the entire day on July 
15 via underwater cameras (Figure 4a). The fry was observed to 
stay near the discharge point, whereas the parr tended to occupy 
the middle of the created plume. An adult brown trout was iden-
tified at approximately 2:30 PM on July 14 near the back of the 
thermal plume and was not recorded via underwater cameras 
(Figure 4d).

Water temperatures reached a daily maximum of 28.9°C (at 
4:15 PM) on July 14th, exceeding the critical thermal thresh-
old for cold-water species such as brown trout and Atlantic 
salmon. On July 16, onset aggregation temperatures of 27.5°C 
were found for a brown trout or Atlantic salmon (unidentified) 
parr. A single white lake chub (Couesius plumbeus) occupied 
the thermal refuge from 11:50 AM to sunset on July 15 and 
was in the same location the following morning at 5:20 AM 
where it stayed at least for the remainder of the day. A site 
investigation on July 18 revealed an aggregation of white lake 
chub (> 20) occupying the outer limits of the thermal refuge 
outside of the underwater cameras' fields of view (Figure 4b). 
During the first study period, additional fish were observed 

(1)Hgw = cw�wQgw

(

Tgw − Tamb
)
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aggregating near the groundwater discharge point (fry) and 
near the middle of the thermal refuge (parr) as water tempera-
tures reached the study maximum of 30.9°C. The final onset 
of thermal refuge occupation occurred on July 21 when water 
temperatures were 28.3°C.

3.1.2   |   Second Study Period (14–18 August 2023)

Two of the four water temperature loggers were moved to ensure 
they were not lost during the second study period (Figure 1). The 
water temperature loggers (excluding Logger 6 in the cold-water 

FIGURE 4    |    (a–d) Underwater visual images of fish within the created thermal refuge recorded during the first study period (11–24 July 2023). 
Images are described in the text.

FIGURE 3    |    (a) Daily air temperature and precipitation recorded from the Collegeville Auto weather station (45.4912°, −62.0150°; ECCC 2023) 
(grey bands indicate Study Periods 1 and 2). Water level during (b) Study Period 1 and (c) Study Period 2. Measured water temperatures during (d) 
Study Period 1 and (e) Study Period 2. The maximum difference indicates the offset between groundwater and the highest river temperatures at any 
point in time. ‘A’ refers to the first study period, and ‘B’ refers to the second study period. Numbers correspond to logger locations shown in Figure 1.
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plume; see Figure 1) recorded minimum, average and maximum 
river water temperatures of 15.1°C, 17.7°C and 21.8°C, respec-
tively. In the cold-water plume near the groundwater discharge 
outlet (Logger 6), the minimum, average and maximum water 
temperatures were 9.7°C, 10.1°C and 12.4°C, close to the ground-
water temperature monitored in the groundwater abstraction 
and treatment facility (9°C°C–10°C). The minimum and max-
imum thermal difference between Logger 1B (maximum water 
temperatures recorded by a logger) and groundwater (10°C) was 
6.4°C and 11.8°C. There was only one underwater camera in-
stalled during the second study due to one camera being lost in 
the earlier flood. Despite lower water temperatures compared 
with the first period, fish (~6 parr) were observed sheltering 
near rocks towards the back of the thermal refuge throughout 
the entire second study period. Because of the distance from the 
camera and image quality, the species could not be identified.

3.2   |   Drone TIR Imaging

TIR imagery delineated the thermal anomalies associated with 
the created thermal refuge extent, with an estimated surface 
area of 55 m2 (Figure  5). The TIR video revealed the thermal 
plume dynamics when the groundwater pump turned on (see 
Video  S1) and revealed that cool groundwater discharge was 
redirected off the deflector, reaching the outer limits before 
creating eddies that forced the discharged groundwater to the 
south bank. Because of several punctures in the hose pump-
ing groundwater to the river, leaks were detected near the fa-
cility and south bank, with and without groundwater pumping 
(Figure 5e,f). Thermal anomalies were also apparent because of 
groundwater seepage on the north bank, but field investigation 
revealed that the small plume was likely too shallow for fish to 
occupy (< 10 cm in depth; Figure 5b).

3.3   |   Thermal Numerical Modelling

Root mean squared error (RMSE), Nash–Sutcliffe efficiency 
(NSE) and the coefficient of determination (R2) were calculated 
to determine the model performance. RMSE, NSE and R2 were 
calculated to be 0.49–0.51, 0.96–0.97 and 0.96–0.97, respec-
tively, indicating that the model performed well at simulating 
water temperatures within the model domain (Figure 6). Two 
times—July 14 at 5:15 PM and July 18 at 5:45 PM—were selected 
for further investigation of model results due to observed fish 
aggregations during these times. To investigate the role of the 
deflector in limiting immediate thermal mixing, velocity mag-
nitude and direction results from Model Runs 1 and 2 were 
simulated (Figure  7). With the use of a deflector, the velocity 
magnitude decreased within the groundwater discharge zone 
from 0.12 to 0.04 m s−1, which limited mixing and enabled the 
plume to persist over a larger area (Figure  7a). Additionally, 
the position of the pre-existing rock near the groundwater dis-
charge location (Figure 7) allows the plume size to extend fur-
ther downstream and provides aggregating fish protection from 
river currents and avian predation. The utility of the deflector 
was further evident in the plan view of simulated river tempera-
tures (Figure 8a,b), for which there was an increase in the ther-
mal plume extent.

To quantify the influence of the different model conditions (i.e., 
deflector presence or absence, groundwater inflow rate and 
temperature, and river flow rate and temperature) on the sim-
ulated plume sizes, calculated 3D plume volumes at the times 
of aggregations (July 14 at 5:15 PM and July 18 at 5:45 PM) are 
presented in Table  2 for each model run. Results from run 1 
yielded the largest thermal plume (10.25–10.98 m3; Table  2) 
due to the high rates of groundwater discharge (32 m3 h−1), low 
groundwater temperatures (9.5°C) and use of a deflector. This 

FIGURE 5    |    Visual imagery (a) and thermal infrared imagery without (b) and with (c) groundwater pumping. Panels (d–f) are zoomed-in 
sections of the created thermal refuge extent corresponding to panels (a–c). Both flights were conducted within minutes of each other on July 14 at 
approximately 2:30 PM.
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combination also resulted in vertical thermal stratification 
within the plume, with denser, cooler water near the streambed 
(Figure 9a). In contrast, when the deflector was not included 
in the model domain, the thermal plume experienced a 62% 
to 67% decrease in volume (Figure 8b and Table 2) because of 
thermal mixing between the warm ambient river water and 
cool groundwater (Figure  9b). Despite the low groundwater 
temperatures (9.5°C) in Model Runs 1, 2, 3 and 6, a decrease 
in groundwater discharge decreased the thermal plume extent 
in these simulations (run ID: 3; Figures 8 and 9c and Table 2). 
The greatest decrease in the thermal plume volume occurred 
for Run 5, which had lower groundwater discharge and higher 
groundwater temperature (Figures  8e and 9c and Table  2), 
expectedly indicating that both factors strongly influence the 
thermal refuge spatial extent.

3.4   |   Calculated Heat Fluxes

The net advective heat flux (Equation 1) based on the measured 
thermal difference between the groundwater and ambient river 
(Figure 3d,e), the groundwater pumping rate and the heat ca-
pacity of water was calculated to be on average −5.37E5 Watts 
for 13–21 July 2023. This is larger but of a similar magnitude 
to the integrated solar radiation across the water surface of the 
model domain (+3.20E5 Watts) during this period. These re-
sults indicate that although solar radiation tends to dominate 
the energy budget of long reaches of streams and rivers (Webb 
and Zhang 1999), the net heat advection due to focused ground-
water inflows can dominate the heat budget locally, enabling 
the groundwater discharge to generate a pronounced thermal 
anomaly.

4   |   Discussion

4.1   |   Engineered Thermal Refuge Performance

Although thermal management is still a relatively new topic 
in aquatic science and management (Mejia et al. 2023; Ouellet 
et al. 2020), past approaches for thermal management in riv-
ers include riparian vegetation (e.g., Dugdale, Malcolm, and 
Hannah 2024; Ebersole, Liss, and Frissell 2003), habitat resto-
ration for fish passage (e.g., Lavelle et al. 2021), thermal refuge 
enhancement (e.g., ASF  2024) and controlled release of im-
pounded river water (Null, Ligare, and Viers 2013). The goal 
of this research was to present an innovative thermal man-
agement approach via pumping cool groundwater to a river 
to create a thermal refuge during the summer. The goal was 
to not cool the entire river reach but rather to impose thermal 
complexity to sustain ecosystem diversity. Our approach was 
successful in creating an adequate thermal refuge (approxi-
mately 10 m3 plume ≥ 2°C colder than the ambient river) that 
cold-water fishes utilized during periods of thermal stress. 
Specifically, we captured several aggregations of Atlantic 
salmon or brown trout, as well as white lake chub. Fish ag-
gregations commonly occurred at water temperatures > 27°C 
during the first study period. However, thermal occupancy 
was exhibited at much lower temperatures during the second 
study period in August (~21°C). Our findings are generally in 
alignment with other studies (Morgan and O'Sullivan  2022; 
O'Sullivan et  al.  2023) that have shown that temperature 
thresholds that trigger aggregations are highly variable and 
depend on factors such as antecedent temperature conditions, 
species, age and river system. Similar to other studies (e.g., 
Frechette et al. 2018), cold-water fish were observed occupying 

FIGURE 6    |    Measured and modelled water temperature during the first study period at Logger Locations 1 and 2 (see Figure 1).

FIGURE 7    |    Velocity magnitude and direction (vectors) of the top layer for Model Runs 1 (a) and 2 (b) on 18 July 2023, at 5:45 PM with the highest 
recorded water temperature.
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the thermal refuge predominantly during the afternoon, when 
the ambient river temperatures were highest.

We acknowledge that the aggregations observed in this study are 
small compared with those reported in some natural thermal 

refuges (e.g., Linnansaari et  al.  2023; O'Sullivan et  al.  2023). 
However, in many rivers in the Canadian Maritimes, large ag-
gregations only occur every few years when temperatures rise 
above typical annual maxima, and many of those well-studied 
systems have a higher density of cold-water fish than Rights 

TABLE 2    |    Calculated thermal plume volume for each model run and percentage difference compared with baseline (run ID 1) for July 14 at 
4:15 PM and July 18 at 5:45 PM (peak water temperatures).

Run ID

July 14 at 5:15 PM July 18 at 5:45 PM

Ambient 
river water 

temperature (°C)

Calculated 
volume 

(m3)a
% Difference 
than baseline

Ambient 
river water 

temperature (°C)a
Calculated 

volume (m3)
% Difference 
than baseline

1 28.9 10.25 — 30.8 10.98 —

2 3.40 −67 4.22 −62

3 4.22 −59 4.62 −58

4 6.82 −33 7.77 −29

5 2.43 −76 2.77 −75

6 3.54 −65 4.63 −58
aThe temperature threshold for the thermal plume was different on July 14 and 18 because the plume was defined as areas ≥ 2°C colder than the mainstem, and the 
mainstem temperatures differed for these dates.

FIGURE 8    |    Plan view of surface water temperatures for each model run in Table 1 (Panels a–f) for 18 July 2023, at 5:45 PM. Black lines in each 
pane represent isolines to highlight the plume spatial extent. Outer isolines represent 30°C and decrease by 2°C in the direction to the groundwater 
discharge point. Figure 2b shows the location in the model domain.
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River. Further studies at this location or others could be con-
ducted with more intensive fish monitoring (e.g., more cameras 
or tagging) to help reveal how engineered systems compare to 
large, natural thermal refuges in terms of fish presence and 
dynamics. Other water quality parameters such as dissolved 
oxygen are important factors for fish that vary among thermal 
refuge sources, and further water quality monitoring may yield 
insight into the effectiveness of the created thermal refuge in 
providing suitable habitat for cold-water fish when other quality 
indicators are considered.

Although the present study demonstrated the potential for 
pumped groundwater to create a cold-water refuge, the high 
pumping rates may not be sustainable for extended periods, at 
least for certain aquifers (Hiscock and Bense 2021, 598–599). 
This could cause groundwater levels to ‘drawdown’ beneath 
desired thresholds and deplete the aquifer, at least locally. 
To ensure groundwater is abstracted sustainably, instead of 
continuously pumping throughout the summer, targeted, in-
termittent pumping during high-temperature events could 
be conducted as previously proposed (Kurylyk et  al.  2015). 
Information regarding resident aquatic species and their as-
sociated thermal tolerances, along with continual aquifer and 
river monitoring (levels and temperatures) and known loca-
tions of existing thermal refuges would allow water managers 
the tools to implement a groundwater pumping program that 
generates thermal refuge(s) when specific criteria are met. The 
effectiveness of such a program may benefit from monitoring 
the ability of cold-water fishes to locate and utilize temporary 
thermal refuges during periods of thermal stress. Related, but 
more reactive, thermal management approaches are already 
adopted in many rivers by limiting angling when certain tem-
peratures are exceeded (DFO 2019).

4.2   |   Numerical Modelling of Thermal Refuges

Thermal refuges have been well-studied in natural settings, 
but very few process-based numerical models of river hy-
drodynamic and thermal dynamics have been conducted for 
refuges. Such models are useful tools to investigate the effect 
of ‘what if’ scenarios and design alternatives (e.g., ground-
water inflow rates and temperatures and presence/absence 
of deflector). Herein, we focused on delineating the modelled 
thermal plume sizes, with plume volume estimates ranging 
from 2.43 to 10.98 m3. With a deflector, smaller plumes re-
sulted from decreased groundwater discharge and increased 
groundwater temperatures, with decreased discharge being 
the principal driver of decreased plume size. Two locations 
(1 and 2 in Figure 1b,d) with in-field water temperature data 
were selected to assess the baseline model performance (run 
ID 1). Calculated model performance parameters indicated 
strong model performance in predicting water temperatures 
within the model domain. This is expected given the local 
dominance of heat advection (Section  3.4), which was im-
posed as an internal sink in the model domain. Therefore, the 
precise algorithms selected for the surface heat fluxes would 
likely have little influence on the simulated plume sizes in this 
study. Also, because the atmospheric heat fluxes were applied 
across the entire wetted domain (including the refuge), minor 
changes to the computed atmospheric heat fluxes would not 
greatly impact the delineated size of the cold-water plume as 
the size was defined based on the difference (≥ 2°) from the 
ambient river temperatures. Additionally, the spatial river 
temperature patterns predicated by the model using baseline 
data showed strong agreement with TIR imagery captured 
during the study period. Although outside the scope of our 
study, future modelling could investigate the impact of deflec-
tor lengths and angles on the spatial extent of the thermal ref-
uge and velocity profiles (e.g., Gendron 2013).

4.3   |   Study Limitations and Future Opportunities

The field components of this study were limited by several fac-
tors. First, the time periods during which we could pump from 
the backup water supply were limited by the municipal water 
needs and by the flood that disturbed our experimental setup 
during the first study periods. The safe well yield was high 
(32 m3 h−1) and thus enabled the creation of an adequate ther-
mal plume that cold-water fishes occupied. In other regions 
(e.g., Thielman 2020), it may be difficult to pump groundwater 
at a similar rate, as a relatively high-capacity well (such as the 
municipal water supply in this study) is required. However, many 
rivers have productive alluvial or glaciofluvial aquifers that could 
be pumped at a high rate (Weight and Sonderegger 2004, 217). 
Although the focus of our study was to monitor water tempera-
tures and fish response, future work should consider dissolved 
oxygen, fish density, turbidity, predation risk and other factors 
that influence the functionality of a thermal refuge (Thorstad 
et al. 2008). Also, it is likely that the above-water and underwa-
ter cameras did not capture all fish that occupied the created 
thermal refuge during both study periods, and more extensive 
visual (camera) monitoring or fish tagging could help improve 
fish tracking. Nonetheless, this study provides a foundation for 
future research, including opportunities related to fish behaviour 

FIGURE 9    |    Cross-section profile of A–B (shown in Figure 8a,b,e) for 
Model Runs (a) 1, (b) 2 and (c) 5 on 18 July 2023, at 5:45 PM.
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(e.g., how and when fish locate created thermal refuges) and long-
term thermal refuge effectiveness to inform refuge management.

Thermal numerical modelling was limited by the mesh reso-
lution, time step and computational resources. Because of the 
small residence time in the model domain, a small-time step 
and fine-resolution mesh was required to adequately model 
thermal plume dynamics. It is possible that fine-scale bathym-
etry that influences the thermal mixing of the plume may not 
have been captured. Although such modelling was tractable 
for the small domain considered in this study, it would be-
come computationally challenging if larger river reaches were 
under consideration.

4.4   |   Implications for Adapting to Climate Change

Many rivers are experiencing a loss or fragmentation of cold-
water habitat (Isaak et  al.  2017), and as a result, innovative 
thermal management strategies are critically needed to adapt. 
Our study results indicate the potential scalability of pumping 
groundwater to create thermal refuges, at least in river sys-
tems overlying productive aquifers. The impacts of ground-
water pumping on other aspects of the river ecosystems, 
particularly for biota sensitive to biogeochemical changes 
other than temperature, warrant far more consideration. The 
feasibility to scale this method requires assessment methods 
using desktop GIS analysis, combining geospatial river water 
temperature data, with geology, hydrogeology and climate in-
formation. Such analyses should consider the potential for the 
aquifer itself to warm due to climate change, albeit perhaps 
lagged substantially if sufficiently deep (Benz et  al.  2024). 
Although the present study focused on the physical sciences 
and engineering principles that underpin ‘designed’ thermal 
refuges, this proposed method is a more involved form of ther-
mal management of rivers. Researchers in the social sciences 
should engage with stakeholders, including Indigenous com-
munities, government agencies, watershed groups and the 
public to consider any social concerns or ethical concerns that 
could be raised. Furthermore, the effectiveness of the method 
proposed in this study for generating thermal refuges for tar-
get species should be addressed.

5   |   Conclusions

In this study, we present, to our knowledge, the first success-
ful attempt to create a cold-water thermal refuge by pumping 
groundwater to a river as a proactive thermal management strat-
egy. Thermal infrared (TIR) imagery detected a notable ther-
mal plume, measuring approximately 55 m2 at the water surface 
during low-flow conditions with the installation of a river flow 
deflector. Field measurements of ambient river temperatures and 
pumped groundwater revealed a thermal offset of up to 21°C be-
tween the two source waters during the first study period. Above-
water and underwater cameras recorded several fish utilizing the 
created thermal refuge during periods of thermal stress with am-
bient river water temperatures up to 30°C. Therefore, the created 
thermal refuge was considered successful as it created a notable 
thermal offset with the mainstem, and several cold-water organ-
isms occupied it during periods of thermal stress.

To interpret the field data and assess the impact of alternative 
designs and conditions, we conducted 3D numerical modelling 
of the river and refuge hydrodynamics and thermal dynamics. 
Thermal numerical modelling of several scenarios revealed that 
the considered groundwater discharge rates and temperatures 
were adequate for creating a sizeable thermal plume, but its ex-
tent drastically decreased without the use of a deflector. This 
research lays the foundation for future thermal refuge creation 
projects aiming to proactively maintain or enhance thermal di-
versity in warming rivers.

Acknowledgements

Research funding was provided by an NSERC Discovery Grant and a 
Foundation for Conservation of Atlantic Salmon contribution agree-
ment held by B. Kurylyk. B. Kurylyk is also supported through the 
Canada Research Chairs Program. K. Smith was supported by schol-
arships from the Nova Scotia Geological Survey and NSERC CREATE 
ASPIRE program, and a research grant from the Geological Society of 
America. We thank the Municipality of the County of Antigonish for 
allowing the use of the backup water supply for this study and NSECC 
for granting permission to conduct this study. We thank R. Strong 
(Dalhousie University) for modifying the code for calculating thermal 
plume volumes. We thank DHI for the sponsored MIKE Powered by 
DHI licence file. We also thank members of the Dalhousie Coastal 
Hydrology Lab for field assistance and two anonymous reviewers for 
providing helpful comments that improved this paper.

Conflicts of Interest

The authors declare no conflicts of interest.

Open Research Statement

Data for this study are published in a Borealis dataset available at: 
[https://​borea​lisda​ta.​ca/​datas​et.​xhtml?​persi​stent​Id=​doi:​10.​5683/​SP3/​
GMJCSF].

References

Antigonish Rivers Association. 2022. West River Watershed. Antigonish, 
Nova Scotia: Antigonish Rivers Association. Accessed January 2024. 
https://​antig​onish​river​sasso​ciati​on.​ca/​proje​ct-​detai​ls/​west-​river-​water​
shed/​​.

Atlantic Salmon Federation (ASF). 2024. Thermal Refuge: Enhancing 
Thermal Refugia on the Miramichi. Chamcook, New Brunswick: 
Atlantic Salmon Federation. https://​www.​asf.​ca/​therm​al-​refuge/​.

Benz, S. A., D. J. Irvine, G. C. Rau, et al. 2024. “Global Groundwater 
Warming due to Climate Change.” Nature Geoscience 17: 541–551. 
https://​doi.​org/​10.​1038/​s4156​1-​024-​01453​-​x.

Bowen, L., V. R. von Biela, S. D. McCormick, et  al. 2020. 
“Transcriptomic Response to Elevated Water Temperatures in Adult 
Migrating Yukon River Chinook Salmon (Oncorhynchus tshawyts-
cha).” Conservation Physiology 8, no. 1: coaa085. https://​doi.​org/​10.​
1093/​conph​ys/​coaa084.

Breau, C., R. A. Cunjak, and G. Bremset. 2007. “Age-Specific Aggregation 
of Wild Juvenile Atlantic Salmon Salmo salar at Cool Water Sources 
During High Temperature Events.” Journal of Fish Biology 71, no. 4: 
1179–1191. https://​doi.​org/​10.​1111/j.​1095-​8649.​2007.​01591.​x.

Breau, C., R. A. Cunjak, and S. J. Peake. 2011. “Behaviour During 
Elevated Water Temperatures: Can Physiology Explain Movement 
of Juvenile Atlantic Salmon to Cool Water?” The Journal of Animal 
Ecology 80, no. 4: 844–853. https://​doi.​org/​10.​1111/j.​1365-​2656.​2011.​
01828.​x.

 19360592, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eco.2739 by B

arret K
urylyk - D

alhousie U
niversity D

alhousie , W
iley O

nline L
ibrary on [14/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://borealisdata.ca/dataset.xhtml?persistentId=doi:10.5683/SP3/GMJCSF
https://borealisdata.ca/dataset.xhtml?persistentId=doi:10.5683/SP3/GMJCSF
https://antigonishriversassociation.ca/project-details/west-river-watershed/
https://antigonishriversassociation.ca/project-details/west-river-watershed/
https://www.asf.ca/thermal-refuge/
https://doi.org/10.1038/s41561-024-01453-x
https://doi.org/10.1093/conphys/coaa084
https://doi.org/10.1093/conphys/coaa084
https://doi.org/10.1111/j.1095-8649.2007.01591.x
https://doi.org/10.1111/j.1365-2656.2011.01828.x
https://doi.org/10.1111/j.1365-2656.2011.01828.x


13 of 14

Caldwell, P., C. Segura, S. Gull Laird, et al. 2015. “Short-Term Stream 
Water Temperature Observations Permit Rapid Assessment of Potential 
Climate Change Impacts.” Hydrological Processes 29: 2196–2211. 
https://​doi.​org/​10.​1002/​hyp.​10358​.

DHI. 2017. MIKE 21 & MIKE 3 Flow Model FM. Hydrodynamic and 
Transport Module Scientific Documentation, 64. Hørsholm, Denmark: 
MIKE powered by DHI. https://​manua​ls.​mikep​owere​dbydhi.​help/​
2017/​Coast_​and_​Sea/​MIKE_​321_​FM_​Scien​tific_​Doc.​pdf.

DHI. 2021. DHI MatLab Toolbox: Version 19. Hørsholm, Denmark: 
MIKE powered by DHI. https://​github.​com/​DHI/​DHI-​MATLA​
B-​Toolbox.

DHI. 2023a. MIKE 3 Flow Model FM: Hydrodynamic and Transport 
Module, Scientific Documentation, 92. Hørsholm, Denmark: MIKE 
powered by DHI. https://​manua​ls.​mikep​owere​dbydhi.​help/​latest/​
Coast_​and_​Sea/​MIKE_3_​Flow_​FM_​Scien​tific_​Doc.​pdf.

DHI. 2023b. MIKE 21 & MIKE 3 Flow Model FM: Hydrodynamic and 
Transport Module Scientific Documentation, 64. Hørsholm, Denmark: 
MIKE powered by DHI.  https://​manua​ls.​mikep​owere​dbydhi.​help/​
2017/​Coast_​and_​Sea/​MIKE_​321_​FM_​Scien​tific_​Doc.​pdf.

DJI. 2020. Zenmuse H20 Series User Manual v1.0. Shenzhen, China: 
DJI.  https://​dl.​djicdn.​com/​downl​oads/​Zenmu​se_​H20_​Series/​Zenmu​
se_​H20_​Series_​User_​Manua​l-​EN.​pdf.

Dugdale, S. J., N. E. Bergeron, and A. St-Hilaire. 2015. “Spatial 
Distribution of Thermal Refuges Analysed in Relation to Riverscape 
Hydromorphology Using Airborne Thermal Infrared Imagery.” Remote 
Sensing of Environment 160: 43–55. https://​doi.​org/​10.​1016/j.​rse.​2014.​
12.​021.

Dugdale, S. J., C. A. Kelleher, I. A. Malcolm, S. Caldwell, and D. M. 
Hannah. 2019. “Assessing the Potential of Drone-Based Thermal Infrared 
Imagery for Quantifying River Temperature Heterogeneity.” Hydrological 
Processes 33, no. 7: 1152–1163. https://​doi.​org/​10.​1002/​hyp.​13395​.

Dugdale, S. J., I. A. Malcolm, and D. M. Hannah. 2024. “Understanding 
the Effects of Spatially Variable Riparian Tree Planting Strategies to 
Target Water Temperature Reductions in Rivers.” Journal of Hydrology 
635: 131163. https://​doi.​org/​10.​1016/j.​hydrol.​2024.​131163.

Dugdale, S. J., I. A. Malcolm, K. Kantola, and D. M. Hannah. 2018. 
“Stream Temperature Under Contrasting Riparian Forest Cover: 
Understanding Thermal Dynamics and Heat Exchange Processes.” 
Science of the Total Environment 610–611: 1375–1389. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2017.​08.​198.

Ebersole, J. L., W. J. Liss, and C. A. Frissell. 2003. “Cold Water Patches 
in Warm Streams: Physicochemical Characteristics and the Influence 
of Shading.” JAWRA 39, no. 2: 355–386. https://​doi.​org/​10.​1111/j.​1752-​
1688.​2003.​tb043​90.​x.

Environment and Climate Change Canada (ECCC). 2023. Hourly 
Climate Station Data for Collegeville Auto (8401001). Government of 
Canada.

Environment and Climate Change Canada (ECCC). 2024. Canadian 
Climate Normals 1981–2019 Station Data for Collegeville Auto (8401001). 
Canada: Government of Canada. https://​clima​te.​weath​er.​gc.​ca/​clima​
te_​norma​ls/​resul​ts_​1981_​2010_e.​html?​stnID​=​6329&​autof​wd=​1.

Fisheries and Oceans Canada (DFO). 2019. Protocol for in-Season 
Conservation Measures for Atlantic Salmon During Environmentally 
Stressful Conditions in the Margaree River (Warm Water Protocol). 
Antigonish, Nova Scotia: Fisheries and Oceans Canada. https://​www.​
marga​reesa​lmon.​ca/​wp-​conte​nt/​uploa​ds/​2019_​Marga​ree_​Warm_​
Water_​Proto​col.​pdf.

Frechette, D. M., S. J. Dugdale, J. J. Dodson, and N. E. Bergeron. 2018. 
“Understanding Summertime Thermal Refuge Use by Adult Atlantic 
Salmon Using Remote Sensing, River Temperature Monitoring, and 
Acoustic Telemetry.” Canadian Journal of Fisheries and Aquatic 
Sciences 75: 1999–2010. https://​doi.​org/​10.​1139/​cjfas​-​2017-​0422@​cjfas​
-​otn.​issue01.

Fullerton, A. H., C. E. Torgersen, J. J. Lawler, E. A. Steel, J. L. Ebersole, 
and S. Y. Lee. 2018. “Longitudinal Thermal Heterogeneity in Rivers and 
Refugia for Coldwater Species: Effects of Scale and Climate Change.” 
Aquatic Sciences 80: 1–15.

Garrabou, J., D. Gomez-Gras, A. Medrano, et  al. 2022. “Marine 
Heatwaves Drive Recurrent Mass Mortalities in the Mediterranean 
Sea.” Global Change Biology 28, no. 19: 5708–5725. https://​doi.​org/​10.​
1111/​gcb.​16301​.

Gendron, J. F. 2013. Physical Controls on Summer Thermal Refuges 
for Salmonids in Two Gravel-Cobble Salmon Rivers With Contrasting 
Thermal Regimes: The Ouelle and Ste-Margeurite Rivers. Master of 
Science thesis. Montreal, Quebec: McGill University 153 pp.

Goetz, F. A., and T. P. Quinn. 2019. “Behavioral Thermoregulation by 
Adult Chinook Salmon (Oncorhynchus tshawytscha) in Estuary and 
Freshwater Habitats Prior to Spawning.” Fishery Bulletin 117: 258–271. 
https://​doi.​org/​10.​7755/​FB.​117.3.​12.

Government of Nova Scotia. 2024. Data Locator—Elevation Explorer. 
Nova Scotia: GeoNOVA.  https://​nsgi.​novas​cotia.​ca/​datal​ocator/​eleva​
tion/​.

Hahlbeck, N., K. J. Anlauf-Dunn, S. J. Piotrowski, et al. 2023. “Habitat 
Fragmentation Drives Divergent Survival Strategies of a Cold-Water 
Fish in a Warm Landscape.” Ecosphere 14, no. 7: e4622. https://​doi.​org/​
10.​1002/​ecs.​24622​.

Hiscock, K. M., and V. F. Bense. 2021. Hydrogeology: Principles and 
Practice. Third ed, 697. Hoboken, NJ: Wiley.

Huntsman, A. G. 1942. “Death of Salmon and Trout With High 
Temperature.” Fisheries Research Board of Canada 17: 485–501.

Isaak, D. J., S. J. Wenger, E. E. Peterson, et  al. 2017. “The NorWeST 
Summer Stream Temperature Model and Scenarios for the Western 
U.S.: A Crowd-Sourced Database and New Geospatial Tools Foster a 
User Community and Predict Broad Climate Warming of Rivers and 
Streams.” Water Resources Research 53: 9181–9205. https://​doi.​org/​10.​
1002/​2017W​R020989.

Isaak, D. J., S. Wollrab, D. Horan, and G. Chandler. 2012. “Climate 
Change Effects on Stream and River Temperatures Across the Northwest 
US From 1980–2009 and Implications for Salmonid Fishes.” Climate 
Change 113: 499–524. https://​doi.​org/​10.​1007/​s1058​4-​011-​0326-​z.

Keefer, M. L., C. A. Peery, and B. High. 2009. “Behavioral 
Thermoregulation and Associated Mortality Trade-Offs in Migrating 
Adult Steelhead (Oncorhynchus mykiss): Variability Among Sympatric 
Populations.” Canadian Journal of Fisheries and Aquatic Sciences 66: 
10. https://​doi.​org/​10.​1139/​F09-​131.

Keppie, J. D. 2000. Geological Map of the Province of Nova Scotia. Nova 
Scotia: Nova Scotia Department of Natural Resources, Minerals and 
Energy Branch Map ME 2000–1, scale 1:500,000.

Kurylyk, B. L., K. T. B. MacQuarrie, T. Linnansaari, R. A. Cunjak, and 
R. A. Curry. 2015. “Preserving, Augmenting, and Creating Cold-Water 
Thermal Refugia in Rivers: Concepts Derived From Research on the 
Miramichi River, New Brunswick (Canada).” Ecohydrology 8, no. 6: 
1095–1108. https://​doi.​org/​10.​1002/​eco.​1566.

Kurylyk, B. L., K. T. B. MacQuarrie, and C. I. Voss. 2014. “Climate 
Change Impacts on the Temperature and Magnitude of Groundwater 
Discharge From Shallow, Unconfined Aquifers.” Water Resources 
Research 50, no. 4: 3253–3274. https://​doi.​org/​10.​1002/​2013W​R014588.

Kurylyk, B. L., R. D. Moore, and K. T. B. MacQuarrie. 2016. “Scientific 
Briefing: Quantifying Streambed Heat Advection Associated With 
Groundwater-Surface Water Interactions.” Hydrological Processes 30, 
no. 6: 987–992. https://​doi.​org/​10.​1002/​hyp.​10709​.

Lavelle, A. M., M. A. Chadwick, D. D. A. Chadwick, E. G. Pritchard, and 
N. R. Bury. 2021. “Effects of Habitat Restoration on Fish Communities 
in Urban Streams.” Watermark 13, no. 16: 2170. https://​doi.​org/​10.​3390/​
w1316​2170.

 19360592, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eco.2739 by B

arret K
urylyk - D

alhousie U
niversity D

alhousie , W
iley O

nline L
ibrary on [14/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/hyp.10358
https://manuals.mikepoweredbydhi.help/2017/Coast_and_Sea/MIKE_321_FM_Scientific_Doc.pdf
https://manuals.mikepoweredbydhi.help/2017/Coast_and_Sea/MIKE_321_FM_Scientific_Doc.pdf
https://github.com/DHI/DHI-MATLAB-Toolbox
https://github.com/DHI/DHI-MATLAB-Toolbox
https://manuals.mikepoweredbydhi.help/latest/Coast_and_Sea/MIKE_3_Flow_FM_Scientific_Doc.pdf
https://manuals.mikepoweredbydhi.help/latest/Coast_and_Sea/MIKE_3_Flow_FM_Scientific_Doc.pdf
https://manuals.mikepoweredbydhi.help/2017/Coast_and_Sea/MIKE_321_FM_Scientific_Doc.pdf
https://manuals.mikepoweredbydhi.help/2017/Coast_and_Sea/MIKE_321_FM_Scientific_Doc.pdf
https://dl.djicdn.com/downloads/Zenmuse_H20_Series/Zenmuse_H20_Series_User_Manual-EN.pdf
https://dl.djicdn.com/downloads/Zenmuse_H20_Series/Zenmuse_H20_Series_User_Manual-EN.pdf
https://doi.org/10.1016/j.rse.2014.12.021
https://doi.org/10.1016/j.rse.2014.12.021
https://doi.org/10.1002/hyp.13395
https://doi.org/10.1016/j.hydrol.2024.131163
https://doi.org/10.1016/j.scitotenv.2017.08.198
https://doi.org/10.1016/j.scitotenv.2017.08.198
https://doi.org/10.1111/j.1752-1688.2003.tb04390.x
https://doi.org/10.1111/j.1752-1688.2003.tb04390.x
https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?stnID=6329&autofwd=1
https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?stnID=6329&autofwd=1
https://www.margareesalmon.ca/wp-content/uploads/2019_Margaree_Warm_Water_Protocol.pdf
https://www.margareesalmon.ca/wp-content/uploads/2019_Margaree_Warm_Water_Protocol.pdf
https://www.margareesalmon.ca/wp-content/uploads/2019_Margaree_Warm_Water_Protocol.pdf
https://doi.org/10.1139/cjfas-2017-0422@cjfas-otn.issue01
https://doi.org/10.1139/cjfas-2017-0422@cjfas-otn.issue01
https://doi.org/10.1111/gcb.16301
https://doi.org/10.1111/gcb.16301
https://doi.org/10.7755/FB.117.3.12
https://nsgi.novascotia.ca/datalocator/elevation/
https://nsgi.novascotia.ca/datalocator/elevation/
https://doi.org/10.1002/ecs.24622
https://doi.org/10.1002/ecs.24622
https://doi.org/10.1002/2017WR020989
https://doi.org/10.1002/2017WR020989
https://doi.org/10.1007/s10584-011-0326-z
https://doi.org/10.1139/F09-131
https://doi.org/10.1002/eco.1566
https://doi.org/10.1002/2013WR014588
https://doi.org/10.1002/hyp.10709
https://doi.org/10.3390/w13162170
https://doi.org/10.3390/w13162170


14 of 14 Ecohydrology, 2024

Leach, J. A., C. Kelleher, B. L. Kurylyk, R. D. Moore, and B. T. Neilson. 
2023. “A Primer on Stream Temperature Processes.” WIREs Water 10, 
no. 4: e1643. https://​doi.​org/​10.​1002/​wat2.​1643.

Linnansaari, T., A. M. O'Sullivan, C. Breau, et al. 2023. “The Role of 
Cold-Water Thermal Refuges for Stream Salmonids in a Changing 
Climate—Experiences From Atlantic Canada.” Fishes 8: 471. https://​
doi.​org/​10.​3390/​fishe​s8090471.

Liu, S., Z. Xie, B. Liu, et  al. 2020. “Global River Water Warming due 
to Climate Change and Anthropogenic Heat Emission.” Global and 
Planetary Change 193: 103289. https://​doi.​org/​10.​1016/j.​glopl​acha.​2020.​
103289.

MacPherson, C. S., and M. H. J. Peters. 1972. A Resistivity Study of the 
Right's River Aquifer, Antigonish, Nova Scotia. B.Sc. thesis,. Antigonish, 
Nova Scotia: St. Francis Xavier University 48 pp.

Mejia, F. H., V. Ouellet, M. A. Briggs, et  al. 2023. “Closing the Gap 
Between Science and Management of Cold-Water Refuges in Rivers and 
Streams.” Global Change Biology 29, no. 19: 5482–5508. https://​doi.​org/​
10.​1111/​gcb.​16844​.

Morash, A. J., B. Speers-Roesch, S. Andrew, and S. Currie. 2020. “The 
Physiological Ups and Downs of Thermal Variability in Temperate 
Freshwater Ecosystems.” Journal of Fish Biology 98, no. 6: 1524–1535. 
https://​doi.​org/​10.​1111/​jfb.​14655​.

Morgan, A. M., and A. M. O'Sullivan. 2022. “Cooler, Bigger; Warmer, 
Smaller: Fine-Scale Thermal Heterogeneity Maps Age Class and Species 
Distribution in Behaviourally Thermoregulating Salmonids.” River 
Research and Applications 39, no. 2: 163–176. https://​doi.​org/​10.​1002/​
rra.​4073.

National Aeronautic and Space Administration (NASA) Langley 
Research Center (LaRC). 2024. Prediction of Worldwide Energy Resource 
(POWER) Project Funded Through the NASA Earth Science/Applied 
Science Program. Hampton, VA: NASA Langley Research Center. DAVe 
Version 2.3.1.

Null, S. E., S. T. Ligare, and J. H. Viers. 2013. “A Method to Consider 
Whether Dams Mitigate Climate Change Effects on Stream 
Temperatures.” JAWRA 49, no. 6: 1456–1472. https://​doi.​org/​10.​1111/​
jawr.​12102​.

Oregon Watershed Enhancement Board and East Multnomah Soil and 
Water Conservation District (OWE Board and EM Soil). 2021. “Pilot 
Thermal Refuge Enhancement at the Horsetail Creek—Columbia River 
Confluence. Feasibility and Preliminary Basis of Design Report.” Oregon: 
Lower Columbia Estuary Partnership and Inter-Fluve, 70. Accessed 
November 24, 2023.  https://​www.​estua​rypar​tners​hip.​org/​sites/​​defau​lt/​
files/​​2021-​10/​Horse​tail_​Therm​al_​Enhan​cement_​Feasi​bility_​and_​30%​
25%​20Des​ign%​20Rep​ort_​Final_​07302​021_​reduc​ed_​size.​pdf.

O'Sullivan, A. M., E. M. Corey, E. N. Collet, et al. 2023. “Timing and 
Frequency of High Temperature Events Bend the Onset of Behavioural 
Thermoregulation in Atlantic Salmon (Salmo Salar).” Conservation 
Physiology 11, no. 1: coac079. https://​doi.​org/​10.​1093/​conph​ys/​coac079.

Ouellet, V., A. St-Hilaire, S. J. Dugdale, D. M. Hannah, S. Krause, and S. 
Proulx-Ouellet. 2020. “River Temperature Research and Practice: Recent 
Challenges and Emerging Opportunities for Managing Thermal Habitat 
Conditions in Stream Ecosystems.” Science of the Total Environment 436: 
139679. https://​doi.​org/​10.​1016/j.​scito​tenc.​2020.​139679.

Prober, S. M., V. A. J. Doerr, L. M. Broadhurst, K. J. Williams, and F. 
Dickson. 2018. “Shifting the Conservation Paradigm: A Synthesis of 
Options for Renovating Nature Under Climate Change.” Ecological 
Monographs 89, no. 1: e01333. https://​doi.​org/​10.​1002/​ecm.​1333.

Railsback, S. F., and B. C. Harvey. 2023. “Can Thermal Refuges Save 
Salmonids? Simulation of Cold-Pool Benefits to Salmonid Populations.” 
Transactions of the American Fisheries Society 152, no. 4: 383–396. 
https://​doi.​org/​10.​1002/​tafs.​10411​.

Ranjbar, M. H., A. Etemad-Shahidi, and B. Kamranzad. 2020. 
“Modeling the Combined Impact of Climate Change and Sea-Level Rise 

on General Circulation and Residence Time in a Semi-Enclosed sea.” 
Science of the Total Environment 740, no. 20: 140073. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2020.​140073.

Selwood, K. E., S. C. Cunninham, and R. Mac Nally. 2019. “Beyond 
Refuges: Identifying Temporally Dynamic Havens to Support 
Ecological Resistance and Resilience to Climatic Disturbances.” 
Biological Conservation 233: 131–138. https://​doi.​org/​10.​1016/j.​biocon.​
2019.​02.​034.

Smith, K. A., A. M. O'Sullivan, G. Kennedy, S. A. Benz, L. D. Somers, 
and B. L. Kurylyk. 2023. “Shallow Groundwater Temperature Patterns 
Revealed Through a Regional Monitoring Well Network.” Hydrological 
Processes 37, no. 9: e14975. https://​doi.​org/​10.​1002/​hyp.​14975​.

Snyder, M. N., N. H. Schumaker, J. B. Dunham, et al. 2022. “Tough Places 
and Safe Spaces: Can Refuges Save Salmon From a Warming Climate?” 
Ecosphere 13, no. 11: e4265. https://​doi.​org/​10.​1002/​ecs2.​4265.

Sokolova, E., T. J. R. Pettersson, O. Bergstedt, and M. Hermansson. 2013. 
“Hydrodynamic Modelling of the Microbial Water Quality in a Drinking 
Water Source as Input for Risk Reduction Management.” Journal of 
Hydrology 497: 15–23. https://​doi.​org/​10.​1016/j.​hydrik.​2013.​05.​044.

Stea, R. R., H. Conley, Y. Brown, and B. E. Fisher. 2006. DP ME 36, 
Version 2, 2006. Digital Version of Nova Scotia Department of Natural 
Resources map ME 1992–3, Surficial Geology Map of the Province of 
Nova Scotia, 1:500,000. Nova Scotia: Nova Scotia Department of Natural 
Resources, Mineral Resources Branch.

Steel, E. A., T. J. Beechie, C. E. Torgersen, and A. H. Fullerton. 2017. 
“Envisioning, Quantifying, and Managing Thermal Regimes on River 
Networks.” Bioscience 67: 506–522. https://​doi.​org/​10.​1093/​biosci/​
bix047.

Sullivan, C. J., J. C. Vokoun, A. M. Helton, M. A. Briggs, and B. L. 
Kurylyk. 2021. “An Ecohydrological Typology for Thermal Refuges in 
Streams and Rivers.” Ecohydrology 14, no. 5: e2295. https://​doi.​org/​10.​
1002/​eco.​2295.

Thielman, R. 2020. Evaluation of Engineered Thermal Refuge in 
Streams as a Climate Warming Mitigation Strategy for Fish Populations 
Experiencing Thermal Stress. Master's Theses. Vol. 71, 1531. Storrs, 
Connecticut: University of Connecticut. https://​openc​ommons.​uconn.​
edu/​gs_​theses/​1531?​utm_​sourc​e=​openc​ommons.​uconn.​edu%​2Fgs_​the-
ses%​2F153​1&​utm_​mediu​m=​PDF&​utm_​campa​ign=​PDFCo​verPages.

Thorstad, E. B., F. Okland, K. Aarestrup, and T. G. Heggberget. 2008. 
“Factors Affecting the Within-River Spawning Migration of Atlantic 
Salmon, With Emphasis on Human Impacts.” Reviews in Fish Biology 
and Fisheries 18: 345–371. https://​doi.​org/​10.​1007/​s1116​0-​007-​9076-​4.

Torgersen, C. E., J. L. Ebersole, and D. M. Keenan. 2012. Primer for 
Identifying Cold-Water Refuges to Protect and Restor Thermal Diversity 
in Riverine Landscapes. Seattle, Washington: U.S. Environmental 
Protection Agency. https://​pubs.​usgs.​gov/​publi​cation/​70037945.

Webb, B. W., and Y. Zhang. 1999. “Water Temperatures and Heat 
Budgets in Dorset Chalk Water Courses.” Hydrological Processes 13, 
no. 3: 309–321.

Weight, W. D., and J. L. Sonderegger. 2004. Manual of Applied Field 
Hydrogeology, 609. New York: McGraw-Hill.

Wilbur, N. M., A. M. O'Sullivan, K. T. B. MacQuarrie, T. Linnansaari, 
and R. A. Curry. 2020. “Characterizing Physical Habitat Preferences 
and Thermal Refuge Occupancy of Brook Trout (Salvelinus fontinalis) 
and Atlantic Salmon (Salmo salar) at High River Temperatures.” River 
Research and Applications 36: 769–783. https://​doi.​org/​10.​1002/​rra.​3570.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 19360592, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eco.2739 by B

arret K
urylyk - D

alhousie U
niversity D

alhousie , W
iley O

nline L
ibrary on [14/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/wat2.1643
https://doi.org/10.3390/fishes8090471
https://doi.org/10.3390/fishes8090471
https://doi.org/10.1016/j.gloplacha.2020.103289
https://doi.org/10.1016/j.gloplacha.2020.103289
https://doi.org/10.1111/gcb.16844
https://doi.org/10.1111/gcb.16844
https://doi.org/10.1111/jfb.14655
https://doi.org/10.1002/rra.4073
https://doi.org/10.1002/rra.4073
https://doi.org/10.1111/jawr.12102
https://doi.org/10.1111/jawr.12102
https://www.estuarypartnership.org/sites/default/files/2021-10/Horsetail_Thermal_Enhancement_Feasibility_and_30% Design Report_Final_07302021_reduced_size.pdf
https://www.estuarypartnership.org/sites/default/files/2021-10/Horsetail_Thermal_Enhancement_Feasibility_and_30% Design Report_Final_07302021_reduced_size.pdf
https://www.estuarypartnership.org/sites/default/files/2021-10/Horsetail_Thermal_Enhancement_Feasibility_and_30% Design Report_Final_07302021_reduced_size.pdf
https://doi.org/10.1093/conphys/coac079
https://doi.org/10.1016/j.scitotenc.2020.139679
https://doi.org/10.1002/ecm.1333
https://doi.org/10.1002/tafs.10411
https://doi.org/10.1016/j.scitotenv.2020.140073
https://doi.org/10.1016/j.scitotenv.2020.140073
https://doi.org/10.1016/j.biocon.2019.02.034
https://doi.org/10.1016/j.biocon.2019.02.034
https://doi.org/10.1002/hyp.14975
https://doi.org/10.1002/ecs2.4265
https://doi.org/10.1016/j.hydrik.2013.05.044
https://doi.org/10.1093/biosci/bix047
https://doi.org/10.1093/biosci/bix047
https://doi.org/10.1002/eco.2295
https://doi.org/10.1002/eco.2295
https://opencommons.uconn.edu/gs_theses/1531?utm_source=opencommons.uconn.edu%2Fgs_theses%2F1531&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/gs_theses/1531?utm_source=opencommons.uconn.edu%2Fgs_theses%2F1531&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/gs_theses/1531?utm_source=opencommons.uconn.edu%2Fgs_theses%2F1531&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1007/s11160-007-9076-4
https://pubs.usgs.gov/publication/70037945
https://doi.org/10.1002/rra.3570

	Pumping Groundwater to Create Cold-­Water Thermal Refuges in Warming Rivers
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Study Site
	2.2   |   Study Period
	2.3   |   In Situ Loggers and Monitoring
	2.4   |   Drone TIR Imaging
	2.5   |   Thermal and Hydrodynamic Numerical Modelling
	2.6   |   Thermal Advection due to Groundwater Inflows

	3   |   Results
	3.1   |   In Situ Flow and Temperature Measurements and Fish Presence
	3.1.1   |   First Study Period (11–24 July 2023)
	3.1.2   |   Second Study Period (14–18 August 2023)

	3.2   |   Drone TIR Imaging
	3.3   |   Thermal Numerical Modelling
	3.4   |   Calculated Heat Fluxes

	4   |   Discussion
	4.1   |   Engineered Thermal Refuge Performance
	4.2   |   Numerical Modelling of Thermal Refuges
	4.3   |   Study Limitations and Future Opportunities
	4.4   |   Implications for Adapting to Climate Change

	5   |   Conclusions
	Acknowledgements
	Conflicts of Interest
	Open Research Statement
	References


