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1 | INTRODUCTION

Temperature is rapidly changing due to the effects of global change
and is a key environmental variable in aquatic ecosystems (Poole &
Berman, 2001; Webb et al., 1996). Species vary in their sensitivity to
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Abstract

Warming temperatures can have negative consequences for aquatic organisms, espe-
cially cold-adapted fishes such as Pacific salmon. The magnitude of warming is related
to the thermal sensitivity of streams in salmon-bearing watersheds (i.e., change in
stream temperature for every 1°C increase in air temperature), which can vary based
on several factors including streamflow. Management actions to increase streamflow
may therefore benefit salmon by decreasing thermal sensitivity. However, the effects
of streamflow on thermal sensitivity are often complex, as the temperature of flow
inputs can directly increase or decrease temperatures. This study aimed to disentangle
the influence of streamflow on thermal sensitivity and stream temperature over
4 years in the Nicola River, a regulated semiarid watershed in south-central British
Columbia, Canada. A statistical modeling approach was used to estimate streamflow
effects on stream temperatures and thermal sensitivity (i.e., relationship of regional air
temperature to stream temperature) at 12 sites from 2018 to 2021. Streamflow had a
variable influence on stream temperatures across the watershed via both direct
effects and by modulating thermal sensitivity. At a given site, streamflow was gener-
ally negatively associated with summer daily mean stream temperature, but the mag-
nitude of its influence varied among locations and years. The influence of streamflow
on thermal sensitivity was also highly variable both spatially and temporally. The anal-
ysis suggests that there may be complex relationships between streamflow, stream
temperature, and thermal sensitivity, which complicates the efficacy of flow as a lever

to mitigate high temperatures in regulated systems.
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water temperatures and mortality can occur if temperatures exceed
thermal limits (Bennett et al., 2018). Thus, changes in thermal regimes
can alter species abundance and distribution due to species-specific
temperature tolerance ranges (Niedrist & Fureder, 2020; Wenger

et al., 2011). For Pacific salmon Oncorhynchus spp., excessively warm
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waters can inhibit migration, increase susceptibility to disease and
predation, and cause direct mortality (Martins et al., 2011; Richter &
Kolmes, 2005).

The temperature of streams and rivers is a function of several fac-
tors but net radiation (i.e., balance between incoming solar radiation
and outgoing long-wave radiation) typically has the greatest influence
(Brown, 1969; Webb & Zahng, 1997). Heat lost or gained through
evaporation or condensation, the transfer of heat between water and
air, heat added through fluid friction, and conduction of heat between
the stream and stream bed also contribute to the temperature of
streams and rivers. In addition, temperatures can fluctuate due to heat
transfer from precipitation, tributary, and groundwater inputs. The
importance of each component of the river heat budget can vary spa-
tially and temporally due to the influence of stream characteristics.
For example, shading by channel banks and riparian vegetation can
reduce the amount of radiation that reaches a stream. The effect of
net radiation on stream temperatures can be described as thermal
sensitivity and is often measured as the change in water temperature
for every 1°C increase in air temperature (Mayer, 2012). Thermal sen-
sitivity varies naturally within and among watersheds (Nelitz
et al., 2007) due to the variable influences of groundwater, stream
shading, elevation, watershed area, stream width, and snowmelt
(Beaufort et al., 2020; Cline et al., 2020; Lisi et al., 2015; Mauger
etal, 2017).

Stream temperature and thermal sensitivity are increasing due
to human-induced climate warming as well as local or regional
impacts on land and water (Kaushal et al., 2010; Wild et al., 2008).
For instance, the removal of riparian vegetation from forestry
increases the amount of short-wave solar radiation reaching streams
resulting in higher thermal sensitivity and warmer stream tempera-
tures (Binkley & Brown, 1993; Moore et al., 2005). Similarly, upland
vegetation removal decreases groundwater infiltration on hill slopes,
and pumping wells for irrigation and municipal water sources
decrease groundwater discharge into streams, also resulting in
increased thermal sensitivity and warming (Hester & Doye, 2011;
Poole & Berman, 2001). While these human-caused impacts on tem-
peratures challenge the management of cold-water adapted taxa,
they also highlight potential management levers to promote thermal
resilience. For example, restoring riparian vegetation can decrease
daily maximum stream temperatures by 6°C or more (Wondzell
et al,, 2019).

Altering streamflow may be a particularly effective management
lever for decreasing the thermal sensitivity of streams (Olden &
Naiman, 2010; Sinokrot & Gulliver, 2000). In general, increasing
streamflows elevates thermal capacity and reduces residence time,
leading to decreased thermal sensitivity (Smith & Lavis, 1975; Webb
et al, 1996). There are several levers to control streamflow. First,
streamflow can be directly altered in regulated systems by storing
water during cooler periods and augmenting flow during the warmest
months of the summer (Sinokrot et al., 1995). Second, low stream-
flow could also be mitigated by decreasing the number of licensed
water extractions (Poole & Berman, 2001). Third, modifying forestry

practices can indirectly increase summer flows. Clear-cutting can

cause accelerated rates of snowmelt, leading to an earlier onset of
the post-freshet recession towards baseflow and lower daily summer
streamflow. After harvest, young regrowing forests of uniform age
can reduce summer baseflow due to their high evapotranspiration
relative to mixed-age or old-growth forests (Gronsdahl et al., 2019;
Perry & Jones, 2017; Winkler et al., 2017). However, the effects of
streamflow on stream temperature are complex because the temper-
ature of streamflow inputs can directly transfer heat to downstream
reaches (Mohseni & Stefan, 1999). Temperature-flow relationships
are therefore variable and dependent on the relative influence of
contrasting water sources (e.g., groundwater, surface flow, or reser-
voir releases; Mayer, 2012). For instance, water released from reser-
voirs to downstream stream reaches can become progressively
warmer during summer months due to increased residence time,
thermal inertia, and thermal stratification of the stored water
(Webb & Walling, 1997). As a result, increased temperatures are
often observed downstream of small surface-release dams (Zaidel
et al,, 2021). Understanding the intricacies of the effects of stream-
flow on stream temperature is essential for informing effective man-
agement to balance land and water use with the requirements of
aquatic organisms.

Disentangling the factors that influence stream temperature and
temperature sensitivity is particularly urgent in watersheds where
flows and temperatures are posing risks to fish of conservation prior-
ity (Warkentin, 2022). The Nicola River basin in south-central British
Columbia, Canada represents a semi-regulated, interior watershed
that is facing multiple stressors from human activities and climate
change. The Nicola River watershed also supports populations of
imperiled Chinook salmon, coho salmon, and steelhead (COSEWIC,
2020), which migrate upriver to spawn during the summer when
streamflows are at their lowest and stream temperatures often exceed
critical thresholds associated with migratory and spawning success
(Richter & Kolmes, 2005; Warkentin, 2022). The objectives of this
paper were to estimate the extent to which flow mediates the sensi-
tivity of summer stream temperatures to air temperatures in impor-
tant Pacific salmon habitat. Understanding how streamflow influences
water temperatures could help inform water management strategies.
For example, releasing additional water could potentially decrease
thermal sensitivity in streams when air temperatures are high. We
hypothesize that streamflow is an important predictor of summer
stream temperature and influences thermal sensitivity in the Nicola
River basin. We also hypothesize that the magnitude of the influence
of streamflow on thermal sensitivity varies spatially in the watershed
because of differences in the temperature and amount of surface and

groundwater inputs.

2 | METHODS
21 | Studyarea

The Nicola River watershed is in south-central British Columbia and

is a part of the traditional, ancestral, and unceded territories of the
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Nlaka'pamux and Syilx Nations. The Nicola River is a tributary to
the Thompson River, which flows into the Fraser River at Lytton in
British Columbia, Canada. Several tributaries drain into the Nicola
River including the Coldwater River, Guichon Creek, Spius Creek,
and Quilchena Creek, with a total drainage area of 7184 km?. Sev-
eral large lakes drain into Nicola River and its tributaries including
Mamit, Stump, Chapperon, Douglas, and Nicola Lake. A small dam
at the outflow of Nicola Lake is used for water storage (for agricul-
ture and conservation flows) and to supplement summer streamflow
for Pacific salmon. The flow regime of the Nicola River is driven by
snowmelt, with a large spring freshet that usually peaks in late May
or early June. The summer climate in the region is characterized as
hot and dry with daily maximum air temperatures often exceeding
30°C and ~25-30 mm of average monthly precipitation from July
to September. Typically, the lowest flows (i.e., ~10% of mean
(Rood &
Hamilton, 1995). The watershed supports imperiled stream-rearing

annual flows) occur in August and September
Chinook salmon O. tshawytscha, coho salmon O. kisutch, steelhead
O. mykiss, and bull trout Salvelinus confluentus. Nicola River Chinook
salmon have been in steep decline in recent years and were recently
assessed as endangered by the Committee on the Status of Endan-
gered Wildlife in Canada (COSEWIC, 2020). Environmental condi-
tions in the Nicola River basin have drastically changed over the
past century including rising summer air temperatures, increased
rainfall, and reductions in summer streamflow (Warkentin, 2022).
Water allocations during low flows in the summer are high with
licensed water demand at approximately 50% of mean August flow

(Walthers & Nener, 1997). In addition, logging in the watershed has

2.2 | Data collection
Stream temperatures at ~50 sites throughout the Nicola River water-
shed were measured from 2018 to 2021 and a subset of 12 sites were
used for the analyses due to their proximity to streamflow gauges
(Figure 1 and Table 1; Chezik et al., 2017; Warkentin, 2020). The tem-
perature monitoring program was motivated and informed by the
Nicola Watershed Collaborative, including specific guidance and sup-
port from partners from First Nations, Provincial agencies, and Fisher-
ies and Oceans Canada. Personnel of the Salmon Watersheds Lab of
Simon Fraser University installed temperature data loggers (Onset,
Bourne, MA; HOBO Pendant and Tidbit) in late August-September of
2017 and one logger in Nicola River at Norgaards in August 2018
(Table 1). Loggers were primarily placed in deep pools sheltered by
boulders to avoid dewatering and disturbance during floods. Aircraft
cable was used to attach each logger, which was housed in white PVC
cases, to a boulder, tree, or anchor bolt with climbing hanger installed
into a boulder. Stream temperature was recorded every hour or every
other hour. Loggers were installed year-round and data were down-
loaded annually in August-September from 2017 to 2019 and 2021
when loggers were retrieved and re-installed. We replaced loggers
that were missing because of either flooding or tampering (Table 1).
We visually inspected stream temperature data and removed
periods where temperature loggers were dewatered. Dewatering
events were characterized by a sudden large increase in recorded
temperature and an increase in the magnitude of diurnal temperature
fluctuations. We calculated daily mean temperatures (°C) from hourly

recordings of stream temperature at each site. We designated July 1-

expanded substantially with 17% of the watershed logged September 30 as the summer season and focused on this period
(~20,000 ha) within the last two decades. throughout the analysis. Several sites had incomplete water
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TABLE 1

Nicola River watershed, British Columbia, Canada.

Hydrometric

Site  Location station Hydrometric data source

200  Clapperton Creek 08LG0O006 Aquarius data portal
at the mouth

201  Nicola River above  08LG065 Environment and Climate
Clapperton Change Canada
Creek

203  Nicola River above  08LG028 Environment and Climate
Nicola Lake Change Canada

208  Coldwater River 08LG048 Environment and Climate
above Patchett Change Canada
Road

209  Coldwater River 08LG048 Environment and Climate
under Gillis Change Canada
Road

211  Coldwater River 08LG048 Environment and Climate
above Juliet Change Canada
Creek

212  Coldwater River 08LG048 Environment and Climate
below Juliet Change Canada
Creek

215  Nicola River below  08LG006 Environment and Climate
Skeikut Creek Change Canada

216  Nicola River below  08LG006 Environment and Climate
Kloklowuck Change Canada
Creek

217  Nicola River near 08LG006 Environment and Climate
Spences Bridge Change Canada

222 Nicola River at 08LG006 Environment and Climate
Shackelly Creek Change Canada

237  Nicola River at 08LG0006, Environment and Climate
Norgaards 08LG065, Change Canada

08LG048

WILEY_| 2%

Locations of temperature monitoring sites, nearby hydrometric stations, and years when data were available for each site in the

Temperature
Latitude Longitude Years data
50.16476  —120.6697 2018 No; dewatered
2019-2021 Yes
50.16199 -120.6694 2018-2021 Yes
50.18258 —-120.3750 2018 No; missing
logger
2019-2021 Yes
4998209 —120.9331 2018-2021 Yes
4990536 —120.9158 2018 No; dewatered
2019-2021 Yes
4974206 —121.0071 2018-2021 Yes
49.7460 —121.0097 2018-2021 Yes
50.33898 —121.2257 2018,2020-2021  No; missing
loggers
2019 Yes
50.37406  —121.2574 2018-2019 Yes
2020-2021 No; missing
logger
50.40926  —-121.2947 2018,2020-2021  No; missing
loggers
2019 Yes
50.18963 —121.0631 2018-2019 Yes
2020-2021 No; missing
logger
50.11597 -120.8091 2018 No; installed in
August
2019 Yes
2020-2021 No; damaged
logger

temperature records due to missing temperature loggers or dewater-
ing events. Therefore, we only included sites and years with complete
(100% of days) summer stream temperatures from July 1 to August
30 (Table 1).

Daily streamflow data (m® s™%) are recorded at several streamflow
gauges throughout the Nicola River basin, which are operated by
Water Survey Canada and BC Ministry of Land, Water and Resource

Stewardship. We downloaded streamflow data using the R

programming language and the tidyhydat package (Albers, 2017).
Streamflow data for Clapperton Creek were accessed from the Aquar-
ius web portal (https://aqgrt.nrs.gov.bc.ca/). Stream temperature sites
were matched to the closest streamflow gauge using arcGIS software
(Esri; Redlands, CA) and verified through visual inspection. At site
237 (i.e., Nicola River at Norgaards), we estimated streamflow by sum-
ming daily discharge from Nicola Lake, Clapperton Creek, and Cold-
water River at Merritt. Streamflow data associated with each

95UB917 SUOLLLIOD SA11ER1D) 31 jdde 8y Aq peusenob ae seoilie O ‘8sN JO S3|nJ oy Alelq 1 8uluO AS|1M UO (SUOTIPUOI-PUR-SWLB/LI0D A8 |IM" AZeJq U |UO//:SA1L) SUONIPUOD pue SLe | Y1 89S *[202/20/62] U0 Arelq1auljuO 411 ‘0021 e1i/200T OT/I0p/L02" A8 1M ATelqBUI|UO//:Scy WoJ ) papeoiumod ‘0T ‘€202 ‘/9YTSEST


https://aqrt.nrs.gov.bc.ca/

29 | WILEY

ULASKI ET AL

temperature site represent an approximation of daily discharge at each
location rather than an absolute measure of flow where stream tem-
peratures were measured.

Daily mean regional air temperatures (°C) are recorded at the
Merritt and Merritt STP stations by Environment and Climate Change
Canada (https://climate.weather.gc.ca/historical_data/) and are
located at the approximate center of the Nicola River watershed
(Figure 1). We primarily used air temperatures recorded by the Merritt
STP station, but air temperatures from the Merritt station were used
for 2020 and 2021 due to missing records from the Merritt STP sta-
tion. However, both stations are in close proximity (i.e., within 1.7 km
and a difference of 18 m in elevation) and when records overlap air
temperatures are highly correlated at the two stations (R? = 0.99).

2.3 | Data analysis

We estimated the influence of streamflow on both thermal sensitivity
and water temperature in the Nicola River watershed using a statistical
modeling approach. Linear models were fit to observe daily mean stream
temperature at each location using predictor variables of daily mean air
temperature (i.e., climate sensitivity), daily streamflow, and an interaction
between air temperature and flow (i.e., effect of flow on climate sensitiv-
ity; Table S1 in Supplementary Material). Due to the inherently autocor-
related nature of streamflow temperature data, we included the
response variable (i.e., observed stream temperature) at the previous
time step as a predictor in each model (i.e., autoregressive model;
Brockwell & Davis, 2002; Hostetler, 1991; Sohrabi et al., 2017). We fit a
separate model for each location and year because: (a) we expected a
different relationship between flow, air temperature, and stream tem-
perature for each site and year and (b) data were not available for the
same years at each site (Hilderbrand et al., 2014). Daily mean air temper-
ature, daily flow, and lagged stream temperature were standardized for
each location to a mean of zero and standard deviation of one to ease
interpretation of the relative magnitude of main effects and their inter-
actions within and among sites and years (Schielzeth, 2010). Thirty-two
global models were fit, with each global model representing a unique
site-year combination. Alternative models for each location and year
were compared using Akaike's Information Criterion for small sample
sizes (AIC,; Table S1 in Supplementary Material; Burnham & Anderson,
2002). The suite of models fit for each location and year was defined as,

W =a +/}airAir +ﬁflowFIOW +ﬁair><flowAir X FIOW+/}Iath—1 +e, (1)

W =a+ A + Brow FIOW + fagWe_1 +é, 2)
W = a+ B Al + rogWe1 +é, (3)
\7\\/:(1+/}|3th,1 +e, (4)

where W is predicted mean daily stream temperature and « is the
model intercept. The parameters B, Sriow: Bairxfiows aNd Bipg indicate
the estimated effects of the predictor variables Air, Flow, Air x Flow,

and W;_1 (mean daily stream temperature at the previous time step),
respectively. For each suite of models, we selected the model with
the lowest AIC. (Burnham & Anderson, 2002). Parameters and their
85% Cls for each predictor variable were then estimated
(Arnold, 2010). We also backtransformed parameter estimates to
compare unstandardized effect sizes in the units originally measured
for each predictor variable. Effects were visualized using partial
regression plots for models that included the interaction between air
temperature and flow. All analyses were performed using R program-

ming software (R Core Team, 2018).

3 | RESULTS

Stream temperatures from July to September varied among locations
and years throughout the Nicola River basin (Table 2 and Figure 2).
Average summer daily mean stream temperatures were 13.5°C
(range = 4.1-20.6°C) at the Coldwater River sites, 18.5°C
(range = 10.8-23.1°C) at the Nicola River mainstem sites, 18.0°C
(range = 9.1-25.8°C) at the upper Nicola River sites, and 14.2°C
(range = 6.5-20.1°C) at Clapperton Creek. Daily discharge from July
to September also varied among locations and years (Table 2 and
Figure 2). Average summer daily discharge was 1.59 m3s~t
(range = 0.38-14.2 m%s™ %) at the Coldwater River sites, 8.9 m3s !
(range = 2.51-30.0 m3s~ 1) at the Nicola River mainstem sites,
3.22m% ! (range = 0.03-23.5 m®s~1) at the upper Nicola River
sites, and 0.3 m3s~? (range = 0.01-1.89 m3s~%) at Clapperton Creek.
Average daily mean air temperatures during the summer study period
at Merritt, BC were similar among years and varied from 17.0 to
17.7°C (Figure 2). Daily mean air temperature varied from 7.0 to
27.5°Cin 2018, 5.8 to 23.8°C in 2019, 8.6 to 24.7°C in 2020, and 8.9
to 25.8°C in 2021, which included an extreme 1000-year heat event
in late June 2021 (Overland, 2021). In general, average daily mean air
temperatures were warmer in July and cooler in September. The
weight of evidence from model selection using AIC, resulted in vary-
ing models predicting stream temperature for each location and year.
All models fit the observed data well (R? > 0.87). Each selected model
included both mean daily air temperature and observed mean daily
stream temperature at the previous time step after model selection
(Figure 3 and Table S1 in Supplementary Material). However, daily dis-
charge and the interaction of air temperature and streamflow were
included in the top models for only certain sites and years.

The effect of air temperature on stream temperature (i.e., ther-
mal sensitivity) was always positive and relatively consistent among
years and locations (Figure 3). Thus, not surprisingly, days with
warmer air temperatures were associated with warmer water tem-
peratures. The average thermal sensitivity among locations and
years was 0.29°C-°C~%, which means for every 1°C increase in
daily mean air temperature, daily mean stream temperature
increases by 0.29°C. The highest thermal sensitivity was found for
Nicola River above Nicola Lake in 2021 at 0.41°C-°C~L. Note that
thermal sensitivity varied in Nicola River above Nicola Lake in 2021
with streamflow; thus, 0.41°C-°C~! represents thermal sensitivity at
average flows in the Nicola River above Nicola Lake in 2021. In
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TABLE 2 Mean daily water temperature (°C) and mean daily discharge (m3s~Y during the summer for location throughout the Nicola River

basin from 2018 to 2021.
Mean daily water Mean daily
Number temperature discharge
Site Location Year of days in °C (min-max) in m® s~ (min-max)
200 Clapperton Creek 2019 91 13.4(6.5-16.2) 0.37(0.11-1.41)
2020 91 13.5(8.6-17.0) 0.32(0.02-1.89)
2021 64 16.2 (11.2-20.1) 0.17 (0.01-0.28)
211 Coldwater River above Juliet Creek 2018 91 11.2 (7.0-15.0) 1.47 (0.44-7.42)
2019 91 11.4 (4.7-14.2) 1.13(0.38-3.35)
2020 91 11.3 (6.7-14.4) 2.26(0.43-14.2)
2021 68 12.6 (9.4-14.9) 1.42(0.51-6.85)
208 Coldwater River above Patchett 2018 91 15.4 (9.3-20.6) 1.47 (0.44-7.42)
Road
2019 91 15.8 (6.8-20.0) 1.13(0.38-3.35)
2020 91 15.4 (8.7-19.8) 2.26(0.43-13.2)
2021 63 17.4(12.1-20.6) 1.49 (0.54-6.85)
212 Coldwater River below Juliet Creek 2018 91 11.4 (6.8-15.6) 1.47 (0.44-7.42)
2019 91 11.7 (4.1-14.7) 1.13(0.38-3.35)
2020 91 11.5 (6.4-15.2) 2.26 (0.43-14.2)
2021 68 13.1(9.6-15.6) 1.42(0.51-6.85)
209 Coldwater River under Gillis Road 2019 91 15.0(5.9-18.8) 1.13(0.38-3.35)
2020 91 14.5(7.9-19.4) 2.26 (0.43-14.2)
2021 63 16.3(11.2-19.4) 1.49 (0.54-6.85)
203 Nicola River above Nicola Lake 2019 91 16.6 (9.3-19.9) 1.67 (0.34-5.26)
2020 91 16.7 (10.7-22.1) 3.52(0.42-15.5)
2021 64 18.9 (12.7-22.5) 0.43 (0.03-1.82)
237 Nicola River at Norgaards 2019 77 19.1(13.5-21.8) 5.18 (2.51-9.37)
222 Nicola River at Shackelly Creek 2018 91 17.3 (10.8-22.3) 9.47 (4.87-30.0)
2019 74 18.8 (15.6-21.7) 9.52(4.37-18.0)
216 Nicola River below Kloklwuck Creek 2018 91 17.6 (10.9-23.1) 9.47 (4.87-30.0)
2019 74 19.0(15.5-21.7) 9.52 (4.37-18.0)
215 Nicola River below Skeikut Creek 2019 74 19.1 (15.4-22.0) 9.52(4.37-18.0)
217 Nicola River near Spences Bridge 2019 74 19.4 (15.3-22.5) 9.52 (4.37-18.0)
201 Nicola River above Clapperton Creek 2018 91 18.3 (12.-25.6) 2.95(1.82-9.05)
2019 91 18.2(9.1-21.8) 3.51(1.95-7.20)
2020 91 18.0(11.4-22.7) 6.73 (1.91-23.5)
2021 64 19.9 (14.5-25.8) 2.77 (1.75-3.20)

Note: Minimum and maximum daily water temperature and mean daily discharge are shown in parentheses.

addition, the standardized coefficients for air temperature and stream-
flow appear to be opposite of their effects for Nicola River above
Nicola Lake in 2021 because standardized streamflow was below
mean streamflow (i.e., negative) from 2019 to 2021. Nicola River
above Clapperton Creek had the lowest thermal sensitivity at
0.20°C-°C~1 in 2021. Thermal sensitivities also varied among years.
For locations with multiple years of data, the smallest range among
years was 0.005°C-°C~? for the Nicola River below Kloklwuck Creek,
and the highest range among years was 0.11°C-°C~* for Nicola River

above Nicola Lake.

Streamflow was included as a predictor variable for 20 out of
32 site-year combinations (Table S1). The effect of streamflow on
stream temperature was highly variable both spatially and temporally
(Figure 3). The mean effect of streamflow was —0.19°C/m?3s~, indi-
cating a decrease in daily mean stream temperature of 0.19°C for
every 1 m3s~increase in daily discharge. The largest cooling effect of
streamflow on stream temperature was —3.80°C/m?3s~! for Clapper-
ton Creek in 2021 and the smallest cooling effect of streamflow on
stream temperature was —0.009°C/m3s~! for Nicola River above

Clapperton Creek in 2018. Streamflow had a positive effect on stream
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FIGURE 2 Daily mean regional air temperatures, daily flows at nearby hydrometric stations, and daily mean stream temperatures for
temperature monitoring sites in the Nicola River basin during July 1-September 30 from 2018 to 2021. [Color figure can be viewed at
wileyonlinelibrary.com]

temperature for seven site-year combinations and the highest warm- for Nicola River above Clapperton Creek in 2020. For models that

ing effect of streamflow was 1.67°C/m3s~! for Nicola River above included an interaction between air temperature and streamflow,

Nicola Lake in 2021. The smallest warming effect was O.OO7°C/m3s*1 effects represent the influence of streamflow at average air
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Standardized parameter estimates for linear models predicting mean daily stream temperature from July 1 to September 30 at

each location in the Nicola River basin and year between 2018 and 2021. Negative daily flow effect values indicate a cooling effect on stream
temperature as streamflow increases. A positive air temp x flow interaction means that thermal sensitivity increases at higher flows. By contrast,
a negative air temp x flow interaction means that thermal sensitivity decreases at higher flows. Shading and error bars represent 85% Cls. Note
that parameter estimates for Nicola River above Nicola Lake are on a different scale. [Color figure can be viewed at wileyonlinelibrary.com]

temperature at that location. The effect of streamflow also varied
among years. For locations with multiple years of data, the smallest
range among years was 0.02°C/m?3s~! for Nicola River above Clap-
perton Creek, and the highest range among years was 3.60°C/m3s!
for Clapperton Creek.

The effect term representing the interaction between air temper-
ature and streamflow was included for 12 out of 32 site-year combi-

nations. As predicted, thermal sensitivity decreased with increasing

streamflow for 7 of the 12 site-year combinations (Figure 3). The
highest decrease in thermal sensitivity with increasing streamflow was
—0.35°C-°C~*/m?3s~1 for Nicola River above Nicola Lake in 2021. For
example, if streamflow is low (0.05 m3s~1), stream temperature is pre-
dicted to increase by 0.46°C for every 1°C increase in air temperature
(Figure 4). However, if streamflow is high (1.24 m3s~1), stream tem-
perature will only increase by 0.05°C for every 1°C increase in air

temperature. Thus, in these site-year combinations, greater flows led
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to warmer days having less of an influence on water temperatures.
Surprisingly, thermal sensitivity increased with increasing streamflow
for five of the 12 site-year combinations. These effects were relatively
small. The highest increase in thermal sensitivity with increasing
streamflow was 0.03°C-°C~!/m3s1 for Coldwater River above Juliet
Creek in 2019. For example, if streamflow is low (0.43 m3s~1), stream
temperature is predicted to increase by 0.18°C for every 1°C increase
in air temperature. If streamflow is high (2.25 m3s~1) then stream tem-

perature is predicted to increase by 0.25°C.

4 | DISCUSSION

Streamflow had a variable influence on stream temperatures across
the Nicola River watershed via both direct effects and by modulating

thermal sensitivity. At a given site, streamflow was generally

negatively associated with summer stream temperature, but the mag-
nitude of its influence varied among locations and years. The influence
of streamflow on thermal sensitivity, the relationship between water
and air temperature, was also highly variable both spatially and tem-
porally. Our analysis suggests that there may be complex relationships
between streamflow, stream temperature, and thermal sensitivity,
complicating efforts to mitigate for high temperatures with reservoir
management.

We hypothesized that flow would be an important predictor of
stream temperature and thermal sensitivity in the Nicola River basin.
Our hypothesis was partially supported by the data as streamflow was
an important predictor of stream temperature at several locations in
the Nicola River basin. Yet, the weight of evidence only supported
including the main effect of streamflow in 8 of 12 sites and only seven
sites included the interaction of air temperature and streamflow. Fur-

ther, for locations where streamflow influenced stream temperature
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or thermal sensitivity, or both, these effects were not consistent
across years. We also hypothesized the magnitudes of the effects of
streamflow on stream temperature and thermal sensitivity would vary
among locations and years. Though there was some variation in the
magnitude of the effect of streamflow, the main difference among
sites was the direction of the effects of streamflow and its influence
on thermal sensitivity. For example, of the 12 models that included an
effect term for the interaction of air temperature and streamflow,
seven site-years indicated a decrease in thermal sensitivity with
higher streamflow and five site-years indicated an increase in thermal
sensitivity with higher streamflow (Figure 4).

Streamflow temperature dynamics in the Nicola River watershed
were comparable to other studies. First, thermal sensitivity in the
Nicola River basin, on average, was 0.29°C-°C~* and ranged from
0.20°C-°C~1 to 0.42°C->C™2. These values are relatively low and are
similar to those found for small headwater streams with high ground-
water input (Tague et al., 2007). Second, several studies have also
shown positive relationships between stream temperature and
streamflow, which may be the result of warmer surface water diluting
cooler groundwater during higher streamflow in the summer
(Mayer, 2012). Further investigation of the relative influences of
groundwater and surface flow for these sites in the Nicola is needed
to support this interpretation. Nevertheless, the predicted reducing
effect of flow on thermal sensitivity only occurred at a small subset of
sites including Clapperton Creek. The estimated baseflow of Clapper-
ton Creek was very low at approximately 0.05m3%s~! (unpublished
data, Bennett), which could indicate low groundwater influence; thus,
increased streamflow could potentially decrease thermal sensitivity by
changing the thermal capacity of the stream (Kelleher et al., 2011;
Smith & Lavis, 1975).

Our analysis provides a broad look at the relationship between
flow and stream temperature in the Nicola River basin, but a few limi-
tations should be considered. First, we only estimated the effect of
streamflow during the summer months when variation in streamflow
can be relatively low in some vyears. The lack of contrast in
streamflow may have contributed to its variable effect among loca-
tions and years. However, the inclusion of streamflow and its influ-
ence on thermal sensitivity in each model were not correlated with
variation in streamflow for a given location and year. Likely, the varia-
tion in the relationship of streamflow, stream temperature, and ther-
mal sensitivity may be a combination of site-specific characteristics
(i.e., influence of groundwater) and annual variation in the timing and
magnitude of the spring freshet, fall precipitation, and reservoir
releases. Additional years of data could support a more complex
model and potentially more contrast in streamflow during the summer
months may resolve whether streamflow has a strong effect on the
thermal sensitivity of streams in the Nicola River basin. Second,
streamflow and air temperature were not measured directly at tem-
perature monitoring sites, but instead at nearby streamflow gauges
and weather stations (Figure 1 and Table 1). Small changes in stream-
flow between temperature monitoring sites and gauge stations can
occur due to tributary inputs, groundwater inputs or losses, or water

withdrawals. Additional error may have been introduced for site

237 (Nicola River at Norgaards) because streamflow was estimated by
summing daily discharge from Nicola Lake, Clapperton Creek, and the
Coldwater River at Merritt. Using site-specific air temperature instead
of regional air temperature may better account for differences in
short-wave radiation affected by local characteristics such as aspect
and riparian cover (Mauger et al., 2017). Third, for some of the models
that included the interaction of air temperature and streamflow, high
or low streamflows were not observed across the full range of
observed air temperatures (Figure 4). For example, thermal sensitivity
for Nicola River above Nicola Lake in 2021 at high streamflows
appears to follow the slope of thermal sensitivity at low flows, but the
lack of high streamflows at low temperatures introduces a large
amount of uncertainty. Fourth, only 1-3 years of stream temperature
and streamflow data were available for each location and may not
have captured the full range of possible conditions. Seasonal variation
in the amount of snowpack and timing of spring melt may affect the
timing and temperature of surface flow inputs. For example, among
years (2018-2021) snowpack differed at the end of April by 26-
60 cm at snow measuring stations at the headwaters of the Nicola
River, Clapperton Creek, and Coldwater River. As more years of
streamflow and stream temperature data are measured, the magni-
tude and timing of spring freshet could be incorporated into predict-
ing the influence of streamflow on stream temperature and thermal
sensitivity of streams. Finally, models predicting stream temperature
are correlative and do not represent the complex causal relationships
among air temperature, streamflow, and water temperature. There-
fore, our models do not explicitly account for numerous processes
(e.g., groundwater exchange) that influence water temperature
dynamics (Johnson, 2003; Webb & Nobilis, 1997).

The variable influence of streamflow on stream temperature high-
lights potential challenges and opportunities for managing aquatic
habitat in the Nicola River basin. High air temperatures and low flows
in summer months create the potential for negative temperature
impacts on imperiled salmon (Figure 2). Our results suggest that reser-
voir releases from Nicola Lake have limited leverage to mitigate high-
temperature risk, at least within the current constraints of reservoir
levels. For example, Nicola River upstream of Clapperton Creek is
downstream of a small dam at the outlet of Nicola Lake and stream-
flow had a positive effect on thermal sensitivity, which is likely due to
surface releases being warmer than baseflow at this site (Walthers &
Nener, 1997; Zaidel et al., 2021). Nevertheless, reservoir releases are
likely still important to maintain sufficient streamflow and connectiv-
ity for migrating and spawning Pacific salmon. Management actions at
the watershed scale may be more effective for managing stream tem-
peratures in the Nicola River basin. For example, riparian restoration
can result in cooler daily maximum stream temperatures even under
future climate warming scenarios (e.g., Wondzell et al., 2019). Forest
management can also help reduce earlier advancement of the spring
freshet, maintaining cooler snowmelt inputs into streams during sum-
mer months (Gronsdahl et al., 2019; Perry & Jones, 2017; Winkler
et al., 2017). Groundwater discharge is another important source of
cool water to streams and maintaining groundwater input in the

Nicola River basin could increase baseflow and decrease stream
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temperature. Removal of upland vegetation decreases infiltration of
groundwater on hillslopes and pumping wells for irrigation and munic-
ipal water sources can decrease groundwater discharge into streams
(Hester & Doye, 2011; Poole & Berman, 2001). In addition, water
withdrawals for irrigation can result in warmer stream temperatures
by reducing groundwater discharge compared with stream tempera-
tures during stream diversion for irrigation or natural conditions
(Essaid & Caldwell, 2017). Limiting land use and groundwater with-
drawals can help maintain cold-water refugia (Kurylyk et al., 2015)
and other actions, such as introducing beaver dam analogs, can intro-
duce thermal heterogeneity to fish habitat (Dzara et al., 2019).
Changes to streamflow and temperature can have negative con-
sequences for fishes and other aquatic organisms. Therefore, imple-
menting environmental flows and improving water quality are
important actions toward reducing the loss of freshwater biodiversity
(Tickner et al., 2020). Assessing the cumulative effects of local
stressors on streamflow and temperature is urgently needed to iden-
tify actions to mitigate or offset the consequences of oncoming cli-
mate change (Moore & Schindler, 2022). Further, understanding the
benefits and limitations of different management levers allows for
resources to be effectively used to promote resilient aquatic

ecosystems.
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