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temperatures, can help inform proactive management 
options in a warming world.
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Introduction

Climate change is warming rivers and lakes and 
threatening cold-water freshwater fishes (Schindler 
2001; Strayer and Dudgeon 2010). For example, 
the mean summer water temperature of the Fraser 
River in British Columbia, Canada, has increased 
by ~ 1.5  °C since the 1950s (Patterson et  al. 2007). 
This warming has caused mass mortality to some 
populations of adult migrating Pacific salmon (Onco-
rhynchus spp.) in particularly hot years, and is pre-
dicted to drive a 9–16% decrease in Pacific salmon 
survival by the end of the century (Martins et  al. 
2011). More broadly, increasing air temperatures due 
to climate change (IPCC 2013), associated decreases 
in glaciers (Zemp et  al. 2019), decline in annual 
mountain snowpack (Mote et al. 2005), earlier spring 
snowmelt (Rauscher et  al. 2008; Islam and Déry 
2017), and changes in annual distribution of precipi-
tation are all affecting stream flow and temperature 
(Hartmann et  al. 2013). Understanding the land-
scape processes driving temperature regimes in rivers 
(Isaak et al. 2010; Mantua et al. 2010; Martins et al. 
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2011) can inform exposure, and thus risk, of climate 
warming to freshwater biodiversity such as Pacific 
salmon (Crozier et al. 2021; FitzGerald et al. 2021).

The impacts on fishes of climate warming in 
river systems will be influenced by the spatial con-
figuration of aquatic habitats (Fullerton et  al. 2017; 
Steel et  al. 2017). River systems, with their branch-
ing network structure and potential high connectiv-
ity, are particularly interesting thermal landscapes 
(Isaak et  al. 2010; Peterson et  al. 2013; Fullerton 
et  al. 2015). While the diverse climate portfolios of 
each tributary watershed can buffer downstream flow 
patterns (Moore et al. 2015; Chezik et al. 2017), cli-
matic changes may lead to stream flow and tempera-
tures changes within tributary catchments that may 
alter the temperature of downstream rivers (Full-
erton et al. 2015; Steel et al. 2017). In mountainous 
watersheds, like many in British Columbia, tributary 
rivers are commonly fed from glacierized and snow-
covered mountains that cool downstream rivers, many 
of which are major migratory corridors for Pacific 
salmon (Islam and Déry 2017; Milner et  al. 2017). 
However, the amount these tributaries cool the main-
stem may be increasingly compromised by rapid gla-
cier retreat (Clarke et al. 2015) and diminishing per-
sistent spring snowpack (Islam and Déry 2017). The 
spatial distribution of temperatures in river networks 
influences the management options for effective con-
servation of cold-water fishes in a warming world 
(Ebersole et al. 2020).

Stream temperature is a product of local climate, 
landscape features, and human land-use (Lisi et  al. 
2013; Steel et al. 2017). Warmer water temperatures 
generally rise with increasing air temperatures or 
watershed size, likely due to the interaction between 
the size of the watershed and elevation (Caissie 
2006). However, these relationships may be modu-
lated by multiple complex processes that operate at 
different scales to ultimately control stream tempera-
ture (Webb et al. 2008; Garner et al. 2014; Lisi et al. 
2015). For example, landscape features and charac-
teristics such as glacier cover, snowpack, watershed 
elevation, and presence of lakes can all influence 
temperature dynamics. For example, during periods 
of warm weather, glaciers and persistent snowpack 
experience a significant amount of melt, contributing 
cold water to downstream water temperatures (Jans-
son et al. 2003), which can decouple the air to water 
temperature relationship. Over longer timescales, 

persistent declining spring snowpack and retreating 
glaciers will lead to a decline of glacier meltwater 
contributions to stream runoff (Bliss et al. 2014; Huss 
and Hock 2018), a processes that would inevitably 
increase water temperatures. Additionally, large lakes 
can stabilize and in some instances warm downstream 
water temperatures depending on the lake-feeding 
water source (Dorava and Milner 2000; Schoen et al. 
2017). Also, depending on the extent and proxim-
ity, human land use, such as forest harvest (Pollock 
et  al. 2009), irrigation from agriculture (Haddeland 
et al. 2006), and major dams (Angilletta et al. 2008), 
can also increase stream temperatures and alter flow 
patterns. Thus, local climate and landscape charac-
teristics of watershed sub-catchments can influence 
tributary temperatures, and thus control whether trib-
utaries act to cool, or warm, downstream rivers (Bell-
more and Baxter 2014; Fullerton et al. 2015).

There are many approaches to quantifying thermal 
regimes of rivers, ranging from empirical studies that 
quantify spatio-temporal variability in water tem-
peratures with field measurements from networks of 
deployed sensors (Isaak et al. 2010), to process-based 
models that rely on physics and first principles (Pani-
coni and Putti 2015; Fatichi et al. 2016). At the most 
basic level, the influence of tributaries on mainstem 
water temperatures should be a simple mass-balance 
mixing model, where downstream temperature is the 
discharge-weighted sum of the upstream tempera-
tures. Yet, predicting the tributary’s discharge and 
temperature can be challenging in locations with high 
spatial variation in precipitation, elevation, glaciers, 
snowpack, and other factors. Furthermore, the daily 
or seasonal temporal dynamics of water temperatures 
in different tributaries could be asynchronous with 
each other and the mainstem, further complicating 
simple predictions. Thus, studies often deploy tem-
perature loggers to directly quantify the spatial and 
temporal dynamics of water temperatures in complex 
and data-limited river systems (Lisi et al. 2013; Fell-
man et  al. 2014), which include important salmon 
migratory corridors such as the Babine River.

Pacific salmon populations are increasingly 
adversely impacted by warming water temperatures in 
rivers throughout North America (Eliason et al. 2011; 
Martins et al. 2011; Barnett et al. 2020; Crozier et al. 
2021) as well as many other stressors (Xanthippe 
2005; Walsh et  al. 2020). High water temperature 
can alter the rate of physiological processes of adult 
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migrating Pacific salmon, which depletes their energy 
reserves increasing mortality rates (Rand et al. 2006; 
Martins et al. 2011; Zillig et al. 2021). For example, 
sockeye salmon (O. nerka) start to show signs of 
reduction in aerobic scope or mortality when water 
temperatures exceed ~ 18  °C (Naughton et  al. 2005; 
Keefer et  al. 2008; Martins et  al. 2011; Atlas et  al. 
2021); however, this value may vary based on popu-
lation and their local adaptions (Eliason et  al. 2011; 
Martins et  al. 2011). While salmon have the capac-
ity for plastic and adaptive responses to environmen-
tal change (Crozier and Hutchings 2014), such as by 
migrating at different times to avoid excessively warm 
waters (Reed et  al. 2011), obtaining a better under-
standing of the thermal profile of important migratory 
corridors is a key step in understanding the exposure 
of salmon to climate warming (Crozier et  al. 2021; 
FitzGerald et al. 2021).

The Babine River, British Columbia, Canada, 
is an important migratory corridor for steelhead 
(O. mykiss) and the five eastern Pacific salmon spe-
cies, but particularly for sockeye salmon that spawn 
in stream reaches above the Babine Lake, at the riv-
er’s headwaters (Gottesfeld and Rabnett 2008). The 
Babine River is the origin of most sockeye salmon 
(80–94%) in the Skeena River Watershed and sup-
ports commercial, recreational, and cultural fisheries 
(Gottesfeld and Rabnett 2008). In some years with 
warmer temperatures and higher flows, it appears 
that migration by sockeye salmon may be challenged 
or delayed through this steep river (Stiff et al. 2015). 
Water temperature at the outlet of Babine Lake drain-
ing into Babine River has increased by 1.5 °C since 
the 1900s (Stiff et  al. 2015). Unlike other major 
salmon migratory rivers such as the Fraser River (Pat-
terson et  al. 2007; Martins et  al. 2011), there is lit-
tle understanding of the seasonal and spatial patterns 
of the thermal regime for the Babine River and its 
tributaries.

Here we investigated the role of tributaries in con-
trolling water temperatures of an important sockeye 
salmon migratory river during peak salmon migration 
period of a climatically “normal” year. More specifi-
cally, we quantified monthly and daily temperature 
profiles along the Babine River mainstem and its 
major tributaries in 2016 and 2017, determined if 
tributary rivers entering the Babine River provided 
cool water inputs, and assessed potential relationships 

between climate and landscape characteristics of the 
tributary rivers. We hypothesized that size of tribu-
tary watershed would correlate with the change in 
water temperature between tributary and downstream 
water temperature. We also hypothesized that the 
tributaries and Babine River mainstem seasonal tem-
perature patterns would vary, driving asynchronous 
contributions to downstream temperatures. These 
analyses provide specific insight into the thermal pro-
file of the mainstem Babine River at the basin and 
sub-basin level (Torgersen et al. 2012) to help under-
stand climate exposure of culturally and economically 
important fishes. More generally, this study show-
cases the diverse impacts that tributaries with differ-
ent landscape features can have on river temperatures.

Methods

Babine River watershed

This study was conducted in the Babine River water-
shed, which drains 10,477 km2 from the Nechako Pla-
teau through the southern Skeena Mountains (Fig. 1). 
The Babine River watershed is broken into an upper 
and lower portion, with the upper watershed being 
situated in the low-relief Nechako Plateau composed 
mainly of Babine Lake, the longest natural lake in 
British Columbia, and the tributaries that flow into the 
lake. The lower watershed, draining from the Babine 
Lake, consists of the 96-km-long Babine River and 
other major tributaries, including the Nichyeskwa, 
Nilkitkwa, Shelagyote, and Shedin drainages (Fig. 1). 
The elevation at the Babine Lake outlet is ~ 700  m, 
and ~ 320  m at the Skeena River confluence with 
a ~ 380  m loss in elevation along the river’s profile. 
The Babine River is predominantly in a canyon with 
steep gradients containing falls and rapids rated up 
to class IV. Major tributaries, some of which origi-
nate from high-elevation snow-capped mountains 
and glaciers, are steep with widely fluctuating water 
temperatures, flows, and sediment supply (Gottesfeld 
and Rabnett 2008). There is presently, and has his-
torically been, extensive forestry within the watershed 
with some areas such as the Nilkitkwa River drainage 
being more heavily impacted than others (de Groot 
2014). In 1999, the Babine River and its 1-km ripar-
ian buffer were protected from future development 
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activities by the creation of the Babine River Cor-
ridor Provincial Park. However, this protection does 
not include much of the Babine River watershed area 
nor its tributaries. The upper part of the Babine River 
watershed is within Lake Babine Nation territory and 
the lower portion is within Gitxsan territory.

The Babine River watershed is a major producer 
of all five species of eastern Pacific salmon, includ-
ing Chinook salmon (O. tshawytscha), chum salmon 
(O. keta), coho salmon (O. kisutch), pink salmon 
(O. gorbuscha), and sockeye salmon fished by 
Indigenous, commercial, and recreational fisheries. 
The Babine River system produces approximately 
90% of the sockeye salmon within the Skeena 

River watershed, with enhancement channels 
above Babine Lake (Gottesfeld and Rabnett 2008; 
Cox-Rogers and Spilsted 2012). Sockeye salmon 
typically migrate up the Babine River mainstem 
between early July and the end of August (Gottes-
feld and Rabnett 2008). The Skeena River down-
stream of the Babine River is generally cool and has 
a lower gradient than the Babine River (Stiff et  al. 
2015); thus, the Babine River represents the por-
tion of the Babine salmon migration that potentially 
contains the warmest water temperatures and  steep-
est gradient to swim against.

Fig. 1   Babine River watershed and its major tributary water-
sheds overlaid on a digital elevation model in British Colum-
bia, Canada. Red points represent location of temperature 
logger sites. Inset map shows temperature logger placement 

at upstream, within stream and downstream tributary sites. 
Tributary watersheds identified in bold are those used in our 
analyses. The Babine River flows northwest from Babine and 
Nilkitkwa Lake downstream to the Skeena River
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Stream temperature data

We deployed temperature loggers in the Babine 
River watershed with the goal of understanding how 
major tributaries influence the Babine River main-
stem temperature. Loggers were placed upstream, 
within, and downstream of major tributaries to cap-
ture the relative contribution of each stream to the 
subsequent downstream temperatures (Marsha et  al. 
2018). In August/September 2015, we deployed 32 
temperature loggers (HOBO Pendants®) upstream, 
within, and downstream (~ 1 km) of the Nichyeskwa, 
Nilkitkwa, Hanawald, Shelagyote, Gail, Thomlinson, 
Shedin, and Shegisic rivers (major tributaries) and 
along the mainstem of the Babine River (Fig. 1). In 
2016, we obtained, downloaded, and redeployed tem-
perature loggers, and added 15 additional loggers to 
the Babine River mainstem and at Boucher, Cata-
line, Shanagha, Le Claire, and Sam Green tributaries 
(Fig.  1). We retrieved all temperature loggers from 
the Babine River in October 2017. The Babine River 
is remote and has Class IV whitewater rapids. Thus, 
we accessed and navigated the length of the Babine 
River by raft, entering the river at the Babine Lake 
outlet and exiting at the Skeena River confluence. 
This project was developed with full recognition of 
Indigenous Rights, and all research was conducted 
with permission to access the territories of Lake 
Babine and Gitxsan Nations.

Stream temperatures were monitored at two-
hour intervals from August/September 2015 to mid-
October 2017. At each site, we anchored the loggers 
by attaching cable to large healthy trees on the riv-
erbank beyond predicted extreme river flows levels. 
The loggers were cased with white PVC shields and 
attached to the cable protecting them from debris and 
solar radiation that may bias temperature readings 
(Isaak and Horan 2011). To protect the loggers from 
de-watering events or being torn out from debris, we 
attached weights to the loggers and sunk them in deep 
pools outside of the rivers thalweg. Upon retrieval 
and downloading of the data, we manually inspected 
the data and removed data believed to be associated 
with de-watering events (e.g., Sowder & Steel 2012), 
and averaged remaining raw temperature readings to 
the daily level. All 2017 data were eliminated from 
our analysis due to a large flood in early May that 
destroyed 44% of the data loggers via de-watering 
events, wedging beneath boulders, or being ripped off 

anchored trees. In addition, Gail River temperature 
logger data were eliminated from 2016 due to a de-
watering event. Our analysis of stream temperature 
focuses on July 1–August 31, 2016, which is typically 
the period of warmest annual water temperatures and 
when most Babine River sockeye salmon populations 
migrate upstream (Stiff et al. 2015).

We assessed thermal dynamics of the Babine River 
mainstem and tributaries throughout July and August 
2016 (hereafter “summer”) to understand how tem-
peratures changed during the warmest annual period 
and when adult sockeye salmon typically migrate 
within the Babine River watershed (Gottesfeld and 
Rabnett 2008; Stiff et  al. 2015). First, we averaged 
July/August stream temperatures from the 15 sites 
along the Babine River, and six tributary sites to 
determine if tributaries that had various watershed 
sizes and characteristics played a role in cooling 
the Babine River during peak summer temperature 
months. Second, we assessed mean daily water tem-
peratures from July 1–August 31, 2016, for each trib-
utary upstream, within stream, and downstream sites 
to understand how the varying seasonal temperature 
patterns of the tributaries would affect Babine River 
mainstem temperatures. Last, we calculated the differ-
ence in summer water temperature between upstream 
and downstream sites, to determine how much each 
tributary either cooled, warmed, or had little effect on 
the mainstem Babine River water temperature.

Climate and landscape variables associated with 
tributary water temperature

Many climate and landscape (hereafter “water-
shed”) variables are known to potentially contrib-
ute to stream temperatures (e.g., Isaak et  al. 2010). 
Using Geographic Information Systems (GIS), we 
obtained watershed data from several sources. Cli-
mate data were calculated using the open-source tool 
ClimateBC (Wang et  al. 2016), which extracts and 
downscales PRISM climate normal data and extrapo-
lates to any location within British Columbia (Daly 
et al. 2008). We used climate data averages for each 
of the six tributary watersheds by sampling at a 1-km 
resolution across the Babine River watershed, then 
used ClimateBC to estimate mean summer air tem-
perature and precipitation in 2016, and used previous 
winter precipitation as snow (Table  1). Landscape 
variables included glacier coverage obtained from 
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the Randolph Glacier Inventory (v6.0) (RGI Con-
sortium 2017), watershed and lake areas calculated 
from polygons within the Freshwater Atlas of Brit-
ish Columbia, and elevation values extracted from a 
25-m digital elevation model (DEM). We extracted 
forest harvest data from the National Forest Informa-
tion System, derived from Landsat images, identify-
ing yearly forest harvest activity at a 30-m resolution. 
We calculated the total area of forest harvest within 
each tributary watershed over a 30-year (1985–2015) 
period. To characterize the contribution of glaciers 
and forest harvest relative to the size of each tributary 
watershed, we divided these variables by their water-
shed area to calculate their proportional coverage.

We used a Pearson’s correlation analysis to iden-
tify relationships between watershed characteristics 
of each tributary, with emphasis on how watershed 
characteristics were associated with summer stream 
temperature or the proportional change of water 
temperature from each tributary to the Babine River 
mainstem. We were limited in the number of tribu-
taries (n = 6) and therefore did not conduct further 
statistics. The watersheds and their characteristics are 
included in our correlation analyses listed in Table 1.

Results

River temperature patterns

Mean summer stream temperature of the Babine 
River decreased by ~ 2.0 °C from Babine Lake outlet 
site (15.79 °C ± 0.80 °C) to the Skeena River conflu-
ence site (13.76 °C ± 1.13 °C) (Fig. 1). The large and 
glacierized tributary rivers—Nilkitkwa, Shelagyote, 
and Shedin—contributed cold water (mean summer 
temperatures of 12.4 °C, 10.5 °C, and 9.8 °C, respec-
tively), which appeared to reduce summer stream 
temperature of the Babine River mainstem (Table 1; 
Fig.  2). The smaller tributary watersheds, Thomlin-
son and Shegisic, with cold mean summer tempera-
tures of 10.3 °C and 8.2 °C (Table 1), and the warmer 
Hanawald River (15.0  °C mean summer tempera-
ture) appeared to have minimal effect in changing the 
Babine River mainstem temperatures (Fig.  2). The 
Babine River mainstem water temperature warmed 
between the major glacierized watersheds, with sum-
mer stream temperature increasing by 1.2 °C between 
the downstream Nilkitkwa tributary and upstream Ta
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Shelagyote tributary, and 0.2  °C between the down-
stream Shelagyote tributary and upstream Shedin 
tributary (Fig. 2).

Seasonal dynamics of temperatures in the dif-
ferent tributaries and mainstem were surprisingly 
similar. Apart from Hanawald, all tributary sites 
had mean daily stream temperatures colder than the 
Babine River mainstem (upstream and downstream) 
sites between July 1 and August 31, in 2016 (Fig. 3). 
Throughout the summer months, mean daily tem-
peratures of the Nilkitkwa, Shelagyote, and Shedin 
within-stream temperature sites appeared to reduce 
Babine River downstream mean daily temperatures 
(Fig. 3a, c, and e). Meanwhile the Hanawald, Thom-
linson, and Shegisic within-stream temperature sites 

had little to no effect on the Babine River downstream 
sites. All sites had the warmest mean daily tempera-
ture on July 19, 2016, with the peak temperature 
varying by site. For each within-stream tempera-
ture site, the warmest mean daily temperature was 
17.7 °C for Nilkitkwa, 18.9 °C for Hanawald, 17.6 °C 
for Shelagyote, 16.7 °C for Thomlinson, 17.0 °C for 
Shedin, and 16.2 °C for Shegisic. The warmest mean 
daily water temperature within the Babine River 
mainstem was 17.7 °C on July 20, 2016. Thus, coun-
ter to predictions, seasonal patterns of water tempera-
tures were generally coherent among tributaries and 
the mainstem.

The contribution of stream temperature from 
each tributary site to the Babine River was different, 
with cooler and more glacierized rivers causing big-
ger differences in water temperatures upstream and 
downstream. The temperature difference between 
upstream and downstream at the Nilkitkwa, Shelagy-
ote, and Shedin tributary sites was − 1.5 °C, − 1.0 °C, 
and − 0.7  °C, respectively (Fig.  4). The temperature 
difference at Hanawald was positive (0.6  °C), with 
the difference at Thomlinson (− 0.1 °C) and Shegisic 
(− 0.2 °C) tributaries being trivial. Thus, stream tem-
peratures from large glacierized watersheds appear 
to be the major contributors to temperature changes 
within the Babine River mainstem.

Watershed characteristics associated with tributary 
stream temperature

There were strong relationships between some of 
the six watershed characteristics, tributary tempera-
tures, and temperature difference upstream to down-
stream (Fig.  5). Mean summer water temperatures 
were inversely related to previous winter precipita-
tion as snow (r =  − 0.93; p = 0.01) and percent gla-
cier cover (r =  − 0.87; p = 0.02). Not surprisingly, 
these two variables were strongly correlated with 
each other (r = 0.9, p = 0.02). Mean summer water 
temperature had a positive association with mean 
elevation (r = 0.76), mean summer air temperature 
(r = 0.74), and lake area (r = 0.67), although insig-
nificant (p > 0.05; Figs.  5 and 6). There was no 
relationship between mean summer water tempera-
ture and summer precipitation (r =  − 0.15), water-
shed area (r = 0.13), and percent harvest (30  years) 
(r = 0.24). Water temperature difference upstream to 
downstream had a strong positive association with 

Fig. 2   Mean summer temperature (°C) ± one standard devia-
tion (shown in gray shading) from temperature sites located 
along the Babine River, from Babine Lake (distance = 0) to 
the Skeena River (distance = 96). Blue points represent mean 
summer temperature (°C) for each tributary that feed into the 
Babine River, scaled to watershed size. Solid gray line repre-
sents the interpolation between point estimates obtained from 
temperature loggers. Note: Hanawald Creek drains from a 
small watershed with no glaciers, and Shedin and Shegisic are 
in close proximity and therefore share the same upstream and 
downstream temperature loggers
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watershed area (r =  − 0.89; p = 0.02). Thus, watershed 
variables vulnerable to the effects of climate change 
that have the strongest effect on mean summer stream 
temperature are previous winter precipitation as snow 
or percent glacier and mean summer air temperature. 
Water temperature difference between upstream and 
downstream sites is greatest in large watersheds.

Discussion

We assessed the diverse role of tributaries in cooling 
a major salmon migration corridor. While water tem-
peratures often increase as watershed size increases 
due to cumulative thermal loading (Caissie 2006; 
Lisi et al. 2013), here we showcase how large tribu-
taries that drain regions with glaciers and snow 
can decrease downstream mainstem river tempera-
tures. Particularly, tributaries with more snowpack 
throughout the previous winter and glaciers in their 
catchment had cooler water temperatures. These gla-
cier- and snowpack-fed tributaries cooled the Babine 

River by approximately 2  °C over its 96 km length. 
Specifically, the large and cold Nilkitkwa, Shelagy-
ote, and Shedin rivers, with mean summer water 
temperatures of 12.4 °C, 10.5 °C, and 9.8 °C, respec-
tively, provided the most cooling to the Babine River 
mainstem, and reduced the Babine River temperature 
by − 1.5  °C, − 1.0  °C, and − 0.71  °C, respectively. 
Other studies have also found that glaciers have a 
cooling effect on summer stream temperature, where 
water temperatures are reported to decrease by ~ 1 °C 
for every 10% increase in glacier cover (Moore 2006; 
Fellman et  al. 2014). Meanwhile, the Thomlinson 
and Shegisic rivers, which are also cold and glacier-
ized, contributed very little to cooling the Babine 
River mainstem temperatures. This lack of cooling is 
presumably due to their smaller watershed size, and 
thus smaller flow output. Indeed, as expected, there 
was a strong positive correlation between water-
shed area and the temperature difference upstream 
to downstream. Surprisingly, seasonal temperature 
dynamics across sites, both mainstem and tributaries, 
were synchronous. Regardless, cold meltwater from 

Fig. 3   Mean daily temperatures (°C) ± one standard deviation (shown in gray shading) for upstream, within stream, and downstream 
tributary sites from July 1–August 31, 2016. (a) Nilkitkwa (b) Hanawald (c) Shelagyote (d) Thomlinson (e) Shedin (f) Shegisic
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mountainous tributaries is currently decreasing ther-
mal stress to migrating adult Pacific salmon, which 
agrees with previous work on thermal riverscapes in 
mountainous regions (Fellman et al. 2014).

The Babine River is currently on the edge of pos-
ing thermal challenges to adult migrating sockeye 
salmon. The Babine River summer water tempera-
tures are approaching those that could potentially 
harm sockeye salmon, depending on the thermal 

tolerance of the Babine River sockeye salmon popula-
tion. For example, sockeye salmon survival declined 
when water temperatures exceeded 15  °C in the 
Koeye River, a small watershed on the central coastal 
of British Columbia (Atlas et  al. 2021), whereas 
some sockeye salmon populations in the Fraser River 
appear to be adapted to tolerate warmer water tem-
peratures (Eliason et  al. 2011). While there are no 
population-specific studies of Babine River sockeye 

Fig. 4   Map showing the temperature (°C) change between 
upstream and downstream sites at each tributary site. Blue 
shading represents a cooling of the Babine River mainstem 

temperature, red represents a warming of the Babine River 
mainstem, and yellow represents a minimal change. Red points 
represent location of temperature logger sites
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thermal tolerance, there is some evidence suggesting 
that when water temperatures near the Babine Lake 
outlet exceed ~ 18  °C, sockeye salmon delay migra-
tion and stay in cooler waters downstream (Stiff et al. 
2015). Thus, while the Babine River may be on the 
edge of suitable water temperatures, it appears that 
cold water inputs from major tributaries currently 
play a key role in maintaining suitable water tempera-
tures for migratory salmon.

The longitudinal thermal profile of rivers can be 
complex (Fullerton et  al. 2015), but all migratory 
Pacific salmon accessing headwater streams and lakes 
for spawning must transit through the entire thermal 
profile of the Babine River at some point in time. In 
the Babine River watershed, we discovered that the 
upstream portion is warmer than the downstream por-
tion. This downstream portion is also the location 
of waterfalls, canyons, and steep sections that could 
present  salmon migratory challenges (Gottesfeld 
and Rabnett 2008). Maximum aerobic and anaero-
bic metabolism are required to ascend through dif-
ficult portions of upstream migration for popula-
tions of sockeye salmon (Eliason and Farrell 2016), 

and sockeye salmon have been observed recovering 
in pools or back eddies, sometimes fed from cold 
upwelling groundwater (Ebersole et  al. 2001), while 
migrating through challenging river sections (Brett 
1995). In addition, lower sections of the Babine River 
have been reported to act as a temperature refugium 
where migrating sockeye salmon delay migration 
until waters cool down before continuing their migra-
tion (Stiff et al. 2015). Thus, the major tributaries of 
the Babine River appear essential in cooling the more 
challenging lower sections, providing more suitable 
conditions for migrating sockeye salmon. However, 
the cold tributaries do not cool the entire river, such 
as the upper portion, which is still required for transit 
to spawning grounds.

Like rivers across western North American and 
beyond (Isaak et al. 2012; Luce et al. 2014), Babine 
River water temperatures will likely continue to 
warm. Glacier- and snow-fed rivers maintain cool 
water temperatures in the Babine River, and pro-
jections show a 70% decline of glaciers in Brit-
ish Columbia over the next century (Clarke et  al. 
2015), and 20% decline in winter snowpack levels 

Fig. 5   Correlations 
between watershed land-
scape characteristics. Black 
box represents correla-
tions between either mean 
summer water temperature 
or temperature difference 
upstream to downstream 
and watershed character-
istics. Values represent 
Pearson’s correlation coef-
ficients, with higher values 
shown by increasingly 
intense colors; blue indi-
cates negative correlations 
and orange, positive. Aster-
isks represent statistically 
significant correlations. 
N = 6 throughout
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by 2050 (Islam and Déry 2017), thus impacting the 
cold water runoff from snow and ice. In addition, 
the Babine Lake surface water temperatures has 
increased in recent years (Stiff et al. 2015), and for-
est harvest has continued to rise (de Groot 2014). 
Thus, warming temperatures are a potentially pend-
ing problem for Babine River and its migratory 
sockeye salmon. However, other factors can also 
influence salmon migration and juvenile rearing 
success, which typically interact with water tem-
perature, but include stream runoff, physical habi-
tat, physiological adaptions, biotic interactions, and 
food quality and quantity (Martins et al. 2012).

Understanding the spatial and temporal dynamics 
of water temperatures in riverscapes can help inform 
management options in a warming world (Ebersole 
et  al. 2020). While climate change requires a global 
effort in reducing greenhouse gas emissions (IPCC 
2013), there are options for localized management 
actions to try to mitigate climate impacts (Johnson 
and Jones 2000; Pollock et  al. 2009; Ebersole et  al. 
2020). While we acknowledge that we were limited 
in our scope to assess the Babine River over multi-
ple years, and that we were limited in sample size 
representing different tributary rivers (N = 6), here 
we showcase that on the Babine River, tributaries 

Fig. 6   Relationship between watershed characteristics and 
summer stream temperature for the six tributaries. Tributary 
sites are listed and colored by percent glacier, with values 

indicated in parenthesis. The x-scales vary depending on the 
watershed characteristic. Regression lines (in gray) are for vis-
ual purposes only
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do measurably cool a major salmon migratory corri-
dor. Land use in the major tributary catchments will 
influence their ongoing role in cooling the down-
stream river. For example, forest harvest increases 
stream temperatures (Mellina et  al. 2002; Pollock 
et  al. 2009), and some of these catchments have 
already been substantially harvested (e.g., Nilkitkwa 
River watershed, 5.9% forest harvest). While a 1-km 
buffer surrounding the Babine River mainstem is pro-
tected from future development, this  does not protect 
these  key tributaries and the cooling function they 
provide. Additionally, we do note that our findings 
did not indicate a correlative relationship between for-
est harvest and mean summer water temperature, not 
surprising given the sample size of our analysis. We 
suggest further research on the impacts forest harvest 
is having on major important tributary water tempera-
tures, such as the Nilkitkwa River. Further restriction 
of forest harvest within important tributaries that cool 
downstream Babine River sections would likely help 
maintain the cold water during upstream migration. 
Spatial heterogeneity in river temperatures, whether 
it is small-scale groundwater seepages or tributaries 
that act as cold-water refuges or the cooling inputs of 
major tributaries, plays a key role in the persistence 
and vulnerability of cold-water fishes (Monk et  al. 
2013; Ebersole et al. 2020).
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