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a b s t r a c t

The protection of coldwater refugia within aquatic systems requires the identification of thermal habitats
in rivers. These refugia provide critical thermal habitats for brook trout (Salvelinus fontinalis) and Atlantic
salmon (Salmo salar) during periods of thermal stress, for example during summer high temperature
events. This study aims to model these refugia using georeferenced thermal infrared images collected
during late July 2008 and 2009 for a reach of the Cains River, New Brunswick, Canada. These images were
paired with geospatial catchment variables to identify the driving factors for coldwater refugia located
within tributaries to the main channel. Using Partial Least Square (PLS) Regression, results suggest that
median temperatures of tributary catchments are driven by their position within the landscape including
slope in addition to the density of wetlands and mixed forest within the upstream catchment. Similar
results are presented when PLS models were developed to predict the magnitude of the cold water
refugia (i.e. the difference between the mainstem water temperature and the thermal refugia). These
results suggest that thermal infrared images can be used to predict critical summer habitats for cold-
water fishes.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Aquatic communities are highly adapted to their physical en-
vironments and thus, temperature plays a critical role in defining
adaptations and distributions because survival is ultimately based
in chemical reactions within living cells (reviewed for coldwater
fishes by McCullough et al., 2009). For example, coldwater species
such as the Atlantic salmon (Salmo salar) and brook trout (Salvelinus
fontinalis) have physiological thermal optima at 10 �C to 20 �C (e.g.,
Jonsson et al., 2001; Xu et al., 2010). Fish and invertebrates in the
fresh waters of cold climate regions must survive extended periods
of extreme cold and accumulations of ice in winter followed by
summer periods where air temperatures can exceed their max-
imum thermal tolerances for extended periods. To deal with the
temperature stress and survive, these poikilothermic biota have
evolved physiological adaptations as well as the behaviour of
moving to thermal refugia to escape high temperatures in summer
or cold water and ice accumulations in winter (Sutton et al., 2007;
Breau et al., 2007; Linnansaari et al., 2008) and for some pop-
ulations, anomalies sustain reproductive habitats (Curry et al.,
: þ1 506 453 3583.
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1995; Baxter and Hauer, 2000). For some coldwater species, their
thermal optima are already being exceeded during high tempera-
ture events in summer across their native eastern North American
rangewhenwater temperatures are increasingly exceeding 24 �C in
late July and August (e.g., Monk and Curry, 2009). With recent and
projected future climate warming, there is a clear impact facing
coldwater biota. Recent research predicts a future significant loss of
suitable and accessible coldwater habitats with clear negative ef-
fects on poikilothermic fish (Rahel et al., 1996; Battin et al., 2007;
Jonsson and Jonsson, 2009). Therefore, predicting the occurrence
and persistence of such critical thermal habitats has become par-
amount for resource managers (Battin et al., 2007; McCullough
et al., 2009).

Within rivers in eastern North America, the summer, coldwater
sources are determined primarily by flows from baseflow or
groundwater (Alexander and Caissie, 2003; Mellina et al., 2002),
hyporheic flow (Poole et al., 2008), and tributary streams that
remain cooler because of forest cover in their catchments (Story
et al., 2003), i.e., landscape scale characteristics can control the
local, reach scale habitats driving the location and characteristics of
thermal refugia. However, anthropogenic development can alter
these landscape patterns, for example through deforestation,
mineral extraction, urban development, and this can have a direct
influence on ground and surface water temperatures (see Webb
et al., 2008 for a comprehensive review). Therefore, the
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development of a tool to predict the occurrence and characteristics
of thermal refugia based on understanding and measuring land-
scape scale characteristics that impact the hydrological processes
controlling water temperatures would contribute to sustainable
river management. This tool combined with regional climate pat-
terns would then predict how land use and potential future climate
change may affect critical, coldwater thermal habitats.

The study of river ecosystems at the landscape scale is the
foundation of the emerging field of ecohydrology (Poole, 2010;
Johnson and Host, 2010). In thew25 years since the introduction of
Geographic Information Systems (GIS) that produced the compu-
tational ability to handle and analyse the overwhelming amounts
spatial data generated from remote sensing (see summary by
Johnson and Gage, 1997), there has been a continuous push to
extend our studies of river ecosystems from the scale of sites,
reaches, and catchments to landscapes. This rapid expansion of
technology and advances in statistical computing power has
allowed us to begin exploring the complexity of interconnected-
ness in the ecosystem that the pioneers in river science established,
including the impacts of human activities on landscapes (e.g.,
Leopold and Maddock, 1953; Hynes, 1975; Vannote et al., 1980).
Thermal infrared (TIR) imagery has been shown to be effective in
mapping spatial patterns of temperature in rivers (e.g., Banks et al.,
1996; Belknap and Naiman,1998; Torgersen et al., 2001; Danielescu
et al., 2009). Combining geospatial data with TIR imagery and
focussing on tributaries that may create coldwater, thermal refugia,
we aim to (i) identify temperature variations at tributary discharge
points; (ii) quantify the relationship between geospatial landscape
descriptors and temperature in this mixing zone; and (iii) develop
an approach to model the landscape scale characteristics that best
predict the quantity of these potential coldwater refugia in rivers.
2. Methods

2.1. Study area

The Cains River (1399 km2 catchment) is a major tributary of the
southwest branch of the Miramichi system (Fig. 1). The Miramichi
River watershed is located in the central-eastern region of New
Brunswick and drains 13,800 km2 of the central area of the prov-
ince. The regional climate is typically continental with cold winters
and warm, dry summers when July air temperatures regularly
exceed 25 �C (Environment Canada, 2010). The watershed was
glacier covered until w10,000 years before present (Curry, 2007)
and the present landscape has gentle topography (small, rolling
hills) with shallow ablational till (Rees et al., 1992). The mean
annual temperature is 4.8 �C (1971e2000 average for Doaktown,
NBe Environment Canada, 2010). The average annual precipitation
from 1971 to 2000 measured 1150 mm (863 mm of rainfall and
287 mm of snowfall) with most rainfall occurring throughout the
summer and autumn months (Environment Canada, 2010). The
hydrological regimes of the region reflect a typical Atlantic Mar-
itime hydrological regimewith a dominant spring freshet following
snowmelt and secondary peak during the fall because of rainfall
(Monk et al., 2011).

In the Cains River catchment, 96% of the land is forested (6%
hardwood forest, 73% softwood forest, 17% mixed forest and 4%
non-forest) with very few seasonal residences (New Brunswick
Department of Natural Resources Forest Management Branch,
2005). Within the catchment, the greatest anthropogenic activity
is forestry operations (26% of the area has experienced forestry
operations in last 25 years). The Cains River is well known for its
brook trout and Atlantic salmon populations and the recreational
fisheries they support.
2.2. Thermal infrared mapping

The thermal images were collected in collaboration with
Watershed Sciences, Inc. (www.watershedscience.com). A TIR
sensor (FLIR Systems SC3000 LWIR)was housed in a gyro-stabilized
mount and attached to the underside of a helicopter. The TIR sen-
sors measure the thermal energy emitted at the water’s surface
which can accurately represent bulk water temperatures where the
water column is thoroughly mixed. Although thermal stratification
can occur in reaches with little or no mixing (e.g. in some pools),
stratification is not likely during to naturally turbulent flow and can
be detected in the imagery.We assessedmixing and found this river
to be of uniform temperature across the water column (Wilbur,
2012). The sensor captured single band images (8e9.5 mm) of the
stream channel while the helicopter was flown longitudinally along
the river corridor atw400 m height above the river. The main stem
channel is open with generally unobstructed line of sight between
the water and the airborne remote sensor. The flight altitude was
selected in order to optimize resolution (pixel resolution ¼ 0.44 m)
while providing an image ground footprint wide enough to capture
the active channel (129m). The TIR sensorwas set to acquire images
at a rate of 1 image every second resulting in 40e70% vertical
overlap between images. Each pixel contained a measured energy
value that was converted to radiant temperatures. Although varia-
blewater surface conditions or changes in viewing aspect can result
in differences in the calculated radiant temperatures, the apparent
temperature variability is generally less than 0.5 �C (Torgersen et al.,
2001). Therefore, apparent stream temperature of less than 0.5 �C is
not considered significant unless they are associated with a known
surface inflow, for example tributaries or seeps.

Data from continuous temperature probes set in the river during
flights were used to calibrate the conversion parameters so that
radiant temperatures represented actual river, i.e., kinetic temper-
atures. This adjustment was performed to correct for path length
attenuation and the emissivity of natural water. All imagery was
geo-rectified at a 60 cm pixel size in order to maintain consistency
in the final mosaics. The difference between radiant and kinetic
temperatures ranged from 0 to 0.1 �C (�0.2 �C), except for the
downstream sensor, which showed a difference of 1.9 �C. The cause
of this difference could not be determined but variable weather
conditions near the downstream section likely contributed (R.A.
Curry, unpublished data).

Once calibrated, the images were analysed in a Geographical
Information System (GIS) (ArcGIS, version 9.3, ESRI, 2008) by
interpreting spatial temperature patterns and querying radiant
temperatures (pixel values) from the center of the stream channel
and saving the median value of a ten-point cell sample to a GIS
database file. In addition, using the same approach, water tem-
peratures of easily detectable surface inflows (i.e. tributaries) were
sampled at the point where they entered the mainstem channel
(see example in Fig. 2).

2.3. Geospatial landscape information

A 3 arc-second continuous Shuttle Radar Topography Mission
Digital Terrain Model (SRTM-DTM) was used for watershed delin-
eation (Jarvis et al., 2006). The SRTM-DTM was processed at a 10 m
resolution to remove all depressions through a combination of
filling and breaching and the stream and waterbodies network
from the National Hydro Network were used to identify the flow
network. Upstream sub-catchments for each of the tributaries were
delineated using the Spatial Analyst Hydrology toolset in ArcGIS
version 9.3 (ESRI, 2008). For each delineated tributary sub-
catchment, geospatial variables were extracted by intersecting
with environmental data available at an appropriate spatial and
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Fig. 1. Location of the (a) Cains River catchment and (b) identified tributaries where surface water temperatures (at mouth e grey circles) were compared to adjacent mainstem
temperatures using thermal infrared images.
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temporal scale (Table 1). Environmental variables included local
climatic variables, landscape factors (for example surficial and
bedrock geology, forestry and wetlands), anthropogenic variables
(for example road presence within the sub-catchment and recent
forestry activities) and stream network descriptors (for example
distance of tributary along mainstem network and total tributary
stream length) (Table 1). Extracted environmental variables were
summarised as raw values or relative area and transformed using
log10(x þ 1) or arcsine (Ox), where appropriate.

2.4. Statistical analyses

Using the median of adjacent pixels, the temperature data (�C)
were summarised as median temperature at the mouth of the
tributary and the difference between the tributary and channel
temperature (Fig. 2). Prior to analyses, the environmental variables
were assessed to comply with the assumptions of partial least
squares (PLSs) regression (Legendre and Legendre, 1998;
Tabachnick and Fidell, 2001). Water temperature variables were
transformed using log10 transformation. Data preparation and
analysis were undertaken using Microsoft Excel, Statistical Package
for Social Sciences (SPSS 17; SPSS Inc., 2008) and R (version 2.12.0, R
Development Core Team, 2010).

PLS analysis was performed using the PLS package (version 2.1,
Mevik and Wehrens, 2007) within the R software to quantify how
well one data set (the X-data set or predictor, landscape variables)
reflected variation in second data set (the Y-data set or response,
water temperature). This method allows statistical exploration of
data whilst enabling the user to identify the variables contributing
to the patterns. PLS reduces the predictor and dependent variables



Fig. 2. Example thermal image from a reach of Cains River showing Otter Brook (median temperature ¼ 17.3 �C) entering the main stem of the river (19.6 �C) and the resulting
coldwater plume along the north bank of the main stem.
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to principal components meaning that the predictor components
are orthogonal and thus overcoming the problem of multi-
collinearity of environmental variables. In addition, PLS is robust
with data noise and missing data, which are restrictions for con-
ventional linear regression (Eriksson et al., 1995; Wold et al., 2001).

The performance of a PLS model is expressed in the terms rX2, rY2

and QY
2. Two of the model statistics, rX2 and rY

2 are the fractions of the
modelled X-variation and Y-variation, respectively. A leave-one-out
cross validation method was performed to select the number of
significant components through the calculation of QY

2 (i.e. the cross-
validated rY

2, 1-predicted residual sum of squares). The critical value
for a single component was set as QY

2 < 0.097, which corresponds to
a p < 0.05, with components excluded if they fall below this value
(Eriksson et al., 1995). Following the initial model run, variables
that were not significant (p > 0.05) were excluded and the model
was re-run with the smaller subset. The Variable Influence on
Projection (VIP) was used to assess the statistical importance of
each predictor variable (landscape variables), taking into account
Table 1
List of geospatial landscape variables with data sources.

Group Variables Dat

Stream morphology Catchment area (km2) Dig
to 1Stream density in catchment (km/km2)

Mean/maximum/minimum elevation in
catchment (m)
Mean/maximum/minimum slope in
catchment (%)
Stream length (km)
Distance along stream network (km)

Climate Total July 2008/2009 precipitation (mm) Clim
temMean July 2008/2009 air temperature (�C)

Geology Categories of soils Soil
Categories of bedrock geology Bed

Land use Forest type Fore
Land use Non

Road presence Road density in catchment (km/km2) Prov
seco

Anthropogenic
disturbance

Area of catchment disturbed through forestry
activity in previous 25 years

Fore
the amount of Y-variance explained by each latent variable. VIP
values >1 are the most statistically important in explaining the
variation in the dependent variables, values >0.7 are considered
moderately influential, while values <0.7 are deemed less influ-
ential (Eriksson et al., 1995).

Models were assessed by three measures of error using the
observed and predicted values: the cross validation statistics; root
mean square error of prediction (RMSEP); and the NasheSutcliffe
coefficient (NSC). The NasheSutcliffe coefficient determines the
relative magnitude of the residential variable compared with the
measure data variance (Nash and Sutcliffe, 1970). The Nashe
Sutcliffe coefficient varies between �N and 1.0, where 1 is the
optimum value but values <0 indicate that the mean observed
value is a better predictor than the simulated value (Moriasi et al.,
2007). Predominant in the hydrological literature, it is suggested
that a NasheSutcliffe value>0.75 is very good,>0.65 is good,>0.50
is satisfactory while a value <0.50 is unsatisfactory (Saleh et al.,
2000; Moriasi et al., 2007).
a layer Data source

ital elevation model (re-sampled
0 m resolution)

NASA Shuttle Radar Topography
Mission (SRTM)

ate (precipitation and
perature)

CANGRID e Meteorological Service
of Canada

type NB Soil Survey
rock geology Geological Survey of Canada

st inventory NB Department of Natural Resources
Forest Management Branch-forest inventory

incial road layer (includes primary,
ndary and forestry roads)

NB Department of Natural Resources
Forest Management Branch

st inventory NB Department of Natural Resources
Forest Management Branch
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3. Results and discussion

3.1. River temperature characteristics

The remote sensing technology used in this project generated
georeferenced spatial distributions of very accurate surface water
temperatures in rivers which allows us to explore how landscapes
control river temperatures and ultimately, develop models to pre-
dict spatial patterns of river temperatures (Webb et al., 2008).
Approximately 75 km of the Cains River was surveyed in late July
2008 and 2009 (z1500 h). In 2008, bulk water temperatures were
stable showing only a 2 �C (18.8 �Ce20.8 �C) fluctuation along this
reach. The TIR survey detected 99 thermal habitats including 15
names streams along the Cains river with a large number of
additional seeps that were too small for accurate sampling.
Ninety four of these inflows provided colder water than the main
channel. For the sub-reach studied, 38 inflows from tributaries
were identified with catchment areas ranging from 0.07 km2 to
67.00 km2 (1 standard deviation [S.D.] ¼ 17.64 km2). The median
temperature of all measured tributaries ranged from 12.8 �C to
20.0 �C (S.D. ¼ 1.77 �C). In 2009, thermal image surveys were re-
sampled and an additional 22.5 km was added. The median main
channel water temperatures were stable (21.2 �Ce22.2 �C) while
the inflows to the system ranged between 17.9 �C and 21.4 �C
(S.D. ¼ 0.99 �C). For both survey years, the differences between
the radiant and kinetic temperatures were within the target
accuracy of �0.5 �C. Overall, water temperatures were warmer in
2009 due to weather conditions in the preceding weeks.

3.2. Median tributary temperatures

The initial PLS model with one significant component for me-
dian tributary temperature as the dependent variable explained
23.9% of the independent landscape variables (rx2) and 67.0% of the
variance in the dependent variable (ry2). The total variation
explained by the model as quantified by the QY

2 statistic was 55.0%.
One PLS component was selected because it minimised the RMSEP
and the valuewas below the critical cut-off value. Several landscape
variables did not significantly contribute to the PLSmodel andwere
Fig. 3. Summary of the VIP values from the calculated PLS regression models using (a) m
temperature as the dependent variable. Variables above the solid line (VIP > 1) are consid
moderately influential while variables below the dashed line (VIP < 0.7) are considered less
in the final models are shown in the figure.
removed from the model, which also minimized the potential for
model overfitting. Therefore, the PLS model was re-run using the
reduced subset of 13 landscape variables, which were significant at
p < 0.05.

The final PLS model with one significant component explained
39.3% of the independent landscape variables (rx2), 70.2% of the
dependent variable (ry2) while the cross-validated statistic, Qy

2, was
65.5%. The NSC value was 0.72 suggesting a good fit between the
observed and predicted data while the RMSEP was 1.07 �C. Six of
the 13 variables demonstrated a VIP score greater than 1 suggesting
that they were statistically important in explaining the variance in
the median temperature: distance downstream along the stream
network, elevation at tributary mouth, total precipitation and
average temperature for the preceding month, and % wetlands and
% mixed forest within the tributary catchment (Fig. 3). An addi-
tional six variables had a VIP > 0.7 suggesting moderate influence
and two additional variables (minimum and maximum slope) did
not strongly contribute to the model (Fig. 3). The variable with the
highest VIP score (VIP ¼ 1.42) was distance downstream along the
stream network suggesting that spatial position was important in
determining median water temperatures. The final PLS model
variables included catchment-scale metrics which reflect hydro-
logical control parameters associated with groundwater contribu-
tions to baseflow. Slope and wetlands are parameters positively
linked to hydraulic head potential (e.g., Winter, 1999), and forest
cover is positively linked to solar insulation and shallower water
table levels (e.g., Smerdon et al., 2009). With the known relation-
ship between air temperature and stream temperature in addition
to the moderating influence of precipitation, it is perhaps unsur-
prising that these variables were identified as significant in the final
PLS model. The importance of spatial position along the stream
network may reflect varying contributions in groundwater along
the channel. For the Cains River, the upstream headwaters of the
main stem are primary wetlands and downstream areas have the
only defined topographic relief. The suggestion is that topographic
relief is important for generating cooler water, i.e., via shallow
groundwater potentials, and wetland size and location can have
impacts that are both positive (e.g., tributary temperatures) and
negative (e.g., distance from upstream wetland complex).
edian tributary temperature and (b) difference between tributary and main channel
ered highly influential, variables above the dashed line (>0.7 VIP < 1) are considered
influential in explaining the variation in the dependent variable. Only variables retained
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3.3. Magnitude of thermal refugia

The PLS model with one significant component for quantifying
the magnitude of the thermal refugia (i.e. difference in median
tributary and main channel water temperature) as the dependent
variable explained 24.1% of the independent landscape variables
(rx2) and 47.8% of the variance in the dependent variable (ry2). The
total variation explained by the model, as quantified by the QY

2

statistic, was 31.7%. One PLS component was selected because it
minimised the RMSEP and the value was below the critical cut-off
value. Several landscape variables were excluded from the initial
model following examination of the statistical significance of the
landscape variables contributing to the PLS model. Therefore, the
PLS model was re-run using the reduced subset of 12 landscape
variables, which were significant at p < 0.1.

The final reduced PLS model explained 41.6% of the independent
landscape variables (rx2), 47.1% of the dependent variable (ry2) while
the cross-validated statistic, Qy

2, was 36.1%. The NSC was 0.32 sug-
gesting a good fit between the observed and predicted data while
the RMSEP is 1.81 �C. The model demonstrated a lower level of
precision and explained variance when compared with the first PLS
model developed to predict the median tributary water tempera-
ture at mouth. Six of the 12 landscape variables demonstrated a VIP
score greater than 1 suggesting that they were statistically impor-
tant in explaining the variance in the median temperature (Fig. 3).
These highly influential variables reflected distance downstream
along the stream network, catchment descriptors, and % forest type,
soils and wetlands within the catchment. An additional three vari-
ables reflecting catchment descriptors and preceding month air
temperature had a VIP > 0.7 suggesting moderate influence while
three variables (catchmentdisturbance and slope)werenot strongly
contributing to the model (Fig. 3). As with the PLS model exploring
median tributary temperature, the variable with the highest VIP
score was distance downstream along the stream network.

The relatively low level of accuracy in the model predictions of
the difference in a one-time temperature measure between tribu-
taries and the main stem may reflect the complex and diverse
mixing zones at their confluences that are temporally dynamic.
This is in part due to the nature of TIR data which captures only the
surface temperature <1 cm deep (Torgersen et al., 2001). In sum-
mer, colder water entering a river without mixing has the potential
to be isolated under the warmer, less dense surface water (Kay and
Jay, 2003) and thus impacts interpretation of infrared data in the
mainstem. However, Wilbur (2012) examined water column mix-
ing in the Cains River and found that temperatures were uniform
(average depth ¼ 36 cm).

3.4. Next phase of modelling

While our models are only first glimpses at these very complex
spatial data sets, the level of accuracy of prediction and inclusion of
metrics we would a priori predict for inclusion, i.e., parameters of
base flow contributions and climate, indicate the potential promise
of the approach. As the present study begins to demonstrate, we
can now move beyond basic studies that examined correlations
between the physical state of a landscape and biological compo-
nents of river ecosystems to begin the search for causation of pat-
terns, i.e., how physical/hydrological processes influence/regulate
biological structures and processes (e.g., Benda et al., 2004), how
landuse can alter these processes (e.g., Johnson and Host, 2010),
and how current trends in climate warming will potentially alter
riverine habitats (e.g., Monk and Curry, 2009).

These are our first demonstrations of the management potential
of the emerging TIR, GIS, and statistical analytical techniques and
approaches. We have yet to explore all the facets of the watershed,
but we are developing metrics of riverscape features as presented
and discussed in Benda et al. (2004) such as temperature variability
fromhyporheic flow (Poole et al., 2008), characteristics of upstream
watermass pathways (e.g., sinuosity, pool-riffle-run configurations,
slope-velocity, friction heating), and the influences of solar radia-
tion on upstream river temperatures (Webb and Zhang, 1997). We
have developed a preliminary statistical model to explore the
relationship between landscape scale variables and temperature of
both the mouth of tributaries and the temperature difference be-
tween tributaries and the main channel. We plan to expand our
analytical approach to additional rivers to allow the development
of a generic regional model. Our future goal is to develop man-
agement maps to allow the protection of these important cold
water refugia within the region using existing GIS variables.

4. Conclusions

We used TIR and PLS regression analysis to demonstrate that
relative to the mainstem of a river, temperatures of tributaries are
reasonably predicted by their location in the river network (dis-
tance downstream in this watershed) and the amount of mixed
forest, specific soil type, and wetlands within the catchment. Not
included in models were catchment disturbance (by human activ-
ity) or average slope. The models were statistically significant, but
additional refinement of parameters will be necessary to improve
accuracy and thus determine causation of catchment-scale patterns
and the implications for management.
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