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The forecast of warmer weather, and reduced precipitation and streamflow under
climate change makes freshwater biota particularly vulnerable to being exposed
to temperature extremes. Given the importance of temperature to regulate vital
physiological processes, the availability of discrete cold-water patches (CWPs) in
rivers to act as potential thermal refugia is critical to support freshwater ecosystem
function. Being able to predict their spatial distribution at riverscape scales is the first
step to understanding the capacity to maintain thermal refuges and to inform future
river management strategies. Novel Unmanned Aerial Vehicle (UAV)-based Thermal
Infra-Red (TIR) imagery technologies provide an opportunity to assess riverscape
stream temperature. On the example of a 50 km linear length of the groundwater-
dominated Upper Ovens River (Australia), this study presents a methodology addressing
critical challenges in UAV-based TIR and optical data acquisition, processing, and
interpretation. Our methodological approach generated 49 georeferenced high-
resolution TIR and optical orthomosaicked imagery sets. The imagery sets allowed us
to identify river-length longitudinal patterns of temperature and to detect, characterize,
and classify 260 CWPs. Both stream and CWPs temperatures increased but presented
considerable variability with downstream distance. CWPs were non-uniformly distributed
along the riverscape, with emergent hyporheic water types dominating, followed by
deep pools, shading, side channels, and tributaries. We found associations between
CWPs and key physical controls including land use, riparian vegetation, longitudinal and
lateral CWP location, and CWP area size, illustrating processes acting at multiple spatial
scales. This study provides a basis for future works on the thermal associations with
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physical controls over a riverscape, and it highlights the major challenges and limitations
of the use of UAV-based TIR and optical imagery to be used in future applications.
In conjunction with studies of thermally linked ecological processes, the predictions of
CWPs can help prioritize river restoration measures as effective climate adaptation tools.

Keywords: river resilience, climate adaptation, cold-water spots, thermal refuges, stream temperature, habitat
heterogeneity, riparian vegetation, remote sensing

INTRODUCTION

The forecast of continued durations of warmer weather, altered
precipitation, and modified streamflow patterns driven by
climate change will be exacerbated by local anthropogenic
pressures in rivers, exposing freshwater ecosystems to a severe
threat worldwide (Vorosmarty et al., 2010; Reid et al., 2019).
Land-use change, water abstractions, and stream regulation pose
severe alterations to rivers, with increased drought severity, high
stream temperatures and habitat degradation of most concern
(Bond et al., 2008; van Vliet et al., 2013; Geist and Hawkins, 2016).
Such unprecedented changes in aquatic systems call for action
to develop effective management and mitigation approaches to
support river resilience (Palmer et al., 2008; Wilby et al., 2010;
McCluney et al., 2014).

As river temperatures are expected to increase globally
(Kaushal et al., 2010; van Vliet et al., 2013; Orr et al., 2015), cold-
water thermal refugia are increasingly considered as a targeted
climate adaptation strategy in the northern hemisphere (Kurylyk
et al,, 2014; Isaak et al., 2015). Adapted from the definition
of climatic refuges by James et al. (2013), here we consider
thermal refuges as discrete patches of water at either lower or
higher temperature than the main stream, in which biota can
persist during periods of unfavorable thermal conditions. Here,
we will focus on cold-water patches (CWPs), most relevant
as potential thermal refuges during summer. Based on the
recognition that stream temperature is the “master” variable
controlling biochemical processes in rivers (Caissie, 2006; Webb
et al., 2008), thermal refuges need to be incorporated as a
key aspect of river habitat structure, and to be considered in
freshwater climate adaptation management strategies around the
world (Palmer et al., 2008; Keppel et al., 2015; Morelli et al., 2016).

Rivers are complex dynamic ecosystems that vary significantly
along their spatial course (Wohl, 2016). Their physical
structure can be represented as a hierarchical organization
of interconnected spatial scales (Frissell et al., 1986; Thorp et al.,
2006; Braun et al., 2012). Such array of physical features play
an essential role in determining how heat is distributed (Fausch
etal., 2002; Carbonneau et al., 2012). Whilst river temperature is
driven by climatic, topographic, and hydrological controls at the
air-water interface (Caissie, 2006; Webb et al., 2008); dynamic
groundwater inputs (Poole et al., 2006; Arrigoni et al., 2008;
Dugdale et al., 2013), in-channel physical complexity (Tonolla
etal., 2010; Sawyer and Cardenas, 2012), and shading (Torgersen
et al, 1999; Garner et al, 2017) may alter its longitudinal
variability. Understanding the spatial variations of stream
temperature and the processes governing CWPs within the
riverscape is of key concern for managers (Kurylyk et al., 2014;

Steel et al., 2017). Whilst the spatial distribution of CWPs was
earlier considered by Ebersole et al. (2003b) and Torgersen et al.
(1999), recent technological advances in Thermal Infra-Red
(TIR) imagery acquisition have propelled investigations of
their driving processes at larger spatial scales including entire
riverscapes (Handcock et al., 2012; Dugdale, 2016; Dugdale
et al.,, 2019). Monk et al. (2013), for example, demonstrated the
links between a range of physical environmental variables and
cold-tributary areas using TIR imagery coupled with geospatial
landscape information over a reach of the Cains River in Canada.
Dugdale et al. (2015), on the other hand, studied the spatial
variability of groundwater-based cold-water refuges and their
associations with watershed hydromorphology combining TIR
and optical imagery in the Restigouche River, Canada. Both TIR
and optical imagery were also used along a ca. 50 km river length
of the Ain River, in France, to (i) find that CWPs were associated
to fluvial geomorphic features (Wawrzyniak et al., 2016); and
(ii) demonstrate TIR mapping efficiency to detect groundwater-
driven cold upwellings (Dole-Olivier et al., 2019). Whilst the
clear effect of controls such as riparian shading, land use and
in-channel fluvial geomorphology on stream temperature has
been demonstrated (e.g., land use, Allan, 2004; riparian shading,
Ebersole et al., 2003a; Garner et al., 2017; geomorphic features,
Ouellet et al., 2017), studies of their combined influence over
large spatial scales are rare. The incorporation of such key
mechanisms into integrated predictive models of thermal refuge
distribution will be key to understand and manage future climatic
conditions (Fullerton et al., 2018).

Recent advances in the development of UAVs - or drones -
equipped with TIR cameras provide small, inexpensive, fast,
and flexible solutions to obtain high-resolution TIR and optical
(RGB) imagery data (Corti Meneses et al., 2018a,b). UAVs are
also capable of surveying large areas that, to date, were primarily
carried out using manned aerial vehicles (i.e., helicopter).
The use of light-weight uncooled thermal cameras in drones,
however, comes with some limitations including sensor and
environmentally derived errors (Dugdale et al., 2019; Kelly
et al, 2019), and the difficulty in orthomosaicking in the
photogrammetric process due to the inherent low contrast of
surface features in TIR images (Ribeiro-Gomes et al., 2017). To
address these and other issues affecting TIR imagery quality,
it is crucial to develop a functional methodology during data
acquisition and processing that helps obtain high precision
quantitative stream temperature information for its correct
interpretation.

To date, most literature on the identification, distribution
and use of cold-water refuges is found in the northern
hemisphere, focusing in particular on their role to aid salmonids’
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thermoregulation during hot extremes (Ebersole et al., 2001;
McCullough etal., 2009). In contrast, in the southern hemisphere,
in south-eastern Australia, significant research progress has been
made in understanding flow-associated “climatic” or “drought”
refuges (Bond, 2007; James et al., 2013; Robson et al., 2013; Ning
et al., 2015), driven by the predicted increased recurrence of
droughts due to climate change (Boulton, 2003; Murray-Darling
Basin Commission, 2007; Bond et al., 2008). However, such
research progress has focused on ephemeral or near-ephemeral
streams, leaving an open gap on stream thermal refuge research
in perennial rivers in Australia.

The perennial Upper Ovens River (Victoria, Australia) is
one of the least modified catchments within the Murray-
Darling Basin (Miller and Barbee, 2003). It supports high
ecological values due to its distinctly connected surface and
groundwater sources (Yu et al., 2013). However, future climatic
predictions will make it extremely vulnerable during summer
low flows, as the heightened anthropogenic groundwater
extractions are likely to create cease-to-flow events with high
risk to freshwater biota (Goulburn Murray Water, 2011).
Since 2008, the Upper Ovens River has been declared
a Water Supply Protection Area, with a priority goal to
reduce the risk of aquatic habitat loss during critical low
flow periods, by restricting water demands when necessary
(Goulburn Murray Water, 2011; Hart and Doolan, 2017).
Identifying and understanding the capacity of the system
to hold thermal refuges is therefore essential to enable the
implementation of well-informed and targeted restrictions,
and to support long-term climate adaption and mitigation
strategies in the system.

To tackle the above-mentioned gaps, this study takes
the Upper Ovens River as a riverscape model to (i)
present a methodology addressing the key challenges
during UAV-based TIR and optical imagery acquisition,

processing and interpretation; (ii) investigate patterns
of riverscape stream temperature and CWPs, and
(iii) model the associations of CWPs with physical

controls at multiple spatial scales. We also discuss the
implications of the findings in the context of freshwater
conservation and management.

MATERIALS AND METHODS
The Upper Ovens River

The Upper Ovens River (Australia) is part of a vast anabranching
system across the south-east Murray-Darling Basin (Figure 1)
that emerges from the northern part of the Victorian Alps and
flows north-westwards (Judd et al., 2007). With a steep surface
gradient, the Upper Ovens River presents a variety of landscapes
ranging from narrow V-shaped mountain valley forming a single
channel, covered by native forests and extensive pine forestry
plantations, to a broad flat alluvial floodplain with a meandering
multi-channel river, surrounded predominately by agricultural
land (Sinclair Knight Merz, 2013).

The average annual rainfall in the Upper Ovens is 1000 mm,
with a monthly average between 57 mm in February and 181 mm

in July. These result in seasonal stream water level fluctuations of
up to 2 m with the highest levels coinciding with maximum peak
spring rainfall (Sinclair Knight Merz, 2007).

The geology of the Upper Ovens catchment is characterized
by ancestral incision into Ordovician bedrock, which was
infilled by alluvial deposits comprising the deeper, coarse-
grained Calivil Formation; shallower sands, silts, and clays of
the Shepparton Formation; and the recent alluvium of the
Coonambidgal Formation (Shugg, unpublished). Groundwater
flows both regionally in the Ordovician fractured rock aquifer
and locally in the alluvial sediments in the valley. The river and
floodplain were dredged over the last 150 years to mine gold.
The dredging process involved significant disturbance of shallow
sediments by successive excavation, mixing, re-constitution,
and re-deposition resulting in substantial changes in stream
morphology (Sinclair Knight Merz, 2007).

The Upper Ovens River flows to the northwest, dominated
by gaining reaches consistent with topography and aquifer
lithology. Groundwater constitutes most of the river flow during
baseflow conditions in summer, with total groundwater inflow
increasing with river flow. Estimates of the contribution of
groundwater to the total flow vary greatly depending on the
method but are considered higher in the Upper Ovens River
compared to other parts of the catchment (Yu et al., 2013).
Rapid groundwater recharge through the permeable aquifers rises
the water table. In turn, the hydraulic head gradient toward
the river increases and hence causes high baseflow to the river
during high flow (wet) periods (Yu et al., 2013). Surface water
and groundwater extraction, and change in land use (such as
clearing, re-afforestation, or increasing irrigation) can influence
the volume of groundwater discharging to the river (Owuor
et al., 2016). During summer months, when flows are at their
minimum but demand for surface and groundwater are at their
highest, the Upper Ovens River experiences significant water
stress (Goulburn Murray Water, 2011; Yu et al., 2013).

Methodological Approach

A combination of ground data collection and desktop works are
usually required for the acquisition, calibration, correction,
orthomosaick stitching, and interpretation of airborne
imagery. In this study, we applied a step-by-step approach
subdivided into three phases comprising data acquisition,
processing, and interpretation (Figure 1). In summary, we
deployed ground control points (GCPs) and thermal loggers
for calibration/validation along the survey area, and we
measured them before dual UAV-based flights for thermal and
optical imagery data acquisition were carried out. Desktop-
based processing encompassed thermal calibration via linear
models; temperature drift correction using Partially Overlapped
Histogram Equalization (POHE); imagery georeferencing;
raster photogrammetric orthomosaicking; georectification;
longitudinal temperature adjustment; and thermal validation
using temperature logger data. As part of data interpretation,
orthomosaicked raster TIR images were polygonized to help
CWPs identification based on established thermal thresholds;
both physical and thermal attributes were extracted from optical,
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and TIR imagery, respectively; and the overlapping of both
imagery provided the basis of CWPs classification.

Data Acquisition

Field data acquisition via UAV-based TIR and optical (RGB)
imagery took place over five consecutive days with stable warm
summer weather conditions (2-7 April 2017), and low flows
in the Upper Ovens River (2.4 £ 0.17 m>.s~!, Myrtleford
station, Australian Government Bureau of Meteorology, 2018).
We covered 7-10 km of linear distance per day including the river
length from above Bright to below Myrtleford (50 km in linear
length, and ca 95 km in total river length).

Each day, prior to the UAV-surveys, a total of 40-
60 GCPs were distributed along the planned surveyed area
(Figure 1), and their location was recorded using Leica® Viva
GS14 RTK differential global positioning system (DGPS), for
georectification (Figure 2). They consisted of a combination of
cold and warm targets to enable their detection by TIR images.
The targets were made of 50 x 50 cm metallic sheets (cold) and
rubber tiles (warm) marked with a “ + ” in the middle. We located
them in non-vegetated riparian areas or on exposed gravel bars
to enable easy visualization from the air, and we retrieved them at
the end of each daily survey. A total of 31 Cyclops® temperature
loggers were distributed along the surveyed river length for
thermal validation over the water target (Figure 1). Five to seven
loggers were installed across the planned surveyed area prior to
the UAV flights, geo-located with DGPS, and retrieved at the end
of the day with the time series of water temperature over the
flight duration. They were installed approximately 5 cm below

the water surface with the aid of a metallic stack located in the
river thalweg, and recorded temperatures at 10 min intervals. The
logger located further downstream each day was left in the river
for the next day survey to enable modeling of temperatures at all
logger locations.

We used two drones (Phantom 4 Pro and DJI Inspire 1
Pro of DJI) to collect close-to-nadir optical and TIR imagery
simultaneously. Phantom 4 Pro was used to carry a Zenmuse
X5 RGB camera to acquire optical photos; and Inspire 1 Pro a
Zenmuse XT-Radiometric thermal camera (640 x 512 pixels),
with 13 mm wide lenses, for TIR imagery acquisition. We used
23 bases along the surveyed length from which we took off
a total of 49 paired flights. Flights were carried out between
12:00 and 14:00 h each day, when the sun reaches its highest
position, to allow higher air-water thermal contrast and less
shading effect (Dugdale et al., 2015). Some earlier (11:00 h) and
later (15:30 h) flights were taken to maximize the daily flight
time. They were considered suitable for the detection of thermal
differences as continuous logging devices revealed minimum
changes in stream temperature within these time thresholds.
Besides, in situ imagery checks revealed no major differences in
stream temperature between these and later or earlier flights. At
each base, two professional drone pilots carried out the flights.
The use of professional drone pilots was required to comply with
the strict Civil Aviation Safety Authority (CASA) regulations in
Australia, given that the total drone payload was over 2 kg and
the survey areas were public land. The drones flew at a maximum
altitude of 120 m above the ground at a speed of 4 m s~ ! collecting
images during both the outward and return flights, allowing
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FIGURE 2 | Diagram of the methodological approach for UAV-based TIR and optical (RGB) imagery data acquisition, processing, and interpretation.

80% longitudinal and 60% transversal overlap between adjacent
images along and across the river, respectively. The average time
of each flight was approximately 5 min covering an average of 990
m river. The UAV flights were carefully planned in advance, and
as a safety precaution, the urban areas of Bright and Porepunkah
had to be excluded from the survey (Figure 1).

To enable thermal calibration, at least three thermal references
were deployed and measured at each base. They consisted of
two hot references made of black rubber (6 mm thick; R1
and R2 in Figure 3) whose temperature was measured using a
digital infrared thermometer gun (TN410LCE, ZyTemp, Radiant
Innovation Inc., HsinChu, Taiwan), and one cold reference made
of a white foam container filled with cooled water (W, Figure 3)
measured via a YSI® ProDSS handheld multiparameter unit.
The radiometric temperature from the TIR thermometer gun
was calibrated in the lab using an active blackbody target to
yield equivalent physical temperature of targets. When possible,
additional river water temperatures (WT1, WT2, WT3, Figure 3)
were measured to use as additional references for the calibration.
All thermal reference measurements were taken both at the
beginning and end of each flight to account for any temperature
changes during the flight.

After each flight, each set of R-JPEG format TIR and RGB
images were quickly mosaicked in situ and quality-checked using
the Pix4D® (Pix4D, Lausanne, Switzerland) software (Figure 2).
For low-quality results, the flights were repeated. Final imagery
data was safely stored and organized by type (RGB or TIR),
downstream order, day and flight number.

Processing

For the initial thermal calibration, we used the ResearchIR Max®
software to convert brightness readings (in mV) from the raw
images (R-JPEG format) to temperatures. We took the first image
from the base of each TIR flight (Figure 2) and compared it to the

ground-truth data (hot, cold, and river ground calibration targets,
Figure 3) to fit a linear model to the brightness vs. temperature
(all resulting R?-values were between 0.9 and 1, Figure 3).
Assuming no change in temperatures during the duration of
the flight, the linear model was applied to the subsequent
images of the flight in Matlab®. In practice, however, thermal
correction of the calibrated images was required where image-
level temperature drifting was detected. Image-level temperature
drifting is frequently observed for uncooled TIR detectors due
to the variable conversion parameters from the raw power
values to the temperature output (Ribeiro-Gomes et al., 2017;
Dugdale et al., 2019). We corrected image-to-image temperature
bias using a Partially Overlapped Histogram Equalization or
POHE (Drusch et al, 2005; Su and Ryu, 2015) adapted to
TIR imagery processing. POHE removed image-to-image bias
from a reference image by equalizing histograms over their
overlapping part. We corrected individual images against the
reference images that contained the ground thermal targets
by matching histograms of the pixel-level brightness in the
image overlaps. The thermal reference image was usually the
first or the last photo taken at each flight, and we used it
to correct all successive images within. Despite showing some
loss in pixel resolution, the correction successfully removed the
image-level thermal drifting without changing the temperature
variation (Figure 3).

Following image-level correction, we used the Pix4D®
software to orthomosaick individual images of each flight
into 49 of each optical (RGB) and TIR raster tiles. Initial
orthomosaicking was based on the imagery onboard GPS data.
We used more accurate DGPS locations of the GCPs for
georectification to ensure correct overlapping between RGB and
TIR raster imagery (Figure 2).

Although the timeseries of stream temperature measured by
loggers indicated very low temperature changes within the flight
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FIGURE 3| lllustration of the ground thermal calibration targets used in one of the flights as an input to the linear model for TIR imagery thermal calibration (top),
outputs of the thermal drift correction (middle), and example of one of the temperature logger location (bottom, left) used as one of the inputs for the final thermal

time windows, the potential temporal temperature variation was
adjusted to enable the spatial assessment of stream temperature
patterns along the river length. The stream temperature logger
data on 5 April 2017 at 12:10 h (middle of the survey) was
used as the reference to convert TIR imagery collected over the
duration of the survey to a temporal-variation-removed image
that is equivalent to a snapshot at the reference time. We assumed
that the distribution and size of CWPs between the start and the
end of the survey time windows remained invariant. We applied

a simple linear adjustment to each entire raster based on the data
available from the loggers and the pixel values of their location.
Thirty-one logger data points (Figure 3) could be used and were
visible for approximately 40 TIR raster images (between 1 and 3
loggers per raster, with several loggers visible over two rasters).
For those raster imagery with no visible logger data, we used the
corrected overlapping imagery from the previous flight to correct
the raster. The linear adjustment was done using ArcGIS® 10.4
(Esri) software.
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For thermal validation, we used the corrected thermal imagery
data prior to adjustment. Temperature values recorded from
loggers at the time of imagery acquisition with the corrected pixel
values (average 4-6 pixels) of their location within each TIR tiles.
The comparison between logger value and corrected pixel data
resulted in R? = 0.7 (Figure 3).

Data Interpretation

Visibility of the Upper Ovens river was possible for the totality of
the waterbody in most reaches, given the openness of the channel.
Only along the lower reaches, where more constrained channels
were partially covered by overhanging vegetation, visibility was
still possible for more than three-quarters of the water body. The
high matching overlap between both TIR and optical imagery
sets allowed the delimitation of the river edge (or visible water
pixels). We used optical imagery to draw the edge, and we then
applied such delimitation to the TIR raster, so that the terrestrial
area could be cut out and only riverine water temperature
visible (Figure 2). Each riverine TIR raster was then polygonized
into groups of temperature pixels rounded to the closest whole
number to achieve an adequate clustering.

We considered the available range of thresholds to identify
CWPs in the literature from 2 to 3°C (Ebersole et al., 2001;
U.S. Environmental Protection Agency, 2003; Torgersen and
Ebersole, 2012) to 0.5°C (Dugdale et al., 2013; Monk et al,
2013; Wawrzyniak et al,, 2016; Fullerton et al., 2018) difference
with the main channel temperature. After some preliminary
testing on data coherence, we selected the polygons presenting
variations in temperature higher than 1°C between the minimum
temperatures in the CWPs and the mean stream temperature,
and we only included polygons >1 m?. We visually checked
the optical imagery for each of the identified CWPs and
removed artifacts or non-true water patches (e.g., shade on the
edge of the gravel).

We obtained the minimum temperature for each CWPs
by overlapping the identified polygons to their corresponding
corrected TIR raster tile and extracting pixel values statistics
(CWPs thermal characterization). We calculated mean stream
water temperature by extracting pixel point values at 50 m
intervals along the river thalweg from the corrected TIR raster
tile. We then averaged the extracted temperature values (between
12 and 20 data points) for each tile.

CWPs were classified into five types based on several existing
classifications (Ebersole et al., 2003a; Torgersen and Ebersole,
2012; Dugdale et al., 2013; Kurylyk et al., 2014). They included
deep pools, tributaries, cold side channels, emergent hyporheic
water, and shading (Figure 4). Tributary plumes are generated
by cold tributaries joining the (warmer) main river channel.
Cold side channels are lateral channels that usually emerge
from seasonally scoured flood channels. Emergent hyporheic
water results from the resurgence of hyporheic flow from the
streambed, and it is generally detected at the downstream
ends of gravel bars, mid-channel islands, or in sequence with
pool-riffle bedforms (Wawrzyniak et al., 2016). Although deep
pools are usually formed as a result of stratification, their
presence in the Upper Ovens were most likely linked to
hyporheic water emerging in pool-riffle sequences, but we did

22 + CWPs
Stream
20 e Linear (CWPs)

-+« Linear (Stream)

Water temperature (oC)

Distance downstream (km)

FIGURE 4 | Longitudinal changes in mean stream water temperatures and
minimum CWPs temperatures. Note the clusters of no data in the graph
reflect the urban areas of Bright and Porepunkah, where no data could be
collected, due to flight safety restrictions.

not differentiate between the two. In the case of shading, we
considered shading was the sole driver of CWP when the
CWP delimitation had the same shape and extent of the visible
shading in the RGB image. In addition, we considered shade
as a potentially added effect promoting other types of CWPs
when shade was observed but differed from the extent and
shape of the CWP.

The classification of CWPs helped interpret the potential
origin of the cooler water and allowed comparisons to similar
studies. We used QGIS (QGIS Development Team, 2019) to
enable the visualization of the selected CWP over the optical
imagery, so we classifitd CWPs based on their definition
and characterized all key physical attributes associated with
each CWP. The exercise was carried out by the same person
throughout the whole dataset to minimize its subjectivity.

Associations of CWPs With Physical

Controls at Multiple Spatial Scales

A total of 17 physical controls potentially influencing the
distribution of CWPs in the Upper Ovens at multiple spatial
scales were investigated, including a suite of geomorphological
variables and metrics, channel characteristics, riparian vegetation
types, land use, and geology (Table 1).

At the patch scale (within each CWP), physical controls
were characterized using optical (RGB) imagery data. They
included the area occupied by each CWP (polygon area in
m?); dominant substrate type within the CWPs (gravel, silt,
bedrock) and CWPs depth (shallow, mid-depth, deep), both
visible thanks to low flows and clear water conditions. At the
reach scale (~50-500 m), surrounding each CWP, the following
qualitative and quantitative information was extracted from
optical imagery: channel type (cascade, plane-bed, and pool-
riffle, Montgomery and Buffington, 1998); number of channels
(single, wandering, braided); sinuosity (straight, low, sinuous);
mesohabitat type (pool, run, riffle); channel width (in m); and
the CWPs placement and occupation in the channel (right bank,
left bank, middle of channel, whole channel occupation). In
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TABLE 1 | Multi-spatial physical controls of cold-water patches considered.

Variable Categories/range Scale
Area 2-3313 m? Patch
Depth Shallow, mid-depth, deep
Substrate Gravel, silt, bedrock
Channel type Cascade, plane-bed, pool-riffle
Number of channels Single, wandering, braided
Sinuosity Straight, low sinuosity, sinuous
Mesohabitat Pool, run, riffle
Channel width 3-80m
Channel placement Right bank, left bank, middle of
channel, whole channel occupation
Geomorphic feature Dead wood, eroding bank, gravel Reach
bar, none
Shading None, minimal, low, medium, high, Riparian
total corridor
Riparian vegetation type None, not overhanging,
overhanging
Riparian vegetation strip 0-174 m
width
Downstream distance 34.9-90079.4 m River length
location
Geology Nal, Oap, Qal, Qcl Catchment
Land use Forestry plantation, farmland,

urban, dryland, swamp, remnant
native vegetation

addition, any key geomorphic feature located within or nearby
each CWPs (gravel bar, eroding bank, dead wood, none) were
recorded. Physical controls at the riparian corridor scale (along
the river) were characterized based on the information provided
by optical imagery. The riparian vegetation strip width (ranging
from 0 to 174 m) was measured; and the riparian vegetation
type was classified for each bank into combinations of none,
not overhanging and overhanging vegetation, represented by
numerical levels from 1 to 6 (e.g., none in either banks = 1,
overhanging vegetation in both banks = 6). In addition, we
considered important to characterize the degree of shading
present at each CWP at the time of the flight to account
for a potential combination of cooling effects. Shading was
characterized into six categories including total for 81-100%
of CWP area occupied by shade, high for 61-80% shade
occupation, medium for 41-60%, low for 21-40%, minimal for
11-20%, and none, for 0-10%. At the river-length scale, the
downstream distance location of each CWP was calculated by
computing the cumulative linear distance between successive
CWPs. At the catchment scale (~50-100 km), both geology and
the surrounding land use were considered catchment controls.
Geology information was extracted from the GIS layers provided
by the Victorian State Government. It included four main
groups: Quaternary non-marine colluvial (Qcl) and alluvial
(Qal) sedimentary rocks, Ordovician marine sedimentary rock
(Oap), and Neogene non-marine alluvial sedimentary rock (Na2).
Land use was characterized for each of the banks based on
optical imagery. To simplify the long list of classes from the
original classification, we grouped them into two main groups:
anthropogenic (forestry plantation, farmland, urban, industrial)
and natural (dryland, swamp, remnant native vegetation). When

one of each group was present at each of the banks surrounding
the CWPs, a third group (mixed) was assigned (Table 1).

To assess the relationship between the above mentioned
physical controls and CWPs, we used a general linear model
approach (with normal -Gaussian- errors) using the function
glm() in R (R Core Team, 2019). To enable relative comparisons,
we used the difference between the mean stream temperature
and the minimum temperature of each selected CWP as the
response variable. Histograms of the temperature difference
suggested a weak right skew, so the response variable was square-
root transformed.

The 17 predictor factors (Table 1) consisted of 5 continuous
and 12 categorical variables. Of the categorical variables, we
treated those with no ordered relationship as factors in the
analysis. Categorical variables with a clearly ordered relationship
(e.g., high, medium, low) were coded in the analysis as
numeric variables representing their ranked order. Scatterplots
of temperature difference against the ordered categories showed
that any associations were monotonic (i.e., decreasing, increasing
level), so we considered a regression on the ranked order to
represent the underlying association. We examined continuous
variables for normality and collinearity. Distance downstream
was weakly positively skewed and was centralized by a square
root transformation. Area was also positively skewed, and a
log transformation centralized its distribution. A combination
of variance inflation factors (VIF) and bivariate scatterplots
was used to assess collinearity between numeric variables. With
all VIFs < 5, no evidence of collinearity was found. Linear
dependence in the categorical regressors was evaluated by
examining the model parameterization via the alias() function in
R, which found no evidence of dependence between categorical
factors and levels.

We calculated an initial linear model of temperature difference
against all the hypothesized predictor variables. Initial diagnostics
showed that a standard linear model with normal errors was
appropriate. Many predictors did not contribute to the analysis,
so we reduced the model using a full-stepwise regression with
the MASS:stepAIC() function in R. The stepAIC() function
uses Akaike’s Information Criterion to compare competing
models and penalizes models for numbers of variables retained.
Automated stepwise approaches are not guaranteed to find the
most appropriate model, so we examined the entry and exits
of variables in the model and explored alternative models in
a structured approach. Extensive examination of alternatives
showed that stepwise selection retained a consistent set of
reliable predictors. Analytical assumptions of the final model
were assessed graphically by plots of residuals vs. expected values,
and normality residuals. We found no critical deviations from
analytical assumptions. The effects of the variables in the model
were assessed for significance with a threshold of 0.05.

RESULTS

Spatial Patterns of CWPs
A total of 264 CWPs were identified along the 50 km stretch (ca.
95 km in total river length) of the Upper River. CWPs showed
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highly variable minimum temperatures ranging from 10.5 to
19.4°C along the river length, with relatively lower temperatures
compared to mean stream temperature (12.5-19.6°C). Despite
high local variability, both CWPs and mean stream temperature
showed an increasing trend with downstream distance estimated
in 0.14 and 0.17°C per linear kilometer (Figure 4).

Classification based on optical imagery was possible for 260 of
the CWPs. Of those, 130 were classified as emergent hyporheic
waters, 74 as deep pools, 41 as shading, 11 as side channels, and
4 as tributaries (Figure 5). CWPs promoted thermal differences
that ranged between 0.15 and 5°C (based on the pixel data
extracted post CWP identification) when compared to the mean
stream temperature. Mean thermal differences changed notably
depending on the CWPs type, with tributary being the highest
and emergent hyporheic water the lowest (Figure 6).

CWPs were non-uniformly distributed along the ca 95 km
Upper Ovens River length (Figure 7). As with CWPs numbers,
the total area occupation by CWPs was higher for emergent
hyporheic water types (48,377 m?), followed by deep pools
(27,671 m?), shading (16,961 m?), side channels (4,325 m?2),
and tributaries (632 m?). Individual CWPs presented a broad
range or area size, but shading types showed the highest average
(4,134 m?), closely followed by side channels (3,934 m?), deep
pools (374 m?) and emergent hyporheic water (3,724 m?); and
tributary types being again the lowest (158 m?). In terms of
relative abundance, the number of emergent hyporheic water
CWPs decreased, while deep pools, shading, and tributaries
showed an increase with downstream distance (Figure 7).

Most side channels, emergent hyporheic water, and tributaries
were associated with gravel bars (91, 77, and 67%, respectively).
To a lower degree, deep pools were also associated with gravel

bars (42%), and with dead wood (27% of occasions). In contrast,
shading was not associated with any geomorphic feature in
most cases (63%).

Key Physical Controls Influencing
Thermal Differences Promoted by CWPs

An initial variable assessment excluded channel type from the
model analysis as it did not show any significant association,
possibly because pool-riftle type dominated in all except a few
samples. The remaining variables were progressively excluded to
achieve the best performing model.

The relative thermal difference promoted by CWPs changed
with their channel location, riparian vegetation level or type,
area, distance from the source, and land use (Table 2).
The standardized regression coeflicients enable comparison of
relative strengths of each numeric factor. The area of the
CWP had the most considerable effect of the continuous
variables, with the relative thermal difference promoted by
CWP increasing with their area. The magnitude of this
difference was in the order of 2°C from the smallest
(bottom five, 2-3 m?) to the largest (top five, 2,700-
3,317 m?) patches (Figure 8A). Temperature differences were
greater in higher levels of riparian vegetation (e.g., with
overhanging vegetation in both banks). Average temperature
differences from the least to the most vegetated were in
the order of 1°C. However, the spread of values and
extremes of the differences ranged up to 5°C in areas with
dominating overhanging vegetation (Figure 8B). In contrast,
relative temperature differences - after taking other factors
into account - were lower than expected with increased
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FIGURE 5 | lllustrations of examples for each of the four CWPs types identified, and their locations, along the Upper Ovens River.
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distance away from the source (Figure 8C). This effect was
relatively weak, however.

Channel placement had a weak but significant effect on
temperature difference promoted by CWPs (Table 2). Differences
in temperature promoted by CWPs that occupied the whole
channel were similar to those CWPs located in the right bank.
Both were higher than those that were in the middle of the
channel and left bank, respectively (Figure 8D). Model outputs
suggest that land use had a marginal effect on the overall
analysis, with a p-value just above the minimum 0.05 significance
threshold. However, an apparent effect was evident between
land use levels (Figure 8E). Temperature differences promoted
by CWPs increased with the degree of anthropogenic changes
to the landscape, with a maximum range of 5°C in the most
modified areas. The range of such thermal differences was
narrower or more similar within Natural land use types. In
contrast, the thermal range was broader, or more variable, within
Anthropogenic land use types (Figure 8E).

DISCUSSION

Challenges and Opportunities of the

Methodological Approach

We used simultaneous UAV flights to acquire and generate 95 km
river length of georeferenced high-resolution TIR and optical
orthomosaicked imagery sets, distributed into 49 raster tiles.
With these data, it was possible to identify riverscape spatial
patterns of temperature and CWPs, and to detect, characterize,
classify, and compare discrete CWPs.

The survey in the Ovens river was carried out during
the lowest flow period with water still running through,
allowing for full hydraulic mixing. In addition, spot temperature
measurements in selected accessible deep pools showed almost
identical temperatures across the water column (see more details
in Casas-Mulet, 2018). Based on these, we assumed no thermal

stratification and considered that the caption of surface water
temperatures could be used as a representative measurement
across the whole water depth. Given the high groundwater
dominance in the system, we acknowledge, however, that other
methods may be most appropriate for the purposes of direct
measurements of groundwater inflow locally (e.g., Gaona et al.,
2019). The assessment of river-length scale longitudinal stream
temperature patterns can only be realized using absolute values
(Loheide and Gorelick, 2006; Wawrzyniak et al., 2013). In this
study, this was possible based on the assumption that minimal
changes in thermal heterogeneity composition occurred between
and within the daily time window of TIR data acquisition. We
considered it a reasonable assumption since we carried out all
UAV flights during constant low flows on five consecutive days
of near-identical climatic conditions, using the same equipment
throughout the survey. Minimal changes in stream temperature
during the surveying period, confirmed by continuous logging
temperature data, also support the assumption. However, to
enable comparable interpretations of the outcomes without
having to rely on assumptions, the identification of CWPs
was based on relative thermal values, taking mean stream
temperature as a reference.

Low flows in the Upper Ovens promoted high thermal
contrasts between surface and groundwater that enabled the
detection of CWPs. The use of adequate cameras and relatively
low altitude (sufficient to visualize land features to allow
orthomosaicking) drone flights produced high-resolution on-
ground pixel size imagery. The ground sample (pixel) distance,
or GSD, was approximately 0.1 m for TIR, and 0.05 m for optical
(RGB) imagery. Such resolutions greatly aided the detection
and identification of CWPs. Low-velocity flights ensured
clear color contrast within images and allowed high imagery
overlap, both reducing the risks of failure in photogrammetric
orthomosaicking reported in Ribeiro-Gomes et al. (2017). High-
quality imagery also supported the physical characterization and
classification of CWPs. It provided a clear visualization of the
river bottom to qualitatively differentiate physical characteristics
such as depth and substrate, to identify key geomorphic features
such as dead wood and fallen trees, and to assess the degree of
shade within all CWPs types.

The delineation of water pixels can be achieved using TIR
when water temperature values are within a different range
from the surrounding land. Since this was not the case in this
study, we took the co-registered TIR and RGB images and
used RGB imagery to delineate the river boundaries manually.
Given the high matching overlap between both imagery sets,
this approach was considered suitable to help identify CWPs
polygons. However, the inclusion of co-registered multispectral
(VISNIR)-TIR imagery (e.g., Turner et al, 2014) should be
considered in future studies to accurately delineate true-water
pixels through automatic detection.

The linear models used for TIR calibration were based on in
situ ground data (hot, cold, and river water thermal references)
taken simultaneously during the flights and implemented
consistently throughout the dataset. The linear models provided
satisfactory outcomes with high R-square values and accurate
TIR imagery. High R-square numbers from a small number
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TABLE 2 | Outputs of the general linear model of the relationship between thermal differences promoted by CWPs (square-root transformed) and
hypothesized predictions.

Regression coefficients ANOVA p-values

Estimate SE t-value SS DF F
(Intercept) —-0.978 0.332 —2.940 0.004**
CWP area 0.414 0.051 5.740 4.949 1 45.410 <0.001***
CWP channel placement 0.985 3 3.012 0.031*
Whole channel occupation 0.000
Middle of the channel 0.271 0.262 1.080 0.302
Left bank 0.260 0.276 0.940 0.347
Right bank 0.579 0.262 2.210 0.028*
Downstream distance —0.259 0.132 —1.960 0.417 1 3.330 0.051
Riparian vegetation type 0.193 0.074 2.500 0.734 1 6.739 0.010**
Land use 0.503 2 2.792 0.053
Natural 0.000
Mixed 0.445 0.255 1.750 0.082.
Anthropogenic 0.715 0.320 2.230 0.027*

The reduced model was selected by stepwise selection using Akaike’s information criterion. The right-hand side of the table presents the ANOVA tests for the factors. The
left-hand side presents the parameter estimates. The plain font in the parameter estimates represents the parameter estimate for continuous predictors variables, whereas
the italic font represents parameter estimates within levels of a categorical predictor. Regression parameter estimates are standardized coefficients to enable comparison
between variables measured on different scales. The plain font of the p-values corresponds with significance of factors in the model, and the italic font corresponds to
parameter tests of levels within factors. Estimate, standardized parameter estimate; SE, standard error; t-value, t-test of whether the parameter estimate is 0; SS, ANOVA
Sums of Squares; DF, degrees of freedom; F, ANOVA test statistic. Significance codes: 0 *** 0.001 *** 0.01 ** 0.05 " 0.1 *’ 1.

of data points needs to be interpreted with caution, however,
this is a common limitation in remote sensing, particularly
when data collection needs to be completed within a very
short time window. Our calibration approach can be compared
to the reportedly improved accuracy calibration based on in
situ data in Wawrzyniak et al. (2013), only that the use of
different media/material for cold (water) vs. hot (rubber) targets,
whose temperature were measured using various measurement

equipment, might have caused errors originating from varying
emissivity between the targets and different nature of radiometric
and thermo-couple-based sensors. Ideally, multiple calibration
targets that have emissivity values close to the primary survey
target (e.g., water in this case) should be used, despite the
potential logistical inconveniences.

Almost all calibrated TIR imagery presented some thermal
drift that required further correction, a common issue for
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uncooled bolometer, and reported in Dugdale et al. (2019)
and Ribeiro-Gomes et al. (2017). The partially overlapped
histogram equalization (POHE) approach used in this study
provides a trade-off solution between removing thermal drifting
with resulting unchanged actual temperature values and the
loss of pixel resolution. The loss of pixel resolution may
produce issues in detecting GCPs when orthomosaicking in the
photogrammetric process (Ribeiro-Gomes et al., 2017), however,
in this study, this was not an issue, as a result of the high-
resolution imagery acquired originally. Besides, TIR validation
using temperature logger data suggest satisfactory results, albeit
the difficulty of processing such an extensive dataset.

Despite the limitations of currently available UAV-based
imagery acquisition devices described in Dugdale et al. (2019),
this study demonstrated that with the adequate data acquisition,
processing, and interpretation approaches, a reliable assessment
of river-length patterns of CWPs could be achieved. Overall,
the methodological approach described in this study enabled
the exploration of CWPs distribution and supported the
development of a preliminary model to investigate patterns of
potential thermal refuges at multiple spatial scales, contributing

to a better understanding of stream thermal heterogeneity drivers
(Webb et al., 2008; Monk et al., 2013). This study also provides
an opportunity to explore the potential of integrated UAV-TIR
systems to assess CWPs patterns across rivescapes.

Spatial Patterns and Controls of CWPs

The non-homogeneous distribution of CWPs aligns with the
study of Wawrzyniak et al. (2016) in the Ain River, of comparable
dimensions and total CWPs area occupation. The dominance
of emergent hyporheic water CWPs seems consistent with the
expected groundwater inputs in a gaining system as the Upper
Ovens (Yu et al., 2013). Higher thermal differences in tributary
CWPs suggest that air-water or altitude-controlled processes may
provide cooler waters, either due to the higher shading in such
narrower streams (Monk et al., 2013) or their steepness (Webb
et al., 2008; Dugdale et al., 2015).

The outputs of the general linear model illustrate a
combination of five key physical controls associated with thermal
differences in CWPs at multiple spatial scales. They include
catchment-scale land use, type of riparian vegetation along the
river corridor, downstream distance, reach-scale CWP channel
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placement, and patch-scale CWP area. While we acknowledge
that the model assigns similar larger scale physical controls to
different CWPs (e.g., same catchment control > 1 km?2, over
several CWPs < 1 m?), this approach is based on a thorough
assessment of the importance of the control variables and their
influences at different spatial scales. Surprisingly, the presence
of geomorphic features at the reach scale did not appear to be
a key driving factor of CWPs in our modeling, despite evidence
of individual associations between gravel bars and emergent
hyporheic water CWPs types, as per in Wawrzyniak et al. (2016).
However, our modeling approach did not target specific CWPs
types; it instead aimed at providing an overall view of driving
factors; therefore, the data resolution could have played a role
in the analysis.

According to the model outcomes, Anthropogenic land
use types seem to promote cooler CWPs. However, in the
Upper Ovens, the effects of land use cannot be interpreted
without considering its links to both the riparian corridor
(LeBlanc et al., 1997; Allan, 2004) and distance downstream.
The upper reaches were dominated by natural open riparian
forests surrounding multiple-channel braided and wandering
reaches with limited shading. In contrast, the lower reaches
were surrounded by anthropogenic land use (e.g., arable land)
and presented more constrained channels with narrow, but
heavily overhanging shading riparian vegetation. Such a local
shading effect in the downstream reaches could potentially
have increased thermal differences between the river and any
type of CWPs, as opposed to the upstream reaches. At the
reach scale, the slightly greater cooling effect on the right
vs. left bank could reflect the river east-west flow direction,
with less sun exposure and increased shading on the right
(north-looking). Based on these, it is counterintuitive that the
model did not consider shading as an important physical
control. We can only assume that the complex physical structure
in the Upper Ovens River, combined with the surveying
timings and locations played a role, resulting in shading
not being strong enough to dent all the other factors, and
therefore not represented in the model outcome. At the
patch-scale, thermal differences promoted by CWPs increase
with the CWPs area. The spatial variation in groundwater
influx can likely explain the lack of homogeneous longitudinal
patterns in CWPs areas. Patch-scale CWPs area could be
interpreted as the local manifestations of larger-scale patterns.
Groundwater influxes were variable along the Upper Ovens
length, with peaks in the upper and middle reaches (Bright
and Porepunkah), as indicated in Casas-Mulet (2018) and
Yu et al. (2013). Historical anthropogenic activities could
have further influenced such variations (e.g., river dredging,
Sinclair Knight Merz, 2007; Yu et al., 2013) by modifying the
groundwater inputs mechanisms. For example fine sediment
accumulation in the riverbed gravels over time (Casas-Mulet
et al,, 2017; Auerswald and Geist, 2018; Wilkes et al., 2019)
could have clogged the gravels and decrease the amount of
emergent hyporheic flow (Poole et al, 2006; Arrigoni et al,
2008). Consequently, the methodological approach described
here may also be useful when it comes to assess the
effects of river management actions on the distribution and

persistence of CWPs, such as streambed restoration actions or
groundwater extraction restrictions.

The outcomes of this study illustrate the influence of several
multi-spatial scale physical controls on CWPs that had not
been assessed in conjunction before. Future works should
focus on integrating ecological processes into spatio-temporal
riverscape patterns, so the true thermal refugia potential of
CWPs is understood.

Applications in Freshwater Conservation

and Management

In Australia, an increased recurrence of drought conditions
will intensify cease-to-flow events and potentially lower ground-
water levels (CSIRO and Bureau of Meteorology (BOM), 2007;
IPCC, 2012). Although extreme events are crucial elements of
the natural variability shaping the ecology of rivers that enable
freshwater organisms recovering from disturbances, intensified
pressures could hinder the capacity of communities to persist
(Leigh et al., 2015). In addition, anthropogenic threats such as the
increasing demands of water retention, diversion and extraction
for agricultural irrigation (Pratchett et al., 2011; van Dijk et al,,
2013) put increasing pressure on freshwater habitats, lessening
the potential resilience of aquatic organisms (Kohen, 2011; Leigh
et al., 2015).

Associated effects of increased stream temperature include
reduced dissolved oxygen and can result in the physiological
tolerance of some species being exceeded (e.g., McNeil
and Closs, 2007). Increased stream temperatures may
also affect development, growth rates, reproduction, and
behavior of organisms. These could favor species with wider
thermal windows (Portner and Farrell, 2008), or promote
the establishment of and spread alien species of fish when
coupled with other stressors such as the reduction in discharge
(Morrongiello et al., 2011). The availability of CWPs may
buffer the effects of extreme events and prevent pushing some
ecological processes beyond critical thresholds, protecting
species persistence, and maintaining ecosystem functioning
(Leigh et al., 2015).

The identification of CWPs is, therefore, the first step
toward their conservation and sustainable management (Kurylyk
et al., 2014; Geist, 2015). Predictions of CWPs locations and
distribution can help prioritize river restoration measures such
as targeted riparian vegetation planting to increase shading
(Ebersole et al., 2015; Morelli et al., 2016; Fullerton et al., 2018),
or in-stream habitat restoration (Gilvear et al., 2013; Pander et al.,
2018) with a focus on promoting hyporheic upwelling (Boulton
et al,, 2010; Pander et al., 2015). Identification and prioritization
of the most effective ways of conserving or restoring CWPs also
greatly benefit from an evidence-based management approach
(Geist and Hawkins, 2016) that requires comparison with
baseline data. The identification of water quality thresholds
will be required to inform water-allocation decision making
(Goulburn Murray Water, 2011) and to manage and protect
surface and subsurface induced CWPs. Identifying the factors
that give alien species competitive advantages or disadvantages
over native species will be key requirements for managing CWPs
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under climate change. In particular, it will be essential to consider
that some aliens will benefit from warmer temperatures, whereas
others will be detrimentally affected (e.g., Costelloe et al., 2010).

Further work is needed, building on this and other exploratory
studies, to develop tools to predict the distribution of potential
thermal refugia at the riverscape, which will be critical to inform
long-term measures that maintain resilient thermal landscapes
(Bond et al., 2008; Monk et al., 2013; Fullerton et al., 2018).
A better understanding of the spatio-temporal extent over which
promoting stream thermal refugia can be an effective adaptation
tool is required (Morrongiello et al., 2011), and it will enable its
integration into legislation and policy frameworks.
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