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Abstract

Water level fluctuations in surface water bodies, and in particular low flow drought
conditions, are expected to become more frequent and more severe in the future due to the
impacts of global environmental change. Variations in water level, and therefore in-channel
water volume, not only have the potential to directly impact stream temperature, but also
aquatic vegetation coverage which, in turn, may affect stream temperature patterns and
dynamics. Manipulation experiments provide a systematic approach to investigate the
multiple environmental controls on stream temperature patterns. This study aims to use
temperature data loggers and fibre optic distributed temperature sensing (FO-DTS) to
investigate potential drought impacts on patterns in surface water and streambed temperature
as a function of change in water column depth. To quantify the joint impacts of water level
and associated vegetation coverage on stream temperatures, investigations were conducted in
outdoor flumes using identical pool-riffle-pool features, but with spatially variable water
levels representative of different drought severity conditions. Naturally evolved vegetation
growth in the flumes ranged from sparse vegetation coverage in the shallow flumes to dense
colonization in the deepest. Observed surface water and streambed temperature patterns
differed significantly within the range of water levels and degrees of vegetation coverage
studied. Streambed temperature patterns were more pronounced in the shallowest flume, with
minimum and maximum temperature values and diurnal temperature variation being more
intensively affected by variation in meteorological conditions than daily average
temperatures. Spatial patterns in streambed temperature correlated strongly with morphologic
features in all flumes, with riffles coinciding with the highest temperatures, and pools
representing areas with the lowest temperatures. In particular, the shallowest flume
(comprising multiple exposed features) exhibited a maximum upstream-downstream
temperature warming of 3.3 °C (T in = 10.3 °C, T out = 13.5 °C), exceeding the warming
observed in the deeper flumes by ~ 2 °C. Our study reveals significant streambed and water
temperature variation caused by the combined impacts of water level and related vegetation
coverage. These results highlight the importance of maintaining minimum water levels in
lowland rivers during droughts for buffering the impacts of atmospheric forcing on both river
and streambed water temperatures.
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1. Introduction

Temperature is a master water quality variable driving physical, chemical, and biological
processes in aquatic ecosystems by directly influencing metabolic rates, physiology and life-
history traits of aquatic organisms, as well as their abundance and distribution (Webb, 1996;
Constantz, 1998; Bogan et al., 2003; Caissie, 2006; Webb et al., 2008). Stream water
temperature is dynamic over space and time (Poole and Berman, 2001), and is influenced by
numerous natural variables and eco-hydrological processes, including solar radiation, air
temperature, heat transfer at the air-water interface, precipitation, riparian vegetation shading,
surface water inflows, and groundwater and streambed heat exchanges (Constantz, 1998;
Bogan et al., 2003; Johnson, 2004; Arrigoni et al., 2008; Webb et al., 2008; Garner et al.,
2015a; Hannah and Garner, 2015). In particular, the streambed, identified as an important
heat source and sink (Evans et al., 1998; Hannah et al., 2004), can significantly affect the
river’s energy budget both temporally and spatially (Evans et al., 1998), influencing water
column temperatures. Natural temporal fluctuations in surface and streambed water
temperature are observed on a diel and annual cycle (Caissie, 2006), while spatially,
temperatures generally increase along the longitudinal dimension. However, discontinuities,
both of natural and anthropogenic origin can interrupt the longitudinal thermal profile
(Fullerton et al., 2015). At the micro-scale, morphological in-stream structures like riffle-pool
sequences create spatial temperature heterogeneity, supporting diverse communities and
providing refuge from extreme temperatures, especially during summer (Hester et al., 2009;
Dallas and Rivers-Moore, 2011). Although temperature variations occur naturally, river flow
and thermal regimes have been profoundly altered by both climate change and human
interventions, e.g. dams and water withdrawals, on the hydrological cycle (Doll and Zhang,
2010; Schneider et al., 2013; Laizé et al., 2014), with potential severe impacts on freshwater
ecosystems and biodiversity (Bates ef al., 2008; Bond et al., 2008; Poff and Zimmerman,
2010; Vorosmarty et al., 2010).

Extreme climatic events have recently received attention (Easterling et al., 2000; Garner et
al., 2015b; Ledger and Milner, 2015; Leigh ez al., 2015) because of the growing awareness
that they may cause dramatic changes to river and streambed temperature regimes (Jentsch e?
al., 2007; Palmer et al., 2009). Droughts, in particular, can lead to a decrease in flow
permanence (Lake, 2003), fragmenting the water course into pools (Boulton, 2003), possibly
drying the streambed, and reducing longitudinal connectivity (Bogan et al., 2015). As a
consequence of these drought effects, water quality generally declines and surface water
temperatures increase (Matthews, 1998). As most aquatic organisms are ectotherms (Giller
and Malmgqvist, 1998), and thus, are sensitive to increases in water temperatures (Daufresne
et al., 2009), understanding how water level fluctuations control river and streambed thermal
regimes has become indeed a matter of urgency to assure aquatic ecosystem integrity and
functioning.



Water depth together with discharge and velocity directly influences and regulates the
distribution and growth of aquatic flora (Riis and Biggs, 2003; Franklin et al., 2008; Bornette
and Puijalon, 2011). Macrophyte communities play a key role in unshaded streams (Riis and
Biggs, 2003), by increasing physical and biological diversity, and by contributing to habitat
structure and ecological functioning of these systems (Warfe and Barmuta, 2006; Thomaz
and Cunha, 2010). While stable flows favour macrophyte biomass (Mebane et al., 2014), the
increased number and frequency of hydrological disturbance events, such as floods and
droughts, can significantly alter the composition and abundance of aquatic macrophyte
communities (Riis and Biggs, 2001; Riis and Biggs, 2003; Stromberg et al., 2005), causing
biomass destruction, and habitat structure change (Grime, 1979). Under this constraint, plant
species with a greater resistance and/or resilience usually dominate (Riis et al., 2008),
whereas others, such as Ranunculus species, only occupy channel areas with permanent flow
(Westwood et al., 2006). As a result, during droughts, the channels of ephemeral or perennial
streams experiencing severe drying can be invaded and colonized by resistant and/or
amphibian or riparian plant species (Bunn and Arthington, 2002; Lake, 2003), a process
called terrestrialization (Westwood et al., 2006; Holmes, 1999). Strictly aquatic macrophytes
(Schuyler, 1984) and non-aquatic forms possess different shading abilities that are quite
influential for both water and streambed temperatures. Non-aquatic forms in particular, being
characterized by more competitive growth forms (e.g. tall or broad-leafed species; Bornette
and Puijalon, 2011), have highly variable shading effects on surface water and streambed
sediments. Therefore, water level fluctuations due to drought conditions can influence aquatic
vegetation coverage and indirectly, stream temperature regimes. However, to our knowledge,
no previous high spatio-temporal resolution studies of the combined impact of both water
level and vegetation coverage on temperatures at the channel bed and in the water column
have been carried out.

Direct in situ studies of water level impacts on the thermal regime of natural channels can be
challenging technically and logistically because of their high spatial and temporal
complexity. The use of distributed fibre optic monitoring solutions allow for the possibility to
investigate stream thermal regimes continuously in both time and space (Selker et al., 2006b;
Tyler et al., 2009). In this way, high spatial and temporal stream temperature variability can
be detected, resulting in improved monitoring and assessment of stream thermal regimes.
Manipulating water levels in a flume experimental set-up allows for the isolation and
alteration of the key variables of interest under controlled conditions, although at a smaller
physical scale (Mosley and Zimpfer, 1978).

The aim of this study was to analyse the combined effect of water level variation and co-
evolved vegetation coverage on the streambed and surface temperature patterns of artificial
rivers. Using three outdoor flumes, representative of characteristic lowland gravel-bed rivers
with developed plant communities, the potential drought (e.g. water level) impacts on the
downstream warming of surface water and spatial patterns of streambed surface temperatures
were assessed continuously for the duration of the study. Temperature data loggers coupled
with high-resolution fibre optic distributed temperature sensing (FO-DTS) technology
allowed for the characterisation of surface water and streambed thermal variability responses



at unprecedented spatial and temporal scales. We hypothesised that: i) surface water warming
would be inversely associated with water depth with temperatures in the deeper flumes being
more effectively buffered by both the water column and broader co-evolving vegetation
coverage than in shallower flumes; ii) spatial temperature patterns would be more
pronounced in the shallowest flume with extreme temperature values (maximum and
minimum streambed and surface water temperature values) varying more than average
temperatures; and iii) the impact of meteorological variability, especially changes in air
temperature and solar radiation, would be more marked for shallower water depths.

2. Material and methods

2.1 Site description

Our experiment used three outdoor flumes at Fobdown Watercress Farm, near New
Alresford, Hampshire, U.K. (51°06'08.57"N, 1°11'06.33"W, 99 m asl; Figure 1).

Approximate location of Figure 1

The experiment ran from ~ 16:00 23-04-2014 to ~14:00 25-04-2014. Average air temperature
for the month of April was 10.0 °C (Alice Holt Lodge UK Met Office weather station, ~ 30
km away from study site), with a peak of 17.5 °C on the 21-04-14. The minimum of 2.1 °C
was registered the 24-02-16. Daily average precipitation was 0.2 mm with a maximum of
13.4 mm on the 25-04-14 (Figure 2).

Approximate location of Figure 2

The aluminium flumes had dimensions of 15 m length and 0.5 m width, with walls of 0.5 m
(Figure 1). Water supply for the flumes was provided from a groundwater well with a
constant temperature of 10.1 °C. Water quality parameters (temperature, electric conductivity
and dissolved oxygen) were monitored continuously to ensure stationary water quality
boundary conditions throughout the experiment. Groundwater (GW) was pumped at a
constant rate into a feeder tank of 80 L capacity, from where it was subsequently distributed
to the flumes using a network of pipes. Different water levels were obtained by regulating the
water intake and outflow for each flume separately, and water levels in the pools were set to
25, 10 and 7 cm in the three flumes, respectively (flumes are hereafter referred to as ‘1 _25
cm’, ‘2 10 cm’ and ‘3 _07 cm’). The three water levels were representative of different levels
of drought severity, with flume 1_25 cm representing close to normal flow conditions for
southern UK chalk streams, flume 2_10 cm summer low flow conditions and 3_07 cm severe
drought conditions. Steady state conditions were maintained throughout the experiment.

The flumes were all filled with a bottom layer of washed sediments (particle sizes: 80% 11-
22 mm; 12% 2-11 mm; 6% 0.35-2 mm; 2% <0.35 mm; Table 1) to create identical pool-
riffle-pool sequences along the length of the flume (Poynter, 2014). Sediment thickness
measurements were taken at 0.35 m intervals longitudinally and every 0.10 m across the
flumes width, starting at 0.35 m from the upstream boundary and finishing at 14 m (39
sampling points along and 5 across to cover a global area of 7.25 m? per flume). Water depths



in the flumes were calculated by subtracting the flume-averaged depth to water and the
sediment thickness at each grid cell from the total flume wall height.

Approximate location of Table 1

Vegetation in the flumes was introduced artificially using ~ 10 cm 5-rooted fragments of
Ranunculus penicillatus subsp. pseudofluitans spaced at 2 m intervals, and was allowed to
evolve naturally since the flumes’ installation in August 2013. Ranunculus penicillatus subsp.
pseudofluitans (Syme) S.D. Webster, is a divergent, fine-leaved, submerged aquatic
macrophyte, typically found in English chalk streams where it is generally the dominant
species. At the time of the experiment, the flumes’ vegetation represented a climax
community that had developed for 8 months after flume installation according to the water
level present in each flume. The vegetation cover (%) during the experiment was estimated
by photo surveys taken every 1.5 m along the flumes.

Sediment thickness, water depth and vegetation coverage surveys were interpolated using
Ordinary Kriging in ArcGIS (ESRI, 2011). Interpolations of all three spatial parameters
(sediment thickness, water depth and vegetation coverage) resulted in rasters of 1.9 cm grid
cells. These data were further analysed using the Spatial Analysis toolbox in ArcGis (ESRI,
2011) to evaluate spatial patterns in average, variance, minimum and maximum temperature
ranges and as well as spatial correlations between parameters (using Band Collection
analysis).

2.2 Field instrumentation

2.2.1 Surface water temperature monitoring

Temperature data loggers (MiniDot oxygen and temperature loggers, PME, San Diego USA,
+ 0.1 °C accuracy) were installed in flowing water in the last pool of the pool-riffle-pool
sequences at the end of each flume at the sediment-water interface and programmed to
monitor surface water outflow at 10-minute intervals (Figure 1). The loggers were fully
submerged. When vegetation was present, this protected them from direct solar radiation;
when not (only for the shallowest flume), the loggers’ white colour (high albedo) meant that
they were unlikely to have been affected (Johnson and Wilby, 2013). Another temperature
logger (LTC Levelogger Junior, Solinst, Georgetown Canada, + 0.1 °C accuracy) was
installed in the vegetation mats and fully submerged in the first pool of the pool-riffle-pool
sequence at the start of the second flume to continuously monitor inflow surface water
temperature in minute intervals. As the physical properties of the inflow water were
temporally stable and did not vary among flumes, we assumed the use of a single logger was
representative of inflow water for all flumes. All temperature loggers monitoring inflow and
outflow water temperatures were inter-calibrated before the start of the experiment. The pool-
riffle-pool sequences helped to reduce water stratification and to maintain vertical mixing,
especially in the shallow flumes where riffles produced rapid flow in contrast with deeper
pools (Richards, 1976). In addition, large and dense aquatic macrophytes blockages represent
obstacles to the flow, resulting in turbulent mixing that resembles that generated by the fast



flow of a riffle (Green, 2005). Therefore, a blockage across the flume by macrophytes could
be seen as being a pseudo-riffle (Green, 2005). Spot surveys confirmed that surface water
temperatures did not stratify.

Analysis and processing of data were performed using the R statistical computing and
graphic environment (R Core Team, 2013).

2.2.2 Streambed water temperature monitoring

To investigate spatial patterns of streambed temperature continuously at high spatio-temporal
resolution, FO-DTS technology was applied along a complex geometrical setup (Figure 1). In
recent years, distributed temperature sensing technology based on Raman backscatter from
fibre optic cables has been widely adopted for extensive environmental applications (Selker
et al., 2006a; Tyler et al., 2009; Briggs et al., 2012; Krause et al., 2012; Sebok et al., 2015).
The measurement principle of FO-DTS is based on the analysis of the backscatter properties
of a light pulse emitted from the DTS unit that travels through an optical fibre. The observed
ratio of Stokes/anti-Stokes backscatter is used to quantify temperature at high sampling
resolution (up to 12.5 cm) along fibre-optic cables (up to several km in length). Measurement
precision depends on distance from the light source and on the integration time, so points
further from the DTS unit have fewer photons observed and will need greater integration
times to achieve desired precision (Selker er al., 2006a). Assuming robust calibration
procedures, DTS systems with 1 m spatial resolutions along cables of up to 5 km have been
reported to provide precision of the order of 0.1 °C for integration times of 60 seconds
(Selker et al., 2006a; van de Giesen et al., 2012).

Approximate location of Table 2

For the experiment, a fibre-optic cable within a stainless-steel tube was deployed at the
sediment surface water interface of the three flumes using a double-looped configuration as
indicated in Figure 1. For flume 1_25 cm, 2 transects of FO-DTS cable were deployed at the
streambed surface (cable failure in the second loop), whereas for flume 2_10 cm and flume
3_07 cm, 4 transects were used. The cables were fixed to the streambed using flat stones to
keep them in position. Nevertheless, exposure of the cable to the air could not be completely
prevented, particularly in the shallowest sections. Sections of data where the cable detached
from the sediment surface were discarded and considered as missing values (NAs) in the
subsequent analysis. Similarly, the most up-stream and down-stream measuring points where
the cables entered and exited the flumes (which may have been influenced by air
temperature), were excluded from the data analysis. The number of points that had to be
discarded for each transect varied between different DTS sections among flumes (Table 2).
Because of the presence of a cable coil at the upstream end of the flume, the most upstream
DTS sampling point taken into consideration for flume 1_25 cm was 1 m further downstream
than in the other two flumes.

The fibre-optic cable applied in this study was a 2-multimode fibre stainless-steel tube with
1.32 mm outside diameter (AFL Telecommunication, Hawksworth, UK); the two bend



insensitive 50-um multimode fibres were bedded in a gel, and the stainless-steel tube (SS
304) was not encapsulated. An ULTIMA-S ™ (Silixa, Elstree, UK) DTS instrument was used
with a sampling resolution of 12.5 cm that offers a spatial resolution as fine as 30 cm. FO-
DTS monitoring was carried out in single-ended mode with alternating measurement
directions of the light pulse as described in Krause & Blume (2013) in order to preserve the
best possible resolution of the spatial temperature patterns. To account for signal drift and
offset a dynamic calibration was defined (Hausner et al., 2011) and for this, ~15 m reference
sections of the fibre-optic cable were installed in a constant temperature ice bath. To avoid
preferential heat transport, the cable was fully covered with iced water; cable contact with the
walls of the ice container was avoided throughout the experiment. Temperature
measurements were averaged at 30-second intervals for the duration of the experiment, this
means that the time interval between measurements from the same channel was one minute.
Streambed temperature data were analysed using the package matrixStats (Bengtsson, 2015)
of the statistical software R (R Core Team, 2013) and daily mean, variance, minimum and
maximum temperatures were obtained for each sampling day and plotted using the ggplor2
package (Wickham, 2009).

2.3 Predictions of surface water temperature variations

In order to ensure that observed changes in surface water temperature between the inflow and
outflow in each of the flume were in line with theoretical expectations, and not due to solar
warming of the instrumentation, a simple Lagrangian deterministic approach similar to that
described by Garner et al (2014) was used to model water temperature within the flumes.
Equations used to compute heat inputs due to solar radiation, net longwave radiation, latent
heat and sensible heat were derived from those given in Boyd and Kasper (2003). As input
meteorological data was not available directly on-site, input meteorological parameters were
collected from the nearest (~ 30 km) UK Met Office weather station, located in Southampton
(Met Office, 2006). The model calculates the temperature of a parcel of water of 0.126 m
(Iength equal to the chosen spatial resolution of the DTS instrument) by 0.5 m (width equal to
the width of the flume) as it moves through the flume. The model assumes that water within
the flume is well mixed. Simplified streambed morphology was assumed and depth was the
averaged depth in each flume (Table 3). The residence time of each parcel within the flume
was ~5 hours. Vegetation coverage was not taken into account. Water parcels were ‘released’
on an hourly basis for the period 23-04-14 16:00 to 24-04-14 13:00, and the temperature of
each parcel computed hourly as it transited the flume. The magnitude of warming of a parcel
was computed by subtracting the modelled temperature of water at the outflow of the flumes
from the inflow (inflow temperature given by the temperature data logger placed in the first
pool in flume 2_10 cm). The rate of predicted changes was used to confirm that observed
variations were in line with theoretical expectations.

3. Results

3.1 Sediment and water depth



Sediment thickness and water depths for the three flumes are shown in Figure 3 A and B.
The average sediment thickness of each of the flumes was 17.6, 18.6 and 17.8 cm for flumes
1_25 cm, 2_10 cm and 3_07 cm, respectively. Average flume water depths were 23.4, 7.1
and 3.4 cm for flumes 1_25 cm, 2_10 cm and 3_07 cm, respectively (Table 3). The pool-
riffle-pool sequences formed by the sediments in the flumes comprised 4 pools per flume
with an average water depth of 27.2, 11.1 and 6.1 cm for flumes 1_25 cm, 2_10 cm and 3_07
cm, respectively. All sediments were submerged in flume 1_25 cm, while 0.05 m? of
sediment was exposed to the air in flume 2_10 cm (0.7% of the total flume surface area) and
0.52 m? (7.2% total area) was exposed in flume 3_07 (Table 3).

Approximate location of Table 3

3.2 Vegetation coverage

Vegetation coverage in the 3 flumes is shown in Figure 3 C. Total vegetation coverage for
flume 1_25 cm was 96.7% (7.01 m?), including 95.3% coverage by aquatic vegetation (R.
pseudofluitans) and 1.38% by emergent herbaceous plants. Un-vegetated areas consisted of
open water, mainly near the flume inlet. In flume 2_10 cm, total vegetation coverage was
90.6% (6.57 m?), including 88.6% aquatic vegetation and 2.1% terrestrial cover. The
remaining un-vegetated area consisted of a small area of bare sediments (0.05 m?, 0.7% of
total area) and of shallow surface water (0.63 m?, 8.7% of total area). In flume 3_07, the total
vegetated cover was only 4.07 m? (56% of total area), including 51.5% aquatic vegetation and
4.5% non-aquatic plants. Bare, exposed sediments covered a surface area of 0.52 m? (7.2% of
the total area), and un-vegetated water made up the remaining 2.67 m? (36.8% of total area).
Spatial correlation using Band Collection analysis between vegetation coverage (without
distinction between strictly aquatic and non-aquatic forms) and water level rasters within
each flume revealed no correlation for flume 1_25 cm, increasing to 0.46 (p < 0.001) for
flume 2_10 cm and 0.85 (p < 0.001) for flume 3_07 cm.

3.3 Influence of water depth on surface outflow temperatures

Water entering the flumes had a constant temperature of 10.1 °C (x 0.07 °C) throughout the
duration of the experiment (Figure 4 A). Mean (standard deviation) of surface outflow
temperatures recorded by the temperature loggers placed at the end of each of the flume was
10.5+0.1, 10.5+0.1, 10.5+0.2 °C for flumes 1 25 c¢cm, 2_10 cm and 3_07 cm respectively on
23-04-14, 10.7+0.5, 10.7+£0.4, 11.1+1.1 °C for flumes 1_25 c¢cm, 2_10 cm and 3_07 cm
respectively on 24-04-14 and 10.5+£0.2, 10.440.2, 10.4+0.4 OC for flumes 1 25 cm, 2_10 cm
and 3_07 cm respectively on 25-04-14.

Approximate location of Figure 4

Approximate location of Table 4



Surface outflow temperatures were more consistent among the different flumes during low
insolation (23-04-14 and 25-04-14), and varied more when solar radiation was high (24-04-
14) (Table 4). Diurnal variability in outflow temperatures was highest in the shallowest
flume, 3_07 cm, with the overall lowest temperature being recorded at night (10.0 9C around
02:30 on 25-04-14) and the highest during the day (13.5 °C around 13:30 on 24-04-14;
Figure 4 A). A Kruskal Wallis test revealed a significant effect of flume on surface outflow
temperatures registered at 10-minute intervals throughout the experiment (y>= 9.7, p < 0.01).
A post-hoc test using Mann-Whitney tests with Holm correction showed no significant
differences between surface outflow temperatures registered for flume 1_25 cm and for 2_10
cm, but significant differences between those measured for flume 1_25 cm and 3_07 cm (p <
0.01,r=0.12).

The magnitude of surface water temperature change (defined as the temperature difference
between surface water inflow and outflow; 6T) varied in both space and time. Maximum
warmings of 1.7, 1.3 and 3.3 OC for flumes 1_25 cm, 2_10 cm, 3_07 cm respectively were all
observed in the daytime of 24-02-14 (Figure 4 B). The most intense warming (3.3 °C; flume
3_07) was experienced at 13:30. The lowest magnitude temperature changes were observed
at night-time. While 0T for flume 1_25 and 2_10 cm was always positive (minimum outflow
surface water was 0.2 °C warmer than inflow for both flumes), the outflow temperature for
flume 3_07 cm was generally the same as the inflow temperature, and sometimes cooler than
it (-0.04 °C; 25-04-14 at 02:00). The magnitude of warming simulated using the simple
temperature model described in section 2.3 matched observed data. Assuming that global
solar irradiation recorded at Southampton for 24-04-14 (a clear-sky day) was similar to the
study site, absolute simulated warmings reached the maximum of 0.6, 1.8 and 3.5 °C in
flumes 1_25 cm, 2_10 cm, 3_07 cm respectively (compared to absolute maximum observed
warmings of 1.7, 1.3 and 3.3 °C for flumes 1_25 cm, 2_10 cm, 3_07 cm respectively).

3.4 Streambed water temperatures

Spatial patterns of streambed temperatures calculated for each sampling point along the DTS
transects were pronounced and varied significantly in the three flumes and between the
different sampling days (Table 5).

During 23-04-14, daily average streambed temperature ranged from 10.5 °C to 10.6 °C for
flume 1_25 cm, from 10.4 °C to 10.6 °C for flume 2 10 cm, and from 10.3 °C to 10.6 °C for
flume 3_07 cm (Figure 5 A), with a mean daily value along and across all flumes of 10.5+0.0
°C.

Approximate location of Figure 5

The magnitude of streambed temperatures changes on 23-04-14 was generally limited (Figure
5 B, C and D) and this was particularly true for flume 1_25 cm. However, despite the limited
magnitude of temperature change, a significant downstream increase in maximum streambed
temperatures for flume 1_25 cm was still evident (Kendall’s test, t = 0.36, p-value < 0.001).
Greater spatial temperature variability was more evident in the areas of the shallower flumes



where aquatic vegetation coverage was sparser and/or sediments were exposed. The warmest
and most variable streambed temperatures across the 3-day study were observed on 24-04-14,
a relatively warm, clear-sky day (Table 5). Average temperature values calculated for 24-04-
14 and over space exhibited relatively high variability, ranging from 10.9 °C to 12.2 °C for
flume 1_25 cm, from 10.5 °C to 12.9 °C for flume 2_10 cm, from 10.6 °C to 12.8 °C for
flume 3_07 cm (Figure 5 E), with a daily mean value of 11.0+£0.4 °C across and along all
flumes. On 24-04-14, flume 3_07 cm was the one to exhibit the most extreme streambed
temperature values; in fact, variance in flume 3_07 cm ranged from 0.0 to 24.0 °C (Figure 5
F) due to different warming and cooling gradients between vegetated vs. un-vegetated
shallow water areas and bare exposed sediment features. The greatest response to increased
global solar irradiation receipt for 24-04-14 for flume 3_07 cm resulted in a daily maximum
streambed temperature registered that was 2.8 °C warmer than the maximum in flume 2_10
cm and 13.8 °C warmer than the maximum recorded in flume 1_25 cm (Figure 5 H).
Similarly, minimum streambed temperatures for flume 3_07 cm exhibited a more intense
night cooling compared to the deeper flumes: minimum streambed temperature values were
in fact 0.4 °C and 3.1 °C colder than those of flume 1_25 cm and 2_10 cm, respectively
(Figure 5 G). The lowest streambed temperatures coincided with heavy rain and colder air
temperature on 25-04-14. The absolute lower limit of minimum streambed temperature
ranges for the shallower flumes (2_10 and 3_07) was registered on 25-04-14 (Figure 5 M),
while absolute maximum streambed temperature values for these flumes were approximately
half of those recorded during clear-sky conditions (24-04-14) (Figure 5 N). In contrast, flume
1_25 cm was less responsive to the change in meteorological conditions compared to the
shallower flumes. Absolute minimum streambed temperatures for flume 1_25 cm were higher
on 25-04-14 than on 24-04-14 (10.2 °C and 9.9 °C respectively), whereas absolute maximum
streambed temperatures did not vary substantially between 24-04-14 to 25-04-14 (13.3 and
13.2 °C respectively).

The spatial correlations between streambed temperatures (daily average, variance, minimum
and maximum for each DTS point along and across the flumes for each measurement day)
and water depths (the corresponding water depth value of each DTS point in the flumes)
varied between flumes and meteorological conditions (Table 6). For flume 1_25 cm the
relationship between streambed temperatures and water level was not as strong as that of the
shallower flumes, and no substantial variability was observed between the different
measurement days. In contrast, correlations between streambed temperatures and water level
for the shallower flumes were generally stronger, significant and also more variable between
day time and night time. Flume 3_07 cm, in particular, always exhibited the strongest spatial
relationship in both directions, negative and positive, between streambed temperatures and
water depths and the relationship was the strongest on 24-04-14. The results indicated that
minimum streambed temperatures were positively correlated with water levels and the
correlation was the strongest in the shallowest flume (0.44, 0.47 and 0.42 for 23-04-14, 24-
04-14 and 25-04-14, respectively). In contrast, maximum streambed temperatures were
negatively correlated with water levels (except for 25-04-15 when measurements were
stopped around 2 pm, probably before streambed temperatures peaked): the maximum
streambed temperature correlations were always registered in the shallowest flume (-0.42, -



0.43 and 0.29 for 23-04-14, 24-04-14 and 25-04-14, respectively). Correlation values for
average streambed temperatures vs. water depths appeared to be less strong and less variable
among flumes and dates than those for maximum and minimum streambed temperatures.

4. Discussion

This article reports the potential drought impacts on the thermal regime of lowland gravel-
bed rivers. Continuous observations of temperature differences between surface water inflow
and outflow and spatial patterns of streambed temperatures in three outdoor flumes
characterized by different water depths and co-evolved vegetation coverage over three days
(23/25-04-14) revealed complex thermal variability. The interaction between different water
depths along the characteristic pool-riffle-pool sequences and different vegetation coverage
created water depth gradients along and across the three flumes with the formation of a
variety of complex hydrologic habitats.

Net radiation is generally the main component of total energy flux in river systems (Caissie,
2006), accounting for 56 % of the total heat gain and for 49 % of heat loss in the River Exe,
U.K. (Webb and Zhang, 1997). In our systems, solar radiation was the main flux responsible
for the daily outflow water temperature variations in the flumes (on average net radiation
contributed for 64% to the total heat budget variations during the day and for 83% to the total
heat loss during the night as simulated with our model). In addition, it has previously been
acknowledged that the relationship between water and air temperature in a Devon river
system is stronger and more sensitive for flows in the range below median discharge (Webb
et al., 2003). Accordingly, in our study, the shallowest flume, 3_07 cm, representative of
severe drought conditions, was especially responsive to fluctuations in solar radiation receipt
and changes in air temperature. Using the high spatio-temporal capabilities of FO-DTS, it
was possible to characterize the resulting high variability of thermal patterns in the flumes.
Diverse meteorological conditions during the study period translated into different inter-
flume streambed temperatures responses to radiation input, with flume 1_25 cm being the
least responsive and the shallower flumes instead showing greater spatial and temporal
temperature heterogeneity at the water-sediment interface. Similarly, surface outflow
temperature variations were more pronounced in the shallower flumes, as shallower water
bodies are characterized by reduced thermal capacity and greater water temperature
fluctuations (Clark et al., 1999).

The combination of multiple factors conducive to increased surface and streambed
temperatures (e.g. shallow water depth, riffle sections directly exposed to the air, sparse
vegetation coverage) present in flume 3_07 cm presumably accounted for its greater
variability in surface water outflow and streambed water temperatures compared to the
deeper flumes. Surface flow in 3_07 cm was distinguished by longitudinal discontinuities
corresponding to the riffle sections characterized by bare dry sediments with braided flow
patterns developing around the sparse macrophyte stands. The bare sediments, with
substantially lower specific heat capacity than water (average heat capacity of primary
minerals = 800 J Kg'! K™!' vs liquid water = 4184 J Kg'! K''; Berman and Brown, 1986) were



exposed directly to solar radiation during daytime and were not sheltered from longwave
radiation loss at night time, resulting in greater and quicker daytime warming compared to
submerged areas, and faster night time cooling. A diel difference of 20.3 °C between the
hottest (27.1 °C) and the coldest spot (6.8 °C) was registered for streambed temperatures for
flume 3_07 cm on 24-04-14.

Special attention should be paid to maximum temperature as this is the most stressful for
aquatic organisms, particularly under extreme meteorological conditions (e.g. droughts),
when maximum values could be greater than their thermal tolerance threshold (Maazouzi et
al., 2011). As reported by Dixon et al. (2009), most ectothermic organisms, representing
99.9% of species on Earth (Atkinson and Sibly, 1997), possess a similar thermal window
situated around ~ 20 °C, a range within which the organisms’ development can occur.
Ecological evidence, from the community to the individual level, showing a significant
increase in the proportion of small-size species as a response mechanism to global warming
(Daufresne et al., 2009) and to drought conditions (Ledger et al., 2011) has already been
reported. In natural riverine ecosystems, obstacles (e.g. macrophytes aggregations) and
streambed roughness (e.g. pool-riffle sequences) drive hydrological exchange processes
between shallow groundwater and surface water through the hyporheic zone, due to
discontinuities in slope and depth and changes in the direction of the flow (Brunke and
Gonser, 1997). The direction of exchange processes varies with hydraulic head, whereas
sediments permeability controls flow amount. The interactions between groundwater and
surface water are characterized by a high temporal and spatial variability, due to seasonal
fluctuations of surface water levels. Thus the resulting ecological impacts on riverine
ecosystems vary seasonally (Krause and Bronstert, 2007). Under typical summer conditions
of low flow base flow mainly originates from groundwater, with contributions up to 10% of
the total river discharge (Krause and Bronstert, 2007). During hydrological stress conditions,
these groundwater fluxes can act as an effective buffer against stream water warming because
colder water is discharged to the stream when the stream most extreme temperatures are apt
to occur (Poole and Berman, 2001). Hyporheic exchange promotes the formation of a mosaic
of horizontal and vertical groundwater temperatures across the aquifer able to ameliorate
particularly extreme stream maximum temperatures. Upwelling of colder groundwater into
the main channel during low-flow conditions has ecological significance for biota, as it
maintains minimum discharge able to support a diversified aquatic macrophytes community,
it creates cold water refugia for stenotherms and for example it is essential for the survival of
cold water fishes like salmonids (Ebersole et al., 2003). Under future climate change with
stream maximum temperatures likely exceeding actual values, it is evident how hyporheic
flow becomes increasingly strategic and essential in supporting healthy aquatic communities.

Although changes in water depth likely explained a large proportion of the observed
differences in surface and streambed temperatures between the three flumes, it was also
probable that inter-flume variability in vegetation coverage accounted for the observed
results. Shading is in fact well known to exert considerable influence on stream water
temperature as it directly reduces radiative heat flux into the water (Sinokrot and Stefan,
1993; Bogan et al., 2003). Previous studies have focused on the influence of riparian trees on



stream temperatures, especially on maximum temperatures during summer months (Story et
al., 2003; Johnson, 2004; Danehy et al., 2005; Webb and Crisp, 2006; Hannah et al., 2008;
Malcolm et al., 2008; Garner et al., 2014; Garner et al., 2015a). However, to our knowledge,
ours is the first work exploring the combined effect of different water depths and co-evolved
aquatic vegetation coverage on both surface and streambed temperature patterns at high
spatial and temporal resolution. When assessing the effect of shading on stream water, the
type of vegetation (e.g. growth form and morphology) and its density is an important element
to be considered (Lovstedt and Bengtsson, 2008). During a clear day in presence of large
stand of submerged macrophytes in a shallow water body, Dale and Gillespie (1977b) found
that little light energy reached the streambed. Temperatures were higher at the water surface
and lower at the water-streambed interface, resulting in a steep vertical temperature gradient
in the water column; with sparse vegetation, smaller differences between surface water and
streambed developed. Similarly, Clark et al. (1999) recorded vertical temperature contrasts
due to the isolation from the main flow of a thin surface layer by aquatic vegetation such as
Ranunculus spp.; this layer was subjected to strong heating by the sun (up to 2.7 °C above
surface temperature in non-vegetated water areas), whereas the flow below the floating
vegetation was protected. Furthermore, the temperature near the bottom of shallow water
bodies where no shadows were cast by macrophytes varied with incoming solar radiation and
quick temperature fluctuations were observed when radiation changed (up to + 10 °C in 6
hours at 0.20 cm depth when average net radiation was ~ 500 W/m?; Dale and Gillespie,
1977a). In our study, we observed that streambed temperature extrema in flume 1_25 were
generally lower than surface water values measured at the flume outlet. Streambed minimum
temperatures were consistently lower than minimum surface water values throughout the
duration of the experiment and maximum streambed temperatures were lower on 23-04-14
and 24-04-14. These findings are therefore likely due to the combination of deeper water and
higher vegetation coverage relative to the other flumes, which increased the water body
thermal capacity and buffered daytime atmospheric energy receipt, respectively. In contrast,
this pattern was absent for the shallower flumes having greater exposed sediment:water
surface ratios (leading to lower thermal buffering capacities) and more patchy shading by the
sparser vegetation. In this experiment, however, it was difficult to separate the single impacts
of different vegetation coverage from different water depths on flumes thermal regimes, and
rather the combined effects were observed. More research on the subject needs to be carried
out to evaluate the influence of each factor.

In addition, shading by vegetation may also partially contribute to some of the temperature
patterns observed in the flumes for streambed temperatures due to its ability to create
differential heating between water within vegetation belts and open water. Lovstedt and
Bengtsson (2008) suggested that vegetation belts can drive average temperature differences
of up to 0.8 °C and an average reduction of net solar radiation within the vegetation up to
85%. Furthermore, in the daytime, shading reduces radiative inputs, decreasing warming over
a given distance (Fullerton et al., 2015), while, at night time, open water cools faster than
shaded reaches, due to increased longwave and evaporative losses (Lovstedt and Bengtsson,
2008). These interacting processes may be therefore responsible in part for the high thermal
heterogeneity generated in the flumes, especially in the shallower ones. For flume 3_07 cm,



in particular, minimum streambed temperatures exhibited a faster and greater night-time
cooling compared to the deeper flumes, with minimum streambed temperatures (6.7 °C)
almost attaining minimum air temperature on 25-04-14 (6.9 °C). In contrast, in the deepest
flume, the combined effect of the greater thermal capacity and the lower heat losses
(potentially due to reduced evaporation in comparison to non-vegetated sections; Dale and
Gillespie, 1976), prevented large daily temperature differences between minimum and
maximum values. The more homogenous and dense vegetation coverage and the fact that all
sediments were saturated translated into a less diversified spatial and temporal streambed
temperature patterns distribution, with smaller differences between extreme temperature
values both in space (along the flume) and in time (between day/night time and between
different dates). Given the reasonable degree of correlation between vegetation coverage and
water depth (section 3.2) and water depth and streambed temperature metrics (section 3.4),
this result supported our initial hypothesis that the combined effects of shallower water depth
and sparser vegetation coverage would drive more marked temperature patterns in shallower
flumes.

5. Conclusions

Using the high spatio-temporal capabilities of FO-DTS, we were able to detect high
variability of thermal dynamics in co-evolved vegetated flumes with varying water depths.
Our results indicate that variations in water depth, co-evolved aquatic vegetation coverage
and morphologic features (pool-riffle-pool sequences) were major determinants in creating a
complex spatial heterogeneity within the 15-m long and 0.5-m wide artificial channels. First,
shallower water areas in the flumes, characterized by lower thermal capacity than the deeper
areas, showed greater fluctuations in temperatures, with the exposed sediment features (riffle
sections) distinctly showing the most extreme temperature values due to the lower heat
capacity compared to the one of the water areas. Second, vegetation coverage likely also
played a fundamental role via shading. Dense and continuous vegetation coverage, like that
found in flume 1_25 cm, prohibited solar radiation from directly impacting the streambed
sediments and reduced the evaporation rate from the flumes. Finally, water levels, together
with vegetation, controlled the sensitivity of the flume temperature regimes to different
meteorological conditions, particularly to changes in air temperature and solar radiation
receipt. Given the expectation of more frequent and intense drought conditions under
projected climate change, despite the use of artificial channels, our results highlight the
importance of maintaining minimum water level conditions in lowland streams that are able
to host a stable aquatic vegetation community. Minimum water levels, together with the
aquatic vegetation community, could promote the formation of complex thermal and
hydrological habitats, able to better buffer the negative effects of extreme events such as heat
waves.

More research is needed to distinguish water level contribution from vegetation coverage to
stream thermal regimes and to better understand long term implications of water level
fluctuations on stream thermal dynamics and, on a broader scale, on ecosystem functioning.
There still remains uncertainty as to the extent of the impact of drought-induced



terrestrialization occurring in lowland lotic ecosystems, and of its effects on river temperature
regimes. Even though it is irrefutable that different growth forms possess different shading
abilities, the consequences of increased numbers of riparian/invasive species replacing
strictly aquatic plants (as projected under more severe future drought scenarios) to both
surface and streambed temperatures is still unknown. Furthermore, extreme water
temperatures during drought conditions which could exceed ectothermic organisms’ upper
limit thermal tolerance, stress the importance of the availability of both thermal and
hydrological refugia (e.g. the hyporheic zone) to increase invertebrates and fish population
resistance during drying events and resilience after the disturbance. The effects of water level
fluctuations not only could imply different thermal dynamics in space and time but, on a long
term, could alter ecosystem functioning and biodiversity as well, with riparian/invasive
species replacing strictly aquatic plants, and with ectothermic organisms resistance/resilience
threated by the altered thermal regimes whether some effective protection processes for in-
stream biota are not occurring (e.g. due to disrupted surface-groundwater linkages).
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Figure 1. Description of the experimental set up, pictures of the flumes and location of the study area.
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Figure 2. Temperature (°C) and precipitation (mm) at the site over the duration of the experiment
(source: National Centre for Atmospheric Science, Natural Environment Research Council, Met
Office Integrated Data Archive System).
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ACCEPTED MANUSCRIPT

Figure 3. Spatial distribution of A) sediments thickness (cm), B) water depth (cm) and C) vegetation
coverage (%) in the flumes. The pool-riffle-pool sequences are clearly visible in the sediment and
water depth distribution and echoed in the vegetation coverage.
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Figure 4. Surface water temperature measured at the inflow in flume 2_10 cm and at the outflow of
the three flumes (A) and difference between inflow and outflow temperatures (B).
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Figure 5. Average (A), variance (B), minimum (C) and maximum (D) spatial streambed temperature
patterns distribution measured on 23-04-14; average (E), variance (F), minimum (G) and maximum
(H) spatial streambed temperature patterns distribution measured on 24-4-; average (1), variance (L),
minimum (M) and maximum (N) spatial streambed temperature patterns measured on 25-4-14.
Arrows on variance streambed temperature patterns distribution maps indicate the position of very
shallow water or dry sediments spots in flume 2_10 and 3_07 cm where temperature variance was the
highest.
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Table 1. Particle size distribution in flume sediments.

Particle size (mm) Percentage (%)

<0.35 2

10.35-2 \ 6 \
2-11 12

| 11-22 \ 80 \

Table 2. FO-DTS coverage of flume surfaces: number of FO-cable transects per flume, max length per cable transect
per flume (m) and discarded points per transect per flume (*For 1_25 cm FO-cable transects started 1 m
downstream).

Flume DTS cable transect DTS cable transect Points discarded
length (m)
1_25cm 2 13.7* 8+5
[2.10 cm | 4 | 13.5 [ 11+1348+5 |
3 07 cm 4 12.7 0+2+6+3

Table 3. Flume average sediment thickness (cm) and volume of sediment (m?), average water depth (cm), pool water
depth (cm), discharge (x 10-* m?/s), velocity (x 102 m/s) and volume of surface water (m?), proportion of sediment
surface exposed to the air (m?) with relative percentage to total flume area (%).

Volume
Sediment Volume Water Pool . Velocity of Area of
. water  Discharge 2 exposed
Flume thickness . depth 43 x 10 surface .
sediment depth  (x 10" m’s) sediment
(cm) () (cm) (cm) m/s) water (m?)
(m?)
1_25 0.00
om 17.6 1.3 234 27.2 13.00 1.11 1.7 (0.0%)
2_10 0.05
om 18.6 14 7.1 11.1 4.77 1.37 0.5 (0.7%)
3.07 17.8 1.3 34 6.1 0.38 0.22 0.3 0.51

cm ) ) ) ) (7.2%)




Table 4. Daily averages for air temperature (°C), global solar irradiation (KJ/m? d), flume average outflow surface
water temperatures with standard deviation and range values (minimum-maximum) for 23-04-14, 24-04-14 and 25-
04-14 (*Data taken from Southampton meteorological station, about 30 km distance).

Global solar

Day Air T irradiation T 1_25 cm out T 2_10 cm out T 3_07 cm out
23-04-2014 10.2 8280 10.5+0.1 (10.4-10.6) 10.5%0.1 (10.4-10.6) 10.5+0.1 (10.4-10.9)
24-04-2014 ‘ 10.9 ‘ 19640 10.7+0.5 (10.3-11.8) | 10.7+0.4 (10.3-11.6) | 11.1£1.1 (10.1-13.5)

25-04-2014 8.5 3580 10.5+0.2 (10.3-11.4) 10.4+0.2 (10.3-11.1) 10.4+0.4 (10.0-11.7)




Table 5. Mean with standard deviation and range values for average, variance, minimum and maximum streambed
temperature patterns for each flume during the experiment.

Avg. T (°C) Var. T (°C) Min. T (°C) Max. T (°C)
Date Flume Mean Range Mean Range Mean Range Mean Range
23-04-14 | 1_25cm 10.5+0.0 | 10.5- 0.0£0.0 | 0.0-0.0 | 10.2+0.0 | 10.0- 10.9+0.1 | 10.8-
10.6 10.3 11.1
2_10cm 10.5+0.0 | 10.4- 0.0£0.1 | 0.0-0.4 | 10.1+0.1 9.4- 11.0+£0.2 | 10.7-
10.6 10.2 12.0
3_07cm 10.5+0.0 | 10.3- 0.1+0.1 | 0.0-0.7 | 10.0£0.2 9.3- 11.2+0.4 | 10.7-
10.6 10.3 12.9
24-04-14 | 1_25cm 11.0+0.1 | 10.9- 0.3+0.1 | 0.1-0.8 | 10.1+0.1 9.9- 12.2404 | 11.6-
11.2 10.2 13.3
2_10cm 11.0+0.4 | 10.5- 1.242.9 0.0- 9.9+0.5 7.1- 13.0£2.3 | 11.0-
12.9 19.4 10.2 24.3
3_07cm 11.0+0.5 | 10.6- 2.845.1 0.0- 9.5+0.9 6.8- 144439 | 11.2-
12.8 24.0 10.3 27.1
25-04-14 | 1_25cm 11.0+£0.0 | 10.9- 0.1+0.0 | 0.0-0.1 | 10.6x0.1 | 10.2- 13.0+0.1 | 12.8-
11.1 10.7 13.2
2_10cm 10.6+0.3 9.0- 0.1£0.1 | 0.0-0.8 | 10.1£0.6 7.1- 12.840.2 | 12.4-
11.1 10.7 13.3
3_07cm 10.2+0.4 8.8- 0.1+0.2 | 0.0-0.8 9.5+0.9 6.7- 11.841.0 | 10.2-
10.6 10.2 13.1




Table 6. Spatial correlation analysis results for 23-04-14, 24-04-14, 25-04-14 obtained for the correlation of average,
variance, minimum and maximum streambed temperatures in each flume vs. correspondent water level values (* p-
value < 0.001; * no significant p-value).

Date Flume Avg. T Var. T Min. T Max. T
23-04-14 1_25cm 0.18t 0.20t -0.13t 0.27t
2_10cm 0.07t -0.35% 0.40% -0.35%
3_07 cm 0.03t -0.39% 0.44% -0.42%
24-04-14 1_25cm 0.08t 0.18t 0.13t 0.10%
2_10cm -0.35% -0.34% 0.40% -0.38%
3_07 cm -0.40% -0.43% 0.47* -0.43%
25-04-14 1_25cm -0.041 0.021 -0.08t -0.27t
2_10cm 0.38% -0.35% 0.39% 0.19%
3_07 cm 0.40%* -0.37%* 0.42% 0.291




