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Influence of temperature on surface sediment disturbance
by freshwater fish: a microcosm experiment
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Abstract — Water temperature is a key parameter that regulates activities of ectotherms (e.g., fish) and
has been projected to rise in the future in the context of climate change. Surface sediment disturbance (SSD)
is an important function performed by fish that modifies benthic habitat properties and may thus influence
ecosystem functioning. However, the link between SSD by fish and temperature remains unexplored. In this
study, we experimentally assessed the influence of two contrasted temperatures (10 versus 20 °C) on SSD
by three freshwater fish species in aquaria. After 10 days, the total surface disturbed by the species was
approximately 2-3 times higher at warm than at cold temperature but the number and area of patches
disturbed by the species were not significantly different. The stone loach Barbatula barbatula, a benthic fish
species, had a higher SSD activity (i.e., total surface disturbed, number and size of patches disturbed) both at
cold and warm temperatures than two cyprinid species, chub Squalius cephalus and sofie Parachondrostoma
toxostoma. On average, SSD by B. barbatula resulted in approximately two and three more patches than the
cyprinid species at 10 and 20 °C, respectively, and the mean patch area disturbed by B. barbatula was about
two times larger than the ones disturbed by the cyprinid species. The total surface disturbed by the cyprinids
at warm temperature was roughly equivalent to the surface disturbed by B. barbatula at cold temperature.
Our results thus suggest that SSD by fish could increase in future warmed conditions.
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Introduction

Given the growing interest in understanding the
changes of physical environment induced by organisms
(Statzner, 2012), bed sediment reworking by a variety of
animal species acting as zoogeomorphic agents has been
extensively studied in the bioturbation research field both
for marine and freshwater environments (e.g., macro-
invertebrates: Cadée, 1979; Caradec et al., 2004; Heldman
et al., 2011; Marmonier et al., 2012; Zhang et al., 2014;
molluscs: Orvain and Sauriau, 2002; Gilbert et al., 2007;
crayfish: Statzner et al., 2003a; Statzner and Peltret, 2006;
Johnson et al., 2010; mammals: Jones er al., 1994).

*Corresponding author: laetitia.buisson@univ-tlse3. fr

Among this fauna, many studies have focused on fish as
actors of bed surface disturbance in streams (e.g., Flecker,
1996; Flecker and Taylor, 2004; Holtgrieve and Schindler,
2010), given their key role in the flux and transfer of
particles and solutes in aquatic ecosystems. The influence
of spawning behaviour of salmonid species on streambed
has been extensively documented (e.g., Montgomery et al.,
1996; Peterson and Foote, 2000; Gottesfeld et al., 2004;
Moore et al., 2007; De Vries, 2012) but knowledge of other
behaviours as zoogeomorphic activity (e.g., foraging,
swimming and burrowing) remains scarce, especially
for non-salmonid species (but see Statzner and Sagnes,
2008; Shirakawa et al., 2013; Pledger et al., 2014).

Bed sediment reworking by fish can result from a
wide range of activities and be a substantial source of
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disturbance to benthic habitat (Moore, 2006) and ecosys-
tem functioning. For example, De Vries (2012) showed
that salmonids, by digging nests during the reproduction
season, cause a strong local reworking of the streambed
sediment. Spawning runs of sockeye salmon have also
been reported to increase temporarily surface gravel size
and invertebrate drift while decreasing periphyton bio-
mass (Peterson and Foote, 2000). Shirakawa et al. (2013)
also recently highlighted that the burrowing and feeding
behaviour of larval lampreys caused increased oxygen
levels and bioturbation in the streambed. Fish swimming
movement close to, or directed at the streambed can also
cause significant modifications of bed sediment structure
(Statzner and Sagnes, 2008), as can the excavation of
shelters (Reise, 2002).

Temperature plays a fundamental role in regulating
the physiological and biochemical processes of fishes (Fry,
1947; Brett, 1971), acting on physiology as a lethal factor
(below or beyond the thermal tolerances of species) or as a
stress factor (Elliott, 1981). Consequently, temperature
controls the fish activities (e.g., reproduction, migration
and feeding).

The assessment of the effects of temperature on fish
activity is a significant challenge in the context of climate
warming (Harborne, 2013), given that fish may influence
habitat features and ecosystem functioning through both
trophic and non-trophic activities (Shirakawa et al., 2013).
Although some studies have assessed the role of tem-
perature in regulating the activity of sediment reworking
(e.g., White et al., 1987; Ouellette et al., 2004), these have
not yet assessed this for freshwater fish. The studies
completed on other biota suggested a strong relationship
between sediment reworking and water temperature, both
in marine and freshwater systems. For instance, White
et al. (1987) reported a 90% decline in sediment reworking
rate by oligochaetes from the Laurentian Great Lakes
when temperature was experimentally lowered from 10 to
4°C. Ouellette et al. (2004) documented a higher sediment
transport by a marine polychaete species at warm (13 and
18 °C) than at cold (1 and 6°C) temperatures. Similar
trends were found for the bioturbation activity by a heart
urchin (Hollertz and Duchéne, 2001) or the reworking
rate by a surface deposit-feeding bivalve (Maire et al.,
2007). In another study, Berkenbusch and Rowden (1999)
have followed the rate of sediment expulsion by the
burrowing shrimp Callianassa filholi at an intertidal
sandflat in New Zealand over a 12-month period. They
found that sediment expulsion was significantly related
to seawater temperature, being maximal in summer and
dropping to a minimum at the end of winter.

In the context of climate change, all these findings thus
suggest that surface sediment reworking by biological
organisms could increase with the rapid on-going warm-
ing, as long as temperature does not exceed their upper
thermal tolerance. Fish, especially warm-water species, are
acknowledged to be more active at warm than at cold tem-
peratures (Lopez-Olmeda and Sanchez-Vazquez, 2011).
Consequently, we assume that benthic foraging fishes
preferring cool and warm waters could increase sediment

displacement and transport due to their feeding and
locomotor activity in response to water warming. Given
that cool- and warm-water fish species are also expected
to expand their spatial distribution (Buisson et al., 2008;
Lyons et al., 2010), the increase in surface sediment
disturbance (SSD) by benthic species might have im-
portant implications for bedload sediment flux at local
and larger scales (Statzner and Sagnes, 2008), and sub-
sequently on biogeochemical processes and ecosystem
functioning (e.g., Persson and Svensson, 2006a). For
instance, the micro-topography of the surface of sediment
could change and its erodibility by water rise due to
more intensive disturbance by fish (Pledger ef al., 2014).
Benthivorous fish species (e.g., Cyprinus carpio, Abramis
brama) are also known to influence directly and indirectly
water quality (i.e., nutrients, suspended solids and organic
matter) and biological communities (e.g., macrophytes,
phytoplankton, zooplankton and macro-invertebrates)
through nutrients and organic matter release from the
resuspension of sediments to the water column due to bio-
turbation (i.e., by feeding) but also excretion (Breukelaar
et al., 1994; Persson and Svensson, 2006a; Roozen et al.,
2007; Matsuzaki et al., 2009). Hence, changes in SSD by
benthic fish in response to water warming could lead to a
wide range of disturbances in ecosystem functioning,
among which changes in primary productivity by a spatial
redistribution of the micro-phytobenthos (Orvain et al.,
2004), increases of the water turbidity (Breukelaar et al.,
1994; Matsuzaki et al., 2009), changes in nutrient recycling
(Biles et al., 2002; Ieno et al., 2006), modifications in
the texture of the sediment (Montserrat e al., 2009) or
redistribution of macro-invertebrates in the first centi-
metres of the substrate (Persson and Svensson, 2006b;
Maire et al., 2010).

In that context, the aim of our study was to experi-
mentally assess the influence of contrasted temperatures
on SSD by three benthic freshwater fish species with differ-
ent temperature tolerance limits. Following the results of
earlier studies, we hypothesized that SSD by cool- and
warm-water fishes could rise with temperature warming
due to increased foraging and swimming activity. Cold-
water benthic species may also become more active due to
thermal stress but changes in SSD may also depend on the
intensity of warming. These results may help to better
understand how temperature warming may modify the
role of fish in particles movement.

Material and methods
Fish species

Three species of freshwater fish were utilized during the
experiment: the chub Squalius cephalus L. 1758, the sofie
Parachondrostoma toxostoma (Vallot 1837), and the stone
loach Barbatula barbatula L. 1758. Due to various
activities, they are assumed to disturb surface sediment
(e.g.,.De Nadai-Monoury et al., 2013). B. barbatula buries
in sediment for refuge and forages by sucking in large
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amounts of sediment, extracting a wide variety of small
benthic invertebrates and plants, and releasing the
sediment (Keith ez al., 2011). P. toxostoma feeds mainly
by grazing on benthic algae, diatoms and invertebrates
(Chappaz et al., 1989; Keith et al., 2011), whereas
S. cephalus is an opportunistic feeder eating both pelagic
and benthic material (Hellawell, 1971; Keith et al., 2011).
Both P. toxostoma and S. cephalus are also able to displace
sediments when moving close to the streambed (see
Statzner and Sagnes, 2008 for other cyprinid species;
personal observation). In France, these three species
are abundant in small rivers and large streams of trout
and barbel zones (Huet, 1959) with riffles and pools and
mainly covered by pebble-gravel and sandy substrates
(Keith et al., 2011). These species were selected according
to their contrasted thermal requirements. B. barbatula is
indeed a cold- to cool-water species whose upper tolerance
limit does not exceed 19 °C (Elliott et al., 1996), while the
two other cyprinid species prefer warmer waters with an
optimum temperature ranging between 12 and 25 °C depe-
nding on species and regions (Horoszewicz, 1973; Mann,
1976; Elliott, 1981; Bouchard et al., 1998; Gozlan, 1998;
Souchon and Tissot, 2012). When modelling the distribu-
tion of stream fish species at the European scale, Logez
et al. (2012) found a thermal range between 14.1 and
22.6 °C for the stone loach and between 14.7 and 25.8 °C
for the chub. These three species were also shown to have
contrasted response to future climate change in terms of
spatial distribution (Buisson et al., 2008). Consequently,
warmer temperature might have a different effect on SSD
by these three fish species.

Fish sampling and acclimatization

Sixteen individuals of each three fish species were
collected by electrofishing in spring 2011. S. cephalus and
P. toxostoma were sampled in the Volp River, whereas
B. barbatula was sampled in the Saudrune River. These
two streams are located in the Garonne River catchment
(Southwestern France). Water temperature in the two
streams during the sampling was approximately 14 °C.
The mean total length and mass of the fish caught
was 81.6 £ 8.1 mm and 5.24+0.9 g, 108.7 + 18.6 mm and
12.742.6 g and 112.6 +13.3 mm and 10.2+2.5 g, for
B. barbatula, S. cephalus and P. toxostoma, respectively.

At the laboratory, fish species were separated in three
acclimatization opaque tanks (500 cm long, 200 cm wide,
100 cm high) filled with water extracted from the river
where fish were sampled and placed in a temperature-
controlled room (15 °C for the first 2 days of acclimatiza-
tion) under a 12:12 h light regime. Two days after the
introduction of fishes into the acclimatization tanks,
temperature was increased or decreased by 0.5°C every
12 h until reaching the experimental temperature. The
experiments were conducted at 10 and 20°C thus rep-
resenting on average colder and warmer conditions
than the temperature experienced by fish in the days
before sampling, but going no further than the lethal

temperatures of the three fish species (Keith ez al., 2011;
Souchon and Tissot, 2012). In addition, these two tem-
peratures were quite realistic according to water tempera-
ture measured at present in the small rivers and large
streams of trout and barbel zones in the Garonne catch-
ment (ALADIN model: Bubnova et al., 1995; Sevault
et al., 2014). They were also relevant in the context of
climate change given the air temperature warming fore-
casted for the end of 21st century in an area of 1536 km?
including the two streams where fish were sampled
(Sevault et al., 2014). Indeed, under the most severe
climate change scenario (RCP 8.5), the mean monthly
temperature is forecasted to become higher than 10°C
from March to November (i.e., 9 months) and exceed
20°C from June to September in the future (mean over
2076-2100), whereas it only exceeds 20 °C in August and is
higher than 10 °C from April to October (i.e., 7 months) at
present (1981-2005). Hence, comparing these two con-
trasted and realistic temperatures enabled to test for the
effect of future water warming on SSD by the three fish
species and better understand potential implications for
physical processes and ecosystem functioning.

During the acclimatization period, fishes were fed with
dead chironomid larvae, and water in the tanks was
gradually diluted with dechlorinated tap-water. Two days
before the experiment, fishes were starved to optimize their
foraging behaviour during the experimental period. No
damage to individual fish was observed at the end of this
starvation period.

Experimental design

The cost-effective method proposed by De Nadai-
Monoury et al. (2013) was used to experimentally quantify
SSD by fish. For technical reasons, the experiments
were conducted in aquaria without any flow, hence rather
mimicking lentic than lotic environmental conditions.
Opaque glass aquaria (40 cm long, 25 cm wide, 25 cm
high) were placed in temperature-controlled rooms and
filled with a 5-cm layer of commercial white quartz sand
(1-2.5 mm in diameter). A thin layer of dark blue sand
(same diameter as the white sand) was used as tracers and
then meticulously sprinkled on the white sand surface.
Finally, tap water (about 18 cm high) was added in the
aquaria, paying attention not to disturb the sediment
layer, and then dechlorinated for 2 days. Aquaria were
placed on polystyrene plates (20-mm thick) to isolate them
from vibrations and lighted by an indirect light source
(12:12 h light regime), to reduce fish stress.

Given the dimensions of the aquaria used, a single fish
was placed in each aquarium resulting in a density of ten
individuals per square meter. This density is higher than
natural densities observed in streams but is consistent with
patch-scale densities often observed during low-flow
periods. It is worth noting that the behaviour of single
fish placed in an aquarium is likely different from what
is observed in the wild, especially for cyprinid species
that naturally shoal. However, this experimental design
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enabled us to avoid potential interactions between fishes
and additive surface disturbance due to multiple inter-
acting fishes. For each temperature, experiments included
eight replicates of each species, and three control micro-
cosms to quantify sediment displacements due to handling
or gravity in fish absence. At the end of the experiment,
fishes were released back into the streams from where they
had been collected.

Assessment of the SSD

Using a digital camera (Canon EOS 20D) mounted on
a tripod, a picture of the initial sediment layer was taken
directly above each aquarium before introducing the fish
(Fig. 1(a)). Then, pictures of the sediment layer were taken
daily to follow the changes in the sediment over the course
of the experiment. The pictures were taken quietly with the
fish within the aquarium to limit sudden and abrupt
movements due to stress that could result in non-natural
SSD. Appearance of white sand within the blue sand
surface layer reflected the intensity of SSD by fish and
spatial patterns of bed disturbed were also analysed. We
stopped the experiment after 10 days (Fig. 1(b)) as most
of the surface appeared to have been disturbed and the
disturbed surface stopped increasing (see De Nadai-
Monoury et al., 2013 for more details).

SSD was quantified using several metrics. First, the
proportion of surface disturbed was measured. Automatic
pixel counts estimating the surface occupied by appearing
white sand relative to the total surface of the aquarium
were performed using image analysis software Image-Pro
Plus (MediaCybernetics, Inc; see De Nadai-Monoury
et al., 2013 for a detailed description of pictures pro-
cessing). Second, spatial patterns in the disturbed surface
were analysed using the packages raster and SDMTools in
the R environment software (R Development Core Team,
2011). They enabled calculation of the number and size
of patches of appearing white sand (Fig. 1(c)). A patch was
defined as adjacent grains of white sand, i.e. white sand
grains sharing a border or at least a corner (Queen’s
method; Hijmans and van Etten, 2013). To avoid over-
estimating the number of patches due to isolated sand
grains, only patches made up of more than five grains
of white sand were counted. The proportion of disturbed
surface as well as both the number and mean size of the
patches were divided by the mass of the fish to ensure
robust comparisons between individuals and species. For
all three metrics, the sediment surface under the fish was
not accounted for in the computation of SSD.

Statistical analyses

Given small sample sizes, a non-parametric equivalent
of a two-way analysis of variance with replication
(Scheirer—-Ray—Hare test; Scheirer et al., 1976) was
performed to determine whether temperature (here, con-
sidered as a factor) and/or species significantly influenced

(a)
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Fig. 1. Picture of the surface of an aquarium at (a) the beginning
of the experiment, (b) after 10 days of sediment disturbance, and
(c) after image treatment. An uniform blue sand layer had been
sprinkled above a surface of white sand before one fish has been
placed in the aquarium and sediment disturbance activity daily
measured by picture analyses.

the proportion of disturbed surface at the end of the
experiment, as well as the number and size of the patches
disturbed. Then, comparisons between pairs of species and
temperature were performed by Mann—Whitney tests and
P-values were adjusted with the Bonferroni correction.
To determine whether SSD by fish was clustered or not,
the spatial randomness of the point patterns derived from
the sediment disturbance activity of fish was tested using
the simple quadrat method (Greig-Smith, 1952; Cressie,
1993). Complete Spatial Randomness (CSR) assumes that
points (here, white sand grains) follow a homogenous
Poisson process over the study area and thus, that the
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Fig. 2. Mean percentage of surface disturbed per gram of fish at (a) 10 °C and (b) 20 °C for the three fish species studied for the 10-day
experiment period. The bars shown are standard deviations calculated across eight individuals for each species and temperature.

density of white sand grains is constant over the whole
aquarium surface. The quadrat method estimated how
intensity of white sand grain patterns varied over the
aquarium surface by counting points in delimited quad-
rats. Given that the result of the test depends on the size
of the quadrats, the aquarium surface was partitioned
in quadrats ranging from 1 to 250 cm?>. Quadrat tests were
performed using the package spatstat of the R environ-
ment software (R Development Core Team, 2011).

Results

In absence of fish (controls), no changes in the
sediment surface were measured. In aquaria with fish,
SSD was detected shortly after the fishes were introduced
in aquaria (day 1) and the proportion of surface disturbed
by the three fish species steadily increased for the 10 days
of experiment, at both temperatures (Fig. 2). Both
cyprinid species P. toxostoma and S. cephalus had compar-
able kinetics at 10 °C (Fig. 2(a)) but differed at 20 °C with
higher disturbance by S. cephalus over the experiment
(Fig. 2(b)). Throughout the 10 days of experiment,
B. barbatula had a higher sediment disturbance activity
than both cyprinid species at both temperatures (surface
disturbed approximately 3—-4 and 24 times higher for
B. barbatula at 10 and 20 °C, respectively; Fig. 2).

After 10 days of experiment, sediment surface dis-
turbed appeared significantly clustered (i.e., patches of ap-
pearing white sand) for all three species and temperatures
(CSR; P <0.001) whatever the size of the quadrats chosen
except for two individuals of S. cephalus at 20 °C for the
largest quadrat size.

When comparing the sediment surface after 10 days
between species and temperatures, the proportion of
white sand disturbed (Fig. 3(a)) varied depending on
species (Scheirer—-Ray—Hare; H; 4, =23.4, P <0.001) and
temperature (H, 4, =14.7, P <0.001), while the number

(Fig. 3(b)) and size (Fig. 3(c)) of white sand patches
significantly differed between species (number of patches:
H, 4 =334, P<0.001; size of patches: H,4r=30.8,
P <0.001) but not between temperatures (all P> 0.05).
For the three species, the proportion of sediment surface
disturbed was significantly higher (approximately 2-3
times higher depending on species; Table 1) at 20 °C than
at 10 °C (Mann—Whitney; all P <0.05; Fig. 3(a)), with an
average of 10.5, 5.0 and 3.2%.g ' of aquarium surface for
B. barbatula, S. cephalus and P. toxostoma, respectively, at
20°C. At both temperatures, B. barbatula significantly
disturbed a larger surface with more and larger patches
than S. cephalus (Mann—Whitney, P <0.05) and
P. toxostoma (Mann—Whitney; P <0.05) (Fig. 3). On
average, SSD by B. barbatula after 10 days resulted in
2.6 and 1.9 more patches at 10°C than S. cephalus and
P. toxostoma, respectively, and 3.3 and 2.5 more patches
at 20°C (Table 1). The mean patch area disturbed by
B. barbatula was about two times larger than the patches
disturbed by the two cyprinid species at both temperatures
(Table 1). There was no significant difference in the
proportion of surface disturbed and patterns of SSD (i.e.,
number and size of patches) between S. cephalus and
P. toxostoma at both 10 and 20°C (Mann—Whitney; all
P> 0.05; Fig. 3; Table 1).

Discussion

This study is one of the first to investigate the potential
influence of temperature on the intensity of SSD by fresh-
water fishes. So far, the only studies dealing with the effect
of temperature on sediment disturbance were conducted
for marine invertebrates (e.g., Hollertz and Duchéne,
2001; Ouellette et al., 2004; Maire et al., 2007). They all
reported an increase in sediment reworking with rising
temperature. Our results highlighted that the three fresh-
water fish species considered were more active in SSD at
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Fig. 3. SSD by fish after 10 days of experiment: (a) percentage
of sediment surface disturbed per gram of fish; (b) number of
white sand patches per gram of fish; (c) mean patch area (log
transformed) per gram of fish. Different letters indicate
significant differences (P <0.05) between factors according
to multiple pairwise Mann—Whitney tests and adjustments of
P-values by a Bonferroni correction.

warm than at cold temperature confirming these previous
findings. It is well known that temperature is one of the
major drivers of the biology and activities of ectothermic

animals. Several studies have demonstrated that tempera-
ture controls many biochemical processes of metabolic
rate (Gillooly ez al., 2001; Brown et al., 2004) and that a
warmed temperature leads to an increase in basal and
active metabolic rate as well as rates at which energy
reserves are used by ectothermic organisms (Kassahn
et al., 2009). Increases in the rate of physiological
processes enable to raise fish activity among which
locomotor (Lopez-Olmeda and Sanchez-Vazquez, 2011)
and foraging (Hathaway, 1927; Hellawell, 1971) activities.
The inter-specific difference observed during this
experiment is likely due to the contrasted thermal require-
ments and tolerances of the three species studied. Indeed,
the optimum temperature for S. cephalus ranges between
12 and 25°C (Souchon and Tissot, 2012), the one of
P. toxostoma between 16 and 25°C (Gozlan, 1998),
whereas the upper tolerance limit of B. barbatula is colder,
around 19 °C (Elliott ez al., 1996). Outside their thermal
range, species are under thermal stress that is generally
characterized by lethargy at cooler temperatures, and
sudden activity sequences and rapid breathing movements
at warmer temperatures (Elliott, 1981). The temperatures
selected for our experiment made it possible to assess such
behavioural changes while keeping temperature within
tolerance limits. At 10°C, S. cephalus and P. toxostoma
were indeed under “hypo-thermal” stress: their metabo-
lism was likely slowed down to avoid energy consumption,
probably resulting in the observed reduced SSD. Both
species of cyprinids were within their optimal thermal
range at 20 °C, explaining the increased SSD behaviour.
By contrast, B. barbatula was within its optimal thermal
range at 10°C, and its proportion of sediment surface
disturbed was roughly equivalent to the one of both
cyprinid species at 20 °C. B. barbatula was however under
“hyper-thermal” stress at 20 °C resulting in an accelerated
metabolism and subsequently an increase in SSD activity.
Differences between species were also found in terms of
patterns in the surface disturbed. Overall, the three species
disturbed surface sediment particles in a non-random
manner with patches of white sand appearing at the
surface. However, it seems that B. barbatula tended to dig
more patches that were larger on average than the other
two species for which the small number and size of patches
disturbed were similar. Several activities may generate
SSD by fish such as: (i) foraging activity with the ingestion,
digestion and excretion of sediment into the water column
(Flecker, 1997; Statzner et al., 2003b; Pledger et al., 2014);
(ii) displacement of fine particulate matter (Zhang et al.,
2004); (iii) burrowing activity (Shirakawa et al., 2013);
(iv) nest digging (Moore, 2006); or (v) swimming activity
near the substratum (personal observation). In our study,
fish observations conducted during the experiments have
enabled us to highlight that SSD was mainly due both to
foraging and swimming near the sediment surface. Being a
benthic fish species, B. barbatula was also observed to
excavate sand grains to bury and probably to take refuge,
resulting in moderate-sized patches of sediment disturbed.
By contrast, the two cyprinid species rather tended to
produce patches more evenly distributed across the bed.
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Table 1. Summary statistics of the surface sediment disturbance metrics derived from the pictures analysis. Mean and standard

deviation across the eight replicates are given.

Barbatula barbatula

Squalius cephalus

Parachondrostoma toxostoma

Surface disturbed (%.g~ ")

10°C 4.90 +1.56

20°C 10.52 +1.74
Number of patches after 10 days per gram

10°C 16.17 £ 2.16

20°C 23.67 +6.20
Mean patch area (log) per gram

10°C 0.74+0.15

20°C 0.94+0.13

1.70 £0.79 1.13 +0.66
4.98 +1.30 3.16 + 1.41
6.27 +1.85 8.62+2.09
7.09 +£4.22 9.58 £2.15
0.33 +£0.06 0.38 +£0.09
0.42+0.10 0.42+0.10

The warmer temperature resulted in a larger surface
disturbed for all species, but did not result in significantly
more and larger patches being disturbed when compared
with 10°C. This counter-intuitive outcome is likely an
artefact of the experimental design. Indeed, experimental
units are enclosed spaces, where the number and size of
patches cannot increase indefinitely. However, to limit
this experimental bias, the experiment concluded after
10 days, since it appeared that the proportion of surface
disturbed reached a plateau. Conducting a finer analysis of
the position and size of appearing white sand patches
throughout the 10 days of experiment would likely
strengthen our results.

Other technical constraints induced by our experimen-
tal design in small-size aquaria hinder to extrapolate these
findings to more natural lotic conditions. First, despite the
innovative nature of this experiment in microcosmes, it is a
preliminary approach that deserves to be applied ex situ
with more realistic stream flow conditions (e.g., flumes,
larger sediment diameters; see such experimental designs
in: Statzner et al., 2000; Pledger et al., 2014) or in situ, in
both lentic and lotic systems. In streams, water flow can
indeed hide the movement of particles due to bioturbation
by invertebrates and small fish that have thus limited
direct geomorphological implications (Statzner, 2012).
Fine sediment displacements by foraging can also be
harder due to water-working by the flow that consolidate
and structure the bed surface. However, benthic foraging
fishes have also been reported to undo the water-worked
imbricate structures (Pledger et al., 2014), thereby poten-
tially counteracting the sediment consolidation by flow
or other lotic organisms (e.g., plants, aquatic insects;
Statzner, 2012). Stream flow might also influence foraging
and swimming activities as fish often feed whilst facing
upstream into the flow (Pledger et al., 2014), and con-
sequently, the nature of SSD. Accounting for the close
tangling between stream flow and SSD by fish activities
would likely help better understanding their relative effect
in natural systems.

Second, our experimental design limited to the com-
parison of two contrasted temperatures prevented us to
identify potential threshold temperatures above which
SSD started to increase or decrease. Such thermal thresh-
olds in sediment reworking have been reported in
White et al. (1987) for oligochaetes experiencing cycles
of fall and rise temperatures between 4 and 20 °C, and in

Berkenbusch and Rowden (1999) who followed the rate
of sediment expulsion by a burrowing shrimp over a
12-month period. Nevertheless, most other previous
studies that have focused on the relationship between
temperature and sediment reworking have been limited
to two or three temperature treatments (Ouellette et al.,
2004, Maire et al., 2007), probably for practical
and technical constraints. Further experimental work
conducted in a controlled temperature room where a
continuous warming would be simulated would make it
possible to precisely measure the fine relationship between
temperature and SSD and to identify a potential peak
activity in fish sediment disturbance activity.

Third, it should be noted that our experiment was
limited to three fish species, thus neglecting other fish that
are known to be active streambed sediments bioturbators
either by feeding or swimming (e.g., the barbel Barbus
barbus 1.1758: Pledger et al., 2014; the gudgeon Gobio
gobio L..1758: Statzner et al., 2003b; Statzner and Sagnes,
2008; larval lamprey: Shirakawa et al., 2013) or nest
digging (e.g., salmonids: De Vries, 2012), but also other
zoogeomorphic animals such as crayfish (e.g., Statzner
et al., 2000) or benthic macro-invertebrates (e.g., De
Nadai-Monoury et al., 2013). Moreover, due to limited
space, a single fish was placed into each aquarium
preventing all complex biotic interactions known to affect
bioturbating activities. In addition, using single fishes has
limited our ability to study the joint effects of several
bioturbators on physical interactions among sediment
surface modifications (Statzner and Sagnes, 2008). All
these experimental constraints suggest that a great caution
should be exercised if extrapolating these preliminary
results to the whole fish communities and more natural
conditions.

In the context of the ongoing climate change, our
finding that water warming could potentially increase
SSD by fish may have important consequences for both
physical and geomorphological processes and aquatic
ecosystem functioning. This warming, simulated by a
temperature of 20 °C, seems realistic in the streams of the
Garonne catchment for the end of the 2Ist century
according to the regional climate models (ALADIN
climate model; Sevault et al., 2014). Among the potential
impacts of an increase in SSD by fish in the future are the
increased erodibility of sediment surface and fine particles
transport in rivers (Pledger et al., 2014). They could result
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simultaneously in waters with higher suspended solids and
fine elements (e.g., organic detrital matter) concentrations,
but lower fine sediment volumes (Statzner, 2012) in local
places such as deposition areas. Fine sediment removal
may subsequently affect negatively biological communities
by reducing the establishment and presence of sessile or
movement-limited insects (Pringle et al., 1993) and redu-
cing bed biofilms (Statzner et al., 2000) that indirectly
affect leaf decomposition processing. In lentic waters,
turbidity could be hastened and concentrations in nutri-
ents and organic material higher due to the resuspension
of sediments to the water column through bioturbation by
fish (e.g., Breukelaar et al., 1994; Matsuzaki et al., 2009),
resulting subsequently in phytoplankton blooming and
water eutrophication, already enhanced by warming
(Jeppesen et al., 2010). Changes in community composi-
tion (Matsuzaki et al., 2009) and vertical distribution of
benthic fauna (Persson and Svensson, 2006b) due to pre-
dation by benthivorous fish may also impact nutrients
fluxes as well as the incorporation of organic matter into
the benthic food web (Maire et al., 2010), especially at
higher temperatures (Zhang et al., 2013).

To conclude, given that benthic foraging is a common
feeding behaviour in freshwater environments observed
all year round and that it appears a substantial zoo-
geomorphic mechanism (Pledger et /., 2014), SSD by fish
should not be overlooked in future research assessing
the potential impacts of climate change on zoogeo-
morphology. In addition, many cool- and warm-water
benthic fish species are forecasted to expand their
distribution in the coming decades while some others are
expected to contract (Buisson et al., 2008; Lyons et al.,
2010). As climate change impacts both habitats and food
sources, the distribution of some geomorphologically
active animals may change dramatically, affecting subse-
quently the zoogeomorphic patterns of the influences and
intensities of these impacts (Butler, 2012). Hence, these
issues should be urgently addressed.
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