
lable at ScienceDirect

Environmental Pollution 255 (2019) 113259
Contents lists avai
Environmental Pollution

journal homepage: www.elsevier .com/locate/envpol
Interactive effects of warming and microplastics on metabolism but
not feeding rates of a key freshwater detritivore*

Pavel Kratina a, *, Tania J. Watts a, Dannielle S. Green b, Rebecca L. Kordas c,
Eoin J. O'Gorman d

a School of Biological and Chemical Sciences, Queen Mary University of London, Mile End Road, London E1 4NS, United Kingdom
b Applied Ecology Research Group, School of Life Sciences, Anglia Ruskin University, Cambridge, Cambridgeshire, CB11PT, United Kingdom
c Department of Life Sciences, Imperial College London, Silwood Park Campus, Buckhurst Road, Ascot, Berkshire, SL5 7PY, United Kingdom
d School of Life Sciences, University of Essex, Wivenhoe Park, Colchester, CO4 3SQ, United Kingdom
a r t i c l e i n f o

Article history:
Received 18 July 2019
Received in revised form
13 September 2019
Accepted 14 September 2019
Available online 16 September 2019

Keywords:
Climate warming
Leaf litter breakdown
Multiple stressors
Oxygen consumption
Pollution
Shredder
* This paper has been recommended for acceptanc
* Corresponding author.

E-mail addresses: p.kratina@qmul.ac.uk (P. Kratin
(T.J. Watts), danniellesgreen@gmail.com (D.S. Gre
(R.L. Kordas), e.ogorman@essex.ac.uk (E.J. O'Gorman).

https://doi.org/10.1016/j.envpol.2019.113259
0269-7491/© 2019 The Authors. Published by Elsevie
a b s t r a c t

Microplastics are an emerging pollutant of high concern, with their prevalence in the environment
linked to adverse impacts on aquatic organisms. However, our knowledge of these impacts on freshwater
species is rudimentary, and there is almost no research directly testing how these effects can change
under ongoing and future climate warming. Given the potential for multiple stressors to interact in
nature, research on the combined impacts of microplastics and environmental temperature requires
urgent attention. Thus, we experimentally manipulated environmentally realistic concentrations of
microplastics and temperature to partition their independent and combined impacts on metabolic and
feeding rates of a model freshwater detritivore. There was a significant increase in metabolic and feeding
rates with increasing body mass and temperature, in line with metabolic and foraging theory. Experi-
mental warming altered the effect of microplastics on metabolic rate, which increased with microplastic
concentration at the lowest temperature, but decreased at the higher temperatures. The microplastics
had no effect on the amount of litter consumed by the detritivores, therefore, did not result in altered
feeding rates. These results show that the metabolism of important freshwater detritivores could be
altered by short-term exposure to microplastics, with greater inhibition of metabolic rates at higher
temperatures. The consequences of these metabolic changes may take longer to manifest than the
duration of our experiments, requiring further investigation. Our results suggest little short-term impact
of microplastics on litter breakdown by gammarid amphipods and highlight the importance of envi-
ronmental context for a better understanding of microplastic pollution in freshwater ecosystems.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Human societies rely on freshwaters for vital ecosystem ser-
vices, including food and water provision, climate regulation, and
recreation (MEA, 2005). With the human population projected to
reach 8.4e10.9 billion by 2050, demand on these ecosystem ser-
vices will further increase (Hall, 2015). Freshwater ecosystems are
also faced with unprecedented environmental changes, such as
climate warming (IPCC, 2014) and pollution (MEA, 2005; Dudgeon
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et al., 2006). Given the prevalence of anthropogenic development
near these ecosystems, freshwaters are particularly susceptible to
the combination of these global and local environmental pressures
(Dudgeon et al., 2006; Ormerod et al., 2010).

Plastics have become an integral part of modern life since the
1950s, resulting in a global demand of 348 million tonnes in 2017
(Plastics Europe, 2018). The increasing rate of plastic production
combined with dispersal from landfills, sewer overflow, and agri-
cultural runoff have resulted in unprecedented amounts of this
material in the environment (Dris et al., 2015; Browne et al., 2011).
Plastic pollutants are categorised into three size classes: macro-
(>5mm), micro- (1 mme5mm), and nano- (<1 mm) plastics.
Microplastics can result from the fragmentation of macroplastics
through abrasion, wave action, collisions, saltation, and traction
(Dris et al., 2015), or can be produced in micro sizes (Fendall and
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Sewell, 2009). Due to the varying densities of plastic polymers,
microplastics are located throughout the water column from sur-
face to sediment making them easily ingestible by species of vari-
able sizes and feeding modes (Wright et al., 2013). Although
microplastics have been detected in over 200 species (Teuten et al.,
2007) most research efforts have focused on their impacts in ma-
rine environments, and our understanding of the biological effects
of microplastics on freshwater species remains rudimentary (Dris
et al., 2015; Horton et al., 2017).

Microplastics have been shown to reduce feeding rates in shore
crabs (Carcinus maenas; Watts et al., 2015), Asian green mussels
(Perna viridis; Rist et al., 2016), copepods (Calanus helgolandicus;
Cole et al., 2015), and water fleas (Daphnia magna; Ogonowski et al.,
2016). The most likely mechanism is a physical blockage of the gut
passage or behavioural avoidance of non-nutritious food contami-
nated bymicroplastic particles (Wright et al., 2013; Cole et al., 2015;
Galloway et al., 2017). Such sub-lethal effects may be contingent on
the taxonomic group, since feeding rates were unaffected or
enhanced by microplastics in Pacific oysters (Crassostrea gigas; Cole
and Galloway, 2015; Sussarellu et al., 2016), freshwater amphipods
(Gammarus fossarum; Blarer and Burkhardt-Holm, 2016), and ma-
rine isopods (Idotea emarginata; H€amer et al., 2014). Microplastics
can also negatively affect metabolic rates due to impairment of
oxygen uptake (Rist et al., 2016) or altered enzyme activity (Wen
et al., 2018), although variable effects have been reported (Cole
et al., 2015; Green, 2016; Green et al., 2016). Changes in energy
demand (metabolism) and energy intake (feeding) could ultimately
alter community structure and ecosystem function (Ward et al.,
2016). Whilst it is important to understand the impacts of micro-
plastics under realistic environmental conditions, most of the
studies to date have used microplastic exposures between two and
seven orders of magnitude higher than any concentration found in
natural ecosystems (Lenz et al., 2016). Therefore, our understanding
of the effects from environmentally realistic microplastic exposures
remains limited (Horton et al., 2017).

Ecological communities are also under increasing pressure from
global warming, with a doubling in the frequency of heatwaves
over the past 40 years (Fr€olicher et al., 2018) and a projected in-
crease in mean annual temperature of at least 1.5 �C by the end of
the century (IPCC, 2014). Increasing temperature places a funda-
mental biological constraint on metabolic and cellular processes of
all ectothermic organisms (Gillooly et al., 2001; Ohlberger, 2013).
Warming increases metabolic rate up to the thermal optimum of an
organism, which can increase individual feeding rates and alter
consumer-resource interactions (Brown et al., 2004; Rall et al.,
2012; Ohlberger, 2013). Temperature is also likely to interact with
other stressors to either compound or mitigate their effects on
ecological communities (Crain et al., 2008; Kratina et al., 2012;
Piggott et al., 2015). Since environmental temperature and micro-
plastic pollution generally have the opposite effects on metabolism
and feeding, the combined effect of these two stressors is likely to
be antagonistic (i.e. less then the sum of the individual impacts).
However, only two studies have analysed the combined effects of
warming and microplastics on feeding rates (of common gobies)
and found no significant interaction between the stressors (Ferreira
et al., 2016; Fonte et al., 2016). Despite the increasing importance of
both stressors, there is lack of research about the interactive effects
of warming and microplastics on metabolic rates (but see Wen
et al., 2018). This uncertainty about the potential for environ-
mental temperature to modify the impact of microplastics requires
urgent attention if we are to fully understand the current and future
risks of microplastic pollution and successfully manage freshwater
ecosystems.

To address this critical gap in microplastic research, we
experimentally tested the independent and combined impacts of
microplastics and warming on the energy demand (metabolism)
and energy intake (feeding) of an important and widely distributed
freshwater detritivore e the amphipod, Gammarus pulex. We
hypothesised that there would be: (1) an increase in metabolic and
feeding rates with increasing temperature; (2) a reduction in
metabolic and feeding rates with increasing microplastic concen-
tration; and (3) weaker effects of microplastics on metabolic and
feeding rates at higher temperatures.
2. Materials and methods

2.1. Model species collection and maintenance

Gammarus pulex is a ubiquitous benthic shredder in European
runningwaters that breaks down coarse particulate organic matter,
channelling the associated energy to predators such as fish. By
converting terrestrial litter inputs into the fine particulate and
dissolved organic matter, these shredders also convey these re-
sources to other invertebrates, especially in upland streams
(Wallace and Webster, 1996). The species is commonly used as a
model organism for assessing the effects of pollutants under lab-
oratory conditions (Miller et al., 2016; Henry et al., 2017; Weber
et al., 2018). We collected approximately 400 G. pulex by kick
sampling the River Cray (Bexley, South-East London, UK,
51�25059.000 N 0�08016.400 E) in summer 2017. These amphipods
were stored in a temperature-controlled room (15 �C, 12 h:12 h
light:dark photoperiod) in two aerated glass aquaria
(45� 25� 30 cm), each containing 5 L of river water. They were
visually inspected, removing any individuals that were smaller than
1 cm, bearing eggs, or infected with Acanthocephalan parasites,
which can alter amphipod behaviour (Tain et al., 2006; Labaude
et al., 2015). The remaining individuals were rinsed with syn-
thetic freshwater (SFW) and transferred to a new glass aquarium
with 5 L of aerated SFW in the same temperature- and light-
controlled room for acclimatisation, for a minimum of 7 days
prior to any experimentation. The SFW used for stock maintenance
and experimentation was prepared according to the US Environ-
mental Protection Agency (Weber, 1991), from 1.92 g of NaHCO3,
1.2 g MgSO4, 1.2 g CaSO4, and 0.08 g of KCl dissolved in 20 L of
deionised water. The same protocol was used to house G. pulex in
several other toxicological studies (Miller et al., 2016; Henry et al.,
2017). During this maintenance phase, G. pulex were fed ad libitum
with alder-leaves (Alnus glutinosa) and coarse pebbles were pro-
vided for shelter.

Prior to all experiments, G. pulex were moved in groups of six
into smaller glass microcosmswith 200mL of aerated SFW, for one-
week acclimation. They were fed ad libitum with alder leaf disks.
These amphipods were transferred from the 15 �C room to
temperature-controlled incubators (Stuart SI500, Orbital), where
the temperature was changed gradually (þor e 1 �C h�1) until the
three targeted experimental temperatures were reached (9, 15, and
19 �C). This range of temperatures is commonly experienced by
amphipods in UK rivers over their annual life cycle, while
maximum temperatures are expected to increase in magnitude and
frequency under future climate change scenarios (Hannah and
Garner, 2015). Wild populations of G. pulex are known to adapt to
changes of 6 �C per day (Maazouzi et al., 2011), making the gradual
change in temperature within the tolerance limits of the species.
Amphipods remained at the experimental temperature for 1.5 days
before being starved for 24 h to ensure a standardised satiation
level among all individuals. During this time, SFW was changed
daily to ensure dissolved oxygen levels were sufficient and did not
exert any additional stress on the amphipods.
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2.2. Microplastics exposure

For microplastics exposure, we used commercially produced
polymethyl methacrylate (PMMA) spheres with a diameter of
40.2 mm (Spherotech: FPMA-40056-5, lot number 501), which is
within the size range of plastic that can be ingested and egested by
G. pulex (Imhof et al., 2013). These transparent PMMA spheres have
a density (1.19 g cm�3) greater than that of water, allowing them to
sink through the water column to the substratum where they
become biologically available for amphipods feeding on leaf litter.
PMMA is a common microplastic used in personal care and
cosmetic products along with polyethylene, nylon, polypropylene,
and polyethylene terephthalate. Other uses include facial fillers,
patio roofs, conservatories, light guide panels for LCD display
screens, lenses for mobile phones, touch screens, street lighting,
and many uses within the automobile industry (Plastics Europe,
2018). We used glass material for handling, storage, and exposure
experiments tominimise contamination and loss of particles due to
adhesion onto plastic materials.

We searched empirical literature reporting sediment micro-
plastic concentrations in freshwater ecosystems to identify realistic
concentrations for use in our experiments. We found that natural
concentrations ranged between 0 and 51.70 microplastic particles
cm�2 (Zbyszewski et al., 2014; Hurley et al., 2018). Our experi-
mental design included this range and also double the maximum
natural concentration reported in the literature, to simulate both
present and potential future effects (de S�a et al., 2018). For all
exposure experiments, experimental glass microcosms were filled
with 200mL of aerated SFW, then one leaf disk of known weight
was placed at the bottom of each microcosm. Because we carefully
measured the experimental concentrations of PMMA beads and
introduced them into the glass microcosms, these represent accu-
rate microplastic concentrations in the experimental environment
(i.e. media). After the introduction, we briefly stirred the solution
and the microcosms were left to rest for 1 h to allow all PMMA
spheres to sink. This resulted in a relatively equal distribution of
microplastics across the bottom of each microcosm, simulating
different intensities of microplastic pollution. A single starved
amphipod was introduced into each of the microcosms to initiate
the experiment. Finally, lids were placed on all microcosms to
prevent water loss and contamination.
2.3. Quantifying metabolic rates

We measured respiration rates as a proxy for metabolic rate,
following a similar protocol to Brodersen et al. (2008). Oxygen
consumption rates of amphipods were measured following 24 h of
exposure to experimental microplastic concentrations (0.52, 26.12,
and 104.48 cm�2) plus a control (0 cm�2) at each of three experi-
mental temperatures (9, 15, and 19 �C). For each treatment com-
bination, we measured respiration rates of 3e5 individuals, for a
total of 43 measurements. Individual amphipods were transferred
to SFW-filled 2mL glass chambers fitted with a magnetic stirrer to
prevent stratification, which was separated from the organism by a
mesh screen. Oxygen concentration was measured every second
during three periods of 10e15 s each using an oxygen microelec-
trode (MicroResp, Unisense, Denmark) fitted through a capillary in
the gas-tight stopper of each chamber. An animal-free chamber
containing only SFW, a magnetic stirrer, and a mesh screen was
used to measure the background oxygen consumption or produc-
tion by microbes or autotrophs present in the experimental water.
Metabolic rates (mmol O2 h�1) were calculated from the least
squares linear regression fitted through all data points measured in
each chamber, corrected for background rates in the animal-free
chamber and slight differences in chamber volumes. After each
experiment, amphipods were preserved in 1mL of 70% ethanol and
their body length wasmeasured from the rostrum to the base of the
telson. Length was converted into dry body weight using an
established length-weight relationship for G. pulex from Gee
(1988): y¼ 0.0058x3.015, where y is body mass in mg and x is
body length in mm.

2.4. Quantifying feeding rates

For the feeding rate experiments, we exposed amphipods to ten
concentrations of microplastics (0.05, 0.26, 0.52, 2.61, 5.22, 15.67,
26.12, 36.57, 52.24, 104.48 cm�2) plus a control (0 cm�2) at each of
three experimental temperatures (9, 15, and 19 �C). There were 3e7
replicates of each treatment combination, each containing one in-
dividual amphipod. Note that feeding trials, where amphipods shed
their skin or died, were not included in the analysis. Amphipods
were offered a leaf disk as a food source. To standardize leaf
biomass across all experimental treatment combinations, whole
alder leaves were soaked in SFW for 10min before 15mm leaf disks
were cut out, using a cork borer, avoiding the main vein. Leaf disks
were rinsed of any residual silt or substrate, wrapped individually
in foil and dried at 60 �C for 24 h before being weighed on an ultra-
micro balance to the nearest 0.01mg (UMX2, Switzerland). Leaf
disks were then re-soaked for two days prior to experimental ex-
posures, to prevent them floating to the surface during experiments
and ensuring their availability to the amphipods. We also estab-
lished seven animal-free microcosms at each temperature, con-
taining only a leaf disk of a known weight and 200mL of SFW, to
account for microbial decomposition. After 24 h of experimental
exposure, amphipods were preserved in 1mL of 70% ethanol and
their body mass was estimated, as for the respiration experiments.
All leaf disks were collected, thoroughly rinsed to remove any
microplastics or faeces, wrapped individually in foil, dried at 60 �C
for 23 h, and thenweighed on an ultra-micro balance to the nearest
0.01mg (UMX2, Switzerland). Feeding rate was defined as the
amount of ingested leaf mass per day (i.e. the initial minus final dry
weight of the leaf disks), corrected for microbial decomposition (i.e.
subtracting the mean loss of leaf dry weight in the animal-free
microcosms at the corresponding temperature).

2.5. Statistical analyses

Our response variables (R), metabolic rate (mmol O2 h�1) and
feeding rate (mg day�1), depend on both temperature and body
mass according to the Metabolic Theory of Ecology (Brown et al.,
2004) and a meta-analysis of feeding experiments (Rall et al.,
2012) as follows:

R ¼ R0M
bReER

TR�T0
kTRT0 (1)

Here, R0 is themetabolic or feeding rate at T0,M is dry bodymass
(mg), bR is an allometric exponent, ER is the activation energy of the
biochemical reactions underpinning R (eV), k is the Boltzmann
constant (8.618� 10�5 eV K�1), TR is the experimental temperature
(K), and T0 is 287.15 K (i.e. 14 �C, the midpoint of the range of
temperatures used in the experiments). We performed a multiple
linear regression on the natural logarithm of Equation (1),
exploring the main effects of temperature and body mass on
metabolic or feeding rate. We then mass-corrected the response
variables by dividing metabolic or feeding rate by MbR.

To determine the effect of microplastics on our mass-corrected
response variables (RM), we first calculated the change in meta-
bolic or feeding rate (DRM) relative to the microplastic-free control
treatment. We subtracted the mean mass-corrected metabolic or



Fig. 1. Body mass and temperature dependence of amphipod metabolic rates. Ln
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feeding rate in the control at each temperature from the individual
replicate measurements containing microplastics at the corre-
sponding temperature. A positive value of DRM indicates an in-
crease, while a negative value of DRM indicates a decrease in
metabolic or feeding rate. We performed a multiple linear regres-
sion exploring the main and interactive effects of temperature and
microplastic concentration on DRM. Here, a significant intercept or
main effect of microplastic concentration would mean that micro-
plastics changed the response variable, irrespective or depending
on the concentration, respectively. A significant main effect of
temperature or interactive effect of microplastic concentration and
temperature would mean that temperature altered the effect of
microplastics on the response variable, irrespective or depending
on the concentration, respectively. All statistical analyses were
carried out in R 3.5.1 (R Development Core Team, 2018).

3. Results

3.1. Metabolic rates

There was a significant log-linear increase in respiration rate
with both body mass and temperature (F2,40¼10.64; p¼ 0.001;
r2¼ 0.31; Table 1), supporting our first hypothesis. The respiration
rate of G. pulex increased with body mass with an allometric
exponent of 0.45± 0.33 (mean± 95% CI; Fig. 1a) and with temper-
ature with an activation energy of 0.23 ± 0.13 eV (mean± 95% CI;
Fig. 1b). There was a significant main effect of microplastic con-
centration on respiration rate (Table 2), with a reduction in respi-
ration rate relative to the control as microplastic concentration
increased (Fig.1), supporting our second hypothesis. Therewas also
an interactive effect of temperature and microplastic concentration
on the change in respiration rate relative to the microplastic-free
controls (F3,29¼ 5.73; p¼ 0.003; r2¼ 0.31; Table 2). Here, there
was an increase in respiration rate relative to the controls at the
coolest temperature, but a decrease in respiration rate relative to
the controls at both 15 and 19 �C as microplastic concentration
increased (Fig. 2). In contrast to our third hypothesis, this suggests
that higher temperatures strengthened the negative effect of
microplastics on respiration rates.

3.2. Feeding rates

There was a significant log-linear increase in feeding rate with
both body mass and temperature (F2,120¼11.89; p< 0.001;
r2¼ 0.15; Table 1), supporting our first hypothesis. The feeding rate
of G. pulex on leaf litter increased with body mass with an allo-
metric exponent of 0.72± 0.70 (mean± 95% CI; Fig. 3a) and with
temperature with an activation energy of 0.57± 0.25 eV
(mean± 95% CI; Fig. 3b). There was no significant main effect of
microplastic concentration, or interactive effect with temperature,
on the change in feeding rate relative to the microplastic-free
Table 1
Parameter estimates with associated standard errors (SE), t-values, and p-values for
the ln-linear models describing the main effects of body mass and temperature on
metabolic and feeding rates of amphipods. Parameters correspond to those listed in
Equation (1), where R0 is ln-metabolic rate or ln-feeding rate at T0, bR is the allo-
metric exponent, and ER is the activation energy.

Response variable Parameter Estimate SE t-value p-value

Metabolic rate R0 �2.998 0.5141 �5.831 <0.001
bR 0.4466 0.1677 2.663 0.011
ER 0.2333 0.0682 3.423 0.001

Feeding rate R0 �2.800 0.9966 �2.809 0.006
bR 0.7159 0.3493 2.049 0.043
ER 0.5674 0.1240 4.578 <0.001

respiration rate increased significantly with both (a) body mass and (b) temperature
(see Table 1). Note that the lines of best fit for the explanatory variables in panels (a)
and (b) are shown after setting the other explanatory variable to its median value.
controls (F3,107¼ 0.756; p¼ 0.521; Table 2; Fig. 4), in contrast to
our second and third hypotheses. Note that there were still no
significant effects of temperature or microplastic concentration on
the change in feeding rate relative to the microplastic-free controls
after analysing only the subset of microplastic concentrations cor-
responding to the respiration experiments (F3,35¼ 0.117; p¼ 0.949;
Table 2).



Table 2
Parameter estimates with associated standard errors (SE), t-values, and p-values for the linear models describing the main and interactive effects of temperature (temp) and
microplastic concentration (MPC) on the change in mass-corrected metabolic and feeding rates of amphipods relative to the microplastic-free controls. Note that parameters
and summary statistics are also shown for a subset of the feeding rate data with MPCs corresponding to those used in the respiration rate experiment.

Response variable Parameter Estimate SE t-value p-value

Metabolic rate intercept �1.95� 10�2 9.65� 10�3 �2.017 0.053
temp 1.49� 10�3 6.55� 10�4 2.280 0.030
MPC 4.17� 10�4 1.55� 10�4 2.700 0.011
temp:MPC �3.90� 10�5 1.11� 10�5 �3.516 0.001

Feeding rate Intercept �1.86� 10�2 2.91� 10�2 �0.638 0.525
temp 2.20� 10�3 1.86� 10�3 1.181 0.240
MPC �6.61� 10�7 6.82� 10�4 �0.001 0.999
temp:MPC �7.09� 10�6 4.26� 10�5 �0.166 0.868

Feeding rate (subset) intercept �1.15� 10�2 5.02� 10�2 �0.230 0.819
temp 8.87� 10�4 3.14� 10�3 0.283 0.779
MPC �8.82� 10�5 7.99� 10�4 �0.110 0.913
temp:MPC �7.43� 10�6 4.96� 10�5 0.150 0.882

Fig. 2. The interactive effect of experimental temperature and microplastic concen-
trations on the change in amphipod metabolic rates relative to the microplastic-free
controls (see Table 2). The lines of best fit show the effect of microplastic concentra-
tion on the response variable at each of the three temperatures.
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4. Discussion

This study demonstrates how environmental temperature can
alter the impact of microplastics on the metabolism, though not
feeding rate, of aquatic organisms. Bothmetabolic and feeding rates
of G. pulex increased with temperature and body mass, as predicted
by the Metabolic Theory of Ecology (Gillooly et al., 2001; Brown
et al., 2004) and shown in a meta-analysis of functional response
experiments (Rall et al., 2012). The activation energy of metabolic
rate was much weaker than expected, with an upper 95% CI
(0.36 eV) that did not fall within the expected range of 0.6e0.7 eV
(based on the average of observed metabolic rates; Brown et al.,
2004). This may have been driven by metabolic rate levelling off
at the highest temperature, with deviations from the Boltzmann-
Arrhenius model accounting for a large amount of variability in
the thermal sensitivity of biological rates (Pawar et al., 2016). This
suggests that this population of G. pulex was approaching its ther-
mal optimum for metabolic rate at 19 �C, with further warming
likely to induce a decline in metabolic performance (Pawar et al.,
2016).

There was a net negative effect of microplastics on metabolic
rate, though not feeding rate of G. pulex, offering only partial sup-
port for our second hypothesis. Suppression of metabolic rates
through exposure to microplastics has been described in other
aquatic organisms (Rist et al., 2016; Wen et al., 2018), highlighting
the potential for these tiny pollutants to impede physiological
performance. Lower metabolism is likely to result in reduced ac-
tivity and thus a diminished rate of resource acquisition (Cloyed
et al., 2019; Brown et al., 2004). It is interesting then that the
lower metabolic rates of G. pulex did not translate into reduced
feeding rates on their preferred leaf litter resources at higher
microplastic concentrations in the water. Lowered metabolic rates
in response to thermal acclimation also did not immediately lead to
reduced feeding rates, suggesting either a delayed response in the
latter, or that feeding rate may be more directly influenced by the
rate of gastric digestion than oxygen consumption (Wallace, 1973).
There was also no change in the feeding rate of G. pulex, or its
congeneric G. fossarum, after exposure to microplastics, despite the
use of much higher concentrations than in this study (Blarer and
Burkhardt-Holm, 2016; Weber et al., 2018). While Straub et al.
(2017) found an initial depression of feeding rates of G. fossarum
after one-week exposure to polyhydroxybutyrate and PMMA (333
particles mL�1), this effect disappeared by the second week of their
experiment. This evidence generally points to weak short-term
effects of microplastics (i.e. <1 week exposure) on leaf litter
breakdown rates in gammarid amphipods, whereas the impacts of
sustained microplastic exposure (i.e. weeks to months) remain a
promising avenue for further research.

Interestingly, the effect of microplastics on the metabolic rate of
our model freshwater detritivore was contingent on environmental
temperature. In contrast to our expectations, the reduction in
metabolic rate with increasing microplastic concentration only
occurred at the highest temperatures in our experiment, with a
positive effect of microplastic concentration on metabolic rate at
the coolest temperature. Increased metabolic rates in response to
high concentrations of microplastics have also been described for
the lugworm, Arenicola marina (Green et al., 2016) and European
flat oyster, Ostrea edulis (Green, 2016). Note that an increased
metabolic rate does not necessarily equate to increased perfor-
mance and may reflect more rapid breathing due to impaired res-
piratory function (Hebel et al., 1997). Nevertheless, the mean effect
of microplastics on metabolic rate at the coolest temperature was
zero, i.e. there was very little change relative to the microplastic-
free controls (Fig. 2). Thus, the negative effects of microplastic
concentration onmetabolic rate were onlymanifested at the higher



Fig. 3. Body mass and temperature dependence of amphipod feeding rates. Ln feeding
rate increased significantly with both (a) body mass and (b) temperature (see Table 1).
Note that the lines of best fit for the explanatory variables in panels (a) and (b) are
shown after setting the other explanatory variable to its median value.

Fig. 4. Experimental warming and microplastic concentrations had no effect on the
change in amphipod feeding rates relative to the microplastic-free controls (see
Table 2). The lines of best fit show the effect of microplastic concentration on the
response variable at each of the three temperatures.
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temperatures, highlighting the potential for climate change or even
seasonal fluctuations in environmental temperature to alter
microplastic effects on organismal physiology. Warming has been
shown to increase the accumulation of microplastics in fish,
affecting metabolic enzyme activity, which hints at a potential
mechanism underpinning the changes observed here (Wen et al.,
2018). A more detailed mechanistic understanding of the physio-
logical processes underpinning altered metabolic rates in response
to multiple environmental stressors is now required (Jackson et al.,
2016).
To date, the only other research testing the impacts of micro-

plastics in the context of environmental warming focused on ju-
venile marine fish e the common goby, Pomatoschistus microps.
This work showed that experimental warming (from 20 to 25 �C)
did not alter the effects of microplastics on feeding rates or fish
health (Ferreira et al., 2016; Fonte et al., 2016). In the current study,
there were also no interactive effects of microplastics and warming
on feeding rates despite the ample evidence that climate warming
readily interacts with other environmental stressors (Kratina et al.,
2012; Piggott et al., 2015; Jackson et al., 2016). It is possible that the
feeding behaviour of freshwater amphipods is robust to micro-
plastic pollution. Alternatively, the lack of feeding responses could
be due to high variation in individual feeding rates (Scherer et al.,
2017) or the short-term duration of experiments, allowing insuffi-
cient time for the effects to manifest.

The diameter (40.2 mm) of the PMMA particles used for both the
feeding and metabolism experiments was in line with the typical
size of microplastics (10e90 mm) that G. pulex tend to ingest
(Scherer et al., 2017). Larger microplastic particles are likely to be
encountered more often by benthic detritivores, due to their
heavier weight and rapid sinking rates. Although we were not able
to quantify ingested PMMA particles in the guts of G. pulex, our
preliminary exposures indicate that these particles are being
ingested. It is likely that the physical presence of non-nutritious
microplastic particles in place of food, can lead to longer gut pas-
sage times (Wright et al., 2013) and adverse biological impacts
(Galloway et al., 2017). A reduction in metabolism due to a com-
bination of warming and high concentration of microplastics could
further reduce the amount of energy assimilated for individual and
population growth rates. Two recent studies have shown that en-
ergy assimilation decreased in G. fossarum, when exposed to
microplastics (Blarer and Burkhardt-Holm, 2016; Straub et al.,
2017). The changes in respiration rates seen here could help to
explain such findings.
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The range of microplastic concentrations used in this study
covers environmentally relevant concentrations and double the
highest concentration that has currently been reported in aquatic
sediments. With microplastic concentrations in aquatic ecosystems
likely to increase over time, simulating a range of microplastic
exposures in experiments enhances our understanding of both
present and potential future effects (de S�a et al., 2018). Our results
indicate that negative physiological responses of freshwater
shredders to microplastics may become common in the future
warmer world, but changes to leaf litter decomposition by am-
phipods are likely to be weak. These findings are vital for assessing
the risk of microplastic damage in freshwater ecosystems, but ef-
fects observed at higher concentrations should be interpreted with
caution. Future work should seek to replicate the environmentally
relevant microplastic exposures used in this study, and further
investigate the consequences of changes in respiration rates on
populations, trophic interactions, and the structure and dynamics
of aquatic ecosystems. Such improved mechanistic understanding
of microplastic pollution is essential if we are to mitigate the risk
and successfully manage freshwater ecosystems under climate
warming.
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