Journal Pre-proof "

ENVIRONMENTAL

POLLUTION

Interactive effects of warming and microplastics on metabolism but not feeding rates
of a key freshwater detritivore

Pavel Kratina, Tania J. Watts, Dannielle S. Green, Rebecca L. Kordas, Eoin J.
O'Gorman

PII: S0269-7491(19)33937-5
DOI: https://doi.org/10.1016/j.envpol.2019.113259
Reference: ENPO 113259

To appearin:  Environmental Pollution

Received Date: 18 July 2019
Revised Date: 13 September 2019
Accepted Date: 14 September 2019

Please cite this article as: Kratina, P., Watts, T.J., Green, D.S., Kordas, R.L., O'Gorman, E.J., Interactive
effects of warming and microplastics on metabolism but not feeding rates of a key freshwater detritivore,
Environmental Pollution (2019), doi: https://doi.org/10.1016/j.envpol.2019.113259.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier Ltd.


https://doi.org/10.1016/j.envpol.2019.113259
https://doi.org/10.1016/j.envpol.2019.113259

Environmental warming

=

Microplastic Concentration

Metabolism

Feeding

Microplastics

Microplastics



10

11

12

13

14

15

16

17

18

19

20

| nter active effects of war ming and microplastics on metabolism but

not feeding rates of a key freshwater detritivore

Pavel Kratind”, Tania J. Watts Dannielle S. GreeénRebecca L. Kordds

Eoin J. O'Gormah

! School of Biological and Chemical Sciences, Qudary University of London, Mile End
Road, London E1 4NS, United Kingdom. E-mail: pikee@gmul.ac.uk
2 Applied Ecology Research Group, School of Lifer@ms, Anglia Ruskin University,
Cambridge, Cambridgeshire, CB11PT, United KingdBrmail:
danniellesgreen@gmail.com

% Department of Life Sciences, Imperial College lamdSilwood Park Campus, Buckhurst
Road, Ascot, Berkshire, SL5 7PY, United Kingdomeat: r.kordas@imperial.ac.uk

“ School of Biological Sciences, University of Es$éixenhoe Park, Colchester, CO4 3SQ,

United Kingdom. E-mail: e.ogorman@essex.ac.uk

Running Head: Combined impacts of warming and microplastics
Type of Article: Full Research Paper

*Corresponding Author: p.kratina@agmul.ac.uk




21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

ABSTRACT

Microplastics are an emerging pollutant of high a&m, with their prevalence in the
environment linked to adverse impacts on aquati@amsms. However, our knowledge of
these impacts on freshwater species is rudimenday,there is almost no research directly
testing how these effects can change under ongodgfuture climate warming. Given the
potential for multiple stressors to interact inurat research on the combined impacts of
microplastics and environmental temperature requingrgent attention. Thus, we
experimentally manipulated environmentally reatistioncentrations of microplastics and
temperature to partition their independent and doethimpacts on metabolic and feeding
rates of a model freshwater detritivore. There wasignificant increase in metabolic and
feeding rates with increasing body mass and ternysesan line with metabolic and foraging
theory. Experimental warming altered the effectmo€roplastics on metabolic rate, which
increased with microplastic concentration at thedst temperature, but decreased at the
higher temperatures. The microplastics had no effie¢che amount of litter consumed by the
detritivores, therefore, did not result in altefe@ding rates. These results show that the
metabolism of important freshwater detritivores Idobe altered by short-term exposure to
microplastics, with greater inhibition of metabolrates at higher temperatures. The
consequences of these metabolic changes may tagerlto manifest than the duration of
our experiments, requiring further investigatiorur@esults suggest little short-term impact
of microplastics on litter breakdown by gammaridpfipods and highlight the importance of
environmental context for a better understandingmidéroplastic pollution in freshwater

ecosystems.

Keywords. Climate warming, leaf litter breakdown, multipkeessors, oxygen consumption,

pollution, shredder.



46 RESULTSSUMMARY:

47  Warming alters the effect of microplastics on metatrates. Increased microplastic

48  concentrations only inhibited metabolism at thenbgf temperatures.
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1. INTRODUCTION

Human societies rely on freshwaters for vital estey services, including food and water
provision, climate regulation, and recreation (ME2Q05). With the human population
projected to reach 8.4 — 10.9 billion by 2050, deth@an these ecosystem services will
further increase (Hall, 2015). Freshwater ecosystame also faced with unprecedented
environmental changes, such as climate warminglPZD14) and pollution (MEA, 2005;
Dudgeon et al., 2006). Given the prevalence of rapthgenic development near these
ecosystems, freshwaters are particularly susceptdbkthe combination of these global and
local environmental pressures (Dudgeon et al., 200@erod et al., 2010).

Plastics have become an integral part of modeensiiice the 1950s, resulting in a
global demand of 348 million tonnes in 2017 (Ptstturope, 2018). The increasing rate of
plastic production combined with dispersal fromdéifs, sewer overflow, and agricultural
runoff have resulted in unprecedented amounts isfrttaterial in the environment (Dris et
al., 2015; Browne et al., 2011). Plastic pollutaate categorised into three size classes:
macro- (>5 mm), micro- (m — 5 mm), and nano- (gim) plastics. Microplastics can result
from the fragmentation of macroplastics throughaalam, wave action, collisions, saltation,
and traction (Dris et al., 2015), or can be producemicro sizes (Fendall and Sewell, 2009).
Due to the varying densities of plastic polymerscroplastics are located throughout the
water column from surface to sediment making thesilg ingestible by species of variable
sizes and feeding modes (Wright et al., 2013). &ltth microplastics have been detected in
over 200 species (Teuten et al., 2007) most relsesforts have focused on their impacts in
marine environments, and our understanding of tbédical effects of microplastics on
freshwater species remains rudimentary (Dris eR@ll5; Horton et al., 2017).

Microplastics have been shown to reduce feedingsra shore crabsCércinus

maenasWatts et al., 2015), Asian green musse€lerfa viridis Rist et al., 2016), copepods
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(Calanus helgolandicysCole et al., 2015), and water fled3aphnia magnaOgonowski,
Schir et al., 2016). The most likely mechanism phgsical blockage of the gut passage or
behavioural avoidance of non-nutritious food conteted by microplastic particles (Wright
et al.,, 2013; Cole et al., 2015; Galloway et abD1?). Such sub-lethal effects may be
contingent on the taxonomic group, since feedingsravere unaffected or enhanced by
microplastics in Pacific oyster€fassostrea gigasCole and Galloway, 2015, Sussarellu et
al., 2016), freshwater amphipodSgmmarus fossarunBlarer and Burkhardt-Holm, 2016),
and marine isopodsidotea emarginata Himer et al., 2014). Microplastics can also
negatively affect metabolic rates due to impairmanoxygen uptake (Rist et al., 2016) or
altered enzyme activity (Wen et al., 2018), altHougriable effects have been reported (Cole
et al., 2015; Green 2016; Green et al., 2016). Gbsuin energy demand (metabolism) and
energy intake (feeding) could ultimately alter coomity structure and ecosystem function
(Ward et al., 2016). Whilst it is important to unstand the impacts of microplastics under
realistic environmental conditions, most of thedsts to date have used microplastic
exposures between two and seven orders of magrhiigtier than any concentration found
in natural ecosystems (Lenz et al., 016). Therefoue understanding of the effects from
environmentally realistic microplastic exposuremams limited (Horton et al., 2017).
Ecological communities are also under increasimggure from global warming, with
a doubling in the frequency of heatwaves over th&t g0 years (Frohlicher et al., 2018) and
a projected increase in mean annual temperatua¢ lebst 1.5 °C by the end of the century
(IPCC, 2014). Increasing temperature places a fueddal biological constraint on
metabolic and cellular processes of all ectothermiganisms (Gillooly et al., 2001,
Ohlberger 2013). Warming increases metabolic rgietal the thermal optimum of an
organism, which can increase individual feedingesatand alter consumer-resource

interactions (Brown et al., 2004; Rall et al., 20Chlberger 2013). Temperature is also
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likely to interact with other stressors to eithesmpound or mitigate their effects on
ecological communities (Crain et al., 2008; Kratetaal., 012; Piggott et al., 2015). Since
environmental temperature and microplastic pollutggnerally have the opposite effects on
metabolism and feeding, the combined effect of éhéwo stressors is likely to be
antagonistic (i.e. less then the sum of the indialdmpacts). However, only two studies
have analysed the combined effects of warming amdopiastics on feeding rates (of
common gobies) and found no significant interacti@ween the stressors (Ferreira et al.,
2016; Fonte et al., 2016). Despite the increasmgprtance of both stressors, there is lack of
research about the interactive effects of warmingd @icroplastics on metabolic rates (but
see Wen et al., 2018). This uncertainty about titergial for environmental temperature to
modify the impact of microplastics requires urgatiention if we are to fully understand the
current and future risks of microplastic pollutiand successfully manage freshwater
ecosystems.

To address this critical gap in microplastic resbamwe experimentally tested the
independent and combined impacts of microplastia$ \warming on the energy demand
(metabolism) and energy intake (feeding) of an irtgpd and widely distributed freshwater
detritivore — the amphipodzammarus pulexXWe hypothesised that there would be: (1) an
increase in metabolic and feeding rates with irgirgp temperature; (2) a reduction in
metabolic and feeding rates with increasing miasgpt concentration; and (3) weaker

effects of microplastics on metabolic and feedistgs at higher temperatures.

2. MATERIALSAND METHODS

2.1. Model species collection and maintenance
Gammarus pulexs a ubiquitous benthic shredder in European nmnvaters that breaks

down coarse particulate organic matter, channetimgassociated energy to predators such
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as fish. By converting terrestrial litter inputdarthe fine particulate and dissolved organic
matter, these shredders also convey these resotacether invertebrates, especially in
upland streams (Wallace and Webster 1996). Theiegpés commonly used as a model
organism for assessing the effects of pollutandeurtaboratory conditions (Miller et al.,
2016; Henry et al., 2017; Weber et al., 2018). WWkected approximately 40G. pulexby
kick sampling the River Cray (Bexley, South-Eashdon, UK, 51°25'59.0" N 0°08'16.4" E)
in summer 2017. These amphipods were stored imaemature-controlled room (15 °C,
12h:12h light:dark photoperiod) in two aerated glagjuaria (45 x 25 x 30 cm), each
containing 5 L of river water. They were visuallyspected, removing any individuals that
were smaller than 1cm, bearing eggs, or infected wecanthocephalan parasites, which can
alteramphipod behaviour (Tain et al., 2006; Labaudd.e2@15). The remaining individuals
were rinsed with synthetic freshwater (SFW) anddfarred to a new glass aquarium with 5
L of aerated SFW in the same temperature- and-tightrolled room for acclimatisation, for
a minimum of 7 days prior to any experimentatiohe SFW used for stock maintenance and
experimentation was prepared according to the USir&mmental Protection Agency
(Weber, 1991), from 1.92 g of NaHGQOL.2 g MgSQ, 1.2 g CaS@ and 0.08 g of KCI
dissolved in 20 L of deionised water. The same quait was used to houg®. pulexin
several other toxicological studies (Miller et @&016; Henry et al., 2017). During this
maintenance phas&. pulexwere fedad libitum with alder-leavesAlnus glutinosa and
coarse pebbles were provided for shelter.

Prior to all experimentss. pulexwere moved in groups of six into smaller glass
microcosms with 200 mL of aerated SFW, for one-waeklimation. They were fedd
libitum with alder leaf disks. These amphipods were tensfl from the 15 °C room to
temperature-controlled incubators (Stuart SI500bit@k), where the temperature was

changed gradually (+ or — 1 °Chhuntil the three targeted experimental temperatuvere
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reached (9, 15, and 19 °C). This range of temperatis commonly experienced by
amphipods in UK rivers over their annual life cyclehile maximum temperatures are
expected to increase in magnitude and frequencyerufdure climate change scenarios
(Hannah and Garner, 2015). Wild populations of @ey are known to adapt to changes of 6
°C per day (Maazouzi et al., 2011), making the gshcthange in temperature within the
tolerance limits of the species. Amphipods remaiaethe experimental temperature for 1.5
days before being starved for 24 hours to ensustadardised satiation level among all
individuals. During this time, SFW was changedy#il ensure dissolved oxygen levels were

sufficient and did not exert any additional stresghe amphipods.

2.2. Microplastics exposure
For microplastics exposure, we used commerciallgdpced polymethyl methacrylate
(PMMA) spheres with a diameter of 4Queh (Spherotech: FPMA-40056-5, lot number 501),
which is within the size range of plastic that demningested and egested Gy pulex(Imhof
et al., 2013). These transparent PMMA spheres halensity (1.19 g cif) greater than that
of water, allowing them to sink through the watefuen to the substratum where they
become biologically available for amphipods feedomy leaf litter. PMMA is a common
microplastic used in personal care and cosmetidymtsalong with polyethylene, nylon,
polypropylene, and polyethylene terephthalate. Otises include facial fillers, patio roofs,
conservatories, light guide panels for LCD dispdayeens, lenses for mobile phones, touch
screens, street lighting, and many uses within ab®mobile industry (Plastics Europe,
2018). We used glass material for handling, stqgragd exposure experiments to minimise
contamination and loss of particles due to adhesida plastic materials.

We searched empirical literature reporting sedinmaidroplastic concentrations in

freshwater ecosystems to identify realistic con@gimns for use in our experiments. We
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found that natural concentrations ranged betweemd 51.70 microplastic particles ém

(Zbyszewski et al., 2014; Hurley et al., 2018). @uperimental design included this range
and also double the maximum natural concentrateponted in the literature, to simulate
both present and potential future effects (de Sal.e018). For all exposure experiments,
experimental glass microcosms were filled with 200 of aerated SFW, then one leaf disk
of known weight was placed at the bottom of eacltrociosm. Because we carefully
measured the experimental concentrations of PMMAdbeand introduced them into the
glass microcosms, these represent accurate mistmptoncentrations in the experimental
environment (i.e. media). After the introductione Vioriefly stirred the solution and the
microcosms were left to rest for one hour to alliWPMMA spheres to sink. This resulted in
a relatively equal distribution of microplasticsr@ss the bottom of each microcosm,
simulating different intensities of microplastic llpdion. A single starved amphipod was
introduced into each of the microcosms to inititte experiment. Finally, lids were placed

on all microcosms to prevent water loss and contatian.

2.3. Quantifying metabolic rates

We measured respiration rates as a proxy for metatade, following a similar protocol to
Broderson et al. (2008). Oxygen consumption ratemmgphipods were measured following
24 hours of exposure to experimental microplastascentrations (0.52, 26.12, and 104.48
cm?) plus a control (0 cif) at each of three experimental temperatures (9aa8 19 °C).
For each treatment combination, we measured reégpireates of 3-5 individuals, for a total
of 43 measurements. Individual amphipods were tearesi to SFW-filled 2 mL glass
chambers fitted with a magnetic stirrer to preamdtification, which was separated from the
organism by a mesh screen. Oxygen concentratiomveasured every second during three

periods of 10-15 seconds each using an oxygen setemtode (MicroResp, Unisense,



199  Denmark) fitted through a capillary in the gas-tigtopper of each chamber. An animal-free
200 chamber containing only SFW, a magnetic stirred, amesh screen was used to measure the
201  background oxygen consumption or production by afies or autotrophs present in the
202  experimental water. Metabolic rates (uma! ") were calculated from the least squares
203 linear regression fitted through all data pointsaswed in each chamber, corrected for
204 background rates in the animal-free chamber arghtsllifferences in chamber volumes.
205  After each experiment, amphipods were preservetl L of 70% ethanol and their body
206 length was measured from the rostrum to the bagbkeotelson. Length was converted into
207 dry body weight using an established length-weighationship forG. pulexfrom Gee
208 (1988):y = 0.00583°*° wherey is body mass in mg ands body length in mm.

209

210 2.4. Quantifying feeding rates

211  For the feeding rate experiments, we exposed aroghipto ten concentrations of
212 microplastics (0.05, 0.26, 0.52, 2.61, 5.22, 1537.12, 36.57, 52.24, 104.48 émplus a
213 control (0 cnf) at each of three experimental temperatures (%arié 19 °C). There were 3-7
214  replicates of each treatment combination, eachatming one individual amphipod. Note that
215 feeding trials, where amphipods shed their skimlied, were not included in the analysis.
216  Amphipods were offered a leaf disk as a food soufcestandardize leaf biomass across all
217  experimental treatment combinations, whole aldavds were soaked in SFW for 10 minutes
218  before 15mm leaf disks were cut out, using a canlkel) avoiding the main vein. Leaf disks
219 were rinsed of any residual silt or substrate, weapindividually in foil and dried at 60 °C
220 for 24 hours before being weighed on an ultra-mlzatance to the nearest 0.01 mg (UMX2,
221  Switzerland). Leaf disks were then re-soaked far days prior to experimental exposures, to
222 prevent them floating to the surface during expenta and ensuring their availability to the

223 amphipods. We also established seven animal-freeronosms at each temperature,

10
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containing only a leaf disk of a known weight arfi 2nL. of SFW, to account for microbial
decomposition. After 24 hours of experimental expesamphipods were preserved in 1 mL
of 70% ethanol and their body mass was estimatedorathe respiration experiments. All
leaf disks were collected, thoroughly rinsed to egmany microplastics or faeces, wrapped
individually in foil, dried at 60 °C for 23 hourand then weighed on an ultra-micro balance
to the nearest 0.01mg (UMX2, Switzerland). Feediatg was defined as the amount of
ingested leaf mass per daye(the initial minus final dry weight of the leaf &, corrected
for microbial decomposition.g. subtracting the mean loss of leaf dry weight ia #mimal-

free microcosms at the corresponding temperature).

2.5. Statistical analyses
Our response variableR)( metabolic rate (umol £hY) and feeding rate (mg ddy depend
on both temperature and body mass according tM#tabolic Theory of Ecology (Brown et

al., 2004) and a meta-analysis of feeding experim@Rallet al, 2012) as follows:

=T

R= R M*e “&b 1)

Here,Ry is the metabolic or feeding rate &t M is dry body mass (mghk is an allometric
exponentEg is the activation energy of the biochemical reawi underpinningdr (eV), k is
the Boltzmann constant (8.618 x1@8V K%, T is the absolute experimental temperature
(K), and Ty is 287.15 K ie. 14 °C, the midpoint of the range of temperaturesduin the
experiments). We performed a multiple linear regi@son the natural logarithm of Equation
1, exploring the main effects of temperature andybbmass on metabolic or feeding rate. We
then mass-corrected the response variables byimtividetabolic or feeding rate b§°R

To determine the effect of microplastics on our srasrrected response variables
(Rw), we first calculated the change in metabolic eeding rate ARy) relative to the

microplastic-free control treatment. We subtracted mean mass-corrected metabolic or

11
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feeding rate in the control at each temperaturenftbe individual replicate measurements
containing microplastics at the corresponding tapee. A positive value iRy, indicates

an increase, while a negative valueAdy indicates a decrease in metabolic or feeding rate.
We performed a multiple linear regression explorthg main and interactive effects of
temperature and microplastic concentrationAdf,. Here, a significant intercept or main
effect of microplastic concentration would meantthacroplastics changed the response
variable, irrespective or depending on the conegiotr, respectively. A significant main
effect of temperature or interactive effect of mastic concentration and temperature
would mean that temperature altered the effect mfaplastics on the response variable,
irrespective or depending on the concentrationpaesvely. All statistical analyses were

carried out in R 3.5.1.

3.RESULTS

3.1. Metabolic rates

There was a significant log-linear increase in @sjon rate with both body mass and
temperatureR; 40= 10.64;p = 0.001;r* = 0.31; Table 1), supporting our first hypothe3ise
respiration rate ofs. pulexincreased with body mass with an allometric exporoé 0.45 +
0.33 (mean £ 95% CI; Figure 1a) and with tempegatuith an activation energy of 0.23 £
0.13 eV (mean = 95% CI; Figure 1b). There was aic@ant main effect of microplastic
concentration on respiration rate (Table 2), witteduction in respiration rate relative to the
control as microplastic concentration increaseduyfé 1), supporting our second hypothesis.
There was also an interactive effect of temperatum@ microplastic concentration on the
change in respiration rate relative to the micrsitafree controlsKs 9= 5.73;p = 0.003;r?

= 0.31; Table 2). Here, there was an increasespin&tion rate relative to the controls at the

coolest temperature, but a decrease in respiradi@nrelative to the controls at both 15 and

12
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19 °C as microplastic concentration increased {ed). In contrast to our third hypothesis,

this suggests that higher temperatures strengthéfreedegative effect of microplastics on

respiration rates.

Table 1. Parameter estimates with associated standard €8&),t-values, ang-values for

the In-linear models describing the main effectbady mass and temperature on metabolic

and feeding rates of amphipods. Parameters comdsjoothose listed in Equation 1, where

Ry is In-metabolic rate or In-feeding rate &t br is the allometric exponent, aritk is the

activation energy.

Response variable  Parameter Estimate SE t-value  p-value

Metabolic rate Ro -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 Ro -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
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on the change in amphipod metabolic rates relativaicroplastic-free control (see Table 2).
The lines of best fit show the effect of microplastoncentration on the response variable at

each of the three temperatures.

3.2. Feeding rates

There was a significant log-linear increase in fegdrate with both body mass and
temperatureRz120 = 11.89;p < 0.001;r? = 0.15; Table 1), supporting our first hypothesis.
The feeding rate of5. pulexon leaf litter increased with body mass with aloraktric
exponent of 0.72 £ 0.70 (mean + 95% CI; Figure&a) with temperature with an activation
energy of 0.57 + 0.25 eV (mean £ 95% CI; Figure. Jiere was no significant main effect
of microplastic concentration, or interactive effedth temperature, on the change in feeding

rate relative to the microplastic-free contrd¥s {07 = 0.756;p = 0.521; Table 2; Figure 4), in
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contrast to our second and third hypotheses. Naiethere were still no significant effects of
temperature or microplastic concentration on thange in feeding rate relative to the
microplastic-free controls after analysing only thebset of microplastic concentrations

corresponding to the respiration experimehts{= 0.117;p = 0.949; Table 2).

Table 2. Parameter estimates with associated standard €8&),t-values, ang-values for

the linear models describing the main and intevaceffects of temperature (temp) and
microplastic concentration (MPC) on mass-correctadtabolic and feeding rates of
amphipods. Note that parameters and summary gtatete also shown for a subset of the

feeding rate data with MPCs corresponding to thussel in the respiration rate experiment.

Response variable Parameter  Estimate SE t-value  p-value
Metabolic rate intercept -1.95x10?  9.65x10° -2.017  0.053
temp 1.49x10°  6.55x10"  2.280 0.030
MPC 4.17x10*  1.55x10*  2.700 0.011
temp:MPC  -3.90x10°  1.11x10° -3.516 0.001
Feeding rate Intercept -1.86x10°  2.91x10% -0.638  0.525
temp 2.20x10°  1.86x10° 1.181 0.240
MPC -6.61x107  6.82x10*  -0.001 0.999
temp:MPC  -7.09x10°®  4.26x10° -0.166 0.868
Feeding rate (subset) intercept -1.15x102  5.02x10% -0.230  0.819
temp 8.87x10*  3.14x10° 0.283 0.779
MPC -8.82x10°  7.99x10*  -0.110 0.913
temp:MPC  -7.43x10°®  4.96x10°  0.150 0.882
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fit show the effect of microplastic concentratiom the response variable at each of the three

temperatures.

4. DISCUSSION

This study demonstrates how environmental tempexaian alter the impact of microplastics
on the metabolism, though not feeding rate, of aquaganisms. Both metabolic and feeding
rates ofG. pulexincreased with temperature and body mass, asgeddby the Metabolic
Theory of Ecology (Gillooly et al., 2001; Brownat, 2004) and shown in a meta-analysis of
functional response experiments (Rall et al., 20TRe activation energy of metabolic rate
was much weaker than expected, with an upper 95%.86 eV) that did not fall within the

expected range of 0.6-0.7 eV (based on the averagbserved metabolic rates; Brown et
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al., 2004). This may have been driven by metabodite levelling off at the highest
temperature, with deviations from the Boltzmannk&mius model accounting for a large
amount of variability in the thermal sensitivity biological rates (Pawar et al., 2016). This
suggests that this population @f pulexwas approaching its thermal optimum for metabolic
rate at 19 °C, with further warming likely to indu@ decline in metabolic performance
(Pawar et al., 2016).

There was a net negative effect of microplasticen@tabolic rate, though not feeding
rate of G. pulex offering only partial support for our second hgpsis. Suppression of
metabolic rates through exposure to microplastias heen described in other aquatic
organisms (Rist et al.,, 2016; Wen et al., 2018yhlghting the potential for these tiny
pollutants to impede physiological performance. eovnetabolism is likely to result in
reduced activity and thus a diminished rate of wes® acquisition (Cloyed et al., 2019;
Brown et al., 2004). It is interesting then thag tbwer metabolic rates @. pulexdid not
translate into reduced feeding rates on their prede leaf litter resources at higher
microplastic concentrations in the water. Lowereétaholic rates in response to thermal
acclimation also did not immediately lead to redldeeding rates, suggesting either a
delayed response in the latter, or that feedingmady be more directly influenced by the rate
of gastric digestion than oxygen consumption (\W&la973). There was also no change in
the feeding rate ofs. pulex or its congeneri&. fossarumafter exposure to microplastics,
despite the use of much higher concentrations ithéms study (Blarer and Burkhardt-Holm
2016; Weber et al., 2018). While Straub et al. 1{@0found an initial depression of feeding
rates of G. fossarumafter one-week exposure to polyhydroxybutyrate &MMA (333
particles mL?Y), this effect disappeared by the second week efr taxperiment. This

evidence generally points to weak short-term e$feétmicroplastics (i.e. <1 week exposure)
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on leaf litter breakdown rates in gammarid amphgyodhereas the impacts of sustained
microplastic exposure (i.e. weeks to months) reraganomising avenue for further research.

Interestingly, the effect of microplastics on thetabolic rate of our model freshwater
detritivore was contingent on environmental tempe In contrast to our expectations, the
reduction in metabolic rate with increasing micestic concentration only occurred at the
highest temperatures in our experiment, with atp@seffect of microplastic concentration
on metabolic rate at the coolest temperature. &sg@ metabolic rates in response to high
concentrations of microplastics have also beenrdestfor the lugwormArenicola marina
(Green et al.,, 2016) and European flat oystsirea edulis(Green 2016). Note that an
increased metabolic rate does not necessarily edgiwaincreased performance and may
reflect more rapid breathing due to impaired regpiy function (Hebel et al.,, 1997).
Nevertheless, the mean effect of microplastics @tabolic rate at the coolest temperature
was zero, i.e. there was very little change redatovthe microplastic-free control (Figure 2).
Thus, the negative effects of microplastic con@mn on metabolic rate were only
manifested at the higher temperatures, highlightiegpotential for climate change or even
seasonal fluctuations in environmental temperatwuadter microplastic effects on organismal
physiology. Warming has been shown to increaseatitemulation of microplastics in fish,
affecting metabolic enzyme activity, which hintsaapotential mechanism underpinning the
changes observed here (Wen et al., 2018). A mdeeleld mechanistic understanding of the
physiological processes underpinning altered mdtbates in response to multiple
environmental stressors is now required (Jacksah,e£2016).

To date, the only other research testing the ingpalctnicroplastics in the context of
environmental warming focused on juvenile marisé # the common gobfomatoschistus
microps This work showed that experimental warming (frathto 25 °C) did not alter the

effects of microplastics on feeding rates or figalth (Ferreira et al.,, 2016; Fonte et al.,
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2016). In the current study, there were also nerattive effects of microplastics and
warming on feeding rates despite the ample evidémaeclimate warming readily interacts
with other environmental stressors (Kratina et 2012; Piggott et al., 2015; Jackson et al.,
2016). It is possible that the feeding behaviourfrelshwater amphipods is robust to
microplastic pollution. Alternatively, the lack déeding responses could be due to high
variation in individual feeding rates (Scherer &t 8017) or the short-term duration of
experiments, allowing insufficient time for the exfts to manifest.

The diameter (40.2um) of the PMMA particles used for both the feediagd
metabolism experiments was in line with the typsiak of microplastics (10-9@m) thatG.
pulex tend to ingest (Scherer et al., 2017). Larger oplastic particles are likely to be
encountered more often by benthic detritivores, tdudeir heavier weight and rapid sinking
rates. Although we were not able to quantify ingdsPMMA particles in the guts d@&.
pulex our preliminary exposures indicate that theseigdas are being ingested. It is likely
that the physical presence of non-nutritious mikasiic particles in place of food, can lead to
longer gut passage times (Wright et al., 2013) adixvkerse biological impacts (Galloway et
al.,, 2017). A reduction in metabolism due to a comation of warming and high
concentration of microplastics could further reddle amount of energy assimilated for
individual and population growth rates. Two recesttidies have shown that energy
assimilationdecreased k. fossarumwhen exposed to microplastics (Blarer and Burithar
Holm, 2016; Straub et al., 2017). The changes #piration rates seen here could help to
explain such findings.

The range of microplastic concentrations used is $kudy covers environmentally
relevant concentrations and double the highestardration that has currently been reported
in aquatic sediments. With microplastic concentragi in aquatic ecosystems likely to

increase over time, simulating a range of micrdpasxposures in experiments enhances our

21



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

understanding of both present and potential fuaffects (de S& et al., 2018). Our results
indicate that negative physiological responsesredhiwater shredders to microplastics may
become common in the future warmer world, but ckeanw leaf litter decomposition by
amphipods are likely to be weak. These findings wtal for assessing the risk of
microplastic damage in freshwater ecosystems, fhette observed at higher concentrations
should be interpreted with caution. Future workudtiseek to replicate the environmentally
relevant microplastic exposures used in this stayl further investigate the consequences
of changes in respiration rates on populationghi® interactions, and the structure and
dynamics of aquatic ecosystems. Such improved méstimunderstanding of microplastic
pollution is essential if we are to mitigate thekriand successfully manage freshwater

ecosystems under climate warming.
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- Metabolic and feeding rates of model detritivores increase with both body mass and
temperature

- Microplastics pollution reduces metabolic rates but not feeding rates

- Experimental warming alters the effect of microplastics on metabolic rates

- Increased microplastics concentrations enhance metabolism at the coolest

temperature, but inhibit metabolism at the highest temperatures
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