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Abstract 22 

Microplastics may affect the physiology, behaviour and populations of aquatic and terrestrial 23 

fauna through many mechanisms, such as direct consumption and sensory disruption.  24 

However, the majority of experimental studies have employed questionably high dosages of 25 

microplastics that have little environmental relevance. Predation, in particular, is a key 26 

trophic interaction that structures populations and communities and influences ecosystem 27 

functioning, but rarely features in microplastic research. Here, we quantify the effects of low 28 

(~65-114 MP/L) and high (~650-1140 MP/L) microplastic concentrations on the feeding 29 

behaviour of a ubiquitous and globally representative key marine predator, the shore crab, 30 

Carcinus maenas. We used a functional response approach (predator consumption across 31 

prey densities) to determine crab consumption rates towards a key marine community prey 32 

species, the blue mussel Mytilus edulis, under low and high microplastic concentrations with 33 

acute (8h) and chronic (120 h) microplastic exposure times. For both the acute and chronic 34 

microplastic exposure experiments, proportional prey consumption by crabs did not differ 35 

with respect to microplastic concentration, but significantly decreased over increasing prey 36 

densities. The crabs thus displayed classical, hyperbolic Type II functional responses in all 37 

experimental groups, characterised by high consumption rates at low prey densities. Crab 38 

attack rates, handling times and maximum feeding rates (ie functional response curves) were 39 

not significantly altered under lower or higher microplastics concentrations, or by acute or 40 

chronic microplastic exposures. Here, we show that functional response analyses could be 41 

widely employed to ascertain microplastic impacts on consumer-resource interactions. 42 

Furthermore, we suggest that future studies should adopt both acute and chronic microplastic 43 

exposure regimes, using environmentally-relevant microplastic dosages and types as well as 44 

elevated future scenarios of microplastic concentrations.  45 
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1. Introduction 51 

The prevalence and persistence of plastic pollution in all environments globally has become 52 

one of the most topical environmental issues since the beginning of the 21st century. Global 53 

production levels of plastic are now exceeding values of 350 million tons per year (Plastics 54 

Europe, 2020), and the input of plastic waste into the global oceans is estimated to be 55 

between 4.8 and 12.7 million tons on an annual basis (Jambeck et al. 2015). More recently, 56 

the ubiquity of microplastic pollution (<5 mm; Thompson et al. 2004) in marine systems has 57 

caused global concern among scientists and the public alike (Cunningham et al. 2020). 58 

Termed as either industry-made primary microplastics, or secondary fragmented particles 59 

from larger macro-sized items (Thompson et al. 2004), microplastics have been found in 60 

nearly every imaginable marine habitat, from transitional estuarine environments to deep-sea 61 

trenches (Welden & Lusher, 2017). Microplastics have also been shown to be ingested by a 62 

range of marine-dwelling fauna at different trophic levels, from zooplankton (Zheng et al. 63 

2020) and decapods (Nephrops norvegicus; Hara et al. 2020), to fish (Chelon aurata; Zakeri 64 

et al. 2020), birds (Branta leucopsis; Coughlan et al. 2020), turtles (Caretta caretta; Duncan 65 

et al. 2019) and marine mammals (Delphinus capensis; Nelms et al. 2019).  66 

While in recent years the ubiquity of microplastics in the environment, and ingestion by 67 

marine animals, has been described extensively, the potential physiological and behavioural 68 

impacts these micro-sized particles can have are much more complex than just quantifying 69 

the amount of particles in a given environment. Microplastic pollution has been shown to 70 



negatively affect the physiology of many marine species in laboratory studies (Franzellitti et 71 

al. 2019), with impacts ranging from organ damage to mortality. In contrast, the behavioural 72 

impacts have only been assessed for a limited number of fauna, including habitat selection in 73 

the purple shore crab (Prestholdt & Kemp, 2020), disrupted cognition and reduced shell 74 

selection in the European hermit crab (Crump et al. 2020), and reduced swimming velocity in 75 

European seabass (Barboza et al. 2018). In both the range of behavioural and physiological 76 

impacts found during microplastic exposure trials, the severity of impacts have been driven 77 

by factors such as, polymer type, shape, size, and dosage (Bucci et al. 2020).  78 

Although the range of surface water values of microplastic pollution are estimated between 0-79 

100 mps/L (Burns & Boxall, 2018), a number of experimental studies have utilised values 80 

1000-fold higher. Recently, Cunningham & Sigwart (2019) highlighted that 82% (105/128) 81 

of microplastic studies utilise higher amounts of microplastics on marine animals than what is 82 

found in the environment. Few studies have adopted more realistic dosages for microplastics 83 

in exposure experiments, which would provide a more accurate representation of the impacts 84 

of microplastics. For example, environmentally-relevant levels of microplastic fibres (5 85 

fibres/1.5 g feed) have been shown to become lodged in the digestive system of Nephrops 86 

norvegicus which has led to a reduction in body mass (Welden & Cowie, 2016). Further to 87 

this, microplastic fibres at low dosages (3 fibres/L) have also been shown to reduce the 88 

growth of Pacific mole crabs (Emerita analoga; Horn et al. 2020). Environmental levels of 89 

microplastics found in Burns & Boxall (2018) have also been used in behavioural studies. A 90 

previous study demonstrated that the emergence behaviour of the intertidal gastropod 91 

Littorina littorea was not affected by microplastic levels within its habitat (~0.68 92 

mps/individual; Doyle et al. 2020). Additionally, the duration of microplastic exposure has 93 

shown to drive the level of impacts on marine animals (Anbumani & Kakkar, 2018). For 94 

example, increasing the exposure time has been shown to affect the cognition of hermit crabs 95 



during a chronic 5-day exposure to low dosages of polyethylene particles (25 mps/L) and, 96 

therefore, impact upon one of their basic survival behaviours (i.e. shell selection, Crump et al. 97 

2020).  98 

Predation is a fundamental biotic process that influences the structuring and functioning of 99 

ecosystems globally (Sih et al. 1985). Functional responses have been used to determine 100 

relationships between predation rates and prey densities and are a critical tool in quantifying 101 

interaction strengths throughout ecology (Holling, 1959; Dick et al. 2014). More recently, 102 

functional responses have been used in microplastic studies to determine the uptake rates of 103 

particles at a range of microplastic densities by fishes (Mbedzi et al. 2020), as well as the 104 

effects of microplastic exposure on prey, and how this impacts predator feeding rates in 105 

freshwater systems (Cuthbert et al. 2019). While previous studies have only considered a 106 

single prey density (e.g. Cole et al. 2015), the functional response approach can provide 107 

greater insights into how microplastics affect predator-prey interaction strengths across a 108 

range of prey densities (Cuthbert et al. 2019). Hence, functional responses could be used to 109 

discern how the feeding efficiency of predators is affected by microplastic exposure, and in 110 

turn, predict population stability implications (Dick et al. 2014). 111 

Predatory crabs are ubiquitous in marine environments, and given the rate of consumption in 112 

comparison to other animal groups (i.e. echinoderms), crabs have been described as keystone 113 

predators in certain circumstances due to their influence on ecosystem functionality (Hull & 114 

Bourdeau, 2017). Mussel reefs, which are commonly consumed by predatory crabs (Joyce et 115 

al. 2019), are a critically important habitat that support a wide range of biodiversity and 116 

provide refuge for a variety of juvenile species (Mascaró & Seed, 2001). While high levels of 117 

predation can homogenise reefs and reduce overall biodiversity (Hollebone & Hay, 2007), 118 

predators may also be a stabilising force in communities by regulating population levels. 119 



Hence, the effects of microplastic pollution on this key trophic interaction need to be 120 

examined. In this study, we aimed to determine whether low and high levels of microplastic 121 

pollution would affect the feeding behaviour of a common shoreline crustacean, Carcinus 122 

maenas. Given the deleterious effects of microplastics reported in other study systems, we 123 

expected that exposure to microplastics would reduce the intensity of predator-prey 124 

interactions between crabs and mussels. We fed blue mussel (Mytilus edulis) in increasing 125 

densities to Carcinus maenas and assessed the functional responses of the predator in two 126 

separate experiments. Firstly, we adopted an 8 hour-exposure of microplastics as an acute 127 

treatment, as this duration was previously used to assess the feeding rates of shore crabs and 128 

mussel prey (Joyce et al. 2019). Secondly, a five-day chronic exposure to microplastics was 129 

used as behavioural impacts were found in hermit crabs for this duration (Crump et al. 2020). 130 

We employed the use of polyethylene particles in an effort to make our study relevant to the 131 

environment with standardised particle types, but without using microplastic fibres, which are 132 

the most prevalent in the environment (de Haan et al. 2019).   133 

 134 

2. Methods 135 

2.1. Animal collection and husbandry 136 

Shore crabs (Carcinus maenas) were collected between July and August 2020 using herring-137 

baited crab pots at the Ballyhenry shore, Strangford Lough, Northern Ireland, UK (54° 23' 138 

36.6576'' N, 5° 34' 27.7356'' W), and maintained in outdoor ~500 L tanks at the Queen’s 139 

University Marine Laboratory (QML), Portaferry. A constant flow of seawater was pumped 140 

from the adjacent Strangford Lough into the tanks using a flow-through, sand-filtered 141 

seawater system (13 ± 1 °C). The tanks were covered with a thin mesh to ensure animals 142 

could not escape. All crabs were fed herring (Clupea sp.) bait every three days and 143 



maintained for a minimum of one week prior to the start of experiments which ran from July 144 

to August 2020. The prey, blue mussel, Mytilus edulis, were collected from Horse Island, 145 

Strangford Lough (54° 27' 29.0736'' N, 5° 33' 2.5956'' W), and were also maintained under 146 

the same flow-through seawater system in 5 L buckets at QML. For consistency and 147 

comparability across treatments, crabs with a carapace width of 60-70 mm, and mussels with 148 

shell lengths of 15-21 mm, were used for the experiments. These size ranges had been used 149 

previously in a study that calculated the feeding rates of shore crabs towards blue mussel 150 

(Joyce et al. 2019). Additionally, only male crabs were used to avoid any effects of sex and 151 

reproductive status on predator-prey interactions, and only crabs that were free of parasites 152 

and had both chelipeds intact were used in the experiments.  153 

2.2 Microplastic preparation  154 

To test the effects of microplastic exposure on our predator prey interactions, a 5 L solution 155 

of seawater with microplastic particles was prepared, i.e. 0.1 g of ultra-high molecular 156 

weight, surface-modified multi coloured polyethylene powder, 40-48 µm particle size 157 

(Sigma-Aldrich, UK). The densities for each microplastic treatment were as follows: no 158 

added microplastics (i.e. control); 65.98 – 114.02 microplastics per litre (i.e. MPL); 659.84 – 159 

1140.25 microplastics per litre (i.e. MPH). The MPL densities were used to represent low 160 

numbers of microplastics identified from marine sediment samples (Cunningham & Sigwart, 161 

2019) and the highest known surface water values (100 microplastics/L; Burns & Boxall 162 

2018). We used the MPH treatment to assess the effects of an elevated (e.g. future) 163 

microplastic concentration, in comparison to the low MPL treatment. Aeration was used to 164 

aid the distribution of microplastic particles and reduce the settlement on the bottom of the 165 

tanks. Although microplastic fibres are the most prominent type found in the environment, 166 

polyethylene powder has been used as a proxy for environmental microplastics in the past 167 

(Mbedzi et al. 2020). Background levels of microplastic pollution from our animal sampling 168 



site are low (1 MP/L; Green et al. 2018) and were therefore not considered during the 169 

exposure trials. Nevertheless, the crab and mussel species examined in this study have a 170 

widespread, pancontinental distribution, and therefore are likely to be exposed to a broad 171 

range of microplastic concentrations outside the immediate sampling location. 172 

2.3 Experimental design 173 

We tested the effects of our three microplastics exposure concentration groups 174 

(control/MPL/MPH) in two separate experiments. The first experiment consisted of both the 175 

predator and prey exposed to three microplastic treatments (see below for densities of 176 

microplastic) for an acute exposure of eight hours during the functional response feeding 177 

trial. A second, separate experiment consisted of a chronic five day exposure to three 178 

microplastic treatments, where only the crabs were exposed to the microplastic treatments 179 

prior to the beginning of the feeding trial (e.g Crump et al. 2020). This chronic microplastic 180 

exposure period was then followed with a functional response feeding trial over an eight hour 181 

period with no further microplastic exposure. Each experiment (i.e., acute or chronic 182 

exposures) thus considered two effects in a cross-factorial design: microplastics exposure 183 

concentration (3 levels) and prey density (6 levels; see below). 184 

To assess crab functional responses, all feeding trials were carried out in circular 5 L arenas 185 

(diameter = 22 cm, depth = 17 cm) containing 4 L of aerated and sand-filtered seawater in a 186 

constant temperature room (12 °C). The blue mussels were acclimated to the constant 187 

temperature room 16 hours prior to both experiments, which also ensured attachment to the 188 

base of the arena with their byssus threads (Joyce et al. 2019). The crabs were acclimated for 189 

16 hours and five days, for the acute and chronic exposures, respectively. We note that 190 

although different acclimation times were used for these two exposures, they were considered 191 

as separate experiments and analysed in different models (see below). Each arena was 192 



covered with mesh to prevent the crabs from escaping. The prey, blue mussels, were added to 193 

individual arenas at six densities (2, 4, 8, 16, 32, and 64) and each of the three experimental 194 

groups was replicated three times [i.e., 3 (microplastics exposure concentrations) × 6 195 

(densities) × 3 (replicates) = 54 arenas for each of the two experiments). All crabs were 196 

starved for 48 hours prior to the feeding trials to standardise hunger levels. Each trial started 197 

at 09:00, when crabs were added to the arenas, with crabs allowed to subsequently feed for 198 

eight hours. The crabs were then removed and the remaining live mussels were counted in 199 

each arena. One additional replicate was performed for the acute experiment without a 200 

predator to assess any prey background mortality under each microplastics exposure 201 

concentration and prey density.  202 

2.4 Statistical analyses 203 

All statistical analyses were computed in R v3.4.4 (R Core Development Team 2018). Two 204 

separate generalised linear models (GLM) were used to examine the proportion of available 205 

prey consumed from the acute and chronic exposure experiments. In both models, 206 

‘microplastics concentration’ and ‘prey density’ were included as single and interacting 207 

terms. Both GLMs assumed a quasi-binomial distribution, to account for overdispersion in 208 

the proportional data (proportions of available prey consumed), given that residual deviance 209 

exceeded degrees of freedom. In each model, we specified the proportions of prey eaten 210 

versus alive as the response variable (the sum of which corresponds to the initial prey 211 

density). We determined the coefficient of determination (R2) for both GLMs using the ‘rsq’ 212 

package in R (Zhang, 2020). F-tests were used to infer main effect sizes from the resulting 213 

GLM outputs with Type III sums of squares using the ‘car’ package in R (Fox and Weisberg, 214 

2019). 215 



Functional responses were modelled using the ‘frair’ package in R (Pritchard et al. 2017). 216 

This procedure followed two steps. Firstly, for each exposure concentration (C/MPL/MPH) 217 

within both experiments (i.e. acute/chronic), logistic regression was used to analyse the 218 

proportional consumption of prey in relation to ‘prey density’ to categorise the functional 219 

response type (i.e. Types I, II or III). Type II and III functional responses are common in 220 

invertebrate predators, whilst Type I functional responses are mechanistically reserved to 221 

filter feeding organisms (Jeschke et al. 2004). Here, a Type II functional response was 222 

statistically indicated by a significantly negative first order term (i.e. linear coefficient), 223 

whereas a Type III functional response is inferred from a significantly positive first order 224 

term followed by a significantly negative second order term (i.e. quadratic coefficient). 225 

Ecologically, a Type II functional response is characterised by a high rate of resource 226 

consumption at low resource densities, which then reaches a plateau. Whereas, a Type III 227 

functional response exhibits a low rate of consumption at low densities, which then increases 228 

initially before again reaching a plateau. As such, the Type II functional response may be 229 

more likely to extirpate populations due to a lack of low density refuge, compared to the 230 

Type III functional response where a low density refuge is theoretically imparted to 231 

populations (Dick et al. 2014).  232 

Secondly, as prey were not replaced as they were consumed, and owing to the functional 233 

response type we found, we fitted Rogers’ random predator equation (Rogers, 1972), which is 234 

appropriate for instances of prey depletion (Cuthbert et al. 2020): 235 

𝑁𝑒 = 𝑁0(1 − exp(𝑎(𝑁𝑒ℎ − 𝑇))) 236 

(1) 237 

where Ne is the number of prey killed, N0 is the initial density of prey, a is the attack rate, h is 238 

the handling time and T is the total experimental period. Both a and h are parameters of the 239 



functional response curve, whereby a corresponds to the search efficiency of predators at low 240 

densities (i.e. initial curve slope) and h inversely to the maximum feeding rate (i.e. curve 241 

asymptote). The random predator equation was fit for each microplastics concentration 242 

treatment group using maximum likelihood estimation for both experiments, with the 243 

Lambert W function implemented to make the equation solvable (Bolker, 2008). 244 

Additionally, to generate 95% confidence intervals around the functional response curve, a 245 

non-parametric bootstrapping procedure (n = 2000 iterations) was used (Pritchard et al. 246 

2017). As this procedure allows functional responses to be considered at the population-level 247 

as opposed to the sample-level, differences in functional responses were made on the basis of 248 

confidence interval divergence across prey densities. 249 

 250 

3. Results 251 

In the absence of predators, 100% of blue mussel prey survived throughout the duration of 252 

the acute experiment for all treatments, indicating that mortality found during the 253 

experiments was a result of predation, rather than microplastics exposure or any other causes. 254 

We therefore did not need to adjust feeding rates in experimental groups to account for any 255 

background prey mortality.  256 

Microplastics exposure did not significantly affect the proportion of mussels consumed 257 

following either acute (F2,48 = 0.292, p = 0.748) or chronic exposures (F2,48 = 0.219, p = 258 

0.804; Fig.1). In both experiments, proportional prey consumption decreased significantly 259 

with increasing prey densities (acute: F1,48 = 92.944, p < 0.001; chronic: F1,48 = 43.776, p < 260 

0.001; Fig.1). The lack of effect of microplastics exposure on the proportion of prey 261 

consumed in both experiments was consistent across prey densities, owing to a lack of 262 

significant interaction (acute: F2,48 = 0.091, p = 0.913; chronic: F1,48 = 0.082, p = 0.922; 263 



Fig.1). The R2 values for acute and chronic exposure GLMs were 0.719 and 0.572, 264 

respectively. 265 

 266 

Fig.1: Proportions of M. edulis prey consumed across increasing microplastic concentrations 267 

(Control/ MPL/ MPH) and prey densities by C. maenas for (a) the acute eight-hour 268 

microplastic exposure experiment and (b) the chronic five-day microplastic exposure 269 

experiment. Means are shown with standard error (SE) (n = 3). 270 

  271 

Crabs consistently displayed Type II functional responses irrespective of microplastic 272 

concentrations for both acute and chronic exposures, owing to significantly negative first 273 

order terms (Table 1). Accordingly, the proportions of available prey eaten were highest at 274 

the lower prey densities (Fig.1). Attack rates and handling times were always significantly 275 

different to zero and were thus well predicted by the random predator equation (Table 1). 276 

Both attack rates and handling times were similar among microplastic concentrations 277 



following acute exposures. Likewise, for chronic exposures, attack rates and handling times 278 

remained similar among microplastics exposures (Table 1). Maximum feeding rates were 279 

slightly highest in the control and high microplastics concentration groups for acute and 280 

chronic exposures, respectively (Fig.2). However, functional response confidence intervals 281 

always overlapped across prey densities, indicating similarities among feeding rates 282 

irrespective of microplastics exposure treatment (Fig.2).  283 

 284 

Table 1: First-order terms from logistic regressions of proportional prey consumption for 285 

shore crabs C. maenas consuming blue mussel M. edulis at different microplastics 286 

concentrations (Control, MPL; 65.98 – 114.02 MP/L, MPH; 659.84 – 1140.25 MP/L) under 287 

acute and chronic microplastic exposure, as well as functional response parameter estimates 288 

from the random predator equation.  289 

 290 

Treatment First-order 

term 

p-value FR 

Type 

Attack 

rate (a) 

p-value Handling 

time (h) 

p-value 

Acute Control -0.086 <0.001 II 7.232 <0.001 0.017 <0.001 

Acute MPL -0.075 <0.001 II 7.043 <0.001 0.023 <0.001 

Acute MPH -0.072 <0.001 II 7.514 <0.001 0.020 <0.001 

        

Chronic Control -0.062 <0.001 II 6.665 <0.001 0.021 <0.001 

Chronic MPL -0.061 <0.001 II 5.308 <0.001 0.018 <0.001 

Chronic MPH -0.075 <0.001 II 6.561 <0.001 0.016 <0.001 

 291 



 292 

Fig.2: Type II functional responses of shore crabs C. maenas consuming blue mussel M. edulis 293 

during (a) the acute eight-hour exposure and (b) the chronic five-day exposure to microplastics 294 

(Control, MPL; 65.98 – 114.02 MP/L, MPH; 659.84 – 1140.25 MP/L). The functional response 295 

curves include bootstrapped 95% confidence intervals (n = 2000). Points are raw data. 296 

4. Discussion 297 

To our knowledge, this is the first study to quantify how the functional response of marine 298 

fauna are affected by the presence of varying dosages of microplastic pollution. Our data 299 

show that both low and high levels of microplastics, which have been utilised in previous 300 

studies, do not supress the feeding efficiency of shore crabs upon blue mussel prey. We found 301 

that prey consumption was significantly driven by initial prey density only, aligning with 302 

Type II functional responses, and no other significant effects were detected.  303 

Although the behaviour of the predators in this study was not affected by microplastic 304 

exposure, other key animal behaviours aside from predation and feeding have previously 305 

been impacted by exposure to microplastic pollution; for example, beachhoppers 306 



(Platorchestia smithi) displayed a reduction in locomotive behaviours (Tosetto et al. 2016), 307 

reduced cognition was highlighted in hermit crabs (Pagurus bernhardus; Crump et al. 2020), 308 

and a decrease in social and shoaling behaviours was also found in fish (Carassius carassius; 309 

Mattsson et al. 2015). Furthermore, while prey consumption was not affected in our study, 310 

microplastics may also have negative effects on the reproductive success of individuals (Horn 311 

et al. 2020) and may cause organ damage (Barboza et al. 2018), or gut blockage (Watts et al. 312 

2015), which could lead to reduced environmental fitness of individuals and therefore impact 313 

upon community structure and diversity (Brown et al. 2016).  314 

It is imperative that future studies adopt more environmentally-realistic microplastic levels, 315 

firstly, because a large number of studies use elevated and unrealistic microplastic dosages 316 

(Cunningham & Sigwart, 2019); and secondly, because low dosages of microplastics have 317 

shown to have an effect on animal behaviour (Crump et al. 2020) and physiology (Horn et al. 318 

2020). Although the number of particles within the low dosage used in this study (MPL; 319 

65.98 – 114.02 MP/L) are in line with values highlighted by Burns & Boxall (2018) as being 320 

environmentally-relevant, the use of microplastic fibres as opposed to fragments would have 321 

increased the relevance of this study (Horn et al. 2020; Watts et al. 2015; Woods et al. 2018). 322 

Previous studies have also utilised secondary microplastics such as fragments or aged 323 

particles (Jaikumar et al. 2019) to make the study more relevant to the environment 324 

(Lehtiniemi et al. 2018). Also, the site in which we sampled our animals was previously 325 

shown to have very low levels of microplastic pollution (~1 MP/L; Green et al. 2018); 326 

therefore, it is important that site specific microplastic pollution is considered when trying to 327 

adopt an environmentally-relevant approach. It has also been shown that the effects of 328 

microplastics at environmental levels may be species-specific (Suckling et al. 2021), and 329 

therefore, further studies need to be carried out to highlight which species are most 330 

vulnerable. This will help to further our understanding of the impacts microplastic pollution 331 



has on marine systems.  Likewise, examining how microplastics pollution effects interact 332 

with other aspects of global change, such as climatic warming, could help to further improve 333 

understandings of multiple stressors associated with human activity.  334 

While the present study assessed a five-day chronic exposure period, which has previously 335 

been observed to cause negative behavioural changes to hermit crabs at low microplastic 336 

dosages (25 microplastics per litre; Crump et al. 2020), other studies have considered longer 337 

durations for chronic exposure. For example, exposure times lasting six weeks have been 338 

used to assess behavioural changes in fish (Critchell & Hoogenboom, 2018); although, only 339 

slight changes in animal activity were observed during behavioural analysis. Further to this, 340 

an exposure period of 95 days highlighted how environmental levels of microplastics affected 341 

growth and survivability of fish species due to long-term particle exposure and ingestion 342 

(Naidoo & Glassom, 2019). Hence, longer exposure times may be needed to tease out 343 

impacts at low or environmentally-relevant dosages of microplastic dosages and types.  344 

Effects of microplastics on trophic interactions may be most profound should they affect 345 

keystone predators that govern the abundance and distribution of other species. The shore 346 

crab C. maenas is a common predator with a broad, pancontinental distribution considering 347 

both native and invaded ranges (Howard et al., 2018). Crab predation on mussel reefs maybe 348 

seen as a key trophic regulator, as it influences community structuring and biodiversity, 349 

because mortality of individual mussels can leave space for other species to colonise or seek 350 

refuge (Enderlein & Wahl, 2004; Barrios-O’Neill et al. 2018). Increased predation pressure 351 

can have negative effects for community structure as biogenic reefs can become homogenised 352 

(Hollebone & Hay, 2007). However, predation on mussel reefs by crabs can be depressed via 353 

the introduction of other predators such as whelks, and is also limited by size of the predator, 354 

and reef complexity (Quinn et al. 2012). With the introduction of an anthropogenic stressor, 355 

we show that low levels of microplastics do not decrease predation rates. In essence, this 356 



indicates that mussel population vulnerability to predation may be relatively unaffected by 357 

similar types of microplastics pollution to this study under varying concentrations. This 358 

corroborates with a freshwater study, whereby predation rates were not impeded by the 359 

presence of microplastics-exposed dipteran prey (Cuthbert et al. 2019).  360 

Functional response experiments can be used to assess how interaction strengths are affected 361 

by anthropogenic influence; for example, increasing temperature and other climatic variables 362 

(Munari et al. 2011; Uiterwaal & DeLong, 2020). Whilst a classical ecological concept that 363 

has been pervasive in the ecological literature for decades (Holling, 1959), functional 364 

responses have only been applied very recently to quantify effects of microplastics on trophic 365 

interactions (Cuthbert et al. 2019). That is despite their predictive power in determining 366 

interaction strengths in other ecological fields (e.g. invasion biology, Dick et al. 2014). In 367 

contrast, the use of functional responses to determine the interaction strengths of aquatic 368 

fauna when exposed to organic and other pollutants dates further back in the literature (e.g. 369 

Havens, 1994; Matozzo et al. 2001). Functional response experiments can also be useful tool  370 

to assess the uptake of microplastic particles at increasing densities directly, as opposed to 371 

prey items (Wood et al., 2018; Mbedzi et al. 2019). A previous study adopting this method 372 

showed that fish (Tilapia sparrmanii) displayed a Type II functional response when ingesting 373 

microplastic particles mixed with fish bait, meaning that fish consumed high numbers of 374 

microplastics even at low densities (Mbedzi et al. 2020). Therefore, functional responses can 375 

be used to determine how microplastics enter the food chain at a range of densities via 376 

numerous trophic levels (Woods et al. 2018). In the present study, as microplastics did not 377 

significantly affect feeding rates across resource densities, no evidence for significant effects 378 

on attack rates, handling times or maximum feeding rates towards prey were discerned. We 379 

also found Type II hyperbolic functional responses across all microplastics treatments, and 380 

therefore microplastics exposure did not impede predation efficiencies at low prey densities, 381 



with Type II functional response thought to be more destabilising to prey populations than 382 

sigmoidal Type III feeding relationships that can impart low density prey refuge (Dick et al. 383 

2014). However, we note that our experiment did not incorporate any habitat structure, which 384 

can impart refuge to prey and cause shifts in functional response types (e.g. Alexander et al. 385 

2012). 386 

In conclusion, no significant effects of feeding efficiency of predators were discerned as a 387 

result of microplastic exposure at concentrations or durations. This research highlights the 388 

need for future studies to assess environmentally-relevant dosages of microplastics in 389 

laboratory exposure trials. Overall, the present study advances our understanding of the 390 

effects of microplastics concentration and exposure on trophic interactions between key 391 

species, highlighting that microplastics may not impact upon this ecosystem function. 392 

Nevertheless, other impacts of microplastic exposure, such as bioaccumulation and 393 

biomagnification of chemical contaminants within food webs (Scopetani et al. 2018; Le 394 

Bihanic et al. 2020), and on other species, requires further investigation.  395 

 396 

Acknowledgments 397 

EMC is supported by the Department for Agriculture, Environment, and Rural Affairs, 398 

Northern Ireland. RNC acknowledges funding from the Alexander von Humboldt 399 

Foundation. NEC gratefully acknowledges support from the Irish Environmental Protection 400 

Agency project “Newtrients” (EPA Research Programme 2014–2020: 2016-W-LS-11). VC is 401 

supported by the G&M Williams fund, Queen’s University Belfast. All authors gratefully 402 

thank Emma Healey for technical support, and Gavin Grant, Hannah Williams, and Polly 403 

Moore for assisting in the animal collection and maintenance. The authors also thank We Are 404 

Vanimals and Indie for stimulating discussion.  405 



 406 

 407 

References 408 

Alexander, M. E., Dick, J. T., O’Connor, N. E., Haddaway, N. R., & Farnsworth, K. D. 2012. 409 

Functional responses of the intertidal amphipod Echinogammarus marinus: effects of 410 

prey supply, model selection and habitat complexity. Mar. Ecol. Prog. Ser. 468, 191–411 

202. DOI: https://doi.org/10.3354/meps09978 412 

Anbumani, S., & Kakkar, P. 2018. Ecotoxicological effects of microplastics on biota: a 413 

review. Environ. Sci. Pollut. Res. 25(15), 14373–14396. DOI: 414 

https://doi.org/10.1007/s11356-018-1999-x 415 

Barboza, L. G. A., Vieira, L. R., & Guilhermino, L., 2018. Single and combined effects of 416 

microplastics and mercury on juveniles of the European seabass (Dicentrarchus 417 

labrax): changes in behavioural responses and reduction of swimming velocity and 418 

resistance time. Environ. Pollut. 236, 1014–1019. DOI: 419 

https://doi.org/10.1016/j.envpol.2017.12.082 420 

Barrios-O'Neill, D., Bertolini, C., & Collins, P. C., 2017. Trophic cascades and the transient 421 

keystone concept. Biol. Conserv. 212, 191–195. DOI: 422 

https://doi.org/10.1016/j.biocon.2017.06.011 423 

Bolker, B. M., 2008. Ecological models and data in R. Princeton University Press. 424 

Brown, N. E., Therriault, T. W., & Harley, C. D., 2016. Field‐based experimental 425 

acidification alters fouling community structure and reduces diversity. J. Anim. 426 

Ecol. 85(5), 1328–1339. DOI: https://doi.org/10.1111/1365-2656.12557 427 

https://doi.org/10.3354/meps09978
https://doi.org/10.1007/s11356-018-1999-x
https://doi.org/10.1016/j.envpol.2017.12.082
https://doi.org/10.1016/j.biocon.2017.06.011
https://doi.org/10.1111/1365-2656.12557


Bucci, K., Tulio, M., & Rochman, C. M., 2020. What is known and unknown about the 428 

effects of plastic pollution: A meta‐analysis and systematic review. Ecol. Appl. 30(2), 429 

e02044. DOI: https://doi.org/10.1002/eap.2044 430 

Burns, E. E., & Boxall, A. B., 2018. Microplastics in the aquatic environment: Evidence for 431 

or against adverse impacts and major knowledge gaps. Environ. Toxicol. Chem. 37(11), 432 

2776–2796. DOI: https://doi.org/10.1002/etc.4268 433 

Cole, M., Lindeque, P., Fileman, E., Halsband, C., & Galloway, T. S., 2015. The impact of 434 

polystyrene microplastics on feeding, function and fecundity in the marine copepod 435 

Calanus helgolandicus. Environ. Sci. Technol. 49(2), 1130–1137. DOI: 436 

https://doi.org/10.1021/es504525u 437 

Coughlan, N.E., Doyle, S., Baker-Arney, C., Griffith, R.M., Lyne, L., Williams, H., Kelly, 438 

T.C., McMahon, B.J., Dick, J.T.A. & Cunningham, E.M., 2020. Ingestion of 439 

anthropogenic debris by migratory barnacle geese Branta leucopsis on a remote north-440 

eastern Atlantic island. Mar. Pollut. Bull. 160, 111588. DOI:  441 

https://doi.org/10.1016/j.marpolbul.2020.111588 442 

Critchell, K., & Hoogenboom, M. O., 2018. Effects of microplastic exposure on the body 443 

condition and behaviour of planktivorous reef fish (Acanthochromis 444 

polyacanthus). PloS one, 13(3), e0193308. DOI: 445 

https://doi.org/10.1371/journal.pone.0193308 446 

Crump, A., Mullens, C., Bethell, E. J., Cunningham, E. M., & Arnott, G., 2020. Microplastics 447 

disrupt hermit crab shell selection. Biol. Lett. 16(4), 20200030. DOI: 448 

https://doi.org/10.1098/rsbl.2020.0030 449 

https://doi.org/10.1002/eap.2044
https://doi.org/10.1002/etc.4268
https://doi.org/10.1021/es504525u
https://doi.org/10.1016/j.marpolbul.2020.111588
https://doi.org/10.1371/journal.pone.0193308
https://doi.org/10.1098/rsbl.2020.0030


Cunningham, E. M., & Sigwart, J. D., 2019. Environmentally accurate microplastic levels 450 

and their absence from exposure studies. Integr. Comp. Biol. 59(6), 1485–1496. DOI: 451 

https://doi.org/10.1093/icb/icz068 452 

Cunningham, E. M., Kiriakoulakis, K., Dick, J. T. A., Kregting, L., Schuchert, P., Sigwart, J. 453 

D., 2020. Driven by speculation, not by impact - the effects of plastic on fish species. J. 454 

Fish Biol. 96(6), 1294–1297. DOI: https://doi.org/10.1111/jfb.14303 455 

Cuthbert, R. N., Al-Jaibachi, R., Dalu, T., Dick, J. T., & Callaghan, A., 2019. The influence 456 

of microplastics on trophic interaction strengths and oviposition preferences of 457 

dipterans. Sci. Totl. Environ. 651, 2420–2423. DOI: 458 

https://doi.org/10.1016/j.scitotenv.2018.10.108 459 

Cuthbert, R. N., Dick, J. T., Callaghan, A., & Dickey, J. W., 2018. Biological control agent 460 

selection under environmental change using functional responses, abundances and 461 

fecundities; the Relative Control Potential (RCP) metric. Biol. Control. 121, 50–57. 462 

DOI: https://doi.org/10.1016/j.biocontrol.2018.02.008 463 

Cuthbert, R. N., Wasserman, R. J., Dalu, T., Kaiser, H., Weyl, O. L., Dick, J. T., Sentis, A., 464 

McCoy, M. W., & Alexander, M. E. 2020. Influence of intra‐and interspecific variation 465 

in predator–prey body size ratios on trophic interaction strengths. Ecol. Evol. 10, 5946–466 

5962. DOI: https://doi.org/10.1002/ece3.6332 467 

Dick, J. T. A., M. E. Alexander, J. M. Jeschke, A. Ricciardi, H. J. MacIsaac, T. B. Robinson, 468 

S. Kumschick, O. L. F. Weyl, A. M. Dunn, M. J. Hatcher, R. A. Paterson, K. D. 469 

Farnsworth & D. M. Richardson., 2014. Advancing impact prediction and hypothesis 470 

testing in invasion ecology using a comparative functional response approach. Biol. 471 

Invasions. 16, 735–753. DOI: https://doi.org/10.1007/s10530-013-0550-8 472 

https://doi.org/10.1093/icb/icz068
https://doi.org/10.1111/jfb.14303
https://doi.org/10.1016/j.scitotenv.2018.10.108
https://doi.org/10.1016/j.biocontrol.2018.02.008
https://doi.org/10.1002/ece3.6332
https://doi.org/10.1007/s10530-013-0550-8


Doyle, D., Frias, J., Nash, R., & Gammell, M., 2020. Current environmental microplastic 473 

levels do not alter emergence behaviour in the intertidal gastropod Littorina 474 

littorea. Mar. Pollut. Bull. 151, 110859. DOI: 475 

https://doi.org/10.1016/j.marpolbul.2019.110859 476 

Dumas, J. V., & Witman, J. D., 1993. Predation by herring gulls (Larus argentatus Coues) on 477 

two rocky intertidal crab species [Carcinus maenas (L.) & Cancer irroratus Say]. J. 478 

Exp. Mar. Biol. Ecol. 169(1), 89–101. DOI: https://doi.org/10.1016/0022-479 

0981(93)90045-P 480 

Duncan, E. M., Broderick, A. C., Fuller, W. J., Galloway, T. S., Godfrey, M. H., Hamann, 481 

M., Limpus, C. J., Lindeque, P. K., Mayes, A. G., Omeyer, L. C. M., Santillo, D., 482 

Snape, R. T. E., & Godley, B. J., 2019. Microplastic ingestion ubiquitous in marine 483 

turtles. Glob. Chang. Biol. 25(2), 744–752. DOI: https://doi.org/10.1111/gcb.14519 484 

Enderlein, P., & Wahl, M., 2004. Dominance of blue mussels versus consumer-mediated 485 

enhancement of benthic diversity. J. Sea Res. 51(2), 145–155. DOI: 486 

https://doi.org/10.1016/j.seares.2003.05.006 487 

Fox, J., Weisberg, S., 2019. An {R} Companion to Applied Regression, Third 488 

  Edition. Thousand Oaks CA: Sage. 489 

Franzellitti, S., Canesi, L., Auguste, M., Wathsala, R. H., & Fabbri, E., 2019. Microplastic 490 

exposure and effects in aquatic organisms: A physiological perspective. Environ. 491 

Toxicol. Pharmacol. 68, 37–51. DOI: https://doi.org/10.1016/j.etap.2019.03.009 492 

Green, D. S., Kregting, L., Boots, B., Blockley, D. J., Brickle, P., Da Costa, M., & Crowley, 493 

Q., 2018. A comparison of sampling methods for seawater microplastics and a first 494 

report of the microplastic litter in coastal waters of Ascension and Falkland 495 

https://doi.org/10.1016/j.marpolbul.2019.110859
https://doi.org/10.1016/0022-0981(93)90045-P
https://doi.org/10.1016/0022-0981(93)90045-P
https://doi.org/10.1111/gcb.14519
https://doi.org/10.1016/j.seares.2003.05.006
https://doi.org/10.1016/j.etap.2019.03.009


Islands. Mar. Pollut. Bull. 137, 695–701. DOI: 496 

https://doi.org/10.1016/j.marpolbul.2018.11.004 497 

de Haan, W. P., Sanchez-Vidal, A., Canals, M., & Party, N. S. S., 2019. Floating 498 

microplastics and aggregate formation in the Western Mediterranean Sea. Mar. Pollut. 499 

Bull. 140, 523–535. DOI: https://doi.org/10.1016/j.marpolbul.2019.01.053 500 

Hammerschlag, N., Schmitz, O.J., Flecker, A.S., Lafferty, K.D., Sih, A., Atwood, T.B., 501 

Gallagher, A.J., Irschick, D.J., Skubel, R. & Cooke, S.J., 2019. Ecosystem function and 502 

services of aquatic predators in the Anthropocene. Trends. Ecol. Evol. 34(4), 369–383. 503 

DOI: https://doi.org/10.1016/j.tree.2019.01.005 504 

Hara, J., Frias, J., & Nash, R., 2020. Quantification of microplastic ingestion by the decapod 505 

crustacean Nephrops norvegicus from Irish waters. Mar. Pollut. Bull. 152, 110905. 506 

DOI: https://doi.org/10.1016/j.marpolbul.2020.110905 507 

Havens, K. E., 1994. Structural and functional responses of a freshwater plankton community 508 

to acute copper stress. Environ. Pollut. 86(3), 259–266. DOI: 509 

https://doi.org/10.1016/0269-7491(94)90166-X 510 

Hollebone, A. L., & Hay, M. E., 2007. Propagule pressure of an invasive crab overwhelms 511 

native biotic resistance. Mar. Ecol. Prog. Ser. 342, 191–196. DOI: 512 

https://doi:10.3354/meps342191 513 

Holling, C. S., 1959. Some characteristics of simple types of predation and parasitism. Can. 514 

Entomol. 91(7), 385–398. DOI: http://doi:10.4039/Ent91385-7 515 

Horn, D. A., Granek, E. F., & Steele, C. L., 2020. Effects of environmentally relevant 516 

concentrations of microplastic fibers on Pacific mole crab (Emerita analoga) mortality 517 

https://doi.org/10.1016/j.marpolbul.2018.11.004
https://doi.org/10.1016/j.marpolbul.2019.01.053
https://doi.org/10.1016/j.tree.2019.01.005
https://doi.org/10.1016/j.marpolbul.2020.110905
https://doi.org/10.1016/0269-7491(94)90166-X
https://doi:10.3354/meps342191
http://doi:10.4039/Ent91385-7


and reproduction. Limnol. Oceanogr. Lett. 5(1), 74–83. DOI: 518 

https://doi.org/10.1002/lol2.10137 519 

Howard, B. R., Barrios-O’Neill, D., Alexander, M. E., Dick, J. T., Therriault, T. W., 520 

Robinson, T. B., & Côté, I. M., 2018. Functional responses of a cosmopolitan invader 521 

demonstrate intraspecific variability in consumer-resource dynamics. PeerJ. 6, e5634. 522 

DOI: http://doi:10.7717/peerj.5634 523 

Hull, W. W., & Bourdeau, P. E., 2017. Can crabs kill like a keystone predator? A field-test of 524 

the effects of crab predation on mussel mortality on a northeast Pacific rocky 525 

shore. PloS one. 12(8), e0183064. DOI: https://doi.org/10.1371/journal.pone.0183064 526 

Jaikumar, G., Brun, N. R., Vijver, M. G., & Bosker, T., 2019. Reproductive toxicity of 527 

primary and secondary microplastics to three cladocerans during chronic 528 

exposure. Environ. Pollut. 249, 638–646. DOI: 529 

https://doi.org/10.1016/j.envpol.2019.03.085 530 

Jambeck, J. R., Geyer, R., Wilcox, C., Siegler, T. R., Perryman, M., Andrady, A., Narayan, 531 

R., & Law, K. L., 2015. Plastic waste inputs from land into the ocean. Sci. 347(6223), 532 

768–771. DOI: http://10.1126/science.1260352 533 

Jeschke, J. M., Kopp, M., & Tollrian, R., 2004. Consumer‐food systems: why type I 534 

functional responses are exclusive to filter feeders. Biol. Rev. 79(2), 337–349. DOI: 535 

https://doi.org/10.1017/S1464793103006286  536 

Joyce, P. W., Dickey, J. W., Cuthbert, R. N., Jaimie, T. A., & Kregting, L., 2019. Using 537 

functional responses and prey switching to quantify invasion success of the Pacific 538 

oyster, Crassostrea gigas. Mar. Environ. Res. 145, 66–72. DOI: 539 

https://doi.org/10.1016/j.marenvres.2019.02.010 540 

https://doi.org/10.1002/lol2.10137
http://doi:10.7717/peerj.5634
https://doi.org/10.1371/journal.pone.0183064
https://doi.org/10.1016/j.envpol.2019.03.085
http://10.0.4.102/science.1260352
https://doi.org/10.1017/S1464793103006286
https://doi.org/10.1016/j.marenvres.2019.02.010


Le Bihanic, F., Clérandeau, C., Cormier, B., Crebassa, J. C., Keiter, S. H., Beiras, R., Morin, 541 

B., Bégout, M., Cousin, X., & Cachot, J., 2020. Organic contaminants sorbed to 542 

microplastics affect marine medaka fish early life stages development. Mar. Pollut. 543 

Bull. 154, 111059. DOI: https://doi.org/10.1016/j.marpolbul.2020.111059 544 

Lehtiniemi, M., Hartikainen, S., Näkki, P., Engström-Öst, J., Koistinen, A., & Setälä, O., 545 

2018. Size matters more than shape: Ingestion of primary and secondary microplastics 546 

by small predators. Food. Webs. 17, e00097. DOI: 547 

https://doi.org/10.1016/j.fooweb.2018.e00097  548 

Mascaró, M., & Seed, R. (2001). Choice of prey size and species in Carcinus maenas (L.) 549 

feeding on four bivalves of contrasting shell morphology. In Advances in Decapod 550 

Crustacean Research (159–170). Springer, Dordrecht. 551 

Matozzo, V., Ballarin, L., Pampanin, D. M., & Marin, M. G., 2001. Effects of copper and 552 

cadmium exposure on functional responses of hemocytes in the clam, Tapes 553 

philippinarum. Arch. Environ. Contam. Toxicol. 41(2), 163–170. DOI: 554 

https://doi.org/10.1007/s002440010234 555 

Mattsson, K., Ekvall, M. T., Hansson, L. A., Linse, S., Malmendal, A., & Cedervall, T., 2015. 556 

Altered behavior, physiology, and metabolism in fish exposed to polystyrene 557 

nanoparticles. Environ. Sci. Technol. 49(1), 553–561. DOI: 558 

https://doi.org/10.1021/es5053655 559 

Mbedzi, R., Dalu, T., Wasserman, R. J., Murungweni, F., & Cuthbert, R. N., 2020. 560 

Functional response quantifies microplastic uptake by a widespread African fish 561 

species. Science. Totl. Environ. 700, 134522. DOI: 562 

https://doi.org/10.1016/j.scitotenv.2019.134522 563 

https://doi.org/10.1016/j.marpolbul.2020.111059
https://doi.org/10.1016/j.fooweb.2018.e00097
https://doi.org/10.1007/s002440010234
https://doi.org/10.1021/es5053655
https://doi.org/10.1016/j.scitotenv.2019.134522


Munari, M., Matozzo, V., & Marin, M. G., 2011. Combined effects of temperature and 564 

salinity on functional responses of haemocytes and survival in air of the clam Ruditapes 565 

philippinarum. Fish Shellfish. Immun. 30(4-5), 1024–1030. DOI: 566 

https://doi.org/10.1016/j.fsi.2011.01.025 567 

Naidoo, T., & Glassom, D., 2019. Decreased growth and survival in small juvenile fish, after 568 

chronic exposure to environmentally relevant concentrations of microplastic. Mar. 569 

Pollut. Bull. 145, 254–259. DOI: https://doi.org/10.1016/j.marpolbul.2019.02.037 570 

Nelms, S. E., Barnett, J., Brownlow, A., Davison, N. J., Deaville, R., Galloway, T. S., 571 

Lindeque, P. K., Santillo, D., & Godley, B. J., 2019. Microplastics in marine mammals 572 

stranded around the British coast: ubiquitous but transitory?. Sci. Rep. 9(1), 1–8. DOI: 573 

https://doi.org/10.1038/s41598-018-37428-3 574 

PlasticsEurope., 2020. Plastics – the Facts 2019, Avenue E. van Nieuwenhuyse 4/3, 1160 575 

Brussels. Belgium: PlasticsEurope. 576 

Prestholdt, T. E., & Kemp, L., 2020. The effects of anthropogenic marine debris on the 577 

behavior of the purple shore crab, Hemigrapsus nudus. J. Sea Res. 163, 101916. DOI: 578 

https://doi.org/10.1016/j.seares.2020.101916 579 

Pritchard, D. W., Paterson, R., Bovy, H. C., & Barrios-O'Neill, D., 2017. Frair: an R package 580 

for fitting and comparing consumer functional responses. Method. Ecol. Evol. 8(11), 581 

1528–1534. DOI: http://dx.doi.org/10.1111/2041-210X.12784 582 

Quinn, B. K., Boudreau, M. R., & Hamilton, D. J., 2012. Inter-and intraspecific interactions 583 

among green crabs (Carcinus maenas) and whelks (Nucella lapillus) foraging on blue 584 

mussels (Mytilus edulis). J. Exp. Mar. Biol. Ecol. 412, 117–125. DOI: 585 

https://doi.org/10.1016/j.jembe.2011.11.012 586 

https://doi.org/10.1016/j.fsi.2011.01.025
https://doi.org/10.1016/j.marpolbul.2019.02.037
https://doi.org/10.1038/s41598-018-37428-3
https://doi.org/10.1016/j.seares.2020.101916
http://dx.doi.org/10.1111/2041-210X.12784
https://doi.org/10.1016/j.jembe.2011.11.012


R Core Development Team., 2018. R: A language and environment for statistical computing. 587 

R Foundation for Statistical Computing, Vienna, Austria. 588 

Rogers, D., 1972. Random search and insect population models.  J. Anim. Ecol. 41, 369–383. 589 

DOI: https://doi.org/10.2307/3474 590 

Scopetani, C., Cincinelli, A., Martellini, T., Lombardini, E., Ciofini, A., Fortunati, A., 591 

Pasquali, V., Ciattini, S., & Ugolini, A., 2018. Ingested microplastic as a two-way 592 

transporter for PBDEs in Talitrus saltator. Environ. Res. 167, 411–417. DOI: 593 

https://doi.org/10.1016/j.envres.2018.07.030 594 

Sharma, M., Quader, S., Guttal, V., & Isvaran, K., 2020. The enemy of my enemy: multiple 595 

interacting selection pressures lead to unexpected anti-predator 596 

responses. Oecologia. 192(1), 1–12. DOI: https://doi.org/10.1007/s00442-019-04552-4 597 

Sih, A., P. Crowley, M. McPeek, J. Petranka & K. Strohmeier., 1985. Predation, competition 598 

and prey communities: a review of field experiments. Annu. Rev. Ecol. Evol. Syst. 16, 599 

269–311. DOI: https://doi.org/10.1146/annurev.es.16.110185.001413 600 

Suckling, C. C., 2020. Responses to environmentally relevant microplastics are species-601 

specific with dietary habit as a potential sensitivity indicator. Sci. Totl. Environ. 751, 602 

142341. DOI: https://doi.org/10.1016/j.scitotenv.2020.142341 603 

Thompson, R. C., Olsen, Y., Mitchell, R. P., Davis, A., Rowland, S. J., John, A. W., 604 

McGonigle, D., & Russell, A. E., 2004. Lost at sea: where is all the 605 

plastic?. Sci. 304(5672), 838. 606 

Tosetto, L., Brown, C., & Williamson, J. E., 2016. Microplastics on beaches: ingestion and 607 

behavioural consequences for beachhoppers. Mar. Biol. 163(10), 199. DOI: 608 

https://doi.org/10.1007/s00227-016-2973-0 609 

https://doi.org/10.2307/3474
https://doi.org/10.1016/j.envres.2018.07.030
https://doi.org/10.1007/s00442-019-04552-4
https://doi.org/10.1146/annurev.es.16.110185.001413
https://doi.org/10.1016/j.scitotenv.2020.142341
https://doi.org/10.1007/s00227-016-2973-0


Uiterwaal, S. F., & DeLong, J. P., 2020. Functional responses are maximized at intermediate 610 

temperatures. Ecol. 101(4), e02975. DOI: https://doi.org/10.1002/ecy.2975 611 

Virnstein, R. W., 1977. The importance of predation by crabs and fishes on benthic infauna in 612 

Chesapeake Bay. Ecol. 58(6), 1199–1217. DOI: https://doi.org/10.2307/1935076 613 

Watts, A. J., Urbina, M. A., Corr, S., Lewis, C., & Galloway, T. S., 2015. Ingestion of plastic 614 

microfibers by the crab Carcinus maenas and its effect on food consumption and energy 615 

balance. Environ. Sci. Technol. 49(24), 14597–14604. DOI: 616 

https://doi.org/10.1021/acs.est.5b04026 617 

Welden, N. A., & Cowie, P. R., 2016. Long-term microplastic retention causes reduced body 618 

condition in the langoustine, Nephrops norvegicus. Environ. Pollut. 218, 895–900. 619 

DOI: https://doi.org/10.1016/j.envpol.2016.08.020 620 

Welden, N. A., & Lusher, A. L., 2017. Impacts of changing ocean circulation on the 621 

distribution of marine microplastic litter. Integr. Environ. Assess. Manag. 13(3), 483–622 

487. DOI: https://doi.org/10.1002/ieam.1911 623 

Woods, M. N., Stack, M. E., Fields, D. M., Shaw, S. D., & Matrai, P. A., 2018. Microplastic 624 

fiber uptake, ingestion, and egestion rates in the blue mussel (Mytilus edulis). Mar. 625 

Pollut. Bull. 137, 638–645. DOI: https://doi.org/10.1016/j.marpolbul.2018.10.061 626 

Zakeri, M., Naji, A., Akbarzadeh, A., & Uddin, S., 2020. Microplastic ingestion in important 627 

commercial fish in the southern Caspian Sea. Mar. Pollut. Bull. 160, 111598. DOI: 628 

https://doi.org/10.1016/j.marpolbul.2020.111598 629 

Zhang, D. 2020. rsq: R-Squared and Related Measures. R package version 2.1. 630 

https://CRAN.R-project.org/package=rsq 631 

https://doi.org/10.1002/ecy.2975
https://doi.org/10.2307/1935076
https://doi.org/10.1021/acs.est.5b04026
https://doi.org/10.1016/j.envpol.2016.08.020
https://doi.org/10.1002/ieam.1911
https://doi.org/10.1016/j.marpolbul.2018.10.061
https://doi.org/10.1016/j.marpolbul.2020.111598
https://cran.r-project.org/package=rsq


Zheng, S., Zhao, Y., Liangwei, W., Liang, J., Liu, T., Zhu, M., Li, Q., & Sun, X., 2020. 632 

Characteristics of microplastics ingested by zooplankton from the Bohai Sea, 633 

China. Sci. Totl. Environ. 713, 136357. DOI: 634 

https://doi.org/10.1016/j.scitotenv.2019.136357 635 

 636 

 637 

https://doi.org/10.1016/j.scitotenv.2019.136357

