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Abstract

Microplastics in freshwater habitats are consumed by fish, including stream-dwell-
ing salmonids, which can alter food consumption or negatively affect swimming and
foraging behaviour. As population-level effects are largely unknown, a population of
stream-dwelling rainbow trout (Oncorhynchus mykiss) was simulated using the agent-
based model inSTREAM 7’ to model population-level effects (biomass) of behavioural
changes caused by microplastics consumption. Individual fish were assigned all pos-
sible combinations of two personality traits (dominance, boldness/shyness) and con-
sumed microplastics while foraging; and their microplastics consumption, body length
and abundance were tracked for three different life stages (fry, juvenile, adult) for a peri-
od of 10 years. Three scenarios were explored: a low-impact scenario with microplastics
causing decreased food consumption, a medium-impact scenario which added lower
swimming speed and a high-impact scenario with additional reductions of foraging ef-
ficiency. Each scenario was tested for microplastics concentrations of 0%, 1% (i.e. cur-
rent levels) and 3% (i.e. future levels) of drift food. Overall, microplastics consumption
did not strongly affect trout abundance. Dominant adult trout consumed disproportion-
ally more microplastics than all other fish, especially at higher microplastic concentra-
tions. Personality traits influenced the response of the trout to microplastics ingestion:
dominant and bold adults were smaller when food consumption was reduced; shy and
subordinate adults were smaller when swimming speed was lowered; and all dominant
adults, regardless of boldness, were smaller when foraging efficiency was impeded,
with dominant and bold fry also less abundant in this scenario. However, effects on
fish body length were only found at microplastic concentrations of 3%, indicating these
outcomes can be prevented, as current levels of microplastics pollution are below this
concentration. Nevertheless, microplastics ingestion may become an additional stress-
or that interacts with the myriad of mostly anthropogenic stressors that already affect
wild salmonid populations.
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Introduction

Microplastics, defined as plastic particles < 5 mm (i.e. Thompson et al. (2009)),
are ubiquitous in virtually all marine, freshwater and terrestrial ecosystems
(Rochman 2018). Historically, the impacts of microplastics pollution have been
studied mostly in marine systems, while research on freshwater and terrestri-
al systems is more recent (Li et al. 2018). Freshwater ecosystems are high-
ly susceptible to microplastics pollution (Thompson et al. 2009), with urban
freshwater habitats being especially vulnerable, due to their proximity to pol-
lutant sources (i.e. Silva-Cavalcanti et al. (2017)). A wide range of microplastic
concentrations are commonly found across freshwater habitats (i.e. 0.08-7.4
items per litre; Luo et al. (2019)), with microplastics-free ecosystems becoming
exceedingly rare (Rochman 2018).

Microplastics have been found in the gut of numerous freshwater animals
(Hurley et al. 2017; Collard et al. 2019; O’Connor et al. 2022), including salmo-
nids (O’'Connor et al. 2020). Indeed, the quantification of microplastics in the
gut of freshwater fish is considered a proxy of microplastic pollution within a
given environment (Silva-Cavalcanti et al. 2017; Steer et al. 2017; Parker et al.
2021; but see O’Connor et al. (2020)). Nevertheless, the impacts of microplas-
tics pollution on the growth, reproduction and survival of freshwater and marine
taxa are highly variable, but this lack of consistent, strong effects on fish perfor-
mance or fitness suggests that the effects of microplastics ingestion may be
more subtle than anticipated, with more elusive behavioural effects occurring,
rather than drastic physiological changes (i.e. Foley et al. (2018)). Changes in
behaviour are typically the first line of defence against human-induced rapid en-
vironmental changes (Wong and Candolin 2015). Behavioural screenings serve
as fast, sensitive toxicological tests, as changes in behaviour occur at con-
centrations well below those used in traditional toxicological assays (Melvin
and Wilson 2013). Fish are an excellent model organism for evaluating the ef-
fects of microplastic pollution, as they are commonly used in toxicology assays
(Scott and Sloman 2004).

Previous research on the behavioural responses of individuals to microplas-
tics has shown that fish that ingest microplastics often exhibit changes in their
swimming behaviour. For example, zebrafish (Danio rerio) engaged in hyperac-
tive swimming behaviour following microplastics ingestion (exposure concen-
tration: 1 mg/I; Chen et al. (2020)), while the common goby (Pomatoschistus
microps) was less able to forage effectively on live prey (exposure concentra-
tion: 0.184 mg/|; Ferreira et al. (2016)). The European sea bass (Dicentrarchus
labrax) also showed behavioural changes after exposure to both low (exposure
concentration: 0.26 mg/l) and high (exposure concentration: 0.69 mg/l) lev-
els of microplastics, including erratic and lethargic swimming behaviour and
decreased resistance time (i.e. ability to maintain swimming ability while sub-
jected to increasing water velocity), although reduced swimming velocity only
occurred following exposure to the highest concentration (Barboza et al. 2018).
Resistance is especially relevant for stream dwelling salmonids, like trout, that
seek to maintain a stationary feeding station against the current (Piccolo et al.
2014). Intra-specific differences in the consumption and/or exposure to micro-
plastics have also been reported (exposure concentration: 4.1 mg/l; Nanninga
et al. (2021)). Differences in personality traits, or consistent behavioural
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differences amongst individuals (Réale et al. 2007), may affect the extent of
microplastics consumption, as bolder and more aggressive individuals often
achieve greater foraging success relative to shyer and less aggressive individu-
als (i.e. Biro and Stamps (2008); Mittelbach et al. (2014)), therefore being more
likely to consume microplastics (i.e. exposure concentration: 0.5 mg/l; Chen
et al. (2022)). The negative physiological effects of microplastics result from
a combination of physical damage, which varies with particle size and shape,
oxidative stress and adverse changes to gut microbiota (Li et al. 2022; Xiong et
al. 2023), as well as from translocation into different tissues (Mcllwraith et al.
2021; Dong et al. 2023). However, many of the sub-lethal effects of plastics in-
gestion are driven largely by reductions in apparent food availability, which may
also affect populations (Foley et al. 2018; Marn et al. 2020). In a recent model-
ling study, Marn et al. (2020) showed that, although current quantities of ingest-
ed plastic (exposure concentration: 3% of food) were insufficient to prevent
sexual maturation in loggerhead turtles (Caretta caretta), plastics consumption
was likely negatively impacting populations due to slower development and
delayed sexual maturation. Moreover, ecotoxicological studies show that pol-
lutants that alter behaviour often modify or interact with personality traits. For
example, inter-individual differences were dramatically diminished in guppies
(Poecilia reticulata) following long-term exposure to fluoxetine (exposure con-
centration: 40 + 3 ng/l; Polverino et al. (2021)). Behavioural changes resulting
from exposure to pollutants may also alter individual personality traits in fish
(i.e. Brodin et al. (2014); Lopes et al. (2019)) in a manner that increases further
contact with the pollutant, thus creating a positive feedback loop that greatly
intensifies any negative effects (i.e. Jacquin et al. (2020)). Due to their neu-
rotoxic effects (Xiong et al. 2023) and the changes in some personality traits
observed following microplastics ingestion (exposure concentration: 100,000
particles/| for prey; Felismino (2023)), microplastics also have the potential to
substantially affect inter-individual differences.

Mechanistic population modelling enables the scaling up of effects of micro-
plastics consumption from the individual to the population-level. Agent Based
Models (ABMs), in particular, are effective tools to evaluate the effects that
emerge from behavioural changes at the individual level and upscale them to
the population level (Grimm et al. 2017). As they are based on primary prin-
ciples, ABMs are able to incorporate key ecological processes that are often
non-linear, such as survival and body size, to make predictions in complex
habitats (Forbes et al. 2008), including freshwater systems. ABMs simulate
large-scale population dynamics from the bottom-up via adaptive, autonomous
agents that interact with each other (i.e. competition, reproduction) and the
environment (i.e. predators, physical environment) (Grimm et al. 2005). In sum-
mary, by representing the different types of behaviour of individual animals,
ABMs can effectively incorporate behaviour effects on population dynamics
(Macal 2016; McEntire and Maerz 2019). ABMs additionally offer a higher de-
gree of experimental control relative to field, laboratory and archival studies;
provide greater visibility of non-linear dynamics; and give increased clarity of
the mechanisms involved (Jackson et al. 2017). Finally, as ABMs are not lim-
ited by the same practical or time constraints of real-world studies, the use of
ABMs also enables the simultaneous exploration of a range of different risk
scenarios (Forbes et al. 2008).
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In this study, an existing individual-based model of stream-dwelling trout
population dynamics (Railsback et al. 2023) was modified to predict how mi-
croplastics consumption affects fish abundance and body size at the popu-
lation level. The effects of microplastics consumption were evaluated for dif-
ferent life stages (i.e. ages 0, 1, 2+) and different personality traits (i.e. bold/
shy, dominant/subordinate and their interaction) under three different impact
scenarios over a 10-year period, representing approximately 5-6 generations
of trout. These three scenarios represent increasingly detrimental effects of
microplastic consumption on trout: 1) reduced food intake (Foley et al. 2018),
2) reduced food intake and slow swimming when a given threshold of micro-
plastics consumption is attained (i.e. Tongo and Erhunmwunse (2022)) and 3)
reduced food intake, slow swimming and reduced foraging efficiency at high
water velocities when the threshold of microplastics consumption is exceed-
ed (i.e. Barboza et al. (2018); Tongo and Erhunmwunse (2022)). Microplastic
concentrations of 0%, 1% and 3% of the drift food available in the water column
were tested for each of the three scenarios as they represent realistic environ-
mental concentrations (i.e. Silva-Cavalcanti et al. (2017); Thiele et al. (2021)).
We then analysed body size and fish survival for different age classes per as-
signed personality trait to determine which age and combined personality traits
were most sensitive to microplastics consumption; and what implications this
had, if any, on body size and population abundance.

Material and methods
Agent-Based Model (ABM)

‘INSTREAM 7.3": The ABM ‘inSTREAM 7.3’ (individual-based Stream Trout En-
vironmental Assessment Model) is an individual-based model of stream trout,
created for river management and research purposes to assess how chang-
es in habitat characteristics (i.e. temperature, flow, turbidity, food production)
and biological processes (i.e. competition, food intake, predation) affect trout
populations (Railsback et al. 2021a; Railsback et al. 2023). Different versions
of inSTREAM’ have been adapted to evaluate the effects of habitat type and
size on the reproductive success of anadromous salmonids (i.e. Railsback et
al. (2015)), as well as to assess how trout populations are affected by climate
change (Ayllén et al. 2019), oestrogen contamination from human contracep-
tives (Forbes et al. 2017; Forbes et al. 2019), contamination by the fungicide
prochloraz (Hazlerigg et al. 2023), physical barriers, such as beaver dams (Har-
vey and Railsback 2021) and the combined effects of anthropogenic change
and genetic evolution (Ayllén et al. 2016, 2018). The inSTREAM 7.3’ model was
used in the present study to simulate a population of rainbow trout living in a
freshwater river exposed to the microplastics in stream drift and in sediments.

The version of the model used in this study represents a single reach of a
river (184 m long, ~ 5-10 m wide), consisting of a grid of rectangular cells that
represents the spatial environment (i.e. the “mainstem” reach; Harvey and Rails-
back (2021)). Within the reach, the flow, temperature and turbidity of the water
change on a daily basis. The concentration of food and microplastics in the wa-
ter column and benthos that are not depleted by foraging trout remains constant
for the entire simulation period, a time span of 10 years; and the availability of
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both drift food and microplastics in the water column is proportional to flow,
while the availability of food and microplastics in the sediments is proportional
to habitat size and microplastics were present in the habitat for the duration of
the simulation. All trout are represented as individual agents and are initially as-
signed to a particular rectangular cell, where they can consume food and micro-
plastics and inhabit available shelters. Each rectangular cell represents a small
unit of river habitat (~ 1-4 m?) with a defined depth and velocity that vary daily
with flow, as well as available spawning areas and shelters that provide refuge
from high flow and predators. Spawning occurs stochastically when specific
size, condition and habitat conditions (i.e. date, flow, temperature) are met for
female trout. The different stages of the trout life cycle, from egg to adult, are
all represented in the model by agents: initially by redds that contain different
numbers of developing eggs, then by individual fish once they emerge from their
redds. No effects of microplastics exposure on the developing eggs and larvae
within the redds were modelled in this study, as exposure to microplastics has
not been found to alter either embryo survival, the percentage of larvae that suc-
cessfully hatch each day or larval growth for rainbow trout (Jakubowska et al.
2022). After emergence from the redds, all trout are assigned a length, weight,
body condition, sex and two personality traits: dominance or relative competi-
tive ability, represented by the size of their foraging territory (i.e. dominant, inter-
mediate, subordinate), as well as shyness/boldness towards predators, repre-
sented by the degree to which hiding decreases their risk of predation (i.e. bold,
average, shy). All fry are assigned an age of 0, while all fish, including juveniles
(age 1) and adults (age 2+), age by one year at the beginning of every year (i.e. 1
January). As female trout must be at least 1 year old to be able to spawn, a 10-
year simulation represents approximately 5 to 6 generations of trout.

During a 10-year simulation run, daily physical inputs (stream flow, tempera-
ture and turbidity) influence trout survival and body size by affecting the habi-
tats that individual fish select and the activities they choose to engage in, which
then determines their foraging success and predation risk. The accumulated
decisions of thousands of individual trout then impact population metrics like
abundance, via the survival and reproductive success of numerous individual
trout, as well as mean body length, through the body condition and growth of
many individual trout (Fig. 1). This model runs through four time steps every
day, representing daytime, night-time and both crepuscular periods (i.e. dawn,
dusk; Railsback et al. (2021b)). Following emergence from the redds, fish of
all ages follow the same set of simple rules. At each time step, all fish de-
cide which nearby habitat cell will maximise future fitness over a 60-day period,
depending on which of three activities they engage in: hiding, drift feeding or
search feeding and then move to the selected habitat and engage in the activity
that will maximise their fitness. Larger fish are able to select from a larger ra-
dius of cells than smaller fish (Harvey and Railsback 2014) and are also given
priority access to habitats to account for size hierarchies (i.e. Nakano (1995)).
The “dominance” personality trait indirectly affects the position of a given fish
within the size hierarchy, as the larger feeding territories of dominant and inter-
mediate-dominant fish may result in higher growth rates and larger body sizes.
Individual fish must trade off the risk of predation while foraging with the risk
of mortality due to poor body condition and these trade-offs also drive habitat
and activity selection. Fish reduce their mortality due to predation when they
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Figure 1. Flow diagram showing the key processes of inSTREAM7 and how different factors affect trout microplastics
consumption, survival, growth and abundance. Legend: Dotted lines indicate the physical environment, dashed lines
show personality traits (dominance, boldness/shyness), underlined text indicates trout behavioural choices and bold
text indicates model outcomes.

hide, although they also increase their chances of starvation or disease by not
consuming any food, while feeding fish face the opposite risks, as they are
more exposed to terrestrial and aquatic predators (Railsback et al. 2020). Trout
mortality is simulated by several survival sub-models, with each sub-model
representing a different cause of mortality: high temperature, stranding, low
condition which includes both starvation and disease, terrestrial predation and
predation by piscivorous fish). The probability of survival for each individual
fish is determined for each different source of mortality via “survival functions”
and then a random Bernoulli trial is conducted to determine whether the fish
survives each kind of mortality at each time step. These survival functions rep-
resent empirical knowledge (summarised by Railsback et al. (2023) and ref-
erences therein) of how risk varies with relevant characteristics of individuals
and their habitat, such as trout size and condition, light intensity, temperature,
availability of hiding and escape cover and water depth and velocity. The surviv-
al functions for terrestrial and aquatic predation differ to reflect that terrestrial
predators are less likely to target smaller fish, while piscivorous fish, including
cannibal trout, tend to be more gape-limited and hence less risk to larger fish.
Types of aggressive behaviour are not directly modelled in inSTREAM 7.3, but
fish deplete the resources (i.e. food, shelter) within a given habitat in order of
arrival so they become unavailable for other fish, with larger fish arriving before
smaller fish (Railsback et al. 2023). Likewise, larger/older fish are able to dis-
place smaller/younger fish from preferred habitats into less desirable habitats
with faster water velocities or shallower depths. Fish remember their previous
actions during the same day (i.e. three previous time steps) and use this mem-
ory to maximise survival over a 24-hr period, similar to what has been observed
in wild populations (Railsback et al. 2020).
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Simulations were run using the default, or ‘standard’ parameter values, ex-
cept as noted. Standard parameter values were defined, based on a sensitivity
analysis using the same simulated freshwater river habitat and were previously
calibrated to obtain realistic long-term average results (as described by Rails-
back et al. (2023)).

Modifications to ‘inSTREAM 7.3’

To represent the effects of microplastic consumption on trout food consump-
tion, swimming ability and foraging efficiency in our study, additional func-
tions and modifications were made to the source code of ‘inStream 7.3’ using
NetLogo (version 6.2.1; Wilensky (1999)). A pattern-oriented modelling ap-
proach was used to ensure realism (see Suppl. material 1: appendix S1).

Effects of microplastic consumption scenarios

Scenario 1: Reduction in food consumption

Microplastics were added to both the water column and sediments in all three
scenarios. The original “inSTREAM 7.3" included the concentrations of food
available as either invertebrate drift-consumed while drift foraging or food con-
sumed while search-feeding in the sediments, as the daily rate of available prey
in grams. Microplastics were added as another type of food, represented by
the parameter micro-conc and expressed as a percentage of the food available
in the water column (i.e. drift food), with twice as many microplastics in the
sediments (i.e. search food), in accordance with the observations in natural
habitats (i.e. McNeish et al. (2018); Ma et al. (2019)). Microplastics concentra-
tions of 0%, 1% and 3% of the available drift food in the habitat were evaluated
in all scenarios. These concentrations reflect microplastics consumption of
wild and commercial freshwater fish (i.e. Silva-Cavalcanti et al. (2017); Thiele
etal. (2021)), except for the 3% concentration that represents a future scenario.
Trout were not able to discriminate between real food and microplastics and
were assumed not to show any preference for microplastic colour, shape or
particle type. In all scenarios, microplastics are excreted regularly and do not
build up in the bodies of the fish (i.e. Kim et al. (2020)); consequently, mortality
and reductions in fitness that result from microplastics ingestion are driven
by behavioural responses: the reduction in food consumption or changes in
habitat use and activity choices. Scenario 1 represents a “best case scenario”,
where the consumption of microplastics does not explicitly alter behaviour, but
only reduces consumption of real food (i.e. Foley et al. (2018)). We represent
this in the model by subtracting any ingested microplastics from the total food
consumed. We also modified the memory function used to maximise fish sur-
vival over 24 hours by having remembered prey consumption as the sum of
both prey and microplastics consumption. Consequently, fish make future deci-
sions based on the assumption that the consumed microplastics do not differ
from real food items, which results in fish consuming less food when micro-
plastics concentration increases. At the population level, this is expected to be
translated into shorter body lengths (i.e. smaller size), but not to significantly
affect trout abundance.
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Scenario 2: Reduction in swimming speed

In this scenario, fish are not able to swim as fast following microplastics con-
sumption, which has been observed in laboratory studies (see below), but has
not yet been evaluated under natural conditions; this is in addition to experi-
encing the reduced food consumption described for Scenario 1. Limited swim-
ming ability can affect habitat choice and food intake, as fish become limited
to foraging in low velocity habitats and are more likely to hide in shelter than to
forage when water velocity is high. To account for these changes, a memory
function, similar to the memory function used for food consumption, was add-
ed to keep track of the quantity of microplastics consumed by individual trout
over the previous seven days. Consumption thresholds are based on laboratory
findings from juvenile African freshwater catfish (Clarias gariepinus) exposed
to microplastics and correspond to 5 mg (threshold 1) and 28 mg (threshold 2)
of consumed microplastics for a mean body length of 17.28 cm (Tongo and Er-
hunmwunse 2022). However, trout reductions in swimming speed following the
second threshold were less drastic than those of catfish, reflecting reductions
in fish swimming speed observed in other studies (i.e. Mattsson et al. (2015)).
These two thresholds (i.e. 0.29 mg and 1.6 mg of microplastics per cm body
length, respectively) were then adapted to the different mean body lengths
of the three age classes of salmonids in inNSTREAM 7.3: age 0 (mean length:
5.18 cm; thresholds: 1.5 mg, 10 mg), age 1 (mean length: 9.33 cm; thresholds:
2.7 mg, 15 mg) and age 2+ (mean length: 21.08 cm; thresholds: 6.1 mg, 33 mg).
If microplastics consumption exceeds the first threshold of 1.5, 2.7 or 6.1 mg
per week for fry (age 0), juveniles (age 1) or adults (age 2+), respectively, then
the parameter trout-max-speed-B is changed from 21 to 18, representing a
15% reduction in maximum speed (i.e. Tongo and Erhunmwunse (2022)). If the
second consumption threshold of 10, 15 or 33 mg of microplastics is exceed-
ed in a week by fry, juveniles or adults, respectively, the maximum sustainable
swimming speed then decreases another 15%, for a total reduction of 30% (i.e.
Tongo and Erhunmwunse (2022); Mattsson et al. (2015)) and the parameter
trout-max-speed-B is further lowered to 14.1. These assumptions no doubt
are simpler than reality, but reflect our empirical knowledge. As microplastics
ingestion is associated with permanent histological damage (Peda et al. 2016;
Yin et al. 2018) and neurotoxic effects (Ding et al. 2018), this change in maxi-
mum sustainable swimming speed is irreversible for individual fish. Scenario 2
reflects some observed effects of microplastics ingestion on swimming ability
(i.e. Tongo and Erhunmwunse (2022)) and is less conservative than Scenario 1.
Reductions in swimming speed are likely to result in lower fitness at the indi-
vidual level, with foreseen decreases in fish abundance (i.e. increased mortal-
ity due to impaired foraging) and body length as microplastics concentration
increases, due to reductions in both food consumption and swimming speed.

Scenario 3: Reduction in foraging efficiency

For Scenario 3, prey capture efficiency through drift foraging is also reduced
in high velocity water flow, in addition to the reduction in swimming speed
and food consumption that occurs in both previous scenarios. In inSTREAM
7.3, a decreasing logistic function is used to represent foraging success as a
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function of the ratio of stream velocity over the maximum sustainable swim-
ming speed. The ability to capture prey at higher velocities is represented by
the parameter trout-capture-R1, the ratio of stream velocity over the maximum
sustainable swimming speed at which foraging success is 10%. Reductions in
foraging efficiency in high velocity habitats will further impact fitness through
habitat choice and food intake, as fish become even more limited to lower ve-
locity habitats and more likely to hide than to forage. This parameter is lowered
from 1.3 to 1.17 when the first microplastics consumption threshold is reached
(i.e. 1.5,2.7 or 6.1 mg per week for fry, juveniles or adults, respectively) and is
further lowered to 1.0 when the second consumption threshold is reached (i.e.
10, 15 or 33 mg per week for fry, juveniles or adults, respectively). No further
decreases in prey capture efficiency occurred after the second threshold. This
change in parameter values is also permanent, even though consumed micro-
plastics are regularly excreted and do not build up in the bodies of the fish,
given that microplastics are always available for consumption. The change rep-
resents a reduction of the ability of trout to capture any prey when the velocity
of their habitat exceeds their maximum sustainable swimming speed (Rails-
back et al. 2023). As the least conservative, Scenario 3 represents a combina-
tion of several observed behavioural effects that occur following microplastics
ingestion (i.e. Barboza et al. (2018); Yin et al. (2018); Wang et al. (2021); Tongo
and Erhunmwunse (2022)). Lower swimming speed and reduced foraging ef-
ficiency are both expected to limit the use of high-water velocity habitats and
to increase the frequency of hiding activity, relative to drift or search foraging.
Likewise, when trout do choose to feed, they will be less able to engage in drift
feeding within the water column and are likely to engage in more search-feed-
ing in the sediments. This response is likely to increase overall consumption of
microplastics due to the higher concentrations of microplastics in the benthos.
Reductions in foraging efficiency at high water velocities are likely to lower fit-
ness more than in scenario 2, with predicted decreases in population abun-
dance and body length, due to the combined effects of reduced food consump-
tion, lower swimming speed and decreased foraging efficiency.

Incorporation of personality

We assigned two separate personality traits to each fish: dominance (i.e. in-
creased access to food resources; Kaufmann (1983)) and shyness/boldness
(i.e. tendency to risk predation; Réale et al. (2007)). Upon emergence, each fish

n o u

was randomly assigned a dominance score (i.e. “dominant”, “intermediate”
or “subordinate”) and a boldness score (i.e. “shy”, “average” or “bold”), repre-
sented numerically by the three parameters discussed below (Table 1). The
dominance trait was represented by the parameter react-dist-B, i.e. the detec-
tion radius around fish while foraging, a proxy for territory size. Dominant fish
are, thus, able to consume food over a larger area than subordinate fish and
vice versa (e.g. Candolin and Voigt (2001)). Likewise, for shyness/boldness,
the parameters mort-terr-pred-hiding-factor and mort-fish-pred-hiding fac-
tor, which account for terrestrial and fish predators, respectively, represent the
degree to which hiding reduces predation, with shy fish benefitting more than
bold fish (see Table 1). This personality trait alters habitat and activity choices,
with shy fish hiding more often and foraging when risk is lower and bold fish
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Table 1. Values of model parameters associated with the dominance and shyness/bold-
ness personality traits, based on default values suggested for inSTREAM 7.3 (Railsback
et al. 2023) and the achievement of realistic model outputs.

Model parameter Personality trait Levels Parameter value

mort-terr-pred-hiding-factor Shyness / Boldness Shy 0.90
Intermediate 0.80

Bold 0.70

mort-fish-pred-hiding-factor | Shyness / Boldness Shy 0.70
Intermediate 0.60

Bold 0.50

trout-react-dist-B Dominance Dominant 2.25
Intermediate 2.00

Subordinate 1.75

foraging more under high risk of predation. In the wild, shy fish are generally
more likely to seek habitats that provide protection from predators, while bold
fish are more likely to choose riskier habitats (e.g. Wilson et al. (1993); Hulthén
et al. (2017)). A pattern-oriented model approach was used to ensure realistic
personality traits (Suppl. material 1: appendix S1).

Both personality traits were incorporated into all three scenarios. All trout are
expected to consume greater quantities of microplastics with higher concentra-
tions of microplastics; however, as dominant trout are defined by a higher for-
aging success, they are expected to consume proportionally greater quantities
of microplastics, relative to intermediate and, especially, to subordinate trout.
Dominant trout are expected to reach the microplastics consumption thresh-
olds that result in permanently lowered swimming speed and reduced foraging
efficiency more frequently than intermediate or subordinate trout, especially the
second microplastic-consumption thresholds. Consequently, a greater differ-
ence in fitness is expected for dominant trout in the presence of microplastics
relative to intermediate and subordinate trout, regardless of their boldness.

Additionally, the trade-off between risk and reward may break down for bold
trout when exposed to higher concentrations of microplastics, with reductions
in foraging success (driven by lower swimming speed and/or less efficient prey
capture) accompanied by no changes in predation risk. As a result, trout with
average boldness may experience higher fitness relative to bold or shy trout at
higher microplastics’ concentrations. Shy individuals will spend less time forag-
ing and spend more time hiding than trout with average boldness and especially
bold trout, as a result of reduced swimming speed and impeded foraging effi-
ciency. However, as trout that are both subordinate and shy tend to prioritise for-
aging less than the other combined personality traits, they are also expected to
consume fewer microplastics and are, thus, less likely to be negatively harmed
by microplastics ingestion, especially under Scenario 3. The same would apply
to subordinate trout with average boldness, but to a lesser degree. Trout that
are both dominant and bold, on the other hand, are more likely to be affected by
microplastics as they tend to prioritise foraging more than the other combined
personality traits and will, thus, be more likely to experience the negative effects
of microplastic consumption relative to dominant trout that are also shy or trout
with intermediate dominance, regardless of their level of boldness.
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Model evaluation

The model was evaluated to determine if it reproduced patterns observed in
real-life fish regarding personality and microplastics consumption. The litera-
ture was first searched for general patterns driven by the personality traits and
microplastic concentrations and their associated assumptions, that were add-
ed to the model. We then evaluated these assumptions by how well the model
reproduced those patterns. Here, we present the patterns found and how these
patterns were defined in a statistically testable way (detailed below).

Personality traits

To confirm the realism of our modelled personality traits, we used a pattern-ori-
ented modelling approach to evaluate the recreation of four real-world be-
havioural patterns: i) variable survival pattern: survival for different personality
traits varies over time (Dingemanse and Réale 2013), ii) behavioural syndrome
under predation pattern: increased predation selects for positive correlations be-
tween boldness and dominance (i.e. behavioural syndromes; Bell and Sih (2007)),
iii) risk-reward with abundant food pattern: the shy-bold behavioural axis results
from trade-offs between risk and reward that tend to break down when food is
abundant, as fish have access to plentiful food regardless of risk-taking (Wilson
et al. 1994; Seltmann et al. 2014) and iv) dominance in a competitive environment
pattern: higher competition environments select for more dominant fish (i.e. Gilm-
our et al. (2005)). The personality patterns were verified using Scenario 1 (see be-
low) in the absence of microplastics (0%), using data only from the latter 8 years
of the simulations to ensure the results were independent of the initial conditions.

For the variable survival pattern (i.e. personality pattern i), the coefficient of
variation (CV = (SD/mean) x 100)) was used to quantify variability in survival
over time or the proportion of total abundance for the nine different combina-
tions of the two personality traits within each age group. Generally, a coefficient
of variation above 20% indicates substantial variability (i.e. Reed et al. (2002)).
As personality traits were assigned to trout in equal numbers, differences in
abundance reflect differential survival. Welch’s t-tests were then used to as-
sess the occurrence of the remaining three real-world behavioural patterns. For
these patterns, one run of the 10-year simulation was used to represent each of
the environmental conditions being compared (i.e. one simulation run for low
predation vs. one simulation run for high predation), with data collected annu-
ally on the census day (i.e. Julian day: 266; only non-leap year values were used
for simplicity) from the 3 until the 10" year. For the behavioural syndrome
under predation pattern (i.e. personality pattern ii), the proportional abundance
of bold and dominant trout, shy and dominant trout and shy and subordinate
trout were compared in a high and a low predation environment. These three
combined personality traits were selected to facilitate comparison with the re-
al-world study that reported this particular pattern (i.e. Bell and Sih (2007)). To
compare high and low predation pressure, the minimum probability of surviving
both terrestrial (i.e. reach-terr-pred-min) and fish predation (i.e. reach-fish-pred-
min) in the riskiest combination of habitat and activity was lowered to 0.85 (i.e.
high predation) and raised to 0.95 (i.e. low predation) from a standard value
of 0.90 which represents a moderate quantity of predation for many stream
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environments (i.e. Railsback et al. (2023)). For the risk-reward with abundant
food pattern (i.e. personality pattern iii), the proportional abundance of shy
trout, bold trout and trout with average boldness (irrespective of dominance)
was compared in an environment with either a standard or high availability of
food (i.e. 150% standard), while for the dominance in competitive environments
pattern (i.e. personality pattern iv), the proportional abundance of dominant
trout (regardless of boldness) was assessed in a low and a high food competi-
tion environment (i.e. 80% standard, 120% standard, respectively).

Microplastic consumption

A pattern-oriented modelling approach was also used to evaluate the occur-
rence of three real-life patterns of microplastic consumption that are affected
by life history and optimal foraging: i) larger fish consume more microplastics
than smaller fish (Horton et al. 2018; Mcllwraith et al. 2021), ii) consumption
of microplastics is higher when environmental concentrations are higher (Sil-
va-Cavalcanti et al. 2017; Jaafar et al. 2021) and iii) microplastic consumption
is higher when food is more scarce (Aljaibachi and Callaghan 2018; Cheng et
al. 2020). Patterns of microplastics consumption were also validated within
the Scenario 1 environment, when fish experienced reductions only in food
consumption, but no effects on swimming speed or foraging efficiency, using
microplastics concentrations of 1% and 3%.

To determine whether larger fish consume more microplastics than smaller fish
(i.e. microplastics consumption pattern i), a linear model was constructed with the
quantity of microplastics consumed as the response variable and body size (small,
large), microplastics concentration (1%, 3%) and age (0, 1, 2+) as the predictor vari-
ables. Fish of each age group were classified as small or large based on their body
length relative to the mean body length for their corresponding age group. Small
fish were shorter than one standard deviation below the mean body length for
their age category, while large fish were longer than one standard deviation above
the mean body length. Welch's t-tests were then used to assess if higher micro-
plastics consumption occurs when environmental concentrations are also higher
(i.e. microplastics consumption pattern ii). Overall microplastics consumption of
trout was compared with the lowest (i.e. 1%) and highest (i.e. 3%) microplastics
concentrations, with data collected as above, with one simulation run for each
of these two concentrations of microplastics. Finally, another linear model was
constructed to examine if microplastics consumption is higher when food is more
scarce (i.e. microplastics consumption pattern iii). Microplastics consumption,
scaled to the total quantity of available food, was the response variable, while the
quantity of available food (standard quantity, half the standard quantity), the con-
centration of microplastics and trout age were the predictor variables.

Data analysis

Microplastic consumption scenarios

To evaluate the effects of the three different scenarios on fish biomass at the
population level, data from several annual censuses conducted for each of
the 10-year simulations were used, with only the last 8 years of the simulation
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considered to ensure results were independent from initial conditions (Rails-
back et al. 2023). Data on the entire population were surveyed in autumn (i.e.
Julian day: 266). For each population census, we collected data on fish length
and abundance from each age group (ages 0, 1 and 2+), for each combina-
tion of the personality traits. As correlations between behavioural traits (i.e.
behavioural syndromes; Sih et al. (2004)) are not ubiquitous in nature and are
highly context dependent (Dingemanse et al. 2007), we included all possible
combinations of the two different personality traits. Ten replicate simulations
were conducted per each microplastics concentration for each of the three
scenarios, giving a total of 90 model runs, 30 per scenario.

Results from model simulations were analysed using linear mixed-effect
models, using the lme4’ package in R (Bates et al. 2015; R Core Team 2021),
with p-values obtained via the ‘ImerTest’ package (Kuznetsova et al. 2017).
When values were significant, post-hoc Tukey HSD tests were conducted using
the ‘multcomp’ package (Hothorn et al. 2008) to identify which groups were
significantly different. Trout microplastics consumption, as well as length and
abundance at the population level, were the three independent response vari-
ables of the linear mixed-effect models, while the run number of the simulation
(numeric, 1-30) was set as the random effect. The fixed effects included mi-
croplastics concentration (categorical, 0%, 1%, 3%), trout age (categorical, 0, 1,
2+), personality (categorical, dominant-bold, dominant-average, dominant-shy,
intermediate-bold, intermediate-average, intermediate-shy, subordinate-bold,
subordinate-average, subordinate-shy) and year (continuous, 3-10). As length
and abundance vary for the different age groups and personality traits, we
looked for any significant interactions with microplastics concentration. We
initially tested for three-way interactions between microplastics concentra-
tion, age and personality; and two-way interactions between: microplastics
concentration and year, microplastics concentration and age and microplas-
tics concentration and personality.

Mortality at age 1 and age 2 was determined by subtracting the abundance
of fish from each age group at the end of the year (i.e. Julian Day 365), from the
abundance at the beginning of the year (i.e. Julian Day 1, when all fish age by 1
year). As the simulation begins and ends in September, the first calculations for
mortality used data from Julian Day 1 on the 3 year and Julian Day 365 on the
4t year (i.e. year 4 mortality), while the final mortality calculations used data
from Julian Day 1 on the 9% year and Julian Day 365 on the 10" year (i.e. year
10 mortality). The number of fish of each age class on Julian day 1 was used
to determine recruitment. As personality traits are assigned to emerging fish
in equal numbers in May and June, mortality for age 0 fish was not explicitly
determined, but was rather inferred through fry abundance.

Sensitivity analysis

A sensitivity analysis (summarised in Suppl. material 1: appendix S2) was con-
ducted to assess the relative effects of the stream and trout parameters mod-
ified in this study (Suppl. material 1: table S1) on population biomass (i.e. a
single population-level measure that accounts for both abundance and body
length). The results of a sensitivity analysis for the remaining parameters that
were not modified in this study are available in the user manual (see Railsback
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et al. (2023)). Parameters were varied one-by-one to evaluate their effects on
trout biomass after 10 years. Parameters not being tested were set at their de-
fault values (i.e. Suppl. material 1: table S1). A range of parameter values close
to the default value were evaluated (as summarised in Suppl. material 1: S1).
These values were based on empirical evidence to ensure realism (i.e. Cunning-
ham (2007); Railsback et al. (2009); Railsback et al. (2023)). The relationships
between the modified parameters and fish biomass were plotted to determine
their direction and to identify which parameters exert the strongest impacts on
population biomass, as determined by the largest absolute value of the slope
across the range of values observed in our study (Suppl. material 1: fig. S1).
Parameter values were standardised and then scaled from 0 to 1, with O repre-
senting the lowest value tested, 0.5 representing the middle value (usually the
default value) and 1 representing the highest value tested (sensu Cunningham
(2007)). To ensure results were independent from initial conditions, only data
from the last five years (i.e. years 5-10) of the 10-year simulations were anal-
ysed. The absolute value of the “scaled slope” of population biomass over the
full range of scaled parameter values was then used to rank each of the pa-
rameters according to their effects on the model’s outputs (i.e. trout biomass).

Results

Model evaluation

Four patterns were used to verify whether our personality parameterisation re-
produced known, real-world responses. For the variable survival pattern, both
personality traits and all age groups exhibited substantial variability in surviv-
al over the simulation run (Suppl. material 1: fig. S2A). Due to the particularly
high mortality characteristic of the fry stage (Elliott 1994), CV's for age-0 fish
are substantially lower than for the other age groups. Although all personality
traits exhibited substantial variability (i.e. > 20%), dominant trout (regardless
of boldness) showed the lowest variability in survival, followed by intermedi-
ate-dominant trout for age 1 and age 2+ (regardless of boldness). Conversely,
subordinate trout (regardless of boldness), as well as shy and average-bold
trout (regardless of dominance), showed similar variability in survival, with sub-
stantially higher variability for age 2+, relative to age 1. For the behavioural syn-
drome under predation pattern, the proportion of trout that were both bold and
dominant was greater under higher relative to lower predation (Welch's t-test,
t=3.90, df = 177.14, p = 0.00013), while the proportion of trout that were both
shy and dominant was smaller when predation was higher than when it was
lower (Welch’s t-test, t = -2.98, df = 193.61, p = 0.0033). However, the propor-
tion of trout that were both shy and subordinate did not differ under the two
predation regimes (Welch's t-test, t = 0.60, df = 146.24, p-value = 0.55). For the
risk-reward with abundant food pattern, dominant fish that were also bold or
shy were proportionally less abundant when food was abundant than when
only a standard amount of food was available (Suppl. material 1: fig. S2B). For
the dominance in competitive environments pattern, a greater proportion of
dominants (regardless of boldness) were found in the high competition envi-
ronment with less available food, relative to the low competition environment
with greater food availability (Welch's t-test, t = 4.11, p < 0.0001).
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In comparing model predictions of microplastics consumption with re-
al-world patterns, larger fish consumed more microplastics than smaller fish
within the same age category (LM, Fpaes = 26.73, p < 0.0001). As well, more
microplastics were consumed by all fish when microplastics concentrations in
the environment were higher (1% vs. 3% microplastics, Welch's t-test, t =-3.78,
df = 154.7, p-value = 0.0002). Relative microplastics consumption was also
higher when food was more scarce, when microplastics consumption was

scaled to account for food availability (LMM, F. .. =5.18, p = 0.023).

1.720

Effects of microplastic consumption

Microplastics consumption

Microplastics consumption was also affected by significant interactions be-
tween age, personality and microplastics concentration in all three scenarios
(LMMs, all p's < 0.00001; Fig. 2). Across all scenarios, age 2+ fish consumed sub-
stantially more microplastics than all other age groups. Dominant fish (regard-
less of boldness) consumed substantially more microplastics than the other
personality types at microplastics concentrations of 3%, in all scenarios (Fig. 2),
but this tendency was highest under Scenario 2 (Fig. 2B) and lowest in Scenario
3 (Fig. 2C). In contrast, subordinate and shy fish consumed the fewest micro-
plastics in Scenario 1 (Fig. 2A) and Scenario 2 (Fig. 2B), while subordinate fish
with average-boldness consumed the fewest microplastics in Scenario 3 (Fig. 2).

As well, significant interactions were found amongst trout age, microplastics
concentration and simulation year. A decrease in microplastics consumption
over time was observed for age-2+ fish at concentrations of 3% under Scenario
1(LMM, F,....=5.81, p =0.00012; Fig. 3A) and Scenario 2 (LMM, F, ... = 14.79,

45987 ~ 4,5989

p < 0.00007; Fig. 3B), but not for Scenario 3 (LMM, F. . .=0.11,p = 0.96; Fig. 3C),

! 38077
where microplastics consumption remained unchanged over simulation year.

Body size

Fish body size, as represented by body length, was significantly affected by
interactions amongst age, personality and microplastics concentration, for all
three scenarios (LMMs, all p’s < 0.00001; Fig. 4). For all scenarios, only the body
size of age-2+ fish was affected by microplastics consumption (LMM, all other
p’'s > 0.7). Overall, body size was highest for dominant fish across all scenarios
(Tukey’s HSD, dominant vs. intermediate or subordinate, p’'s < 0.001) and also
tended to be higher for intermediate-dominant fish than for subordinate fish,
regardless of boldness (Tukey’s HSD, intermediate vs. subordinate, p’s < 0.001).

In Scenario 1, body length of dominant and bold age-2+ fish was negatively
affected at microplastics concentrations of 3% (Tukey’s HSD, 1% vs. 3% mi-
croplastics, z =-3.36, p = 0.0022, 0% vs. 3% microplastics, z =-2.83, p = 0.013,
Fig. 4A). In Scenario 2, body size of subordinate and shy age-0 fish was nega-
tively affected by microplastics concentrations of 3% (Tukey’s HSD, 0% vs. 3%
microplastics, z = -2.62, p = 0.024; Fig. 4B), while in Scenario 3, body size of
age-2+ dominant fish was negatively affected by microplastics concentrations
of 3% (Tukey's HSD, 1% vs. 3% microplastics, z = -2.35, p = 0.049, 0% vs. 3%
microplastics, z = -3.60, p < 0.001; Fig. 4C).
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Figure 2. Mean weekly microplastics consumption (+ 95% C.I.s) of age 2+ rainbow trout with different combinations of
personality traits (shy, average, bold; dominant, intermediate, subordinate) at different microplastic (MP) concentrations
(0%, 1%, 3%) for each scenario: A reduction in food consumption, B reduction in swimming speed and C reduction in
foraging ability. Legend: sub = subordinate, avg = average-boldness, dom = dominant, int = intermediate-dominance.

Interactions between age and simulation year were significant for all three sce-
narios (LMMs, all p's < 0.00001), as body size of age-2+ fish decreased over time
in a similar manner in each of the scenarios (Fig. 5). No significant interactions
between year and microplastics concentration were detected for any scenario
(LMMs, all p's > 0.42). Interactions between trout age, microplastics concentration
and simulation year were not significant for any scenario (LMMs, all p's > 0.15).

Mortality

Patterns of recruitment and mortality appear to reflect general patterns of abun-
dance, with higher mortality and higher survival experienced by fish that were
more abundant (Suppl. material 1: fig. S3). Although mortality was highest for
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Figure 3. Mean weekly microplastics consumption (+ 95% C.l.s) of age 2+ rainbow trout over time, at different microplas-
tic (MP) concentrations (0%, 1%, 3%) for each scenario: A reduction in food consumption, B reduction in swimming speed
and C reduction in foraging ability.

bold and dominant fish, they were the most abundant in all scenarios and were
also recruited and survived in greater numbers, than the other dominant fish,
as well as to fish with intermediate dominance and especially subordinate fish,
regardless of boldness (Suppl. material 1: fig. S4). Overall patterns of recruit-
ment and mortality were similar over simulation year and for the three effects
of microplastics consumption scenarios (Suppl. material 1: fig. S4).
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Figure 4. Mean body length (£ 95% C.l.s) of age 2+ rainbow trout with different combinations of personality traits (shy,
average, bold; dominant, intermediate, subordinate) at different microplastics (MP) concentrations (0%, 1%, 3%), for each
scenario: A reduction in food consumption, B reduction in swimming speed and C reduction in foraging ability. Legend:
sub = subordinate, avg = average-boldness, dom = dominant, int = intermediate-dominance.

Abundance

Abundance was affected by interactions between age and personality for all
three scenarios (LMMs, all p's < 0.00001). Abundance differed amongst the
different personality traits, but only for age-0 fish (Fig. 6). In essence, dom-
inant and bold age-0 fish tended to be the most abundant in all scenarios,
while subordinate and shy age-0 fish tended to be the least abundant within
this cohort.

Similarly, microplastics’ concentration significantly interacted with age in all
three scenarios, but only affected abundance in age-0 fish (LMMs, all p’s < 0.07;
Fig. 6). There was lower abundance of age-0 fish in the presence than absence
of microplastics (Fig. 6). Similarly, in Scenario 3, the abundance of dominant
and bold age-0 fish was significantly lower in the presence than absence of
microplastics (Fig. 6C).
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Figure 5. Mean body length (+ 95% C.I.s) of age 2+ rainbow trout over time, at different
microplastics (MP) concentrations (0%, 1%, 3%) for each scenario: A reduction in food
consumption, B reduction in swimming speed and C reduction in foraging ability.

Interactions between trout age, microplastics concentration and year were sig-
nificant in Scenario 1 (LMM, F, ... = 3.09, p = 0.015; Fig. 7A), but not in Scenario 2
(LMM, F, .., =1.54,p = 0. 19; Fig. 7B) or in Scenario 3 (LMM, F, . ..=1.71,p = 0.15;
Fig. 7C) since abundance did not differ over the years for the three concentrations
of microplastics. In Scenario 1, abundance of age-0 fish was lower in years 6 and
9 with 3% microplastics compared to 0% or 1% microplastics, but was higher in
the presence than absence of microplastics in year 10. However, interactions
between trout age and year were significant in Scenario 2 (LMM, F = 4.63,

2,6417
p =0.0098) and in Scenario 3 (LMM, F, ., .= 5.97, p = 0.0026), with consistently

2,6417
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Figure 6. Abundance of age-0 rainbow trout (+ 95% C.l.s) with different combinations of personality traits (shy, aver-
age, bold; dominant, intermediate, subordinate) at different microplastics (MP) concentrations (0%, 1%, 3%) for each
scenario: A reduction in food consumption, B reduction in swimming speed and C reduction in foraging ability. Legend:
sub = subordinate, avg = average-boldness, dom = dominant, int = intermediate-dominance.

higher abundance for age-0 fish than the other ages across all years (Fig. 7B, C).
No significant three-way interactions were found amongst age, personality and
microplastics concentration (LMM, all p's > 0.97) or between personality and mi-
croplastics concentration (LMM, all p’s > 0.18) for any of the scenarios.

Sensitivity analysis

The effects of the tested parameters on population biomass are represented
numerically by the magnitude of the scaled slope (summarised in Suppl. ma-
terial 1: table S1). Population biomass was strongly and positively affected by
reaction distance (e.g. trout-react-dist-B; scaled slope = -27.84), a proxy for ter-
ritory size while foraging (i.e. dominance; Suppl. material 1: fig. S1A), followed
by maximum sustainable swimming speed (e.g. max_speed_B; scenario 2;
scaled slope = 8.72; Suppl. material 1: fig. S1B) and prey capture efficiency (e.g.
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Figure 7. Abundance of age-0 rainbow trout (£ 95% C.I.s) over time, at different microplastic (MP) concentrations (0%, 1%,
3%) for each scenario: A reduction in food consumption, B reduction in swimming speed and C reduction in foraging ability.

trout-capture-R1; Scenario 3; scaled slope = 6.19; Suppl. material 1: fig. S1C).
All three of these parameters directly affect drift foraging ability. Microplastics
concentration (e.g., micro-conc) exerted a moderate, negative effect on pop-
ulation biomass (scaled slope = -2.96; Suppl. material 1: fig. S1D), while the
hiding factors for terrestrial and fish predation (i.e. shyness/boldness) exerted
only slightly negative effects on population biomass that were stronger for fish
predators (scaled slope =-1.76; Suppl. material 1: fig. S1E) than for terrestrial
predators (scaled slope =-0.66; Suppl. material 1: fig. STF).

Discussion

Microplastics consumption impacted trout abundance and fish body size
through behavioural changes, namely, changes in swimming and foraging abil-
ity (i.e. prey capture efficiency), but only for certain personality traits. Overall,
dominant trout were the most affected by microplastics consumption at all life
stages, especially bold and dominant trout, as predicted. Only the body length of
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bold and dominant adults in Scenario 2 and dominant adults in Scenario 3 and
the abundance of bold and dominant fry in Scenario 3, were impacted by micro-
plastics consumption. These impacts were likely driven by the overall greater
foraging success of trout with these personality traits, which results in the con-
sumption of substantially greater quantities of microplastics, especially when
higher concentrations of microplastics are present in the environment, accord-
ing to predictions. However, the reduction in adult microplastics consumption
in both Scenario 2 and Scenario 3 likely indicates a negative feedback loop, with
the negative impacts of microplastics consumption on swimming and foraging
behaviour also reducing the ability of adult fish to forage on microplastics.

However, dominance was not the only personality trait negatively affected by
microplastics consumption. Contrary to predictions, the body size of adult fish
that were both subordinate and shy was negatively affected by microplastics con-
sumption, but only at the highest concentration of microplastics. This trend ap-
pears to be driven by fewer older and larger adult fish with these personality traits.
These results suggest that both survival and reproductive success of shy and
subordinate adults are likely to be negatively affected by high concentrations of
microplastics, since larger fish are generally less vulnerable to gape-limited preda-
tors (Lundvall et al. 1999), are better competitors for mates and more effective at
nest defence (i.e. Van den Berghe and Gross (1989); Hixon et al. (2014); Koch and
Narum (2021)) and reproductive value scales with body size (i.e. Van den Berghe
and Gross (1986); Tentelier et al. (2016); Auld et al. (2019)). As the body size of
adult fish that were either subordinate or shy was unaffected by microplastics con-
sumption in the three scenarios, it is likely that fish with this particular combination
of traits are especially vulnerable to reduced swimming speed, perhaps because
these risk-averse and subordinate fish are unable to consume sufficient food to
compensate for the energy deficits experienced after consuming microplastics
(i.e. Foley et al. (2018)). Likewise, subordinate and shy fish may also be more likely
to engage in less risky search-feeding in the sediments at night, rather than more
risky drift feeding in daytime; they are likely to consequently increase ingestion
of microplastics due to the higher microplastics concentrations in the sediments
relative to the water column (Ma et al. 2019). Although bold behaviour seemed to
mediate the costs of lower swimming speed, the effects of shyness/boldness on
microplastics consumption were more subtle than the effects of dominance, in
agreement with the results of the sensitivity analysis (see above).

Our results suggest that individuals within a population of stream salmonids
are not likely to suffer equally from microplastics ingestion. The much higher con-
sumption of microplastics by dominant trout shows that the effects of microplas-
tics consumption are not uniform across individuals. Similar to our findings, large
individual differences in microplastics ingestion have been observed amongst ju-
venile spiny chromis damselfish (0—-2000 particles per individual; Acanthochromis
polyacanthus; Critchell and Hoogenboom (2018)) and amongst juvenile Ambon
damselfish (1-33 particles per individual; Pomacentrus amboinensis; McCormick
et al. (2020); but see Vidal et al. (2021)), while Gilthead seabream (Sparus aura-
ta) showed repeatable individual differences in microplastic consumption (0-290
particles per individual; Nanninga et al. (2021)). Much of this individual variation
may be driven by personality, with personality traits associated with feeding be-
haviour especially likely to affect individual microplastics consumption (i.e. Nan-
ninga et al. (2021)), as seen in the dominant fish in this study. Analogous to our
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findings, higher overall feeding activity was also positively associated with greater
microplastics consumption in zebrafish (Danio rerio; Chen et al. (2022)), while per-
sonality was associated with microplastic consumption for juvenile anemonefish
(Amphiprion ocellaris), with most microplastics consumed by active fish that were
more consistent in their behaviour over time (Nanninga et al. 2020). Microplastics
consumption appears to select against different behavioural traits, depending on
which physiological and behavioural changes occur following ingestion. Similar to
our findings, differences in microplastics consumption were reported to impact
individual gilthead seabream differently (S. aurata), as fish became less active in
response to a threat stimulus after consuming microplastics and these changes
were more pronounced in fish that consumed more microplastics (Nanninga et al.
2021). If ingestion of microplastics merely reduced food consumption, only fish
that are both dominant and bold will be selected against, while if microplastics in-
gestion led to decreased swimming ability at high water velocity, fish that are both
subordinate and shy will be at a disadvantage. Although subordinate and shy fish
are less likely to consume as many microplastics as the other personality types
due to their lower foraging success, this lower inherent foraging success may
make them more vulnerable to any further reductions in their foraging ability. How-
ever, when foraging efficiency was impeded following microplastics consumption,
all dominant fish, regardless of boldness, were negatively affected. However, dom-
inant fish also appeared to experience a negative feedback loop under this scenar-
io, since consumption of microplastics decreased over time due to greater reduc-
tions in their foraging efficiency relative to other personality types. It appears that
the behavioural type that would experience the greatest adaptive advantage in the
absence of microplastics is also the one most negatively affected by microplastics
consumption. Even with the negative feedback loops in the latter two scenarios
that reduce their consumption of microplastics, dominant trout lose their charac-
teristic foraging advantage. The outcome of these disproportionate impacts on
dominant fish could be increased selection for less competitive trout with lower
foraging success (i.e. intermediate dominance and bold), as these fish consume
fewer microplastics, which may also promote greater overall variability in personal-
ity traits that determine foraging success. However, this hypothesis remains to be
tested. Within a range of realistic microplastics concentrations, consumption does
not appear to exert a strong impact on trout populations on its own.

However, our model is limited by its lack of consideration of multiple interacting
stressors, neurotoxic effects (i.e. increased susceptibility to predation, altered sen-
sory perception, reduced food detection) and changes in personality, as personal-
ity traits were fixed in this study. Currently, the model is conservative, but can be
further modified in future iterations to accommodate these factors. As well, future
versions of the model would also benefit from salmonid-specific parameters on the
effects of microplastics consumption on swimming and foraging ability to further
improve realism, as the certainty of ABMs increases with greater data availability.
Microplastics pollution represents an additional stressor for salmonid populations
that are already under strain from the combined negative effects of climate change
(Beechie et al. 2013; Jones et al. 2020), habitat destruction (Herbold et al. 2018;
Finn etal. 2021), invasive species (Kovach et al. 2015; Marsden et al. 2019) and dis-
ease (Ma et al. 2018; Bailey et al. 2021; James et al. 2021). Salmonid populations
are also vulnerable to additive effects from these stressors (i.e. Rahel et al. (2008);
Lennox et al. (2020); Ros et al. (2022)) and would require further investigation.
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The results from the sensitivity analysis demonstrated that the impacts of mi-
croplastics consumption on trout populations can be determined via its effects
on both swimming ability and the efficiency of prey capture, factors which largely
determine foraging success for salmonids. For instance, the variable, “reaction
distance for prey” represents the area over which fish capture food when drift
feeding, a proxy of territory size (i.e. Grant et al. (1989)) that corresponds to dom-
inance status. Although its standard parameter values are based on empirical
data on food detection distance, it is also affected by dominance, with the feed-
ing areas of less-dominant individuals limited by aggressive interactions with
conspecifics as well as by the food detection distance. If foraging success is
negatively affected by microplastics consumption, salmonid populations are like-
ly to be adversely affected by smaller quantities of microplastics, whereas sub-
stantial quantities of microplastics in the environment are likely to have negligible
effects on populations of salmonids if foraging behaviour is only weakly affect-
ed by ingested microplastics. Moreover, although factors that impact risk-taking
behaviour through vulnerability to predation are far less influential on salmonid
populations than factors that directly impact foraging efficiency, this finding may
not extend to high predation habitats, which may favour shy fish over bold.

More empirical research is needed to determine salmon-specific parameters
of microplastics consumption and to identify the precise behavioural changes
in swimming and foraging behaviour that may occur when different quantities
of microplastics are consumed by stream-dwelling salmonids, such as chang-
es in station-holding ability (i.e. resistance), reductions of swimming speed,
alterations in foraging efficiency during drift foraging or increased reliance on
benthic rather than drift foraging. These findings would be particularly insight-
ful, given that other environmental factors, including sedimentation (i.e. Sweka
et al. (2003); Zamor et al. (2007); Becker et al. (2016)), behavioural deficits
due to domestication (i.e. Larsson et al. (2011)) and pollutants (i.e. Giaquin-
to et al. (2017); Soler et al. (2021)), can also negatively affect the health of
stream-dwelling fish by impeding foraging efficiency, so the impacts of micro-
plastics consumption can further exacerbate the effects of stressors that sal-
monids are already currently facing. As the majority of studies do not consider
the differential impact of environmental stressors on fish behavioural types (for
an exception, see Sloman et al. (2003)), more research is needed to confirm
whether such disruptions in foraging efficiency tend to disproportionally affect
dominant competitors in general, as was observed in the present study.

The effects of microplastics consumption can vary widely between species
and were reflected in the three scenarios explored in this study. For most ani-
mals, microplastics consumption leads to a reduced intake of real food items
only (Foley et al. 2018), in agreement with the results of Scenario 1. Species of
fish that showed reduced food consumption following microplastics consump-
tion, but no effects on swimming performance or foraging success, include bar-
ramundi (Lates calcarifer; exposure concentration: 100 particles/I; Guven et al.
(2018)), convict surgeonfish (Acanthurus triostegus; 5000 particles/l; Jacob et
al. (2019)) and juvenile spiny chromis (Acanthochromis polyacanthus; 0.021-
0.1 mg/I; Critchell and Hoogenboom (2018)). Impaired swimming behaviour fol-
lowing microplastics consumption, as simulated by the second scenario, was
observed in zebrafish (D. rerio), which began swimming hyperactively after in-
gesting microplastics (exposure concentration: 1 mg/l; Chen et al. (2020)) and
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in Ambon damselfish (Pomacentrus amboinensis), which were more active and
bold following microplastics ingestion, likely due to increased nutritional stress
(exposure concentration: 167 particles/l; McCormick et al. (2020)). Similar im-
pairments in swimming behaviour were also observed in Crucian carp (Carassius
carassius) fed nanoplastics (plastic particles < 1 um), which swam more slowly,
became less active and had a smaller foraging area relative to fish that did not
consume nanoplastics (exposure concentration: 130 mg per feeding; Matts-
son et al. (2015)). European sea bass individuals (D. labrax) also swam more
slowly and were more lethargic following microplastics ingestion and became
less effective at swimming in faster water currents (exposure concentration:
0.26-0.69 mg/I; Barboza et al. (2018)). Similar to the reduced foraging efficien-
cy modelled in the third scenario, impeded foraging success following micro-
plastics consumption was also observed in the common goby (Pomatoschistus
microps; exposure concentration: 0.184 mg/|; Ferreira et al. (2016)) and in juve-
nile African freshwater catfish, due to impairments in swimming ability (Clar-
ias gariepinus; exposure concentration: 0.5-2.0 g/I; Tongo and Erhunmwunse
(2022)). Finally, although fish often exhibit behavioural changes following direct
ingestion of microplastics, as modelled in this study, these behavioural changes
may not be observed if microplastics are present within the bodies of prey rath-
er than in the water column, as Krefft's frillgobies (Bathygobius kreffti) showed
no changes to their bold and exploratory behaviour after consuming beach
hoppers (Platorchestia smithi) previously exposed to microplastics (exposure
concentration: 0.5-2.0 g/I; Tosetto et al. (2017)). More research is needed to
effectively predict the impacts of microplastics consumption for salmonids in
particular and how this may vary due to their source.

The ubiquitous presence of microplastics in aquatic habitats is generally viewed
as a major threat to biodiversity (Galloway and Lewis 2016; Rochman 2018; Hu
et al. 2019; Reid et al. 2019; Choudhury et al. 2022). However, although many
laboratory and field studies explore the often negative individual-level effects of
microplastics consumption on fish (i.e. De Sa et al. (2015); Jabeen et al. (2018);
McCormick et al. (2020); Romano et al. (2020); Seeley et al. (2023)), the predicted
population level impacts of microplastics consumption in freshwater ecosystems
are often speculative and lack definitive proof (Cunningham et al. 2020). Although
negative impacts on feeding, behaviour and growth are commonly observed fol-
lowing microplastics ingestion (Salerno et al. 2021), more research is needed on
the population- and ecosystem-level impacts of microplastics (Parker et al. 2021;
Wootton et al. 2021). For example, a recent meta-analysis of the effects of plastic
consumption on air-breathing marine megafauna, such as marine mammals, sea-
birds and sea turtles, did not find a single study within the last 50 years that report-
ed any direct population level effects of plastic pollution, as virtually all included
studies reported the effects of plastic pollution on individual animals (Senko et al.
2020). Likewise, another meta-analysis on the effects of microplastics consump-
tion on fish functional traits, which shape population dynamics and ecosystem
functioning (Sibly et al. 2012), found that, in general, microplastics consumption
negatively impacted fish feeding, behaviour and growth, but different life stages
were differentially affected; juveniles tended to be more susceptible to these im-
pacts, while adults tended to be more resistant (Salerno et al. 2021). These find-
ings mirror the results observed in this study, with abundances of fry negatively
affected by microplastics consumption, while, for adults, only their body size was
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impeded. Although the long-term structure and function of aquatic ecosystems is
expected to be negatively impacted by the fish microplastics consumption, more
direct and long-term research on population and ecosystem level effects is need-
ed to confirm these predictions for real-life aquatic systems (Salerno et al. 2021).
The present study contributes to fill this knowledge gap by developing a model
that allows the simulation of realistic microplastic exposure scenarios (i.e. Hos-
sain and Olden (2022)) for stream-dwelling salmonid populations.

Conclusions

The implications of the present study are that researchers studying and predicting
the effects of microplastics should characterise fish behavioural types and incor-
porate these traits in their analyses to improve their understanding and predictive
ability. This study found that microplastics consumption over 5-6 generations is
not likely to pose a significant threat to healthy populations of stream-dwelling
salmonids, like rainbow trout, via alterations to behaviour such as swimming and
foraging. However, traits of dominant individuals of all ages such as body size will
be disproportionally affected by the direct, negative effects of microplastics due
to their much higher consumption rates. Microplastics consumption represents
an additional impact for wild salmonid populations and more research is needed
to assess the combined effects of multiple stressors alongside microplastic in-
gestion. As many studies report contrasting or neutral impacts of microplastics
consumption on fish, only relatively mild impacts of microplastics ingestion were
explored in this study, representative of currently available knowledge. This mod-
elling study highlights the impacts of microplastics consumption on salmonids
in freshwater stream environments and how these impacts can be mediated by
personality differences. The inSTREAM model developed in the present study
can be further used to explore the combined effects of multiple stressors, neu-
rotoxic effects and changes in personality traits, on the effects of microplastics
consumption on populations of stream-dwelling salmonids.
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