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Natural and synthetic
microfibers alter growth and
behavior in early life stages of
estuarine organisms

S. Siddiqui™, S. J. Hutton?, J. M. Dickens?, E. |. Pedersen®,
S. L. Harper? and S. M. Brander™

tCoastal Oregon Marine Experiment Station, Department of Fisheries, Wildlife, and Conservation
Sciences, Oregon State University, Newport, OR, United States, 2Department of Environmental and
Molecular Toxicology, Oregon State University, Corvallis, OR, United States, *Marine Resources
Management, Oregon State University, Corvallis, OR, United States

Increasing shares of microfibers are being detected in environmental samples
and a closer look to identify the risk associated with them using ecologically
relevant endpoints, especially at sensitive early life stages, is needed. To assess
exposure hazards, we used rope samples representative of fiber types
ubiquitous in coastal systems, where microfibers are often the most
common debris type found in the water column. To compare responses to
natural vs. synthetic microfibers, we used rinsed "natural” cotton, polyester, and
polypropylene microfibers (80-150 um length, 8-20 um width) created from
the rope. Larval and juvenile estuarine indicator species Inland Silverside
(Menidia beryllina) and mysid shrimp (Americamysis bahia), respectively, were
exposed to these three microfiber types at three concentrations (3, 10, 30
particles/ml) along a 5-25 PSU salinity gradient to mimic estuarine conditions.
Behavioral responses, growth, and ingestion were measured. The cotton
microfibers were not detected in the digestive tracts of Silversides, however,
both the polyester and polypropylene microfibers were detected in the
Silversides’ stomach and gut lining. None of the fiber types were detected in
mysid shrimps. Mysids exposed to cotton microfibers had fewer behavioral
effects compared to Silversides, who responded more to cotton. Cotton
exerted no effect on growth in Silversides but did cause reduced growth in
the mysids at the two lower salinities. In contrast, polyester and polypropylene
were identified to have a significant dose dependent effect on mysid and
Silverside behavior as well as growth was affected in at least one of the three
salinities at concentrations as low as 3 particles/ml. Cotton impacted both the
organism’s behavior more at higher salinities, whereas polyester and
polypropylene had more impacts at lower salinities. This raises concerns for
microfiber impacts on estuarine ecosystems and the need for policies to limit
microfiber production and outfall into the aquatic environment.
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1 Introduction

There are a wide range of contaminants entering the
environment from anthropogenic sources, with the largest
component being from marine litter (Bergmann et al., 2015;
Auta et al., 2017). Recently, micro-sized particles (<5 mm),
particularly microfibers, have gained great attention due to
increased identification in samples and identification of
adverse impacts on organisms and ecosystems (Mishra et al.,
2020; Granek et al.,, 2022; Kwak et al., 2022). In coastal systems,
most microfiber are produced by the ropes and fishing gear that
contribute 1277 + 431 microplastic pieces m™', with an
estimated 44% from fishing rope and 49% from nets (Wright
et al., 2021). Additional sources of microfibers are natural and
synthetic textiles (Granek et al, 2022). Synthetic microfiber
consist of persistent polymers including nylon, polyester,
polyethylene terephthalate (PET), polypropylene, acrylic or
spandex (Athey and Erdle, 2021; Granek et al., 2022), while
natural fibers can be cotton, wool, linen, etc. The ubiquity of
microfibers in the environment ranges from the atmosphere to
the deepest parts of the ocean (Kriiger et al., 2020; Mishra et al.,
2020; Reineccius et al., 2020; Suaria et al., 2020; Acharya et al.,
2021; Brahney et al,, 2021, Caldwell et al., 2022).

From 1975 to 2020, total global fiber production increased
from 32 t0120 million metric tons, and is expected to increase to
146 million metric tons by 2030 (Truscott, 2020). Microfibers are
released into the environment due to their propensity for
shedding and are sourced from household washing machines,
cloth dryers and also from vacuum cleaning (Hartline et al.,
2016; Sillanpdd and Sainio, 2017; Yang et al., 2019), and most
recently from protective personal equipment during the
pandemic (e.g., masks) (Akhbarizadeh et al., 2021; Morgana
et al,, 2021). Of the total fabric produced in 2015, approximately
75% either went to a landfill or was incinerated (Ellen
MacArthur Foundation, 2017). Accumulation of microfibers is
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of great concern due to their potential environmental impacts as
well as their carbon footprint (Zhu, 2021; O’Brien et al., 2022).

Natural microfibers (e.g., cellulose based), may be less
persistent and can break apart during metabolic processes as
well as through aerobic biodegradation processes (Zambrano
et al., 2019; Zambrano et al., 2020). However, their fate and role
in the aquatic ecosystems due to different chemical dyes,
functional finishes (e.g., fluorinated compounds) coupled with
a higher propensity for shedding compared to synthetics is
unknown, and they may provide more surface area to adsorb
contaminants (Salvador Cesa et al., 2017; Henry et al, 2019;
Mishra et al.,, 2019; Athey et al., 2020). For synthetic microfibers,
their nonbiodegradable nature and high tensile strength likely
leads to increased persistence in the environment (Li et al,
2010), entrapment in the gills or digestive tract, or once ingested
a false sense of satiation and subsequent loss of nutrition (Watts
et al,, 2015; Watts et al., 2016; Stienbarger et al., 2021). Given
organisms are exposed to both natural and synthetic fibers (e.g.
Caldwell et al., 2022, Granek et al.,, 2022), it is essential to
study both.

Estuaries have high variability in physio-chemical conditions
and provide a wide range of favorable habitat for a diverse
suite of taxa (Costanza et al.,, 1997). Being first to receive direct
inflow from rivers transporting contaminants into surface
waters, they can concentrate microplastics (Browne et al,
2010; Wright et al., 2013). Regardless of this, data on estuarine
organisms for microplastic ingestion and effects are fairly
limited (Possatto et al., 2011; Vendel et al., 2017; Bessa et al.,
2018; Athey et al, 2020) and this data gap has been noted
(Granek et al.,, 2020; Kutralam-Muniasamy et al., 2020; Kwak
et al., 2022).

Additionally, behavioral endpoints are very poorly studied in
relation to emerging contaminants, including microplastics and
especially for microfibers, even though behavioral alterations are
demonstrated to impact fitness and survival in the wild
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(McCormick et al., 2020; Brodin et al., 2014; Scott and Sloman,
2004; Weis et al., 2001). To address these knowledge gaps, this
study describes behavioral and growth impacts of natural cotton
and synthetic (polyester, polypropylene) microfiber (80-120 pm)
in two estuarine indicator species (mysid shrimp and Silversides)
across a salinity gradient. We hypothesized that sublethal effects
would be caused following exposure to both synthetic and non-
synthetic fibers. To the best of our knowledge, this is the first
paper to measure and compare natural verses synthetic
microfiber responses in the early life stages of both fish
and invertebrates.

2 Methods
2.1 Chemicals

Suwanee River Natural organic matter (NOM) - 2R101N
used to create suspensions of microparticles in exposure wells
was purchased from the International Humic Substance Society,
St. Paul, MN. Tissue-Clearing Reagent CUBIC-R+ [for Animals]
(T3741) and Tissue-Clearing Reagent CUBIC-L [for Animals]
(T3740) for visualization of particles within organisms following
exposures were purchased from Tokyo Chemical Industry Co.,
Ltd. Ropes were purchased from SGT knots and the “natural”
cotton rope was purchased from the local craft store.

2.2 Microfibers preparation

Detailed microfiber preparation protocol has been provided
in Figure S1. Various studies reported microfiber production in
the lab (Saborowski et al.,, 2019; Ward et al,, 2019; Gambino
et al., 2020; Knauss et al., 2021; Ma et al., 2021); however, very
few demonstrated efficient microfiber generation with limited
equipment. In this study, we adapted microfiber production
methods described by Cole (2016). Briefly, microfibers were
untwisted and cut into short sections. After adding a freezing
solution (Surgipath® FSC 22® Frozen Section Embedding
Medium, Leica), each cut section was frozen in a -80°C freezer
for 5 minutes. Next, each frozen block was shredded through a
coffee grinder (>1 mm) with some filtered DI water. The shortest
microfibers from the wall of the coffee grinder cup were collected
and mixed with warm DI water (40 °C) before filtering through
120 micron filter paper (polycarbonate). Filtered microfiber of
<120 pm in length was collected and washed with ethanol. The
resultant stock solution was then used to prepare the required
amount for the exposures. The micron (80-120 pm) sample
particle count is determined by triplicate sampling of the
suspension and the particle count analysis confirmed using a
light microscope (Leica EZ4) and Sedgwick rafter slide without a
coverslip to avoid miscounting (Stienbarger et al., 2021). The
microfiber size range found in the natural environment is from
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50 to 100 um (about 53% of total sampled microfiber) (Pirc et al.,
2016; Conley et al., 2019). The concentration of microfibers used
in this study was 3-30 particles/ml. Since these microfibers are
generated from ropes, which are used in the coastal environment
during commercial and recreational fishing activities, their
bioavailability increases with more use. They are potentially a
higher cause of concern, as they do not go through wastewater
treatment process, which tends to reduce microfibers
significantly in treated effluent (Granek et al., 2022). In part
the aim of these concentrations was also to make microfibers
available for the organism to ingest at levels comparable to what
is found in larval fish in the wild (e.g. Lasdin et al. in revision),
reported later in this paper. Using this method, cotton
microfiber generation was higher compared to polyester and
polypropylene fiber. This is a general trend reported by others,
that generation of microfiber per gram of textile laundered is
significantly higher in cellulose-based fabrics compared to
polyester (Sillanpdd and Sainio, 2017; Cesa et al., 2020;
Zambrano et al., 2021).

2.3 Model organisms, their sources, and
experimental setup

Americamysis bahia larvae were purchased from Aquatic
Biosystems in Fort Collins, Colorado, and reared in three tanks
to adulthood at 15, 20, and 25 PSU salinities with filtered
artificial seawater prepared (AFSW). Following EPA protocol
833-C-09-001 (USEPA, 2009; Siddiqui et al., 2022). when adult
A. bahia reproduced, larvae were moved to additional tanks of
the same salinity and reared for seven days. Microfiber exposures
with mysids were initiated at seven days post fertilization (dpf)
(n=9) under static renewal conditions for seven days. Menidia
beryllina embryos were harvested from broodstock held at the
OSU Hatfield Marine Science Center and placed into three
acclimation aquaria of 5, 15, and 25 PSU salinities with filtered
AFSW following modified methods from Middaugh et al.
(1987), as done in previous studies in the Brander lab
(DeCourten et al.,, 2020; Hutton et al., 2021; Siddiqui et al,
2022). Larvae were placed into exposure vessels at 6 + 1 days post
fertilization (dpf) (n=6) and maintained under static renewal
conditions for 96 h.

Each model species was exposed to a total of 26 treatments:
each in covered beakers containing water control, NOM control
with each of the three-microfiber types with concentration
treatments (3,10 and 30 particles/ml) across three salinities per
species as described above (Figure S2). Nominal water
concentrations with detailed QA/QC are provided in SI table
1. Water quality parameters were measured daily just prior to
and following 80% water renewal. Cumulative hatching and
mortality were recorded daily. A. bahia were fed concentrated
brine shrimp (Artemia franciscana) ad libitum, and M. beryllina
were fed Gemma Microdiet 0.2 mg/beaker/day (Skretting,
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Westbrook, Maine). Both organisms were fed daily and allowed
to feed for at least two hours before water was changed. Tables SI
2, 3 provides water quality parameters maintained throughout
the experiment. A control filter was set up to measure
background contamination in the air.

2.4 Behavioral assays

Following microfiber exposures of 7d (A. bahia) and 96 h (M.
beryllina), behavioral assays were performed post-exposure for
each treatment using a DanioVision Observation Chamber
(Noldus, Wageningen, the Netherlands) for the Dark: Light cycle
as described previously (Mundy et al., 2021; Segarra et al., 2021;
Siddiqui et al.,, 2022). Briefly, A. bahia and M. beryllina larvae were
randomized and placed in individual 10 ml glass beaker in a 12
well plate frame in the Ethovision Observation Chamber (EOB) to
observe natural photo motor response. Larvae were allowed to be
acclimatized for at least 1 hour before placing into the EOB. After
acclimatization outside, another 5-minute acclimatization time
was provided inside the dark chamber, followed by three 2-
minute intervals of dark stimuli and three 2-minute intervals of
light stimuli. Behavior and activity were recorded and tracked by a
Basler Gen 1 Camera using Ethovision XT15 software. Velocity
thresholds were determined for swimming parameters between 0.5
cm/s (freezing) — 2.0 cm/s (moving) (Segarra et al., 2021; Siddiqui
et al, 2022). A virtual center zone (1.6 cm diameter) was
established to measure the time that larvae spent in the center of
the 2.2 cm diameter in the beaker. All behavioral tests were
conducted between 09:00 and 18:00 h. The resolution was set at
1280 x 960, light cycles were programmed at 10,000 lux, and the
frame rate was set at 25/s. A total of eight variables were analyzed
in this study, the p values and other statistics for which are
included in Table 1. Following behavioral analysis, organisms
were euthanized humanely, Silversides per IACUC protocol
#0035, and fixed in paraformaldehyde (PFA) to preserve tissues
for examination of microfibers internalization.

10.3389/fmars.2022.991650

2.5 Growth and Microfibers
internalization

Per Siddiqui et al. (2022), at least three individuals from each
species per replicates were collected for growth. Length and
width measurements were collected via dissecting scope
equipped with Moticam visual software, and particle uptake
was visualized on a Zeiss Axio Observer inverted microscope
(Carl Zeiss, White Plains, NY). Growth data were assessed by
creating a growth index with the following formula:

w
TX d

Where W is the Width of the organism, L is the length, and d
is the number of days the organism is exposed to the microfiber.
This relationship provides the index used to plot the final growth
curve. Organisms were then cleared using a protocol adapted for
larval organisms with CUBIC'" clearing reagents (Susaki et al.,
2015; Ohnuma et al., 2017). Briefly, to remove pigmentation and
allow visualization of internalized microplastics (1-20 um),
individual organisms fixed in 3% PFA were washed in 5 ml
phosphate-buffered saline (PBS) for 30 minutes and incubated in
5 ml CUBIC-L at 37° C for seven days to encourage lipid
removal. Following this step, organisms were washed again in
5 ml PBS for an additional two hours and then transferred to
CUBIC-R + for an additional seven days to clear the
remaining tissue.

2.6 Statistical analysis

Statistical analysis was performed using RStudio Version
1.0.153. Dose-response curves were generated to evaluate larval
swimming behavior and growth effects across concentration
treatments. The growth data and concentration dependent
dose response curves (C-DRC) for behavioral data were
prepared by drm function in r using the DRC package by Ritz

TABLE 1 Behavioral variables from Noldus ethovision software used in this study to analyze Mysid shrimp (A. bahia) larvae and Silverside (M.

beryllina) larvae behavioral response.

Variable Unit
Distance (Total) cm
Angular velocity Deg/sec
Velocity Cm/sec
Freezing Sec
Movement Sec
In Zone duration N
Meander Deg/cm
Turn Angle Deg
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Description

Total distance moved inside the well throughout the video recording time.

Dividing the Turn angle by the sample interval

Velocity for the center point

The mean of total time fish moving less than 2 seconds

Duration for which the selected body point was changing location with respect to center
The total time spent in the beaker center part (zone)

Turning in animals moving at different speed.

Difference in heading between two samples.
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et al. (2010) (Ritz, 2010) and lines were fit via ggplot (Wickham,
2005). The Shapiro-Wilk test was used to test normality, and
Levene’s test was used for homogeneity testing. After confirming
normality and homogeneity of data, a 3-4 parameter model
using a nonlinear regression approach was used to prepare the
model at each salinity and combined using ggplot2 function to
create graphs in R. Analysis of Variance (ANOVA) was used to
evaluate differences among treatment groups. A Tukey HSD
post-hoc test was used to compare particle concentrations
between treatments, (o0 =< 0.05). Responses between the NOM
control and water only control where combined into only one
control treatment per salinity for statistical analysis. Radar (or
spider web) plots were used to visualize behavioral effects of
microfibers across multiple salinities. To effectively convey the
large amount of data produced by behavioral assays, radar plots
are commonly employed (Mundy et al., 2020; Segarra et al,
2021). Radar plots are particularly useful when trying to
compare multiple variables to each other with highly dynamic
data, such as those presented from behavioral assays. For radar
plots, all data were normalized to a 0-1 scale per behavioral
analyses published in Segarra et al. (2021).

3 Results and discussion

Average A. bahia larvae survival for control and exposure
treatments was 99 + 1% and 95 + 2%, respectively, with no
significant difference across the treatments (ANOVA (Normal
distribution, Tukey HSD post-hoc, p > 0.05). Average M. beryllina
larvae survival for control and exposure treatments was 98 + 2%
and 93 + 1%, respectively, with no significant difference across the
treatments (ANOVA (Normal distribution, Tukey HSD post-hoc,
p< 0.05). As such, these were truly sublethal exposures.

3.1 Internalization of microfibers

When Silversides were observed under a Zeiss model
microscope (Carl Zeiss, White Plains, NY) following tissue
clearing for microfiber presence, cotton microfibers were not
detected in the Silverside stomach or gut (Figure S3A). However,
short pieces (15-60 um length, shorter than length of added
fibers ranging 80-100 um) of synthetic microfiber (polyester and
polypropylene) were observed in both the stomach and gut in
the samples examined (Figures S3B, C). Similar partitioning
results were reported by other studies in different aquatic
organisms (Kolandhasamy et al., 2018; Woods et al., 2018).
Other model species (invertebrates and fish) when exposed to
synthetic microfibers, showed particle ingestion (Bour et al,
2020; Knauss et al,, 2021; Ma et al.,, 2021). When looking at body
tissue partitioning, blue mussel (Mytilus edulis), accumulated
81.3% of ingested microfibers in the digestive gland, followed by
14.4% in gills and 4.3% in soft tissues (Woods et al., 2018). No
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fibers of either type, synthetic or natural, could be detected in the
cleared mysids. This finding is in line with other studies showing
that crustaceans are more effective than fishes in breaking down
microplastics (Cau et al., 2020; Matteos-Cardenos et al., 2020).

Aquatic organisms seem to be more interested in capturing
and consuming plastic microfibers, which may relate to visual or
tactile misidentification or be a result of flavoring by organic
compounds on their surfaces (Brillant and Macdonald, 2002;
Moore, 2008). Other studies suggest plastics may act as
phagostimulants that cause organisms to ingest them (Allen
et al., 2017). Cotton is primarily made up of enriched cellulose
which can be easily digested and broken down by living
organisms (Stickney and Shumway, 1974), whereas polyester is
a hydrophobic and non-sugar based compound that is not as
easily degraded (Li et al., 2010). Additionally, the breaking load
of cotton yarn at the dry and wet stage is much higher when
compared to polyester (Zambrano et al, 2019), which can
increase digestibility in organisms when internalized.

Another aspect of internalization can lead to bioaccumulation,
uptake, and particle movement to higher trophic levels. Low feeding
rates were reported in freshwater diving beetle Cybister japonicus (a
top predator in freshwater ecosystems) after consumption of
zebrafish (Danio rerio) exposed to polyethylene microspherest
(diameter- 247.5 + 14.4 um; concentration 92+ 7 particles/ml)
with a trophic transfer rate of 13-18% (Kim et al, 2018). The
observation of internalization of synthetic fibers in the larval fish
studied herein, but not in juvenile shrimp, suggests a longer
residence time in comparison to the mysid shrimp. This should
be further investigated over longer exposure times to determine if
sublethal effects caused by internalization are more severe over
longer timescales. The lack of detection for cotton in either taxa is
perhaps not surprising given the comparably easier digestibility of
natural materials.

3.2 Growth impact

Although it was not detected in their digestive tract, mysids
exposed to cotton had significantly lower growth relative to the
control in the lowest and middle salinities (Figure 1A). However,
silversides displayed no decrease in growth following cotton
exposure at any salinity (Figure 2A). While the mysids did have
decreased growth compared to the controls it was not decreased
in a concentration dependent manner, nor was there a
concentration dependent response in Silversides (Figures 1B,
2B). Polyester decreased growth in all three salinities in mysids
but only the lowest and highest salinities in Silversides (Figures
1A, B). Polyester also caused a significant concentration
dependent decrease in mysid growth from the medium and
high salinity exposures and in Silversides in the highest salinity
(Figure 1). When both organisms were exposed to
polypropylene both mysids and silversides had decreased
growth relative to the controls from all three salinities.
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Mysid shrimp growth
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FIGURE 1

(A) Bar graphs of juvenile mysid shrimp (A. bahia) larvae growth exposed to cotton, polyester, and polypropylene microfibers across 0 - 30 p/
mL concentration and 15-25 PSU salinity gradient respectively. Asterisks represent statistically significant differences relative to the controls.
Only effects relative to the control are shown (o < 0.5; TukeyHSD). (B) Dose response curves (DRCs) of juvenile mysid shrimp (A. bahia) larvae
growth exposed to cotton, polyester, and polypropylene microfibers across 0 - 30 p/mL concentration and 15-25 PSU salinity gradient
respectively. Each circle in the DRCs represents the rescaled growth index mean of one larva (n=9) and regression lines are plotted from the

DRC model from the R drc package. Data are presented on a log scale.

Polypropylene exposed mysids had a concentration dependent
decrease in growth in the highest salinity as did Silversides in the
lowest salinity (Figures 1B, 2B). The decrease in mysids but not
Silversides may be a result of species differences in feeding,
where in mysid shrimp feed prolifically from hatching while
Silversides can feed following hatching, it is not necessary until
6-7 dph (personal observation). Different feeding rates may
explain the differences in growth if microfiber ingestion results
in satiation without caloric value. Salinity may also play a role in
altering the agglomeration, density, and therefore settling of
microfibers, contributing to varied growth responses.
Microplastic agglomeration differs across salinities (Shupe
et al, 2021), and this may also hold true for microfibers,
however few data currently exist on the sinking rates of fibers
across salinities, although a recent paper suggests there may be a
strong influence of salinity on the transport and fate of
microfibers in the global ocean (Lima et al., 2021).
Contaminants, microplastics in particular, can impair
feeding behavior by demotivating feeding preferences due to
false satiation, resulting in reduced search effectiveness and prey
capture ability. Various studies have linked foraging behavior
alterations to reduced feeding resulting in lower growth (Little
et al., 1990; Chapron et al., 2018; Lo and Chan, 2018; Cole et al.,
2019; Coppock et al., 2019; Naidoo and Glassom, 2019). In
general, when organisms are exposed to microplastics, reduced
growth and energy reserves are reported (Yin et al., 2018; Jacob
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et al,, 2020). Studies specifically examining microfibers reported
similar results to ours in other organisms (crab, Carcinus
maenas) where they observed reduced energy available for
growth (scope for growth) when exposed to polypropylene
rope (1-5 mm in length) (Watts et al, 2015). Other studies
also show the selection preference depends upon the type of
microplastic fibers in addition to the presence and absence of
food. For example, sea anemone (Exaiptasia pallida) ingested a
higher percentage of nylon microfiber compared to the other
polymers in the absence of brine shrimp, whereas; anemones
ingest all types of synthetic microfibers when offered in the
presence of brine shrimp (Romano de Orte et al, 2019). In
another study, Norway lobster (Nephrops norvegicus)
demonstrated reduced body mass in addition to blood and
stored lipid when exposed to polypropylene rope microfibers
(Welden and Cowie, 2016). Similarly, growth impacts on fishes,
including Silversides, were observed following exposure to other
microplastic types (Critchell and Hoogenboom, 2018; Athey
et al., 2020; Siddiqui et al., 2022). When planktivorous reef fish
(Acanthochromis polyacanthus) were exposed to polyethylene
terephthalate (300-125 um diam), they showed decreased
growth under limited food availability conditions (Critchell
and Hoogenboom, 2018). Collectively these results show that
there may be more the negative health impacts of synthetic
microfibers compared to cotton, however additional studies
comparing synthetic fibers to cellulose-based fibers across
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FIGURE 2

(A) Bar graphs of juvenile Silverside (M. beryllina) larvae growth exposed to cotton, polyester, and polypropylene microfibers across 0 - 30 p/
mL concentration and 15-25 PSU salinity gradient respectively. Asterisks represent statistically significant differences relative to the controls.
Only effects relative to the control are shown (o < 0.5; TukeyHSD). (B) Dose response curves (DRCs) of juvenile Silverside (M. beryllina) larvae
growth exposed to cotton, polyester, and polypropylene microfibers across 0 - 30 p/mL concentration and 15-25 PSU salinity gradient
respectively. Each circle in the DRCs represents the rescaled growth index mean of one larva (n=9) and regression lines are plotted from the

DRC model from the R drc package. Data are presented on a log scale.

many types and origins (e.g. clothing, rope, carpet, etc.) are
needed, especially given the variability in composition, additives
used, tensile strength, and other industrial treatments fabrics
undergo prior to shedding into the environment (Athey and
Erdle, 2021; Granek et al., 2022)

3.3 Behavioral impacts

In the case of the cotton treatment, out of eight mysid
behavioral activities (Table 1), only 20% of behavioral variables
were affected in a concentration dependent manner in at least
one salinity (Figures 3, S4A). In contrast, 90% of behavioral
variables measured in mysids exposed to polyester were affected
in a concentration dependent manner at least at one salinity
(Figure $4B). For polypropylene, 50% of behavioral variable
measured in mysids were impacted in a concentration
dependent manner in at least at one salinity (Figures 3, S4C).

To summarize the significantly- impacted behavioral
endpoints collectively described above, cotton microfiber
exposed mysids exhibited a significant concentration
dependent increase in freezing activity from medium to
highest concentration within the highest salinity under dark
cycle (Figures 3, S4A). There was a significant concentration
dependent increase in time spent in the central portion of the
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beaker (change in zone) at medium salinity (dark cycle) and
highest salinity (light cycle). The lowest salinity demonstrated a
significantly higher turn angle activity under dark conditions,
but with no concentration dependence. Overall, cotton exposed
mysids exhibited more significant behavioral variations at
highest salinity (50% of total activity; Figures 3, S4), compared
to lowest salinity (40% of total activity; Figures 3, 54).

A concentration dependent decline in angular velocity during
light cycle conditions was observed in polyester microfiber-exposed
mysids, with a significant increase at the medium salinity from
lowest to highest concentration (Figures 3, S4B). Mysids exposed to
polyester also demonstrated a significant increase in total distance
moved at the medium salinity from the lowest to the highest
concentration. There was a significant concentration dependent
increase in freezing within the lowest and highest salinity in both
dark and light cycles, with a significant decline in medium salinity
in the light cycle. Mysids in the medium salinity exhibited a
significantly higher incidence of meandering activity under the
light conditions with no concentration dependence. In the case of
turn angle, mysids held at the lowest salinity (15 ppt) demonstrated
significantly higher activity with no concentration dependent
activity, whereas the highest salinity (25 ppt) demonstrated a
concentration dependent increase from the medium to highest
concentration under dark conditions. In contrast, mysids exposed
at a medium salinity demonstrated significantly decreased
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FIGURE 3 (Continued)

10.3389/fmars.2022.991650

Juvenile Mysid shrimp (A. bahia) behavioral response represented as radar plot after 7 days exposure to cotton, polyester, and polypropylene
microfibers in dark and light cycles across a salinity gradient 15PSU — 25PSU. (A) Control in water and NOM, combined for each salinity; (B) Cotton
microfiber with average control; (C) Polyester microfiber with average control; (D) Polypropylene microfiber with average control. Data are
representative of the calculated Z-scores normalized to controls (per Segarra et al., 2021), which are presented on the 0 axis in the middle of each
figure in the panel. In the tables, asterisks represent statistically significant differences relative to the controls. The arrows indicate an increase or
decrease in response for that particular behavioral endpoint. Only effects relative to the control within each salinity are shown (o < 0.5; TukeyHSD).

concentration dependent activity under light conditions. Mysids in
the lowest salinity had significantly higher activity under the dark
condition with no concentration dependent activity (Table SI4).
Overall, polyester-exposed mysids had more significant behavioral
variations at highest salinity (94% of total activity; Figures 3, S4),
compared to lowest salinity (56% of total activity; Figures 3, S4).

Polypropylene microfiber exposed mysids demonstrated a
significant concentration dependent decrease in freezing within
the lowest salinity in both dark and light cycles (Figures 3, S4C).
There was a concentration dependent increase at the lowest
salinity observed in time duration in the center of the beaker
(zone) at both dark and light cycle conditions. Mysids in
medium salinity demonstrated significantly higher meandering
activity under light conditions with no concentration dependent
activity. In contrast, mysids in the lowest salinity demonstrated
significantly decreasing concentration-dependent velocity under
the dark condition with no concentration dependent activity in
the light cycle. Overall, polypropylene exposed mysids displayed
similar behavioral variations at both highest and lowest salinity
(56% of total activity; Figure S4).

Micro cotton, polyester and polypropylene all demonstrated
a significant decrease in meander at all particle concentrations,
except in polyester at 15 ppt in highest concentration, where it
increased over time (Figure 3A). There was no impact observed
on freezing behavior in all microfiber types at two highest
concentrations. In medium particle concentration, there was
no effect on movement observed across all microfiber types. In
both synthetic microfiber treatments, there was increased
distance moved by mysids in at least at one salinity. Meander
was affected at all salinities in both the synthetic
microfiber treatments.

Silversides exposed to the cotton microfiber treatment had
30% of measured behaviors affected in a concentration
dependent manner in at least one salinity (Figure 4, S5A). In
the case of polyester microfibers, 90% of behavioral endpoints
exhibited a concentration dependent effect in at least one salinity
(Figure S4B). For polypropylene microfiber exposed Silversides,
100% of behavioral activities demonstrated a concentration
dependent effect in at least one salinity (Figure S5C). The
behavioral variables are discussed below with each treatment.
To summarize specific impacts on fish behavior, Silversides
exposed to cotton microfiber had overall significantly higher
activity at the medium salinity in light conditions (Figure 4, and
Figure S5A). In the medium salinity total distance moved had
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significantly increasing concentration dependent activity under
the dark condition in contrast to significantly lower activity in
the light cycle. Silversides in the lowest salinity demonstrated
significantly increased concentration dependent freezing under
both dark and light conditions. Silversides also spent increasing
time in the zone (center of beaker, as described above for
mysids) in a significant concentration dependent manner in
the lowest salinity under both light and dark conditions. Overall,
at the lowest salinity Silversides demonstrated significantly lower
meandering activity under both, light and dark conditions
compared to other salinities. Silversides at the lowest salinity
also demonstrated a significant concentration dependent
decreasing movement under both light and dark conditions,
whereas the medium salinity only demonstrated decreasing
concentration dependent activity in the light cycle. At the
medium salinity Silversides exhibited significant concentration
dependent increasing velocity under dark conditions. Overall,
cotton exposed silversides shown significant behavioral
variations at highest salinity (94% of total activity; Figures 4,
S5), compared to lowest salinity (56% of total activity;
Figures 4, S5).

Polyester microfiber exposed Silversides in medium and high
salinity demonstrated significantly increasing concentration
dependent angular velocity under both dark and light
conditions with increasing concentration dependent activity
only within highest salinity in dark cycle (Figures 4, S5B). Total
distance moved was significantly increased in a concentration
dependent manner in both the dark and light cycles. Both the
medium and high salinities Silversides demonstrated significantly
increasing concentration dependent freezing under both, light and
dark condition. Silversides exposed at all three salinities showed
decreasing activity in the zone in a significant concentration
dependent manner under both light and dark conditions. In the
highest salinity, Silversides showed significant concentration
dependent increasing meandering activity in both light and dark
conditions. The high salinity also showed significantly decreasing
concentration dependent movement in the dark cycles. In
contrast, Silversides in low and medium salinity exhibited
significantly increasing concentration dependent movement
under light conditions. Silversides in highest salinity also
showed significant concentration dependent increasing turn
angle under both, light and dark conditions. Velocity was only
altered in the medium salinity under light conditions, where
Silversides demonstrated significant concentration dependent
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FIGURE 4 (Continued)

10.3389/fmars.2022.991650

Silverside (M. beryllina) larvae behavioral response represented as radar plot after 4 days exposure to cotton, polyester and polypropylene
microfibers in dark and light cycles at both the cycles across a salinity gradient 5 PSU — 25 PSU. S = salinity, arrows indicate significant
increases or decreases for that particular behavioral endpoint. (A) Control in water and NOM, combined for each salinity; (B) Cotton microfiber
with average water and NOM control; (C) Polyester microfiber with average water and NOM control; (D) Polypropylene microfiber with average
water and NOM control. Data are representative of the calculated Z-scores normalized to controls (per Segarra et al., 2021), which are
presented on the 0 axis in the middle of each figure in the panel. In the tables, asterisks represent statistically significant differences relative to
the controls. The arrows indicate an increase or decrease in response for that particular behavioral endpoint. Only effects relative to the control

within each salinity are shown (o < 0.5; TukeyHSD).

increasing velocity. Overall, polyester exposed silversides shown
similar behavioral variations at both, highest and lowest salinities
(62.5% of total activity; Figures 4, S5).

Polypropylene microfiber exposed Silversides showed
significantly increasing concentration dependent angular velocity
in the lowest salinity under dark conditions whereas in the light
cycle, highest and medium salinities demonstrated concentration
dependent increasing angular velocity (Figures 4, S5C). Silversides
in the lowest salinity showed significantly higher total distance
moved in the light conditions followed by the highest and medium
salinity. In the case of freezing activity, fish exposed at the lowest
salinity demonstrated significantly increasing concentration
dependent activity under both, light and dark conditions whereas,
the highest salinity demonstrated significantly increasing
concentration dependent activity in the light condition only. In
zone duration was decreased in all three salinities in a significant
concentration dependent manner under dark conditions.
Meandering activity was significantly increased in the medium
salinity dark cycle, in contrast to the lowest activity in the light cycle.
Silversides at lowest salinity showed a significant concentration
dependent increase in turn angle under both, light and dark
conditions. At the lowest salinity Silversides’ velocity was
significantly decreased in a concentration dependent manner
under light conditions. Overall, polypropylene exposed silversides
exhibited significant behavioral variations at lowest salinity (87% of
total activity; Figures 4, S5), compared to lowest salinity (50% of
total activity; Figures 4, S5).

In case of overall behavioral variation, there was significant
increased distance observed in all three microfiber types in at least
one salinity (Figure 3b). Meandering activity decreased in all
concentrations at the highest salinity in all three microfiber types.
Increased freezing behavior was observed in polypropylene at all the
salinity whereas cotton caused increased freezing at highest salinity
in both the lowest and medium concentration. There was no
increase in zone (center of beaker) duration observed in cotton at
lowest concentration compared to both the synthetic microfiber
types. At lowest salinity all microfiber types caused increased
movement over time at all concentration ranges. During medium
concentration range cotton microfiber caused least behavioral
variations compared to both the synthetic microfibers. At highest
concentration overall behavioral variation was less in all
microfiber types.
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It is important to discuss the implications of these mixed
behavioral responses in the context of the current body of
literature, which is still somewhat limited in terms of describing
and understanding behavioral responses to microplastics. Rather
than being caused by a specific molecular interaction, such as in
the case of pesticides which are designed to act as neurotoxicants,
microplastic and microfiber effects from particles that are too
large to translocate may be caused by a combination of particle
ingestion causing an altered physiological state, coupled with
encountering foreign objects in the water column (Jacob et al,
2020). Plastics of other types besides microfibers, such as
polystyrene microbeads (from 0.001 to 10 mg L") reduced
mobility and altered swimming speed in sea urchin,
Paracentrotus lividus, and also reduced mobility (with increased
mortality) in the rotifer Brachionus plicatilis (Gambardella et al,,
2018). Similarly, for blue mussel (Mytilus edulis) reduced filtering
activity was reported following exposure to 100-nm polystyrene
beads (Wegner et al, 2012). Another study reported that
swimming area and a total distance of Chinese rice fish
(Oryzias sinensis) and Korean dark chub (Zacco temminckii)
were affected by nano-sized polystyrene exposure (Chae et al,
2018). Juvenile jacopever (Sebastes schlegelii) had reduced
swimming speed and range of movement following exposure to
polyesterene microplastics (Yin et al., 2018).

When organisms are exposed to synthetic microfibers, in
particular, several behavioral effects have been observed. For
example, blue mussels (Mytilus edulis) fed concentrations up to
30 MPF mL™" had reduced filtration rates with a concentration
dependent increase in microfiber tissue accumulation (Woods
et al, 2018). Similarly, Kolandhasamy et al. (2018) reported
microfiber retention by mussel foot and mantle that affected
their adherence properties. In another study, copepods (Calanus
finmarchicus) had altered prey selectivity when exposed to 50
particles/ml nylon microfibers for 6 days (Cole et al., 2019). Long
term exposure to polypropylene microfibers are reported to be
toxic at high concentrations (3 particles/L, ~1000 pm length) to
crab (Emerita analoga), in addition to reducing egg clutches
retention and affecting embryonic development (Horn
et al., 2020).

Typically, behavior in fish is triggered by an external
stimulus acting via neural networks (Weber and Speiler, 1994).
If these neural networks disrupt by some external stimuli in the
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form of contaminants, that can result in altered behavior.
Silverside behavior, for example, is also impacted by tire
particle exposure with salinity-dependent differences (Siddiqui
et al., 2022). Another study on planktivorous reef fish
(Acanthochromis polyacanthus) exposed to PET (300-125 um
diam), under limited food availability conditions showed altered
behavior (Critchell and Hoogenboom, 2018). Similarly, juvenile
European seabass, Dicentrarchus labrax exhibited reduced
swimming velocity and resistance time when exposed to
fluorescent red polymer microspheres (1-5 um diameter)
(Barboza et al., 2018). Another study on Crucian Carp
(Carassius carassius) reported groups exposed to live Daphnia
enriched with nanoparticles moved much more slowly,
exhibiting stronger shoaling behavior, occupied less space in
the aquarium and did not hunt as actively as control fish
(Mattsson et al., 2015). Due to limited studies reporting
behavioral variability in fish following microfiber digestion,
these results can be considered as the first to report behavioral
alterations in fish subsequent to microfiber exposure,
particularly considering the inclusion of cellulose-based fibers
which is novel. Traditionally, growth, development and
reproduction are considered important ecotoxicological
endpoints that can help identify the severity of risk associated
with contaminants. However, microplastics and microfibers are
often present below the quantities that can cause significant
toxicity, such as mortality or deformities. Under such low doses,
endpoints such as behavior serve as a link between physiological
and ecological processes to study environmental contaminants,
and changes in behavior can affect an organism’s chances of
surviving, as well as its fitness (Weis et al., 2001). The need to
include behavioral indicators for ecologically relevant
monitoring has been proposed from the late 80s (Atchison
et al., 1987) and has continued to date (Ford et al., 2021).

In summary, natural microfibers were identified as least
toxic when compared to the other two synthetic microfiber
types in this study, but they still caused adverse responses in
terms of growth in mysids and altered behavior in both taxa.
Similar results were reported in brine shrimp Artemia
franciscana when exposed to two commonly synthetic
microfibers (polypropylene and polyethylene terephthalate)
and one natural fiber (lyocell) (Kim et al,, 2021). Based on
behavioral variability mysids shrimps are more affected by
polyester microfibers whereas Silverside larvae were more
impacted by polypropylene microfibers. Both organisms
demonstrated the lowest impact from the cotton microfibers.
When considering salinity, cotton impacted both fish and
invertebrate behavior more at higher salinities, whereas
polyester and polypropylene had higher impacts at lower
salinities. Also, overall, in terms of internalization and effects
on growth, cotton has a lesser impact compared to synthetic
fibers. This study contributes to our understanding of impacts
to growth and the behavioral ecotoxicology of microfiber
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exposure and identifies potential risks associated with each.
Our results support proposed efforts to reduce the loading of
microfibers into the environment, such as potentially requiring
filtration devices on washing machines and clothes dryers
(Erdle et al.,, 2021). The impact of microfibers on growth and
behavior in both organisms tested here is concerning, and
further investigations are needed to better understand the
behavior of microfibers across salinities, as well as the
potential relationship between changes in apical endpoints,
such as growth, and altered behavior.
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