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Abstract: There are different ways contaminants can interact and enhance the effects of habitat fragmentation, such as
modifying the movement of organisms. The present study tested the hypothesis that mercury exacerbates the effects of
fragmentation by affecting the movement of the marsh periwinkle Littoraria irrorata and reducing the probability of snails
crossing fragmented microlandscape experimental systems. How these changes could affect the search efficiency of or-
ganisms in the long term was assessed using hidden Markov models and random walks simulations. Bayesian nonlinear
models were used to analyze the effects of fragmentation and contamination on the mean speed and mean directional
change of organisms. Snail movement for control and two mercury-exposure treatments were recorded in microlandscapes
with six different levels of habitat cover and three landscape replicates. The results indicated that exposed organisms had
lower probabilities of crossing the landscape, reduced speed, and shifts in step length distributions. Both mercury exposure
and habitat fragmentation affected the movement of the marsh periwinkle. Mercury exacerbated the effects of habitat
fragmentation by affecting the cognition (e.g., route planning, orientation, and spatial learning) and movement of L. irrorata.
Hence, the interaction of these stressors could further reduce the functional connectivity of landscapes and reduce the search
efficiency of organisms. Environ Toxicol Chem 2022;00:1-12. © 2022 The Authors. Environmental Toxicology and Chemistry
published by Wiley Periodicals LLC on behalf of SETAC.
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interact with other stressors, such as contaminants and climate
change, is considered a key knowledge gap (Haddad et al.,
2015). In fact, it has been predicted that interaction among
fragmentation and other stressors could worsen the effects of
fragmentation (Doerr et al., 2011; Haddad et al., 2015).

There are different ways that contaminants can interact with
habitat fragmentation. For instance, increases in the number
and size of edges in a landscape can lead to an increase in
contaminant deposition and consequent reduction in habitat
quality (Hasselrot & Grennfelt, 1987; Hester & Hobbs, 1992).
Contaminants can also cause habitat loss, such as in oil spills
(Beland et al.,, 2017) and nutrient-enriched salt marshes
(Deegan et al., 2012), which could lead to habitat fragmenta-
tion. Deforestation and habitat fragmentation can also enhance

INTRODUCTION

The combination of habitat loss and fragmentation is cur-
rently one of the primary causes of global biodiversity loss
(Vitousek et al., 1997; Wu et al., 2003). Habitat fragmentation is
caused by the division of a habitat, leading to smaller and more
isolated areas and reducing landscape connectivity and patch
area and/or increasing patch edges (Fahrig, 2003). After dec-
ades of research, scientists have now amassed strong and
consistent experimental evidence of the ecological effects on
organisms and ecosystem processes caused by habitat frag-
mentation (see Alexander et al., 2012; Billings & Gaydess,
2008; Zartman, 2003). However, how fragmentation can
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soil erosion and leaching of mercury (Hg), becoming an im-
portant source of contamination to watersheds and aquatic life
(Mainville et al., 2006; Roulet et al., 1999). Contaminants can
also potentially act as chemical barriers in ecological systems,
reducing the connectivity of the landscape even at lower con-
centrations (Araudjo et al., 2016, 2018). For instance, Poecilia
reticulata fishes avoided crossing waters contaminated with the
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herbicide atrazine, which can lead to isolation of populations
and habitat fragmentation (Araujo et al., 2018).

Reduction of the structural connectivity of the landscapes
(i.e., changes in the physical characteristics of the landscape)
caused by habitat fragmentation may affect the ability of
organisms to move and disperse across suitable and un-
suitable patches (i.e., functional connectivity; Doerr et al.,
2011; Offerman et al., 1995). In fact, increasing the structural
connectivity among fragments, such as in the presence of
corridors or stepping stone patches, may lessen the effects
of fragmentation by increasing organisms' dispersion and
functional connectivity (Doerr et al., 2011; Haddad, 1999;
Pardini et al., 2005). However, contaminants can potentially
affect organism movement and dispersion in the landscape.
For instance, nonlethal concentrations of different classes of
contaminants can affect speed, grazing (Bernot et al., 2005),
habitat selection (Araujo et al., 2016; McCloskey & Newman,
1995), path tortuosity (i.e., how straight a path is; Kane
et al,, 2004), and predator avoidance (Zhou & Weis, 1999).
Changes in these behaviors could further reduce animal
movement and functional connectivity of the landscape and
consequently worsen the effects of fragmentation.

Large-scale experiments would be impractical because of
the ethical and legal constraints of releasing chemicals in
ecosystems (Focks, 2014) and manipulating large landscape
characteristics, so small-scale experimental model systems
(Ims & Stenseth, 1989) are more suitable to test hypotheses
about interactions among these two stressors. Smaller-scale
experiments also allow easier landscape manipulation, larger
sampling sizes, and higher statistical power (Wiens & Milne,
1989). Because the scale depends on the organism and
process of interest, microlandscape experiments have been
successfully used by ecologists to test hypotheses regarding
the effects of fragmentation in the movement behavior of
small organisms such as insects (see Mclntyre & Wiens,
1999; Morales & Ellner, 2002; Wiens & Milne, 1989; Wiens
et al., 1997; With et al.,, 1999). Microlandscape experiments
are especially useful because they may accelerate the de-
velopment of quantitative conceptual frameworks (Wiens &
Milne, 1989) and may provide ways of testing assumptions
of landscape ecology theories (Wiens et al., 1997). Experi-
ments at this scale can also provide important insights about
the searching behavior of organisms (see Kolzsch et al.,
2015) which could be incorporated into simulations to test
further hypotheses (Morales & Ellner, 2002).

The present study evaluates how habitat fragmentation
and Hg exposure can interact and affect the movement of
the marsh periwinkle Littoraria irrorata, using microlandscape
experimental systems. The marsh periwinkle was selected
as a model organism because of its (1) high abundance,
(2) being an important organism in salt marsh food webs
(Zengel et al., 2016), (3) slow dispersion and movements
(Hamilton, 1977) that can be easily and precisely recorded,
and (4) strong tendency to move toward vertical objects
(Hamilton & Winter, 1982), which can be used as a stimulus
to the movement of organisms and allows inferences about
the cognitive behavior of organisms (Kabadayi et al., 2018).

During low tide, these organisms forage in the exposed
marsh surface and avoid predation by climbing salt marsh
grass stems (Spartina alterniflora and Spartina cynosuroides)
as soon as a tide turns to flood the marsh (Bingham, 1972;
Failon et al., 2020; Warren, 1985). Hence, being able to find
and climb grass stems is crucial to the survival of marsh
periwinkles. These snails graze not only detritus/algae
(Bingham, 1972) but also live salt marsh cordgrass, primarily
to consume invasive fungi on the cordgrass (Silliman &
Newell, 2003). Mercury was selected as a contaminant of
interest because it is a widespread persistent contaminant
that can accumulate in the environment and in organisms'
tissues (Krabbenhoft & Sunderland, 2013). Also, it is a well-
recognized neurotoxin that can affect the cognitive behavior
of organisms, animal movement, and search efficiency
(Adams & Frederick, 2008; Bouton et al., 1999; Kobiela
et al., 2015). Because the marsh periwinkle is an intertidal
species, it can be exposed to Hg through different non-
excluding environmental media, such as water, sediment
surface, and grazing on Spartina blades. The hypotheses
tested were that (1) Hg exposure worsens the effects of
fragmentation by reducing the probability of snails crossing
fragmented landscapes and reaching S. alterniflora blades
and (2) by affecting the movement of organisms, Hg impacts
their speed, path linearity, and step length distribution. The
present study further explored how these changes in
movement behavior might affect search efficiency of the
marsh periwinkle in the long term using hidden Markov
models (HMM) and random walks simulations.

METHODS

Test organisms

Organisms were collected in a relatively undisturbed
saltmarsh with no known contamination point sources, lo-
cated in Hayes, Virginia, USA (37°16'52.6"N, 76°23'23.8"W).
Sampled organisms (n=810) had similar shell length
(216 +0.1cm; mean and standard deviation), width
(1.52+0.07 cm), and total weight (2.63 +0.33 g). Snails were
acclimatized in aquariums with aerated water, sediments, and
S. alterniflora blades for 2-3 weeks in the laboratory prior to
the experiment. Water salinity was kept constant at 20 psu,
the same salinity of the sampling site. Water changes oc-
curred every 3-5 days. Organisms were kept in the laboratory
for a maximum period of 2 months before being used in the
experiment.

Organism exposure and chemical analysis. Mercury sol-
utions were prepared daily by dissolving mercury chloride,
HgCl, (purity > 99.5%; Alfa Aesar), in fresh aerated artificial
seawater kept at 20 psu. A 96-h survival experiment was con-
ducted to select nonlethal concentrations of dissolved ionic Hg
to be used in the experiment. Based on the results, two
concentrations of Hg were selected for the microlandscape
experiment, 100 and 250ug L~", both being below the
concentration predicted to cause 5% lethality (LC5) of
370.4 +74.1ug L™" (95% confidence interval). The marsh
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periwinkle is extremely tolerant to inorganic Hg relative to
other invertebrates (see Cabecinhas et al., 2015), and this in-
formation was not presented in the literature before. Prior to
the experimental trials, snails were individually exposed in
60-ml plastic cups covered with perforated plastic lids to en-
sure the complete submersion of organisms and prevent them
from escaping. Organisms were kept in an incubator for 96 h,
with temperature set to 20 °C during the experiment with daily
water changes. Mercury concentrations in the solutions were
measured immediately after the solutions were prepared, and
organisms were frozen after the experimental trials were over
for Hg tissue analysis. Before water changes were performed,
Hg concentrations in the water after 24 h of exposure were
also measured. After 96h of Hg exposure, organisms were
immediately set on the experimental trials. Ten organisms
from each Hg treatment and for each landscape replicate
were cracked open with a hammer, sexed, and checked for
the presence of trematode parasites (n = 90). Soft tissues were
rinsed with deionized water and freeze-dried for 72 h or until
constant weight was reached. Freeze-dried soft tissues were
pulverized with a grinder. Both water and tissue analyses were
measured using a Milestone DMA-80 Direct Mercury Analyzer
(Shelton) following the same methods described in Holloman
and Newman (2012) and Xu and Newman (2015). Standard
curves and the accuracy and precision of the data were as-
sessed using the tissue reference material DORM-3 (National
Research Council of Canada) and an Hg standard water
solution (BDH). Mercury concentrations (dry wt, milligrams
per kilogram) for all snails analyzed were above the method
detection limit (0.0001 mg kg_1) and limit of quantification
(0.0005mgkg™"). The results indicated good analytical pre-
cision and accuracy with an average recovery rate of 99 + 2%

(n=40) in the water and 100+7% (n=12) in the tissue
samples.

Experimental setup

Random microlandscapes (25.4 x 38.1 cm) were created in
38.1%38.1x15.24 cm Plexiglas trays. Six different levels of
habitat loss were used (0%, 15%, 30%, 45%, 60%, and 75% of
habitat loss). An example of the experimental setup is illus-
trated in Figure 1. The dimensions of the tray and microland-
scapes were selected based on pilot experiments to maximize
the movement of snails toward the other side of the landscape
instead of moving toward the lateral edges of the tray. Micro-
landscapes were fragmented with 2.54 X 2.54 cm of copper
tape, an electrically conductive material that repels the snail on
contact with the moist foot integument (Cutter, 1988). Hence,
in this experiment, habitat loss and fragmentation are caused
by a type of chemical barrier where organisms are unable to
cross unsuitable patches. Water was not added to the tray
because the marsh periwinkle moves mainly in the low tide and
the addition of water would likely lead to copper leaching from
the tapes becoming a potential confounding factor. Because
organisms are unable to cross fragmented patches but are still
able to see the Spartina stems, inferences about the cognitive
behavior of organisms can be made under the detour para-
digm (e.g., route planning, orientation, and spatial learning;
Kabadayi et al., 2018).

Copper tape was also placed on the tray sides to prohibit
climbing and escaping. Microlandscape patterns were created
using a function developed in the R environment (R Foundation
for Statistical Computing, 2020) that samples random patterns
given the area of the tray and the percentage of habitat loss.
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FIGURE 1: Experimental setup and examples of movement tracks (black solid line) in microlandscapes with (A) 0%, (B) 30%, (C) 75%, (D) 45%, (E)
60%, and (F) 15% of habitat loss. Gray squares represent the copper tape and the white background, the Plexiglas. The snails in the figure represent
the initial position of their release, on the opposite side of the Spartina blades. Digital cameras were set approximately 1 m above the trays.
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Only landscapes with a free path were selected (i.e., land-
scapes that percolate). Even though snails cannot directly cross
the copper tape, they can still cross tapes diagonally (e.g.,
Figure 1E). Therefore, the movement of snails in the micro-
landscape can be related to the eight nearest neighbors' rule in
a percolation theory framework (see Pearson et al., 1996).
Because a completely free path was very unlikely in landscapes
with 25% of cover, landscapes with paths connected diagonally
were considered in the experiment.

Fifteen organisms that were not used previously in any ex-
periment were individually released in one side of the landscape.
Clumps of S. alterniflora blades were set on the opposite side of
the tray as a stimulus to the organisms to cross the landscape.
For each level of cover, three random microlandscape patterns
were created. Replication of different microlandscapes is neces-
sary to enable inferences about the level of cover and not any
particular landscape pattern. In this way, a total of 810 organisms
were used in this experiment. The movement of control and Hg-
exposed snails in the microlandscapes was recorded with a
digital camera (Logitech C920 HD Pro). The experimental trials
were finished after 4 h or when the periwinkle crossed the land-
scape. After experimental trials, snails were immediately frozen
for analysis of Hg content in soft tissues. Therefore, each snail
was used only once for each experimental trial. Videos were
broken into every 5-s pictures, and the position of each organism
was digitized to x/y coordinates using the software ImageJ/Fiji
(Schneider et al., 2012) and the MtrackJ plugin (Tinevez et al.,
2017). Because the marsh periwinkle produces a mucus trail that
might be followed by other snails, trays were cleaned with
ethanol 90% (v/v) and deionized water and dried after each trial,
to ensure the independence of samples (Tankersley, 1989). All
tracks and landscape configurations are provided in Supporting
Information S1 (Figures S1-S3).

Experimental trials were recorded three different times per
day in six trays (each tray with a different level of cover) divided
into two rows and three columns (Figure 1). The position of the
trays was randomly chosen and changed daily to avoid any
possible effect of the tray position on the snail movement. The
walls of the trays were covered with white cardboard to avoid
visual contact outside the tray and with other snails. Because it
would be infeasible to record all experimental trials at the same
time, each microlandscape replicate was recorded one at a
time. After recording 15 organisms per treatment in one mi-
crolandscape pattern, the copper tape of all trays was re-
moved. Trays were cleaned with ethanol 90% and deionized
water, and a new pattern was set up. To avoid using snails that
had remained in the laboratory more than 2 months, new or-
ganisms were sampled following the procedures described
above each time a new pattern was set up. Pilot experiments
showed that after long periods in the laboratory, snails were
less tolerant to the effect of Hg.

Data analysis

A Bayesian generalized linear model with the Logit link
function was used to evaluate the effects of fragmentation and

Hg exposure on the probability of snails crossing the land-
scape. A Cauchy distribution was set as prior for all parameters,
with center and scale parameters set at 0 and 2.5, respectively,
as recommended by Gelman et al. (2008). Models were fit
using Markov chain Monte Carlo methods with a Hamiltonian
sampler algorithm. Three independent chains were used in
parallel with an initial 2000 iterations for adaptation. This
was followed by another 2000 iterations, during which
samples were monitored every three steps. Among the fixed
effects included in the models were habitat loss, Hg
exposure, length, weight, day of the experiment, landscape
resistance, recording day, and landscape replicates. Model
selection was performed based on the Watanabe (or widely
applicable) Akaike information criterion (WAIC) weights.
Evidence ratios (ERs) were used to test the hypothesis that
parameters were different from zero or different between
treatments, assuming a 95% credible interval.

For each pathway, the mean speed (centimeters per mi-
nute), net displacement, turning angles, and total time
moving were calculated. Mean directional change was also
calculated as a measurement of path nonlinearity (Kitamura
& Imafuku, 2015). Because each snail started to move at
different times, all metrics and tracks were analyzed after
organisms left a radius of 2cm from its starting position.
Because movement tracks were sampled at a short temporal
and spatial scale, and consequently were more sensitive to
errors (Edelhoff et al., 2016), tracks were smoothed by ap-
plying a Savitzky-Golay filter with the trajr R package
(McLean & Skowron Volponi, 2018). Bayesian nonlinear
models (asymptotic regression) were used to analyze path
metrics following the same procedures described above. The
associated three-parameter asymptotic regression equation
can be written as

Y = O + (Roi — ©)e(-xef) (1

where y; is the response variable in the x; level of cover in the
ith treatment, Ry; is the parameter representing the response
when the level of cover x; is equal to zero, ©; is the asymptote
on the right side, and B; is the log, of the rate constant. In
Bayesian nonlinear models, random and fixed effects are set on
the nonlinear parameters. Because nonlinear models require
stronger (i.e., narrower) priors for chain convergence (Birkner,
2017) and no data were available on the effects of habitat
fragmentation on the movement of snails, a normal distribution
with mean of 0 and standard deviation of 2 was used. Other
nonlinear models were considered, such as logistic and
exponential regressions; but models did not converge.
All Bayesian models were fit with the brms R package
(Burkner, 2017).

Stochastic state-switching HMMs were used to analyze how
fragmentation and Hg exposure could affect the movement
behavior and states of the marsh periwinkle. This type of model
assumes that organisms can present different movement states
such as slower (shorter step lengths with higher number of
directional changes) or faster (longer step lengths with fewer
directional changes). Hence, organisms can switch or remain in

© 2022 The Authors
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a state through time with a certain probability. Because a single
model with Hg exposure as a covariate would pool all step
lengths into a single distribution, HMMs were fitted to the data
for each independent Hg treatment using maximum likelihood
methods. Habitat loss was loge-transformed before being ana-
lyzed as a covariate. A wrapped Cauchy distribution was fitted to
the turning angles and an exponential, Weibull, or gamma dis-
tribution for the step length distribution. Model selection was
performed based on the AIC weights. Differences in the pa-
rameter estimates were assessed based on the 95% confidence
intervals. The HMMs were fitted using the moveHMM R package
(Michelot et al., 2016). Pseudo-residuals and simulations of the
speed and mean step length were used to assess model fit.

To evaluate how changes in the movement behavior of or-
ganisms could affect the search efficiency of organisms, simu-
lations were used following similar procedures to Bartumeus
et al. (2005). For each treatment, random paths of 50 organisms
with 10 x 107 steps were drawn from the HMMs. Uniform ran-
domly distributed targets (e.g., food, mates, or site) were set in
a bidimensional continuous landscape with periodic bounda-
ries. An encounter occurs if a target lies within a detection
radius r. The search efficiency is calculated by dividing the
number of encounters by the total distance traveled and scaled
based on the mean free path parameter 1. The mean free path
is calculated as

L2

A= ot

@)

where L is the size of the system in one dimension, r is the
detection radius, and Nt is the number of targets. Without loss of
generality, 2 was calculated by setting the size of the system at
128, the detection radius at 0.5, and the number of targets to 16.
After an encounter, the target is removed, and a new target is
randomly placed in the landscape to keep 4 constant. Because
the number of targets was held constant over the different levels
of habitat cover, the simulations did not include the effects of
habitat loss on resource availability and distribution. Hence, the
effects of Hg exposure on the search efficiency of organisms can
solely be related to changes in the movement behavior caused
by fragmentation. Evidence of differences in the search efficiency
among treatments and levels of cover were assessed based on
the 95% high-density confidence interval.

RESULTS

Chemical analyses

Mean Hg concentrations in the water (+ standard deviation)
were 248+ 7ugl™' (n=78), 100+3uglL™" (n=105), and
0.0002 +0.0002 ug L™" (n=80) in the 250pugL~", 100ugL™",
and control treatments, respectively. Mean Hg concentrations
in the water after 24h of exposure were 40+29uglL™
(h=118), 14+ 10ugL™" (n=188), and 0.0003 + 0.0002 pg L’
(n=65) in the 250 ugL™", 100pug L=", and control treatments,
respectively. Mercury tissue concentration (dry wt) were
27 +8mgkg™" (n=30), 19+5mgkg™" (n=30), and 0.8+
0.2mgkg™" (n=30) in the highest Hg treatment to the lowest,

respectively. Mean Hg concentrations in the water and
tissues per landscape replicate are presented in Supporting
Information S2 (Table S1). No mortality was observed during
the experiment. Trematode parasites were also not found in
any opened organisms.

Probability of snails crossing the landscape. Based on the
WAIC weights (WAICw), the best model selected was that
including an interaction term of Hg and habitat loss plus the
effect of landscape replicate (WAICw=0.913). The results
of model selection analyses are provided in Supporting
Information S3 (Table S1) and parameter estimates in
Supporting Information S4 (Table S1). Very strong evidence
supports the hypothesis that both Hg treatment and habitat
loss affected the probability of snails crossing the landscape
(all ERs>1000). There was also very strong evidence sug-
gesting that those in the 250 ug L™ Hg treatment had lower
probability of crossing the landscape when compared to
those in the 100 ug L™" treatment (ER > 1000). Hence, control
snails had a higher probability of crossing the landscape,
which decreased with habitat loss and with Hg concentration
(Figure 2). Very strong evidence supports the hypothesis that
organisms from the Landscape Replicates 2 and 3 had a
lower probability of crossing the landscape (ER=799 and
>1000, respectively). This indicates that snails had a higher
probability of crossing the landscape in the first pattern
replicate. However, there was very weak evidence to support
differences between the second and third landscape repli-
cates (ER=1.5). The interaction of cover and the 250 ugL™"
Hg treatment was also significant (ER = 366), while there was
no strong evidence in favor of an interaction of cover and
the 100ugL™" Hg treatment (ER=1.3).

The inflection points and 95% fitted credible interval of
the control treatment were 31% (27-36), 23% (19-28), and
24% (20-29) of habitat loss for the first, second, and third
landscape replicates, respectively. In the 100pgL™" Hg
treatment, the inflection points were approximately 10%
lower in comparison to the control with 19% (14-23), 10%
(5-15), and 11% (6-16), respectively. It was not possible to
estimate the inflection point of the 250 ugL™" Hg treatment

1.0
Control
20.8 - — 100ugL”]
@ — 250 pg L™
o
506 -
o
2
504+
8
[e]
&£ 0.2
0.0 -

Habitat loss (%)

FIGURE 2: Probability of control and mercury-exposed snails crossing
the landscape and 95% predicted credible interval (shaded lines) for
each landscape replicate. Solid lines represent the predicted lines from
the model for each landscape replicate.
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because most snails did not cross the landscape even in the
case of no habitat loss.

Movement tracks

Snails present high variability within treatments relative to
their time to start moving, total distance traveled, and total
time moving (Figure 3). On average, control organisms started
moving first, with a mean and 95% credible interval of 5min
(0.3-12.5). Exposed organisms started to move on average
after 9min (0.3-31) and 25min (0.3-122) for the 100 and
250 ug L™ Hg treatments, respectively. Control organisms also
had a higher total displacement and were active for longer
periods of time, with an average of 75cm (5-192) in 24 min
(3-58). In the Hg treatments, snails moved on average shorter
distances, 55 cm (3-166) and 30 cm (1-75), in an average pe-
riod of 19 (3-50) and 17 min (2-39) in the 100 and 250 ug L’
Hg treatments, respectively.

Based on model selection, asymptotic regression provided
a better fit to the data than linear models for both mean speed
and mean directional change. For both mean speed and mean
directional change, the best model selected (WAICw =1 each)
included Hg, landscape replicate, and whether the organisms
crossed the landscape or not. Models that included the inter-
action term of habitat loss and Hg did not converge. The re-
sults of model selection analyses are provided in Supporting
Information S3 (Tables S2 and S3) and parameter estimates in
Supporting Information S4 (Tables S2 and S3). Regarding the
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mean speed of organisms, there was strong evidence that the
asymptote parameter @ of the highest Hg exposure concen-
tration is lower in comparison to the control (ER=69) and
moderate evidence that it is different from the 100ug L™" Hg
treatment (ER=12.3). However, there was no evidence to
support the hypothesis that there were differences between
the asymptote parameter of the control and the 100 ug L™' Hg
treatment (ER = 0.7). There was also strong evidence to support
the hypothesis that Ry (i.e., mean speed without fragmentation)
is higher in the control treatment in comparison to the lowest
(ER=554) and highest (ER = 999) Hg exposure concentrations.
There was only weak support for the hypothesis that there were
differences between the two Hg concentrations (ER=2.8).
Regarding the decay rate constant (8), 100 ug L™" Hg was the
only treatment that had a lower decay rate in comparison to the
other treatments (ER = 67). Moderate and weak evidence sug-
gests that there was a difference among landscape replicates
for all three parameters (ER ranging from 3.4 to 9.9) except for
the rate constant parameter in the third landscape replicate,
which indicated strong evidence (ER=49). Organisms that
crossed the landscape also had a higher mean speed
without fragmentation (ER>1000) and higher asymptote
parameter (ER = 134), but there was no evidence to support the
hypothesis that the rate constant was lower (ER=0.5).
Regarding the mean directional change, there was weak
and moderate evidence of effects of Hg in the asymptote of
both treatments (ER=2.2 and 5.1 for the lowest and highest
exposure concentrations, respectively). For the constant rate,
there was moderate evidence of effects of Hg (ER=5.2 and

(B) Total time moving
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FIGURE 3: Boxplot of the (A) total displacement, (B) total time moving, (C) mean speed, and (D) mean log. directional change of control and
exposed organisms. Data one and a half times the interquartile range are indicated as white circles.
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12.8). However, there was strong evidence that the mean
directional change of organisms without fragmentation (i.e.,
Ro) was higher in organisms exposed to 250uglL™" Hg
(ER =56) and moderate evidence (ER=12.8) for the lowest
Hg concentration. Organisms that crossed the landscape also
had a lower directional change without fragmentation
(ER> 1000) with a higher decay rate (ER=29) but with no
effects on the asymptote (ER=1.8). Moderate evidence
suggests a difference in the asymptote of the second and
third landscape replicates (ER=7.4 and 5.1, respectively), but
there is only weak evidence for differences in the constant
rate among replicates (ER =3 and 1.5). Thus, there was only
strong evidence of differences in the mean directional
change of control and exposed organisms in the highest
concentrations without habitat fragmentation.

HMMs and random walk simulations

For all treatments, a gamma distribution provided a best fit to
step length distribution (AICw = 1 for all treatments). The results
of model selection are provided in Supporting Information S3
(Table S4) and parameter estimates in Supporting Information
S4 (Table S4). Organisms in the first state (i.e., resting or de-
touring) presented smaller steps and less correlated turning
angles in comparison to the second state (i.e., directional
movement; Figure 4). Hence, organisms in the first state
could be characterized as sedentary, searching, or detouring
movements, whereas organisms in the second state could be
classified as active directional movement. As expected, the
probability of snails remaining in the active state was higher at
low levels of fragmentation in all treatments. Exposed organisms
had lower shape and scale parameters in comparison to control
in both states, with lower parameter estimates in the 250 ug L’
Hg treatment (Supporting Information S4, Table S4). Without
fragmentation, control organisms also had a higher probability
of staying in the active state, suggesting more directional
movements than exposed organisms. The probability of snails
remaining in the active state decreased with habitat loss in all
treatments and with a faster rate in exposed organisms. Simu-
lations generally provided good agreement with the data based
on the mean step length and mean speed (Supporting In-
formation S5, Figure S1). However, the mean speed of organ-
isms in lower habitat loss (i.e., 0% and 15%) was generally
underestimated in all treatments.

Regarding the search efficiency simulation, control organ-
isms generally had a higher search efficiency in comparison to
both Hg exposure treatments (Figure 5). The highest Hg
treatment had the lowest search efficiency. Differences be-
tween control and the 100 ug L™' Hg treatment were only ob-
served in the lowest levels of cover, until 30% of habitat loss.
The effects of habitat fragmentation were less apparent or not
significant in both Hg exposure concentrations because all 95%
confidence intervals overlapped the search efficiency estimates
in all levels of habitat loss. The effects of fragmentation, in
comparison to no habitat loss, were more pronounced in the
control treatment after 45% of habitat loss. However,

confidence intervals of all levels of habitat loss (from 15% to
75%) overlapped in the control treatment, suggesting no dif-
ferences among these levels.

DISCUSSION

Movement of individuals is a fundamental element of al-
most any ecological and evolutionary process, especially
when dealing with habitat fragmentation where a direct
causal link with movement and environmental changes can be
established (Nathan et al., 2008). Indeed, most of the ad-
vances in our understanding of habitat connectivity came
from animal movement behavior studies (Doerr et al., 2011).
The results from the present study showed that Hg exposure
can worsen the effects of fragmentation by affecting a snail's
cognition (e.g., route planning, orientation, and spatial
learning) and movement and, consequently, the probability
of snails crossing the landscape. The effects of fragmentation
were pronounced at higher levels of habitat loss where most
snails were unable to cross the landscape independent of Hg
exposure. However, the effects of contamination were evi-
dent even without habitat loss, where most snails were un-
able to cross the landscape in the highest Hg treatment.
Shifts in the inflection points of the probability of crossing the
landscape were observed in exposed organisms (Figure 2).
These results indicate that fragmentation can lead to reduc-
tion in the functional connectivity of landscapes.

There was also an effect of landscape replicate in the
probability of snails crossing the landscape, which suggests an
effect of the landscape configuration. However, it could also be
a result of organisms' state at the time they were sampled. For
instance, the resistance of the landscape had no or negligible
improvement in any model fitted (Supporting Information S3,
Tables S1-S3). Also, landscape replicate was among the vari-
ables included in the models for both mean speed and mean
directional change, which could indicate different behavior
among organisms. Previous studies also showed temporal
variation in the sensitivity of organisms sampled in the field to
contaminants even with a few months sampling difference
(Kater et al., 2000; McGee et al., 1998). The marsh periwinkle
also presented a monthly difference in respiration rate and
caloric content related to seasonal effects, with higher respi-
ration rates during the summer (Shirley et al., 1978). The marsh
periwinkle also has monthly differences in activity time, with
lower activity in the warmer months (lacarella & Helmuth,
2012). Because control organisms also had a lower probability
of crossing the landscape in the second and third landscape
replicates, it is likely that the overall condition of organisms,
such as metabolic states, could be an important factor.
Therefore, the effect of landscape replicate could also be
caused by the organism's condition at the time it was sampled.
Nevertheless, the reduction in the ability of snails crossing the
landscape was consistent in all landscape replicates and
treatments.

The effects of fragmentation depend on how organisms
perceive the landscape, their ability to disperse, and the quality
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FIGURE 4: Results from the hidden Markov model for the control, 100 ug™" L Hg, and 250 ug™" L Hg treatments: (A) histogram and fitted gamma
distribution to the step length; (B) histogram and fitted wrapped Cauchy distribution to the turning angles; and (C) stationary state probability of
both states in function of habitat loss (percentage) and 95% confidence intervals.

of the surrounding nonhabitat matrix (Metzger & Décamps,
1997, With et al., 1999). Because fragmentation was generated
using chemical barriers in the present study, the effects of
fragmentation on movement behavior could be overestimated
when compared with fragmented areas where organisms can
cross unsuitable patches. In the case of chemical and physical
barriers such as dams (Anderson et al., 2018; Wu et al., 2003),
the effects of fragmentation on animal movement might be
exacerbated because fragmentation can completely arrest
dispersion among patches or force organisms to detour around

unsuitable areas. For instance, Garner et al. (2017) found that
approximately 20% of marsh periwinkle reached S. alterniflora
blades in trays completely covered with oil within 4h. Frag-
mentation can reduce the interpatch movement of butterflies,
though interpatch movement was still observed in patches
384 m apart (Haddad, 1999). However, changes in movement
behavior could reduce the maximum amount of distance an
organism can travel and reach other patches. The results from
the HMM showed that Hg exposure can cause shifts in the step
length distribution and consequently may reduce the searching

© 2022 The Authors
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FIGURE 5: Search efficiency simulations of control and exposed or-
ganisms for each level of habitat loss. Error bars represents the 95%
high-density confidence interval.

behavior and distances organisms can travel. Changes in the
step length distribution and search strategies can potentially
lead to a substantial increase in mortality of individuals in
fragmented landscapes (Niebuhr et al., 2015).

Moreover, increases in habitat loss and fragmentation
seem to have a nonlinear impact on animal movement state
probabilities, search efficiency, mean speed, and mean di-
rectional change. These findings are in agreement with the
notion that fragmentation may have nonlinear effects on
movement potential and strategies (Doerr et al., 2011). The
effects of fragmentation on path metrics were also similar to
those shown in previous works conducted with beetles that
were able to move through unsuitable patches. A decrease in
mean speed and step length and an increase in path tor-
tuosity (another metric for path linearity) were also reported
for beetles and crickets in microlandscapes (Mcintyre &
Wiens, 1999; Wiens et al., 1997; With et al., 1999). In fact,
these results also showed that the movement response of
beetles to habitat fragmentation may present strong non-
linear responses (Wiens et al., 1997). Yet, short-term move-
ment of insects and snails is expected to show less complexity
and variability than long-term movement of larger organisms
such as many vertebrates (Doerr & Doerr, 2005). Hence, the
effects of fragmentation in higher spatial scales on the mean
speed and step length distribution are extremely important
to understand more complex scenarios.

Based on random walk simulations, Hg exposures can have
a greater impact on the long-term movement and search effi-
ciency of organisms in comparison to habitat fragmentation.
Adams and Frederick (2008) also reported a reduction in search
efficiency of birds, measured as consumption of fish during a
given time, chronically fed low doses of methylmercury. How-
ever, because of limitations associated with extrapolating
complex long-term movement behaviors from short-term ex-
periments (Morales & Ellner, 2002), the effects of fragmentation

could be underestimated. In fact, the speed of organisms was
generally overestimated in lower levels of habitat loss in all
treatments (Supporting Information S5, Figure S1), which could
possibly be linked to individual variation. Also, the possible
effects of fragmentation on resource distribution and the
emergence of barriers in the landscape were not considered in
this simulation. In fact, random walk simulations showed that
the distribution of resources may have a key role on the survival
probability of organisms in fragmented landscapes (Niebuhr
et al., 2015). Only the effects of fragmentation and Hg ex-
posure on the movement of organisms were included, and
further investigation is necessary to test such hypotheses. Also,
the exposed concentration is an important factor because the
decrease in the search efficiency was higher in the 250 ug L™
Hg than the 100 ug L' Hg treatment.

Because the marsh periwinkle is very tolerant of inorganic
Hg, it is unlikely that the concentrations of Hg used in the
present study would be encountered in nature, unless a large
accidental discharge occurred. Nevertheless, the concen-
trations used in the present study are below the LC5 predicted
for the effects of inorganic Hg on the marsh periwinkle. Non-
lethal effects of many other classes of contaminants may cause
similar behavioral effects on a broad range of organisms. In
fact, long-term exposures may also cause changes in animal
behavior in much lower concentrations and affect the amount
of time organisms stay in a movement state (see Kobiela et al.,
2015). For instance, Henry et al. (2012) showed that the pesti-
cide thiamethoxam, a selective agonist of nicotinic acetylcho-
line receptors, affects the movement of bees and increases
homing failure. Pentachlorophenol, carbaryl, copper, sulfate,
dichlorodiphenyltrichloroethane, cadmium, zinc, and cyanide
can also affect swimming behavior in different species of fish
(Little & Finger, 1990). Studies that used HMM also showed
that diazinon and formaldehyde can affect animal movement
speed and states of Daphnia magna and Danio rerio (Li et al.,
2013; Liu et al., 2011; Nguyen et al., 2011). Chevalier et al.
(2015) evaluated the effects of different contaminants on the
behavior of Daphnia magna and concluded that chemicals with
dissimilar modes of action can show similar behavioral effects
and that no distinct behavioral profiles could be drawn from the
chemical mode of action. These studies illustrate that broad
classes of contaminants with different modes of action affect
movement of organisms. Hence, the effects of fragmentation
could also be exacerbated by contaminants other than Hg and
affect other classes of organisms. This is especially worrisome
because contaminants are detected even in the most remote
places of the planet (Maltby, 2013). Also, nearly 20% of the
world's remaining forest is within 100 m of an edge, and 70%
are within 1 km of an edge (Haddad et al., 2015). Hence, most
of the world's remaining forests are close to agricultural, in-
dustrial, or urban areas, where there are many point and non-
point contaminant sources. The world's largest rivers have also
been extensively fragmented by dams and face many con-
taminant sources and other stressors (Best, 2018). It is also
likely that other factors such as increases in diseases, parasites,
introduced species, and temperature could co-occur and in-
teract with both fragmentation and contamination.
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CONCLUSION

The effects of contamination and habitat fragmentation on
animal movement behavior are well recognized in the liter-
ature; however, how these effects interact is crucial knowledge
in a rapidly changing world. Microlandscape experiments al-
lowed us to test initial hypotheses about the joint effect of such
widespread stressors. The results of the present study indicated
that both chemical contaminant exposure and habitat frag-
mentation affected the movement of the marsh periwinkle.
These results suggest that Hg worsened the effects of habitat
fragmentation by affecting the cognition and movement of
L. irrorata. Based on our current understanding of habitat
fragmentation and contamination, the interaction of these
stressors could further reduce the functional connectivity of
landscapes and reduce the search efficiency of organisms. This
could lead to changes in metapopulation dynamics, such as the
colonization of new patches. The present study also shows that
nonlethal concentrations of contaminants may affect ecological
processes that are not commonly considered in risk assess-
ments. These results underscore the importance of in-
corporating landscape ecology and spatial distribution of
contaminants in ecological risk assessments. They also suggest
that management of fragmented areas should consider sources
and potential effects of contaminants on animal movement
behavior and functional connectivity. With advances in radio-
telemetry, satellite tracking technology, and modeling techni-
ques, more evidence should be gathered and further
hypotheses tested by long-term and large-scale experiments.
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