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Environmental unpredictability and stochasticity underlie
dispersive movements of a terrestrial amphibian
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Abstract

Dispersive movements are often thought to be multiclausal and driven by individual body size, sex, conspecific density, envi-
ronmental variation and/or other factors. Yet such factors rarely account for most of the variation present among dispersive
movements in nature, leaving open the possibility that dispersion might be indeterministic and vary in response to environmental
stochasticity. We assessed the amount of variation in movement distances that could be accounted for by potential predictors of
dispersal with a large empirical dataset of movement distances performed by Fowler’s Toads (Anaxyrus fowleri) on the northern
shore of Lake Erie at Long Point, Ontario (2002 – 2021, incl.). These toads are easy to sample repeatedly, can be identified
individually and undertake dispersive movements parallel to the shoreline on a daily basis as they forage at night. Using a
linear mixed-effect model that incorporated random effect terms to account for sampling variance and inter-year environmental
variation, we found that all potential predictors of dispersive movements of these animals were, at best, weak predictors that
accounted for virtually none of the variation observed among movement distances. We also used linear regression models to
test for the impact of environmental stochasticity on dispersive movements and identified a strong positive correlation between
the distribution of toad movement distances and variability in lake water level. We conclude that deterministic proximal fac-
tors, whether intrinsic or extrinsic, neither can be shown nor are necessary to drive dispersive movements in this population.
Variation in dispersive movements can be ascribed, instead, to environmental unpredictability, consistent with nomadism.

Introduction

Dispersal, the one-way displacement of individual organisms leading to gene flow, is of central importance to
population ecology and evolution (Marsh and Trenham 2001; Ronce 2007). On one hand, because dispersal is
necessary for effects ranging from outbreeding to geographic range expansion, it is generally acknowledged as
beneficial for most populations and therefore, with only rare exceptions, selectively advantageous (Hamilton
and May 1977; Johnson and Gaines 1990; Parvinen et al. 2003; Poethke et al. 2003). On the other hand,
dispersal by individuals away from habitable localities, without guarantee of finding another habitable site,
is a highly risky endeavor, often with very low odds of success (Clobert et al. 2001; Stamps 2001; Cote
and Clobert 2010; Bonte et al., 2019). This contradiction is a fundamental problem for understanding the
ecology of dispersal. What drives individual organisms to disperse?

For many organisms, the answer to this question is straightforward – they have no say in whether they
disperse or not. Propagules of sessile organisms, such as most plants, cannot occupy the same physical
spaces as their parents and therefore must somehow disperse away. The seeds themselves are entirely passive
when it comes to their own dispersal, and their dispersive trajectories may largely be stochastic (Nathan et
al. 2011). Most animals, though, are motile at all life stages, and thus a variety of factors might exist to
compel individuals to disperse under their own power (Bowler and Benton 2005; Matthysen 2012).

Many suggested drivers or predictors of dispersal are intrinsic properties of the animals themselves. Sex-
biased dispersal, for instance, is widespread among animals and may be related to mating system (Greenwood
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1980) and/or the distribution of critical resources, such as nesting sites or potential mates (Li and Kokko
2019). However, if both sexes are equally affected by the distribution of resources, dispersal should not be
sex-biased (Johnson and Gaines 1990) as seen in certain birds (Mäki-Petäys et al. 2007) and amphibians
(Berven and Grudzien 1990; Trenham et al. 2001; Sinsch et al. 2012). Age and body size may also affect
dispersal tendencies in that larger, older individuals may be able to move further than smaller individuals
(Jenkins et al. 2007; Choi et al. 2003; Phillips et al. 2006) or, conversely, outcompete smaller individuals and
so push them to move away (Bowler and Benton 2005).

There are other potential predictors of dispersal that are instead properties of the environment extrinsic to
the individual animals. Conspecific density, leading to varying levels of intraspecific competition (Clobert
et al. 2004; Bowler and Benton 2005; Ronce 2007; Baguette et al. 2011) may be positively correlated with
dispersal in numerous fishes (Connor et al. 2013; Taylor et al. 2013), reptiles (Vignoli et al. 2012), birds (Pärn
et al. 2012; Molina-Morales et al. 2012), or amphibians (Ousterhout and Semlitsch 2018). However, if living
in groups is selectively advantageous, as seen in certain fruit flies (Betini et al. 2015), amphibians (Cayuela
et al. 2019), mammals (Mabry 2014; Denomme-Brown et al. 2020), birds (Forero et al. 2002; McKellar et al.
2015; Fuentes et al. 2019), or reptiles (Calsbeek 2009), conspecific density can be negatively correlated with
dispersal. Complicating matters further, sex-biased dispersal patterns may appear in response to density (De
Bona et al. 2019; Scandolara et al. 2014; Fattebert et al. 2015), making density-dependent dispersal, to a
certain extent, context dependent (Bocedi et al. 2012; Cayuela et al. 2018).

Landscape dynamics are also suggested to impact the dispersive movements of animals (Morales et al.
2010) but, unlike potential predictors, variation in landscape structure tends to affect the distribution of
movement distances rather than their magnitude, as has been reported in Eurasian red squirrels, for example
(Hämäläinen et al. 2019). Landscapes with little variation in either structure or resources should promote
range residency and thus lead to a smaller range of movement distances, as seen in ungulate populations
(Mueller et al. 2011). Alternatively, unpredictability in environmental trends leads to unpredictability in
dispersive movement trends. As such, irregular movements that are difficult to predict and are neither
migratory nor philopatric have been referred to as nomadic and have been associated with environments
that are highly variable, both spatially and temporally (Jonzén et al. 2011; Mueller et al. 2011).

Nomadism is either characterized by stochasticity in movement paths (e.g., Schwarzkopf and Alford 2002)
or, more often, by temporal stochasticity in the distribution of movement distances in response to landscape
unpredictability (Mueller and Fagan 2008; Jonzén et al. 2011; Singh et al. 2012). Unpredictable environmental
variation promotes indeterministic nomadic movements in a manner similar to how seasonal variation in
resource availability promotes migration (Jonzén et al. 2011). Nomadism remains poorly documented because
the irregular and wide-ranging movements of nomadic animals are difficult to track (Runge et al. 2015), and
identifying it requires long-term datasets to capture temporal variation in movement distances (Teitelbaum
and Mueller 2019).

Amphibians can offer several advantages over many other types of animals for studying movement dynamics.
Even their largest movements are relatively small enough to be readily detectable (Smith and Green 2005)
and numerous amphibian populations are amenable to being monitored in long-term studies over many
consecutive years (e.g., Sinsch 2014; Cayuela et al. 2020). In particular, the Fowler’s Toads (Anaxyrus fowleri
) found at Long Point, Ontario, a 35 km long sand spit on the northern shore of Lake Erie, represent a study
system that is especially well-suited for investigating dispersive movements in relation to environmental
unpredictability and potential predictors of dispersal (Smith and Green 2006). The movements made by
these toads are almost entirely restricted to a sandy beach running east-west, parallel to the lakeshore,
making such movements essentially one-dimensional and potentially subject to variations in lake water level
that can alter the extent and structure of the beach. Furthermore, the toads are easily and repeatably
captured while they are active at night and are readily identifiable as individuals (Schoen et al. 2015),
making it possible to amass a large dataset of individualized movement distances. If any particular predictors
are responsible for the dispersive movements made by these toads, then they should account for significant
amounts of the variation seen in the toads’ movement distances. Alternatively, if the toads are nomadic, then
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. environmental variation should be of greater significance than any potential proximal predictors, whether
intrinsic or extrinsic. Finally, if none of these factors significantly influence the toads’ movements, then the
observed pattern of dispersion may be stochastic.

Methods

Data collection and study system.

We used the dataset of geo-referenced captures of individually identified toads amassed by Smith and Green
(2006) over 4 years (2002 - 2005, incl.) and augmented it with equivalent data gathered over a further 16
years (2006 - 2021, incl.). The study site was an 8.3 km stretch of shoreline consisting of beach, dunes,
marshlands, and areas of settlement (Smith and Green 2005; Greenberg and Green 2013). Unlike previous
surveys of this species (Smith and Green 2006), we did not toe-clip animals for identification. Instead, we
identified individuals based on their unique patterns of dorsal spots in photographs (Schoen et al. 2015),
which enabled us to assign every individual, including juveniles, a unique identity number and track them
throughout the active season and from year to year.

We used the UTM geo-coordinates to calculate Euclidean distances, in meters, between successive encounters
of individual toads on the beach. In our analyses, we did not consider springtime migratory movements made
by adult toads to or from breeding sites off the beach (Marchand et al. 2017). We calculated movement
distances irrespective of their directionality, eastward or westward. To derive a measure of the toads’ density
on any given occasion, we also used the UTM geo-coordinates to calculate nearest-neighbor distance between
individual toads active on the same night.

We obtained daily average and monthly maximum data on Lake Erie water levels, in meters above mean sea le-
vel, from the website of the US Army Corps of Engineers, Detroit District (https://www.lre.usace.army.mil/)
and daily weather conditions (total daily precipitation, in millimeters, and daily average air temperature, in
°C) from the Environment Canada website (https://climate.weather.gc.ca/) for the Port Colborne, Ontario,
weather station. We also collected air temperature data using a handheld digital thermometer during surveys
(Green 2017). We used standard deviation, σ, as the measure of variation over the whole year in these three
environmental variables, as well as in animal movement distances.

Analysis

The response variable, movement distances, was log10-transformed in all analyses to eliminate heteroscedas-
ticity. We first used movement distances measured over varying lag times (i.e., time elapsed between encoun-
ters) to explore whether distances and time are correlated using ANOVA. If they are, then the subsequent
analyses would only be carried out using the subset of daily movement distances made over 24hrs to over-
come any biases resulting from variation in elapsed time between successive encounters (Gamble et al. 2007;
Blouin-Demers and Weatherhead 2020).

We used linear mixed-effect models (LMMs) to assess the impact of intrinsic and extrinsic predictors on
movement distances performed by the toads. Random effect terms year and individual (the individual
identities of the animals) were included in all LMMs to account for inter-annual and inter-individual sampling
variance, respectively.

As A. fowleri are size-dimorphic, with female adults larger than both male adults and juveniles, we used
both ANOVA and LMM to test for a sex-bias with a subset of the dataset to include adult males and adult
females of the same size. Similarly, we tested for an age-bias with a subset of the dataset to include adult
males and juveniles of the same size, as adult female and juvenile sizes do not overlap. Depending upon the
results, the intrinsic categorical term, sex, which included both sexually mature adults as well as pre-sexual
juveniles, was added to the LMM as an interaction term with continuous term body size .

Extrinsic, continuous terms were nearest-neighbor distance(log10-transformed), air temperature (measured
at each toad encounter), precipitation (total daily rainfall), andlake level (maximum daily water level).
Desiccation risk was not deemed worth investigating as individuals of this population have unrestricted
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. access to the lake for hydration. We obtained parameter estimates using maximum likelihood with the
Laplace approximation method (Bates et al. 2020). We inferred the intraclass correlation coefficient (ICC)
to explore whether movement distances were nested per year and/or pre individual.

We tested for variation in distribution of movement distances between years using ANOVA, then subsequently
tested whether environmental variation affected the annual distribution of movement distances using a linear
regression model with annual standard deviation in movement distances as the response variable and annual
standard deviation in the environmental variables, air temperature (average daily ambient temperature),
precipitation (total daily rainfall), andlake level (maximum monthly water level), as predictor terms.

Different combinations of predictors for all models were compared using Akaike Information Criterion (AIC)
to determine the model that explains the greatest amount of variation in the response variable using the
fewest number of independent variables, deemed the best-fit model (Burnham and Anderson 2004). R 2

values as coefficients of determination were used in linear regressions and in LMMs as marginal R 2 and
conditionalR 2 values to account for the amount of variation accounted for by predictors and by random
effect terms, respectively (Nakagawa and Schielzeth 2013).

All statistical analyses and visualizations were done in R version 3.6.3 (R Core Team 2021). LMMs were
conducted and explored using R packages ‘lme4’ (Bates et al. 2020) and ‘MuMIn’ (Bartoń 2020).

Results

We amassed a dataset of 6,279 movement distances for 1,441 individual toads over 20 years (2002 – 2021,
incl), with lag times ranging from 1 to 86 days with a median distance of 60.64 m. As is invariably the case
for dispersal data (Fraser et al. 2001; Smith and Green 2006), the frequency distribution of these movement
distances was left-skewed and leptokurtic (Fig. 1a). The correlation between normalized movement distances
(Fig. 1b) and log10-transformed lag time had little explanatory power (R 2 = 0.032) but was highly significant
(ANOVA: F 1,6277 = 211.1,P < 0.001) (Fig. 1c), justifying our reduction of the dataset to include only
daily movement distances and thereby eliminate the influence of lag time from subsequent analyses. The
reduced dataset we used for analysis consisted of 1,378 daily movement distances for 714 individuals (279
adult females, 167 adult males and 325 juveniles). The median movement distance was x = 49.65 m, with
movements of females averaging slightly farther (x = 55.04 m) than those of either males (x = 50.22 m) or
juveniles (x = 41.23 m).

Body size differed greatly between groups (ANOVA:F 2, 6276 = 6227, P < 0.001,R 2 = 0.665), with adult
females on average larger (x = 65.32 mm) than adult males (x = 57.94 mm), and both adult sexes larger than
sexually immature juveniles (x = 45.54 mm). However, we found daily movement distances to be neither
sex-biased nor age-biased. The difference in movement distances between adult males and adult females of
the same size range (55 - 75 mm) was not significant (ANOVA: F 2, 733 = 2.42, P = 0.090,R 2 = 0.004),
even when accounting for random effect terms year and individual (LMM:Estimate = 0.014, SE = 0.010, t
= 1.451, P =0.147). Likewise, the difference in movement distances between adult males and juveniles of
the same size range (40 - 55 mm) was also not significant (ANOVA: F 1, 475 = 0.038, P =0.847, R 2 = 0.002;
LMM: Estimate = -0.0001, SE = 0.015, t = -0.059, P = 0.953). Sex and age were therefore removed from
subsequent analyses.

The variation in movement distances accounted for by all predictors was negligible, according to marginal
R 2 values, but random effect terms year and individual accounted for a small portion of the variation
in movement distances, according to conditional R 2 values (Table 1). The best-fit LMM according to
AIC values included predictors body size and log10-transformed nearest-neighbor distance(marginal R 2 =
0.014; conditionalR 2 = 0.194) (Table 1). Correlation estimates were all negligeable in the full LMM as
well, although body sizeand nearest-neighbor distance were found to be significant yet weak predictors of
movement distances (Table 2).

Most of the variation in movement distances performed by the toads was unaccounted for by neither the
predictors nor the random effect terms, combined (Table 1). Moreover, the intraclass correlation coefficient
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. was low (ICC = 0.19), suggesting that the variation in movement distances is not significantly nested neither
per year nor per individual.

The distribution of daily movement distances varied significantly between years (ANOVA: F 1, 1378 = 5.098,
P = 0.024) although year alone had little explanatory power (R 2 = 0.030) (Fig. 2a). The best-fit linear
regression model according to AIC values included annual standard deviations in lake level and in air
temperature (Table 1) and was used to obtain regression fit values (R 2 = 0.360) (Fig. 2b). The variation
in annual standard deviation in daily movement distances accounted for by all environmental variables was
substantial (R 2 = 0.386) (Table 1).

In the full linear regression model, annual standard deviation in daily movement distances was significantly,
and positively, correlated with annual standard deviation in lake level across individuals, but was weakly,
and negatively, correlated with annual standard deviation inair temperature and not correlated at all with
annual standard deviation in precipitation (Table 3).

Discussion

Our results demonstrate that A. fowleri dispersive movements are not necessarily driven by either intrinsic or
extrinsic factors. The daily movement distances of these toads are neither sex-biased, age-biased, size-biased,
density-dependent, nor correlated with environmental variables such as air temperature, precipitation, or
lake water level, at a daily scale. The predictors are too weakly correlated with movement distances in
these animals to be biologically meaningful as they account for effectively none of the variation in distances
moved. The apparent statistical significance of body size andnearest-neighbor distance is largely the result
of the statistical power of our very large dataset. Random effect terms, though, did account for some of
the variation in daily movement distances that could arise due to sampling bias from resampling the same
individuals and from annual changes in survey effort. The fine temporal and spatial scale of our measured
movement distances, occurring over 24hrs and confined to east-west directions, left little room for noise in
overall trajectory.

Just like Smith and Green (2006), we find no evidence for sex bias in movement distances among adult toads,
indicating that mating system may be insufficient to explain variation in dispersive tendencies (Helfer et al.
2012). In sexually size-dimorphic species, such as most anuran amphibians (Kupfer 2007), it can be difficult
to distinguish between sex-biased and size-biased dispersal patterns. Although A. fowleri adult females are
larger than adult males (and larger than juveniles), the impact of body size is nonetheless not a significant
predictor of distances moved.

There is also no evidence for juvenile-biased dispersal in A. fowleri , although the juvenile stage is often
suggested to constitute the dispersive stage particularly in amphibians (e.g., Dole 1971; Baker 1978; Green-
wood 1980; Breden 1987; Kupfer and Kneitz 2000). The perception of juveniles as the dispersive stage in
some systems might arise as an artifact of the larger abundance of juveniles present in the population, as
concluded by Smith and Green (2005). But we continue to find no trace of juvenile-biased dispersal even
when considering individual variance as a random effect term.

The relationship between density and dispersal is complex, and possibly non-linear. Density-dependence
might only be apparent above a density threshold (Baines et al. 2014) or might switch from a negative to
a positive correlation past a certain point (Kim et al. 2009; Fattebert et al. 2015). Testing for a density
threshold has not yet been documented in amphibians, but the abundance of A. fowleri at Long Point varies
(Greenberg & Green 2013) and lately has been low (unpublished ). Thus, using nearest-neighbour distance
as a proxy for conspecific density does not allow us to dismiss the possibility that higher densities might
impact their dispersive movements.

As short-scale movements made by A. fowleri between refuge sites turn into dispersive movements over
larger temporal and spatial scales (Marchand et al. 2017), and none of the tested predictors were found to
account for the variation in movement distances, dispersal in these toads can occur independently of their
possible influence. The movements may instead be fundamentally stochastic, and the animals nomadic as a
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. result, whereby the distribution of movement distances varies, at least partially, according to the variation
in landscape or habitat structure. As these animals are capable of true navigation as they home from
unfamiliar sites (manuscript in review ), their stochastic movement trends cannot be the result of a lack of
spatial orientation.

Nomadism should either occur when maintaining a home range is not advantageous, or when moving fre-
quently is advantageous and moving to new sites is not costly (Sinclair 1983). Over the past 20 years, Lake
Erie water levels have been highly variable and have lately been at historic highs, in line with trends recorded
in the other Great Lakes (Gronewold and Rood 2019). A higher water level translates to a narrower beach
shore and a disrupted dune structure in the Long Point landscape. The positive correlation we observe
between variation in lake level and variation in the toads’ movement distances on an annual basis is con-
sistent with a hypothesis that environmental unpredictability resulting from stochastic landscape changes
will influence animals’ dispersive movement distances. This finding that dispersion patterns can shift with
shifting landscape structure is characteristic of nomadic movements (Mueller and Fagan 2008; Jonzén et al.
2011).

There exists a conceptual gap between the fields of animal movement ecology and animal dispersal concerning
dispersive movements. In the movement ecology literature, individual movements are generally proposed to
be governed by random effects (Hanski 1999; Antman et al. 2001; Tilman and Kareiva 2018) whereas, in the
animal dispersal literature, dispersive movements are commonly considered to be determined by drivers or
predictors (Clobert and Rousset 2004; Matthysen 2012; Denomme-Brown et al. 2020). The Fowler’s Toads
at Long Point, Ontario, disperse widely but are not demonstrably driven to do so (Smith and Green 2006;
Marchand et al. 2017). Yet the magnitudes of their movements are correlated with an extrinsic, stochastic
factor influencing their habitat: lake level. In this regard, the concept of nomadism can bridge the gap
between the animals’ indeterministic short-scale daily movement distances and their stochastic large-scale
dispersal. Our results from studying a very simple system of small amphibians moving at will to and fro
along a lakeshore do not exclude the possibility that dispersal in other organisms in other environments may
be significantly driven by any combination of internal and/or external factors. We do show, however, that
this need not necessarily always be true.
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Table 1: Comparison of explanatory linear mixed-effect models (LMMs) for log10-transformed daily move-
ment distances (n = 1,378) and explanatory linear regression models for the annual standard deviation of
log10-transformed daily movement distances (n = 20) performed by Fowler’s Toads,Anaxyrus fowleri (N
= 714), at Long Point, Ontario (2002 – 2021, incl). Air temperature corresponds to the ambient tem-
perature measured at that encounter, precipitation corresponds to the total daily rainfall, and lake level
corresponds to the average daily water level. σair temperaturecorresponds to the annual standard deviation in
mean daily ambient temperature, σprecipitation corresponds to the annual standard deviation in total daily
rainfall, andσlake level corresponds to the annual standard deviation in monthly maximum lake level. Models
are presented in order of decreasing information content as evaluated using ΔAIC for model fit. Chi-square
(χ2) likelihood ratio tests results are reported for each model. Only models that were a better fit than the
null model are reported. All LMMs include random effect termsyear and individual. Marginal R 2values
correspond to the variation in the response variable explained by predictors alone, whereas conditional R 2

values correspond to the variation explained by both predictors and random effect terms and is only reported
for LMMs.

Response variable Model Model No. of parameters ΔAIC χ
2 P R² R²

No. No. Fixed effect terms (predictors) marginal conditional
log10(movement distances) 1 Body size + log10(nearest-neighbor distance) 6 0.0 6.47 0.011* 0.014 0.194

2 Body size 5 4.4 2.74 < 0.001** 0.009 0.189
3 Body size + log10(nearest-neighbor distance) + Air temperature + Precipitation + Lake level 9 5.3 0.70 0.873 0.014 0.198
4 log10(nearest-neighbor distance) 5 7.2 6.93 0.008** 0.005 0.205

null null - 4 12.1 - - - 0.201
σlog10(movement distances) 1 σair temperature + σlake level 3 0.0 1.00 0.404 0.360 -

2 σlake level 2 0.7 1.14 0.121 0.267 -
3 σair temperature + σlake level + σprecipitation 4 1.2 0.32 0.018* 0.386 -

null null 1 4.9 - - - -

*Statistically significant at α = 0.05

**Statistically significant at α = 0.01

Table 2: LMM coefficients for the full models for log10-transformed daily movement distances (n =1,378)
performed by Fowler’s Toads, Anaxyrus fowleri (N = 714), at Long Point, Ontario (2002 – 2021, incl). Air
temperature corresponds to the ambient temperature measured at that encounter, precipitation corresponds
to the total daily rainfall, and lake level corresponds to the average daily water level.

Predictor Estimate CI+ t P

Intercept (full model) 6.755 -78.054 – 91.563 0.156 0.876
Body size 0.010 0.004 – 0.168 3.069 0.002**
log10(nearest-neighbor distance) 0.020 0.004 – 0.357 2.517 0.012*
Air temperature -0.005 -0.033 – 0.023 -0.374 0.708
Precipitation -0.005 -0.019 – 0.009 -0.675 0.499
Lake level -0.019 -0.506 – 0.468 -0.077 0.939

+ 2.5% – 97.5% confidence intervals.

*Statistically significant at α = 0.05
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. **Statistically significant at α = 0.01

Table 3 : Linear regression results for within-year variation in daily movement distances performed by
Fowler’s Toads, Anaxyrus fowleri , at Long Point, Ontario, modeled as the annual standard deviation (σ) in
log10-tranformed movement distances, against the annual standard deviation in environmental variables:lake
level (monthly maximum), air temperature (daily average), and precipitation (daily total), over n = 20 years,
2002 – 2021 (incl.).

Environmental variable Estimate CI+ t P

Intercept (full model) 2.212 0.080 – 4.344 2.199 0.043*
σlake level 0.785 0.105 – 1.464 2.477 0.026*
σair temperature -0.155 -0.353 – 0.043 -1.656 0.117
σprecipitation 0.022 -0.034 – 0.079 0.834 0.417

+ 2.5% – 97.5% confidence intervals.

*Statistically significant at α = 0.05

Figure legends

Figure 1. a) Probability distribution of untransformed movement distances (in 250 m bins), b) probability
distribution of log10-transformed movement distances (in 1 u. bins), and c) regression of log10-transformed
movement distances against log10-transformed lag time, the number of days elapsed between encounters,
for n = 6,279 movement distances performed by N = 1,441 individual Fowler’s Toads, Anaxyrus fowleri,
at Long Point, Ontario (2002 – 2021, incl) over lag times ranging from 1 to 86 days. F: adult females, n
=2,696; M: adult males, n = 1,163; J: juveniles, n = 2,420.

Figure 2. Water levels in Lake Erie in comparison to movement distances performed by Fowler’s Toads,
Anaxyrus fowleri , at Long Point, Ontario. a) Annual standard deviations (σ) in log10-transformed daily
toad movement distances (orange, dashed line) and in monthly maximum Lake Erie water levels (blue, dotted
line) for each year from 2002 to 2021 (incl). b) Correlation between σlog10(movement distances) and σlake level

(n = 20 years), with linear regression fit obtained from model with predictorsσair temperature andσlake level.
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