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Abstract

Examining the movement patterns of the European common blue butterfly (Polyommatus

icarus): A study on short-term and long-term movement of an invasive species

Allegra A. Spensieri

Understanding how individuals interact with biotic and abiotic factors in their habitats,
and how these interactions influence movement through landscapes is a key step in
understanding dispersal events. The world is experiencing increased introduction of non-native
species into new regions, however without an understanding of how species use the space they
occupy, it is not possible to understand how dispersal events occur. We studied the short- and
long-term movement patterns of a non-native butterfly species in Montreal, Canada: the
European common blue butterfly, Polyommatus icarus, to determine whether the movement
patterns of these butterflies over multiple days can be predicted by individual movement
behaviours measured over short time periods. We asked what factors can predict short-term
movements in females of this species, and whether these short-term movements can be used to
predict long-term movements. We examined short-term movement by following individuals over
short time periods and compared these movements to long-term movements observed via a
mark-release-recapture study. In doing so, we found that flowering, host-plant species presence,
increased vegetation height, and road edges can predict short-term movement, and that the short-
term movement model produced can be used to accurately predict long-term movements when
they are less than 100 m. These findings suggest that an understanding of ground cover
characteristics is important in being able to predict the dispersal of most individuals, but that
further work will be required to accurately predict long-distance dispersal events, which are what
appear to be driving range expansion of P. icarus in North America.
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List of Figures

Figure 1: Framework of methods used throughout this study, demonstrating the ways which
different elements were used to understand whether habitat-based short-term movement
predictors, collected by observing individuals, can be used to predict long-term movements of P.
icarus, based on a mark-release-recapture study. Each box represents a step in the
methodological process, and arrows indicate the start of a new step.

Figure 2: Map of study sites and their location in Montreal (a), with the MUHC above (b) and
the aqueduct below (c). Outlined areas on the study sites represent sampling zones and are
numbered based on how they were designated during sampling. Zone 6 at the MUHC site is
outlined in red, as it was planned in a location that was not accessible for sampling, and Zone 14
at the MUHC site does not exist as it was absorbed into Zone 13.

Figure 3: Description and images of techniques used while collecting data on short and long-
term movement patterns. Techniques include alternate step production and measurements (a),
ground cover sampling (b), vegetation height measurement (c) and P. icarus marking (d).

Figure 4: Graphic explanation of how steps less than 1 m were aggregated into one step during
data analysis. Panel (a) depicts the observed steps as they were measured during short-term
movement data collection, with each circle representing the 30 cm radius plot within which
ground cover information was collected in the field, and arrows depict the P. icarus individual’s
sequence of steps, with the distance between each step noted in meters. Panel (b) depicts how
multiple steps were aggregated into one step if they were less than 1 m apart from each other,
where the circled areas represent how steps less than 1 m from each other were grouped together.
In both panels, images of plants represent different species, and in panel b the plant images
circled represent that the aggregated ground cover data used the highest ground cover value from
all the individual steps for the aggregated step.

Figure S: Estimated smooth, using thin plate regression splines (TPRS), and parametric terms of
various habitat quality variables on the relative preference of a female P. icarus to move to a
given location. Y-axes represent the partial effect of preference to move to a location and is
represented on an exponential scale. X-axes represent (a) percent host-plant coverage, (b)
number of host-plant species in bloom, (¢) maximum vegetation height in centimeters, (d) the
percent coverage of non-vegetation, (¢) whether a road crossing is required, and (f) the log-2
transformed distance to the next landing location, with a supplementary scale above depicting the
corresponding distance in meters. Gray bands around the smooth terms and bars around the
parametric terms represent the 95% confidence intervals of the estimated function.

Figure 6: Map of study sites, with the MUHC on the left (a) and the aqueduct on the right (b),
with the marking and recapture locations of P. icarus individuals that were recaught in the MRR
study. Green points represent initial marking location and brown points represent recapture
locations. Overall, 48 individuals were recaptured at the MUHC, and 142 individuals were
recaptured at the aqueduct.

Figure 7: Image of study sites, with the MUHC on the left (a) and the aqueduct on the right (b),
representing the predicted probabilities of where a P. icarus individual would end up if given an
infinite amount of time, regardless of where in the study site its movement began. Blue areas

indicate that an individual would be less likely to end up there, while red values indicate that an

vii



individual would be more likely to end up there. Note the difference in probability values
between the two study sites.

Figure 8: Plot of the log-2 transformed likelihood ratio for each recaptured individual. Where
likelihood ratio is the probability of observed movement divided by the long-run probability of
movement. Panels a and b depict likelihood ratio values for individuals at the MUHC site, while
panels ¢ and d depict likelihood ratio values for individuals at the aqueduct site. Panels (a) and
(c) have x-axis values of log-2 (hours since capture) to show the relationship between the
likelihood ratio and the amount of time moved, while panels (b) and (d) have x-axis values of
log-2(distance) to show the relationship between the likelihood values and the distance moved.
Each point represents a different recaptured P. icarus individual, with females shown in blue and
males shown in green. Trend lines represent the estimated smooth curve for the sex and predictor
of interest. The horizontal dashed line on the 0 line indicates equal probability under the two
models for individuals to have ended up in the locations they did. Note the difference in x-axis
scale difference between hours and distance between mark and recapture.
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List of Tables

Table 1: Results of mark-release recapture study on P. icarus at two sites in Montreal. Results
shown include total number of marked individuals, number of recaptures, percentage of
recaptures, maximum displacement distance, mean displacement distance, and the third quantile
of displacement distances. Results shown for only females, only males, and both sexes
combined. Values in parentheses in max displacement column are distance values for two
individuals that moved exceptionally long distances compared to other individuals.

X



List of Supplementary Material

Figure S1: Observations of P. icarus over time in North America as reported on the community
science platform “iNaturalist” (Quebec, Ontario and Vermont). Red points indicate where a P.
icarus individual was reported being seen. Images are grouped by observations that occurred
within five years of each other, other than the most recent image which only contains four years.

Figure S2: Dates of short-term data collection at the MUHC (a) and aqueduct (b) sites during the
2023 summer field season. Dates are formatted as day/month. Note that Zone 6 at the MUHC
does not exist, as it was planned in a location that was not accessible for sampling, and Zone 14
at the MUHC site does not exist as it was absorbed into Zone 13. Short-term movement sampling
did not occur in Zones 15 or 16 at the MUHC site as there were too many hazards to safely do
SO.

Figure S3: Histogram of all step lengths (observed and alternate steps) recorded during short-
term movement data collection from all paths. Panel (a) shows the distribution of distances
between steps based on original measurements. Panel (b) shows the distribution of distances
between steps after aggregating sequential observed steps shorter than 1 m from the same path
into one step and calculating the distance of all observed steps to all alternate steps within a path.
Red vertical lines represent the lengths of the three pre-measured alternate step lengths, 1.5 m,
3.5 m, and 7.5 m. Note the difference in scales on the x and y axes.

Figure S4: Visual outputs of spatial GAMs generated by equation (4) for the MUHC site. Panels
represent the predicted values of (a) percent host-plant coverage, (b) number of host-plant
species in bloom, (¢) percent of non-vegetative coverage, and (d) maximum vegetation height.
Darker colouring represents smaller predictions, while lighter colouring represents larger
predictions. Empty pixels represent areas with insufficient information to extrapolate a
prediction, due to insufficient sampling in that area. Note that roads and buildings were not
removed from this image but were in the matrix created from it.

Figure S5: Visual outputs of spatial GAMs generated by equation (4) for the aqueduct site.
Panels represent the predicted values of (a) percent host-plant coverage, (b) number of host-plant
species in bloom, (c¢) percent of non-vegetative coverage, and (d) maximum vegetation height.
Darker colouring represents smaller predictions, while lighter colouring represents larger
predictions. Empty pixels represent areas with insufficient information to extrapolate a
prediction, due to insufficient sampling in that area. Note that roads and buildings were not
removed from this image but were in the matrix created from it.

Figure S6: Example of a short-term movement path of a P. icarus female. Green points
represent landing locations. Depicted on the left (a) are all the short-term movement paths
recorded at the MUHC study site, and on the right (b) is a zoomed in path with the sequence of
steps connected to each other with the measured distances reported. Note that distances may not
appear to be to scale as the GPS used was only accurate up to three meters.

Figure S7: Histogram of distribution of displacements of recaptured P. icarus individuals
collected via a mark-release-recapture study.

Figure S8: Maps of both study sites, with MUHC on the left (a) and aqueduct on the right (b).
Points represent all capture locations of P. icarus individuals, with males represented in green
and females represented in blue. Locations shown outside of study sites are due to GPS error.



Figure S9: Scatterplot comparing the log-2 transformed likelihood ratios P. icarus individuals
who crossed roads and those that did not. The left panel (a) depicts the MUHC site, and the right
panel (b) depicts the aqueduct site. Note the difference in x-axis scale between sites.

Figure S10: Histogram of observed step lengths of P. icarus females collected during short-term
movement data collection. The red distribution curve represents the Gamma distribution used to
calculate the distance parameter in Pref (x,y). The Gamma distribution has a shape parameter
of 1.41 and a scale parameter of 1.0.

Table S1: Information about distance moved and time passed between initial capture and
recapture of P. icarus individuals at two field sites, collected via a MRR study.
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Chapter 1: Literature Review

Movement of organisms

Movement is responsible for interactions between individuals from the same populations
as well as different populations, and the spread of species into novel habitats along with the new
types of interactions that occur because of this spread. From passive forms of movement, such as
wind and water dispersal of pollen, to the motivated movements made by animals, movement is
an important component in the make up of populations, communities, and ecosystems (Nathan et
al., 2008). Births, deaths, and movements are the three components that add and remove
individuals from a given area. All three of these components are important in understanding how
individuals and populations interact with each other. Of these three components, movement may
be the hardest to study, because of how movement processes differ depending on the individual,
their environment, and the timescale at which the movement is studied (Turchin, 1998). Without
understanding movement, we do not have a complete picture of species or population

interactions.

Many species disperse only via passive forms of movement (e.g., many plant seeds, some
jellyfish), which allow them to allocate very little energy towards movement but result in no
choice as to where they end up - these species cannot choose to land in an optimal spot (Nathan
et al., 2008). On the other hand, species that use active forms of movement have the choice to
move from one spot to another but must allocate energy towards their movement. The energy
expenditure required by active movement means that we expect individuals engaging in active
movement to choose to move towards spots that are better suited to them, and away from those
that are less suited to their current needs (Nathan et al., 2008). The factors that make a spot

desirable or undesirable will depend on the moving individual and its current needs. Where they
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choose to move, and their movement patterns, may be motivated by internal (e.g., hunger,

reproductive cues) or external (e.g., weather, presence of others) factors (Nathan et al., 2008).

The ideal free distribution theory (IFD) explains that when individuals are in a position to
behave ideally, they will choose to move to the spots around them which will maximize their
fitness. When individuals are all equally suited to an environment, a spot which will maximize
their fitness is one where the ratio of resources, including energy conservation, to other
individuals is the highest (Fletcher & Fortin, 2018). Individuals engaged in active movement are
expected to behave according to the expectations of IFD. They are limited by the resources
around them and within their perceptive range though, which often means that there is a trade-off
between moving a long distance to find optimal resources and moving a shorter distance to find

good-enough resources (Abrahams, 1986).

Step selection functions (SSFs) are used to understand how animals move in relation to
resource availability and habitat selection (Avgar et al., 2016). They link an individual’s known
consecutive locations to each other (observed steps) and compare the characteristics of these
locations to a set of other locations that were also available to the individual at comparable
distances (alternate steps) (Thurfjell et al., 2014). These functions are an extension of resource
selection functions, but with the added step of taking an individual’s perceptive range into
account, both spatially and temporally (Avgar et al., 2016). SSFs have been used in a variety of
ways to examine animal movement patterns under varying conditions, as they are more flexible
and account for autocorrelation in animal tracking data better than resource selection functions
do (Klappstein et al., 2024). SSFs are designed to take the habitat characteristics of the species
of interest into account and calculate an SSF score for known locations and a subset of other

locations available to the moving individual. They can also be used to simulate biased random
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walks across landscapes, which allows SSFs estimated across a short period of time to be used to
predict long-term movement paths for individuals (Duchesne et al., 2015). By comparing
individuals’ known locations to other locations available to them, which they did not choose to
move to, SSFs can be used to infer the habitat preferences of a species and predict where they

will move in their landscape over time (Duchesne et al., 2015; Fortin et al., 2005).

Movement can be examined at different spatial scales, known as short-term and long-
term paths. Short-term paths are movement paths that can be observed over a short period of
time and may only involve a handful of relocations; they occur on a relatively fine scale both
spatially and temporally. The movements observed in short-term paths are typically motivated by
only one or two factors, which may be internal or external. Long-term paths are observed over a
longer period of time (days, years, or a lifetime) and space, and are a combination of many short-
term paths. Long-term paths are composed of many relocations and will include most possible
movement motivations relevant to the individual in motion (Nathan et al., 2008). These paths are
more difficult and time consuming to measure than short-term paths because of the higher
temporal and spatial scales associated with them. An understanding of the short-term movements
of a species in different contexts, and the movement motivations relevant to that species, can be

used to infer the movement steps that sum up to an entire long-term movement process though.

Rare events, caused by uncommon behaviours or chance (e.g., strong winds, human-
mediate dispersal) can cause individuals to move much further distances than they would be
expected to based on short-term movement knowledge alone. These events are difficult to
observe and difficult to account for in movement models (Clark et al., 1998; Gippet et al., 2019).
Depending on the species, these rare, difficult to observe movements may be more, or less,

important to long-term movements than observable short-term movements are. To completely
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understand long-term movements, the relative importance of difficult to observe and observable
movements to overall long-term movement should be understood. With an understanding of
long-term movement patterns, we have the capacity to understand how individuals and
populations use their entire landscapes, and the rate at which they may move through them and

into different areas.

Dispersal and metapopulations

The availability and location of resources is a main driver of movement for individuals
engaged in active movement. The overall layout of resources in space make up a mosaic of
hospitable and inhospitable areas, where hospitable areas have the necessary resources in them to
support a population of a given species, and inhospitable ones do not (Nowicki et al.,

2014). Moving forward, hospitable areas will be referred to as “patches” and inhospitable areas
will be referred to as the “matrix” (Hanski & Gilpin, 1991; Nowicki et al., 2014). Individuals
will spend most of their time in patches, but will avoid or pass through the matrix (Forman &
Godron, 1981, 1986). The distinction between how individuals move through each of these areas

is crucial in understanding movement patterns in both the short- and the long-term.

Highly fragmented landscapes are made up of many separate patches, sometimes
connected by corridors, in which each support their own populations. In theory, these patches are
delineated by characteristics of the habitat they are in, but practically they are determined by the
general movement of the individuals living in them. Although a single area of contiguous habitat
may appear to be its own patch upon observation, if two groups of the same species live within
that area but do not interact with each other it is actually two patches, and if individuals spill

outside of what appears to be a patch and move through the area surrounding it frequently, the
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patch is larger than it appears to be (Hanski, 1982). Understanding movements made over short
time periods are therefore not sufficient to truly understand patch structure for a species. Long-
term patterns of movement must be understood as well to be able to accurately identify patches
for a given species (Girvetz & Greco, 2007). Some individuals do leave the patches that their
original populations occupy though, through dispersal (Nathan et al., 2003). These movements
can result in new populations being established in unoccupied patches, in individuals never
encountering another patch and dying in the matrix, or in individuals encountering already
occupied patches and interacting with the population already established there. When individuals
from different populations interact with each other on a regular basis via displacement of
individuals, the interacting populations make up a metapopulation (Hanski & Gilpin, 1991).
These movements between populations are as important to population dynamics as birth and
death rates are, and metapopulations can contribute to the persistence of a species in a

geographic area when habitat fragmentation and destruction occur (Hanski, 1998).

Butterflies as a model organism to study the relationship between short- and long-term
movement patterns

The European common blue butterfly Polyommatus icarus Rottemburg, [1775]
(Lepidoptera: Lycaenidae), is a butterfly native to Europe and Asia which was first detected in
Canada in 2005 (Hall, 2007). P. icarus’ lifecycle consists of four stages: egg, larva, pupa, adult.
The eggs are laid on host-plants and after hatching, larvae feed on host-plant leaves. After going
through the larval and pupal stages, an adult butterfly emerges from its chrysalis and will
typically live from two to four weeks, depending on environmental conditions and resource
availability. Male and female P. icarus adults feed on the nectar of a variety of Fabaceae flowers,

most notably, Lotus corniculatus. P. icarus is a multivoltine species, producing multiple broods



117  (generations) per summer. Depending on the local climate conditions, the species is known to

118  produce 2-3 broods per year (Dexheimer, 2021; iNaturalist, 2024).

119 Given P. icarus’ recorded preference for L. corniculatus as a host-plant and this plant’s
120  abundance throughout Canada, often in highly fragmented and urbanized areas where other
121  plants cannot grow, it is possible that P. icarus will rapidly expand its range in North America
122  (Dexheimer & Despland, 2023; Fischer et al., 2022; Gutiérrez et al., 2001; Rivest & Kharouba,
123 2021). P. icarus’ relatively recent introduction to North America, the fact that it is known as a
124  low-moderate disperser but has expanded its range in North America already, and the species’
125  expansive native range, spanning many different temperature and weather gradients make it an
126  interesting study species to examine whether long-term movements can be predicted by short-

127  term movements (iNaturalist, 2024; Rivest & Kharouba, 2021).

128 The Lepidoptera Order of insects includes butterflies and moths. In their mature forms,
129  the majority of these winged insects feed on nectar from flowers, while immature forms feed on
130 leaves (Altermatt & Pearse, 2011). Like many insect species, males seek out females for mating
131  opportunities, and females oviposit (lay) eggs, but do not care for their young other than deciding
132  where to oviposit. Male and female butterflies have different reasons to move; males move

133  primarily to find mates and feed, while females move to feed and oviposit in suitable habitat. The
134  sexes exhibit different movement patterns within the same species in many cases, with females
135  Dbeing less active overall, but being more likely to cross boundaries and move through non-

136  habitat than males (Altermatt & Pearse, 2011; Evans et al., 2020; Kallioniemi et al., 2014).

137 Although mature and immature butterflies both feed on plants, the leaves that immature
138  butterflies eat and the flowers that mature butterflies use for nectar do not always come from the

139  same plant. In some species, immature and mature butterflies do not feed on the same plant,
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while in other species, including P. icarus, they do, and some butterfly species, such as Pieris
rapae and P. icarus, will feed on many different plants (generalists), while other species, such as
Callophrys rubi and Pyrgus malvae, will only feed on a few plants (specialists)(Altermatt &
Pearse, 2011; Dennis et al., 2017). In species where immature and mature forms do not feed on
the same plants, or only share some plants in common, females may choose to allocate their
energy towards ovipositing on plants that will be suitable for her offspring as larvae, even though
seeking out those plants will not benefit her directly in any way (Evans et al., 2020). In many
species, females will therefore exhibit different short-term movement patterns when they are
moving to feed and when they are moving to oviposit (Evans et al., 2020). The differences in
short-term movements between male and female butterflies and between females in their feeding
phase compared to their oviposition phase are important to consider when examining long-term
movement in butterflies. While many metapopulation models view dispersal as random
movements, dispersal is made up of short-term movements, which we know are not random in
butterflies and many other individuals engaged in active movement (Altermatt & Pearse, 2011;
Heinz et al., 2006). It is therefore important to consider the motivators and predictors of short-
term movement when trying to understand the dispersal of individuals engaged in active

movement.



162  Chapter 2: Examining the movement patterns of the European common blue
163  butterfly (Polyommatus icarus): A study on short-term and long-term
164 movement of an invasive species

165 Introduction

166 Different species have different resource and spatial needs, and will move through an
167  area differently, depending on these needs. While an area may look the same on the surface, that
168  same geographic area can be divided into different habitable patches depending on the species of
169 interest (Forman & Godron, 1981). To understand how an individual engaged in active

170  movement uses the space it occupies, and what makes an area a habitatable patch for that

171  species, we must understand how individuals of that species move in response to the presence, or
172  absence, of resources. Given that movements made over a longer time period are made up of
173  short-term movements, in theory a complete understanding of short-term movements should

174  allow for an understanding of long-term patterns of movements across landscapes when no

175  unusual movements contribute to long-term movement (i.e., human-mediated dispersal, strong

176  gusts of wind veering an individual off their usual path) (Nathan et al., 2003, 2008).

177 Short-term movements can be used to understand the habitat preferences and short-term
178  movement motivators, or short-term movement predictors, of a species. While long-term

179  movements are made up of many short-term movements, some types of short-term movements

180  are rare and/or difficult to observe (Clark et al., 1998). The ability to infer the long-term

181  movements of a species based solely on that species’ short-term movements depends in part on
182  the proportion of that species’ short-term movements that are easily observable. If many

183 individuals take part in difficult to observe short-term movements, inferences made about long-
184  term movement based on short-term movements will be less reliable than if most short-term

185 movements are observable. For many species, long-term movements include rare, difficult to
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observe movements; whether we can infer long-term movement from many short-term
movement observations depends on our knowledge of these rare movements, and how frequently

they occur.

Dispersal is the type of movement that describes the movement of individuals away from
their natal locations, and is associated with the spread of a species through space (Nathan et al.,
2003). Dispersal is a long-term movement type, as it typically takes place over a long period of
time, which makes it a difficult movement process to observe directly (Turchin, 1998). This type
of movement influences population interactions and species range expansions, which makes it a
movement of particular interest as invasion ecology, the study of human-mediated introduction
of organisms, becomes a more prominent area of study (Diniz et al., 2019; Richardson & Pysek,
2008; Van Dyck & Baguette, 2005). Within invasion ecology, there are different definitions for
the term “invasive”. The term “invasive species” can be used to describe a species that is not
native or endemic to an area it is found in that has negative economic or ecological effects on the
new area it is found in (e.g., spongey moths in North America) (Gippet et al., 2019), or a non-
native species that spreads at a high rate in its newly established area (e.g., goldfish in Canadian
waterways) (Ricciardi & Cohen, 2007). For the purposes of this study, “invasive” will be used to

describe a species that spreads at a high rate through non-native areas.

Step-selection functions (SSFs) are a tool used to predict patterns of short-term
movement in animals based on habitat quality and preferences; they model the probability of an
individual choosing to move to a given location based on its habitat quality (see Methods for
more detail) (Avgar et al., 2016). SSFs can be used to understand short-term movements through
a landscape based on the species’ preferences by modelling the probability of an individual

moving from one location to another based on the quality of the environment (e.g., food
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preferences or availability, preferred ground cover) and the species’ movement patterns (e.g.,
distance between locations, turning angles) (Thurfjell et al., 2014). SSFs do so by comparing the
attributes of locations used by an individual to those of nearby locations not used by an
individual to estimate the relative importance of habitat features and barriers for a given species
(Panzacchi et al., 2016). The scale which SSFs can be used at depends on the species being
studied, but they are most commonly used to understand the short-term movements influenced
by individuals’ decisions and preferences as they move throughout their landscape (Avgar et al.,

2016).

The European common blue butterfly (Polyommatus icarus Rottemburg, [1775])
(Lepidoptera: Lycaenidae), is a butterfly native to Europe and Asia which has been introduced to
Canada. The first noted sightings of this species in North America occurred in 2005 near the
Mirabel airport, about 50 km north of the city of Montreal, Quebec (Hall, 2007). Since then, it
has become the most common butterfly species in Montreal and has spread throughout Quebec,
and into Ontario and the Northeastern United States (Figure S1) (iNaturalist, 2024; Rivest &
Kharouba, 2021, 2024). Although there is no evidence to suggest that P. icarus has had any
negative effects on North American ecosystems so far, its rapid rate of spread over the past 20

years classifies it as an invasive species.

P. icarus is a generalist species and uses a variety of Fabaceae plants for oviposition and
feeding. These host-plants are native to the same areas as P. icarus but have long been
naturalized in North America, their populations sustain themselves without human intervention
(PySek & Richardson, 2006). They are weedy species in North America, meaning that they are
persistent, reproduce in large numbers and grow in disturbed areas (Aarssen et al., 1986;

Turkington et al., 1978; Turkington & Burdon, 1983; Turkington & Cavers, 1979; Turkington &
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Franko, 1980; USDA NRCS Idaho Plant Materials, n.d.; Wang & Sakiroglu, 2021). As such,
they tend to grow in disturbed areas with no clear ownership, such as parking lots, parks, and
along roadways. The distribution and lack of regulation of these host-plants throughout North
America indicates that P. icarus could continue to expand its range rapidly across its invasive
range. Lotus corniculatus, bird’s foot trefoil, is the most important host-plant for P. icarus in
both its native and invasion ranges (Dexheimer & Despland, 2023; Fischer et al., 2022; Gutiérrez
et al., 2001; Rivest & Kharouba, 2021). P. icarus also has a preference for oviposition on short
vegetation in both ranges (Dexheimer & Despland, 2023; Habel et al., 2016; Ledn-Cortés et al.,
1999). Relatively short vegetation and L. corniculatus presence can both be used as predictors of
P. icarus presence in both its native and invasion ranges. These are typical characteristics of
heaths and grasslands, such as traditional grazing pastures in Europe and Asia, but also of
infertile, saline and acidic areas, such as fragmented landscapes and cities, in North America

(Pellissier et al., 2012; Turkington & Franko, 1980).

The difference in presence of these characteristics in each range is reflected in the
difference in distribution of P. icarus in its invasive range compared to its native range.
Although P. icarus is found widely throughout Europe, rural habitats are more suitable for this
species in its native range, and its populations have been found to be in decline in Western
Europe at a higher rate in cities than in rural areas (Cowley et al., 1999; Dennis et al., 2017). In
North America however, records of P. icarus show its populations to be found mostly, though
not exclusively, in and around urban areas, and its abundance has been found to increase in
increasingly urbanized parts of Montreal, Quebec with moderate levels of disturbance
(iNaturalist, 2024; Rivest & Kharouba, 2021). A study conducted on P. icarus in and around

Montreal in 2021 found its abundance to be highest in areas with moderate levels of habitat
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disturbance, and for its abundance to increase in areas with higher urbanization and less forests.
They also performed a MRR study, where they recorded a 2% recapture rate and a maximum
displacement of 860 m and a mean displacement of 75 m (Rivest & Kharouba, 2021). This study
did not examine the short-term movements of this low-to-moderate dispersing non-native species
though. Nor did it examine the behaviours that may be contributing to its overall dispersal since
its arrival to North America in 2005, or the specific movement patterns that may allow it to
continue to expand its invasive range. Unlike with larger organisms with longer lifespans, these
butterflies cannot be tracked with existing telemetric approaches (e.g. GPS or acoustic tags) to
see exactly how they move through space in real-time (Thurfjell et al., 2014). So, we aim to fill
this gap by studying both short- and long-term movement patterns of P. icarus populations in
Montreal in relation to habitat characteristics and ground cover to understand if short-term

movements can be used to predict long-term movements.

To do so, we have asked what habitat characteristics can predict short-term movement in
female P. icarus individuals? As well as whether observable, short-term, female P. icarus
movements can be used to predict the species’ long-term movements, including dispersal. We
predict that short-term movements will be predicted by the habitat characteristics mentioned
above: increased host-plant presence, most notably L. corniculatus, and short vegetation. We
also predict that the short-term movements observed in females will be reflected in the long-term
movements measured of both sexes, when patch characteristics are considered, demonstrating
potential for short-term movements to be accurate at predicting long-term movements for this
butterfly species in North America. If short-term movements can be used to predict long-term

movements in this species, we will know that we understand its movement patterns well and can
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predict dispersal. If not, we will have evidence that other factors other than easily observable

short-term movements contribute to this species’ long-term movements.

Methods

Summary of methods

This study occurred in two separate but connected parts, which are described in more
detail below. While determining the short-term movement predictors of P. icarus did not require
information collected from long-term movements, determining whether short-term movements
can be used to predict long-term movements required information from both the short-term and
long-term data collected. Figure 1 shows how these pieces of information came together, to
estimate a movement matrix based on habitat qualities and P. icarus preference and compare the
predictions of this matrix to mark-release-recapture data. In this study, the term “preference”
refers to revealed preference, the behaviours that demonstrate an individual’s choices based on
the available options available, not preference related to a conscious awareness of the choices

being made (Sen, 1973). The statistical analysis section goes into further detail.
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Figure 1: Framework of methods used throughout this study, demonstrating the ways which
different elements were used to understand whether habitat-based short-term movement
predictors, collected by observing individuals, can be used to predict long-term movements of P.
icarus, based on a mark-release-recapture study. Each box represents a step in the
methodological process, and arrows indicate the start of a new step.

Study areas
We collected data from May 2023 to August 2023 in Montreal, Quebec at two study

sites: the grounds of the McGill University Health Centre (MUHC) (45.47°N, -73.60°W) and a
segment of 1.4 km along a canal (45.45°N, -73.58°W). We chose sites based on P. icarus
sightings in the Montreal area posted on the iNaturalist platform (iNaturalist, 2024) as well as
based on vegetation coverage and site layout observations made in April 2023 prior to the start of
butterfly data collection. These sites are approximately three kilometers from each other but are
separated by two major highways and two canals, leading to a very low chance of inter-site

movement of the individuals studied, based on maximum displacement distances recorded in
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previous studies (Gutiérrez et al., 2001; Kuussaari et al., 2014; Rivest & Kharouba, 2021). The
MUHC and the aqueduct are both within six km of Montreal’s downtown core (Figure 2a), but
these sites are made up of grassy areas, some of which are mowed regularly, while others are left
to grow for approximately a month at a time. We identified the seven host-plants of interest
(Lotus corniculatus, Trifolium pratense, Trifolium repens, Melilotus albus, Medicago sativa,
Medicago lupulina, Vicia cracca) at both sites. Both sites have bike paths, sidewalks, and roads

separating vegetative areas from each other.

We chose these study sites because they represent two different spatial arrangements of
habitat; MUHC’s vegetative areas are clustered around the hospital building (Figure 2b), while
the aqueduct’s vegetative areas are long and linear (Figure 2¢). We chose sites with different
spatial arrangements to see if P. icarus may move differently in areas with different patch
arrangements. We divided both sites into multiple zones to ensure that equal effort was given to
all parts of each site. These zones ranged in size from 2500 m? to 10 000 m? and were separated
based on geographic features which could be easily identified without having to take exact GPS
location data, including roads and distinct landmarks. The preferred geographic features for
dividing the sites into zones were roads, because we considered these to be part of the matrix for
P. icarus. This makes roads a relevant geographic feature to the species being studied, and not
just to humans. However, to keep the zones within a comparable range of sizes, we used specific
trees and electrical poles to delineate zones when no roads were conveniently placed. We

collected both short- and long-term data at both these sites to answer our research questions.
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Figure 2: Map of study sites and their location in Montreal (a), with the MUHC above (b) and
the aqueduct below (c). Outlined areas on the study sites represent sampling zones and are
numbered based on how they were designated during sampling. Zone 6 at the MUHC site is
outlined in red, as it was planned in a location that was not accessible for sampling, and Zone 14
at the MUHC site does not exist as it was absorbed into Zone 13.

Data collection

Short-term movement

We measured short-term movement by following female P. icarus individuals and
making note of their landing locations for up to 15 minutes or ten landing locations (steps),
whichever came first. We chose ten steps as this created long enough paths to understand short-
term movement predictors, while also lowering the chances of losing track of the individual

being followed in that time. We set the 15-minute time limit to decrease the amount of time spent
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waiting for an individual to fly that simply was not going to. Since we were interested in how the
plants surrounding an individual may impact its movement, waiting for more than 15 minutes for
an individual to move was not an efficient use of time. Approximately the same number of paths
were followed in each site between May and August, with 38 paths followed at the MUHC over

17 days and 42 paths followed at the aqueduct over 14 days (Figure S2).

We chose to follow only females because of the differences in habitat characteristics
known to predict female and male movement, and because of the role of female movement in
spatial population dynamics (Kallioniemi et al., 2014; Reim et al., 2019).While females
primarily move in the interest of feeding or laying eggs, males will move to feed, to defend their
territory, and to court females. Given these differences in movement predictors between sexes, it
would have made the data collected more difficult to interpret if the paths of both sexes had been
followed (Kallioniemi et al., 2014). Further, we only followed females because for a population
to form in a new area there must be at least one female in that new area to lay eggs; as such, only

female movement will lead to dispersal at the population scale.

After locating a female P. icarus, we followed the individual from a distance, marked
each spot on which the individual landed with a cone, and recorded the plant species on which
the individual landed, and the length of time spent at each step. Once 15 minutes, or ten steps,
had passed we recorded the coordinates of each step using a Bad Elf GPS Pro (BE-GPS-2200),
which had a horizontal precision of three meters. We then generated alternate steps for each
observed step to use for selection (Figure 3a). We created three alternate steps from each
observed step, where the observed steps were the spots where the individual landed. To do so,
we measured an alternate vector from each landing spot. We used three pre-measured rope

lengths of 150 cm, 358 cm, and 750 cm to create three alternate steps from every observed step
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in the path. The alternate step distances used were based on the distribution of distances of step
lengths observed in a pilot study conducted in 2021. The alternate step distances chosen were
equal to the 25th, 50th, and 75th quartiles of observed step lengths from the pilot data, excluding
outlying distances over 2000 cm. As we did not observe any correlations in turn angles from one
step to the next in the pilot data, we determined the direction of each alternate step from each
starting location randomly by using a spinner and measuring the rope length out in the direction
the arrow pointed to. For each observed and alterative step location, we measured the distance to

the nearest cm and absolute angle of the path from the starting point of the step-to-step location.

We recorded information on the ground cover within a 30 cm radius of the center of each
observed and alternate step (Figure 3b). The ground cover categories we recorded were the
coverage of host-plants in the radius, the coverage of other vegetation, and the coverage of non-
vegetation. We characterized ground cover for each type using a discrete scale ranked from 0-3.
Where zero represented that 0% of the ground in the 30 cm radius was covered by the variable of
interest, one represented 1% - 25%, two represented 25% - 75% and three represented 75% -
100%. We recorded when a host-plant had any flowers within the 30 cm radius. In the case
where an alternate step ended up somewhere that could not be safely reached, such as over a
fence, or on a very steep slope, we recorded its ground cover as either three “other vegetation” or
three “non-vegetation”, depending on what we could see from afar. We photographed each
observed and alternate step in front of delineated height chart, to determine the maximum

vegetation height within the 30 cm radius of each step (Figure 3c).

Long-term movement

We measured long-term movement via a mark-release-recapture (MRR) study. To do so, P.

icarus individuals were caught using 30 cm diameter sweep nets. Each captured individual was
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marked with an alphanumeric ID on their outer hind wings using a fine tip permanent, marker
(Figure 3d), a method which has been used in MRR studies on P. icarus and other butterfly
species (Gutiérrez et al., 2001; Janz et al., 2005; Morton, 1982; Rivest & Kharouba, 2021). We
noted the sex and the GPS location where each marked butterfly was captured. If it was
determined that the ID marking may have been unclear, we photographed the marked wing
before the individual was released. After release, we recorded the ground cover information
within a 30 cm radius of the catch location using the same ground cover recording system as in
the short-term movement study (Figure 3c). We characterized the disturbance state of the
location of each capture by noting whether the area had been (1) mowed in the last 3 weeks
(approximated by eye), (2) unmowed, or (3) mowed but not in the last 3 weeks. We took ground
cover photos periodically throughout the day to use as reference for general ground cover

qualities in different locations.

During the process of catching and marking individuals, we recorded the ID number of
any butterfly that had been previously marked (i.e. recaptured). To avoid handling individuals
too frequently and underestimating dispersal, we only noted recaught butterflies if they had been
marked on a different day (Gutiérrez et al., 2001; Morton, 1982). We recorded the same
information when an individual was re-caught as during its initial capture, as well as an
indication that the butterfly was a recapture. We photographed the individual’s marked wing if
unclear what the alphanumeric ID was. We then compared these photos to those taken when

individuals were initially marked, to confirm ambiguous IDs.

To ensure equal sampling effort across sites, we controlled for MRR sampling effort
within each zone of both study sites by setting a maximum sampling time per zone. We did so by

setting the sampling time for a zone equal to the area of each zone (measured in m?) divided by
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70 in minutes, and rounding this value the nearest 15 minutes. We determined this time by
estimating the amount of time needed to sample the smallest zone, and then scaling up from that
time for the larger zones. For all zones, if a P. icarus individual was not caught within a 15-

minute interval, we moved on to the next sampling zone for the day.
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(2/10 observed steps pictured). Observed
steps are locations where an individual
landed, and alternate steps are locations we
determined semi-randomly. Observed
movement is represented by a solid line and
observed step are represented by a solid-lined
circle with a butterfly within them (initial
location and observed step), while alternate
steps are represented by a dashed-lined circle
(alternate step 1, 2, 3) and alternate movement
by a dashed line. Angles shown are absolute
angles from the initial step, and distances
shown are measured from the center of the
initial step.
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(b)

Example plot illustrating ground cover. The
white circle is a 30 cm radius hoop centred on
the observed landing location This plot would
be characterized as having a score of 3 for
host-plants, a score of 1 for non-host-plants,
and a score of 0 for non-vegetation.

(c)

Vegetation height measurement. The white
circle is a 30 cm radius hoop centred on the
observed landing location. The paper behind
the circle is delineated at every 10 cm and
was used to estimate the height of plants in
the plot.

(d)

A marked P, icarus. We marked individuals
with permanent markers on their outer-
hindwing and made note of their sex and
location.

Figure 3: Description and images of techniques

used while collecting data on short and long-term

movement patterns. Techniques include alternate step production and measurements (a), ground
cover sampling (b), vegetation height measurement (c) and P. icarus marking (d).
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Weather
While collecting data, temperature (°C) and wind (km/hr) conditions were recorded based

on hourly reporting from accuweather.com (4dccuWeather, 2023). We estimated cloud coverage
based on the percentage of the sky that was concealed by clouds at the beginning of each hour.
We noted the intensity and length of time of precipitation when it occurred, and sorted
precipitation types into numbered groups, where 1 represented misty conditions, 2 represented
sprinkling rain, 3 represented light rain, and 4 represented constant rain. Precipitation did not

occur often enough during data collection to be used in any analyses.

Statistical Analysis

All statistical analyses were conducted in R statistical software version 4.2.1 (R Core
Team, 2021). We re-classified the ground cover rankings from 0, 1, 2, 3 (as described in the
short-term data collection section) to the midpoints of each of the percentage bins each of these
values represented, or 0, 12.5%, 50%, 87.5% respectively. For each location of interest (observed
steps, alternate steps, and capture locations), we added these percentage values to estimate the
overall percent coverage of host-plants in that location, setting a 100% maximum coverage. We
added the total number of host-plant species that were flowering to determine the number of

host-plant species in bloom in each location.

Short-term movement

We used the short-term movement data collected to build a step selection function with
penalized smooths, which can be used in step selection analyses to model non-linear
relationships between habitat characteristics and movement without overfitting the data by
incorporating penalties (Klappstein et al., 2024). In doing so, we compared the characteristics of

observed steps and alternate steps using an SSF. These functions are estimated using conditional
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logistic regression models and usually determine the lengths and turn angles of the alternate steps
from distributions established from observations of tracked individuals. The habitat
characteristics of the observed and alternate steps are then determined based on geospatial data to
understand what habitat characteristic the species of interest prefers, based on the comparison
between the characteristics of the observed and alternate steps using an equation like equation (1)
(Thurfjell et al., 2014). Given that the habitat characteristics and the movement distances of
interest in this study are very fine scale, we instead collected the distance, angle, and habitat
characteristics as described above, equation (1) still represents the basic form used to compare
observed and alternate steps to each other.

Equation (1)

exp(Prefy )
Yj=1exp (Prefy )

Pr(Lt’j | Lt,l’ Lt,2' Lt,3' ey Lt,n) ==

This equation calculates the probability of an individual ending up at location L, ; given the
alternate possible locations Ly 1, Ly, Lt 3, -, Lt n, where Prefy ; is the preference of an individual
to move to that location given its habitat qualities, as estimated by a conditional logistic
regression model (Fortin et al., 2005; Klappstein et al., 2024). In doing this, SSFs compare the
habitat characteristics of interest in locations used by an individual to those in locations not used,
but available, to that individual to understand the habitat preferences of a species and predict

where they will move over time (Thurfjell et al., 2014).

We first aggregated observed steps (Figure 4a) from the same flight path into one step if
they were less than 1 m away from the previous observed step (sn+1—sn < 1 m). We did this to
account for human error in ground cover reporting between steps in very close proximity to each

other which should have had the same ground cover recordings, and because our shortest
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alternate step distance was greater than 1 m. We assigned the highest value of each piece of
ground cover information from the steps that were grouped together to form the newly created
aggregate step and the geographic information (latitude and longitude) of the first step in the
grouped steps to the aggregated step that was kept (Figure 4b). Each aggregated observed step
was compared to every alternate step within the same path, not only to the three alternate steps
built from that observed step during data collection. This was done because the shortest of the
three pre-determined alternate step lengths ended up being longer than 70% of the observed step
lengths measured, which made the alternate step lengths difficult to compare to the observed step
lengths (Figure S3). Given that all alternate locations in the same path would have been possible
landing locations for the individual being followed, and to have more alternate step lengths
comparable to the observed step lengths, we decided it was fitting to compare all alternate steps

to each observed step.
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Figure 4: Graphic explanation of how steps less than 1 m were aggregated into one step during
data analysis. Panel (a) depicts the observed steps as they were measured during short-term
movement data collection, with each circle representing the 30 cm radius plot within which
ground cover information was collected in the field, and arrows depict the P. icarus individual’s
sequence of steps, with the distance between each step noted in meters. Panel (b) depicts how
multiple steps were aggregated into one step if they were less than 1 m apart from each other,
where the circled areas represent how steps less than 1 m from each other were grouped together.
In both panels, images of plants represent different species, and in panel b the plant images
circled represent that the aggregated ground cover data used the highest ground cover value from
all the individual steps for the aggregated step.

To do so, we fit a Cox proportional hazard generalized additive model (GAM) using the
mgcv package with non-linear smooth functions for habitat qualities. We used the Cox
proportional hazard family here because it has recently been shown that it is mathematically
equivalent to using a conditional logistic regression model, when hazards are stratified by
whether a location represents an observed or alternate step, and performs equally as well when
used in an SSF context (Klappstein et al., 2024). The smooth functions used each represent a
flexible, non-linear relationship between the local habitat predictor variables and the preference
(response). Each smooth function is made up of multiple basis functions, which determine how
flexible, or wiggly, the smooth functions will be. We generated these smooth terms using thin

plate regression splines (TPRS) and set the basis sizes (k), which define the number of basis
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functions to be used in the smooth, to values large enough to capture the non-linear relationships
between the predictor and response variables, while not overfitting the data provided to the
model (Pedersen et al., 2019). The habitat qualities we included in the model were percent host-
plant coverage (k = 6), number of host-plant species flowering (k = 5), maximum vegetation
height (k=10) and the log-2-transformed distance to the next step, (k=10) and linear effects for
whether a step crossed a paved area and the percentage of non-vegetation in a given step (Wood,

2011, 2023).

We experimented with multiple versions of the final model used (Equation (2), Figure 5),
including models incorporating the ground cover of each host-plant species as separate
predictors, separate models for the two study sites, and modelled with different subsets of the
final variables used. We also varied the basis sizes, and transformations of the distance variable
used. To evaluate the different models, we considered how well each model’s outputs aligned
with existing knowledge of this butterfly species and movement. We considered the magnitude
and direction of each covariate’s coefficient, and made sure that the final model’s outputs were
realistic and supported by field observations. After doing this, and finding comparable AIC
values between the different models estimated, we found that equation (2) fit the data best by
producing results consistent with what was observed in the field and in the literature.

Equation (2)

Pref; = fi(HostCover;) + f,(HostFlowers;) + f;(VegHeight;) + f,(log2(distance;)) +
a,; X NonVegCover; + a, X RoadCrossing;

The response variable, preference, is on an exponential scale and indicates the likelihood of an
individual to take a step towards a location with x amount of the covariate in question, when the

rest of the covariates are held constant. This is more intuitively understood if we compare the
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preferences for two possible locations for a single step. If one location has a preference value of

Pref,, and the second location has a value of Pref,, then the probability that an individual

chooses location 1 would be: Pr(L, | Ly, L;) = poo (Prz);piz(]szpref X If Pref; > Pref, .the first
1 2

step will be preferred to the second step, if the values are equal, the butterfly is equally likely to
travel to either location in that step, and Pref; < Pref,, the butterfly is more likely to end up in
the second location rather than the first (Klappstein et al., 2024). For two locations that have
equal habitat quality values for all but one variable, the functions f;, f,... f, from equation (2)
estimate the relative probability of an individual selecting one location over the other, based on
the relative preference for the differing variable. This makes it possible to isolate the effect of

only the differing variable on the short-term movement pattern observed.

To estimate the distribution of waiting times (that is, how long each butterfly waited in a
given location before moving to a new one), we fit a generalized linear model (GLM) of waiting
time as a function of local ground cover characteristics and the weather information recorded
during the same hour to examine if the weather had an impact on the length of time between
consecutive movements. We used a log-link Gamma distributed GLM and set the time spent in
total at each aggregated step as the response variable, and temperature (°C), cloud cover (%),
wind (km/hr), percent host-plant coverage, number of host-plant species flowering, and
maximum vegetation height as the predictor variables.

Equation (3)

Waiting; ~ Gamma(y;, ¢)

log(u;) = By + B, X HostCover; + B, X HostFlowers; + B3 X VegHeight;
+ [, X Temperature + [s X Wind + B¢ X CloudCover
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Where ~ Gamma(u;, ¢) indicates that we assumed that the waiting time for a butterfly to leave
location i was distributed following a Gamma distribution with a mean value of y; and a scale
parameter of ¢ (Avgar et al., 2016; Klappstein et al., 2024). We used this equation format as

recommended by Zuur & Ieno, 2016.

Long-term movement

To estimate the long-term movement of P. icarus individuals in the landscapes studied,
we used the habitat preferences and waiting time distributions estimated (Equation (2), Equation
(3)) to estimate a model of long-term movement as a continuous time Markov chain movement
model (Hanks & Hughes, 2016). This is a stochastic process model defined in continuous time
on a discrete space, which incorporates habitat characteristics to understand the effect of
directional bias, directional persistence, and movement rates on movement behaviour. It does so
by considering the sequence of locations that individuals move through, in a discrete gridded
space, and the time spent in them, following an exponential distribution, to model the movement
of individuals overtime between areas with different habitat qualities. These models consider the
known location of individuals, they do not consider past possible locations, and their habitat
preferences to understand where individuals may move through time (Hanks et al., 2015; Hanks
& Hughes, 2016). Using a continuous time Markov chain movement model allowed us to
account for the probability of movement between different locations of each study site over time,
considering both the quality of each location and the time spent in each location. By
incorporating location-specific waiting times based on habitat quality, the model takes the non-
linear nature of movement into account, where individuals may spend more time in high-quality

patches and avoid low-quality areas altogether.
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We used the ground cover information collected over the course of the field season to
build spatially smoothed GAMs using the mgcv package to predict the quality of every 2 m x 2 m
location from each study site to account for exact locations of the sites which we did not sample.
We modeled the spatial variation of each ground cover variable in each study site (k) as a
normally distributed variable with a local mean value of p, ; and standard deviation gy, as shown
in equation (4). We modeled the mean ground cover variable using a two-dimensional thin plate
regression spline with 30 basis functions (Wood, 2023).

Equation (4)

GroundCover;, ;~ Normal (yk,i , ak)

Ui = g (northing;, easting;)

We then used these spatially smoothed GAMs to generate maps of estimated ground
cover at a 2m x 2m spatial resolution for both the MUHC and aqueduct sites (Figure S4, Figure
S5). This resulted in estimated ground cover variables in a lattice of 40142 cells for the MUHC
and 11652 cells for the aqueduct. Using these ground cover maps, and the model estimated in
equation (2), we calculated an estimated latent local “quality” function variable Qual(x) for each
location x, using only the local ground cover and height variables for each lattice cell. This was
done using the predicted values estimated by the GAM model described by equation (4) and
using equation (2) to estimate a preference value for each location x, with the distance and road-
crossing effects in the model set to zero, so that only the local preference value of each location x
was calculated. We estimated a distance factor (D (x, y)) to account for the preference to move
the distance from a start to an end location using a displacement distribution estimated from the
distribution of observed step distances, assuming that log-2-transformed step-lengths were

distributed following a Gamma distribution. We used a distance kernel function K (Dist(x, y))
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to represent the probability of moving a certain distance between x and y. As the distance
between locations increases, the number of locations available to an individual increases as well
though, so the probability of ending up at any specific location decreases. To account for this, in
equation (5) the kernel function is divided by the distance (Klappstein et al., 2024). Similarly, we
considered whether a road would have to be crossed (Road(x,y)) to move from the start to the
end cell by assigning values of zero to combinations which did not have to cross a road, and
values of -3.7 to combinations that did have to cross a road, which was the coefficient value for

road-crossing calculated by equation (2).

We estimated a latent preference matrix Pref(x,y) for each combination of cells x and
v, where Pref(x,y) indicates the latent preference score for location x, starting from location y.
Entries for this matrix were calculated using equation (5) and the distance (D (x,y)), road

crossing (Road(x,y)), and quality values (Qual(x)) calculated in the previous step.

Equation (5)

K(Dist (x, y))

Dist(x,y) + f7(R0ad(x:3’))

Pref(x,y) = Qual(x) + log

Following this, we generated an n-by-n matrix of relative step preferences, R(x,y), where
the value Rxy in the matrix represented the estimated probability of ending up in cell x, given the
individual started in cell y. To calculate Rxy we translated these preferences into entries in the

relative preference matrix R(X,y) using equation (6):

Equation (6)

R (X, }/) _ ePref xy)
X #y - quty ePref(zy)
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We then translated this relative preference matrix R(x,y) into a movement matrix M(X,y)
that gives the estimated instantaneous rate of movement from location y to location x in each unit
of time. We used mean waiting-time values calculated by equation (3) to predict how long an
individual would spend in each 2 m x 2 m cell before leaving that cell based on the habitat
quality of that cell, to give an estimated waiting time for each starting location W(y). To generate
M(x, y), we multiplied each column of the preference matrix R(x, y) by the corresponding
waiting-times W(y) calculated for each starting cell y, to understand the likelihood of an
individual moving from one 2 m x 2 m cell to the cells surrounding it. Finally, we set the
diagonal of M(x, y) to the negative values of its column sums, to ensure that the column sums of
the matrix were all equal to zero. This added an assumption that an individual would not choose
to leave a location and then come back to the same location. Matrix M(x, y) cell values then
represented an individual’s preference to move from one location to every other accessible

location within the study site.

The matrices we created were sparse because only x, y cell combinations which
represented locations that were not roads or buildings and were within 40 m of each other were
filled out, due to computing capabilities. 40 m is approximately twice as long as the longest
observed step recorded during the short-term movement data collection, which is why 40 m was
chosen here, to keep all locations that could realistically be reached within one relocation. We
excluded roads and buildings given that these are non-habitat for butterflies, and the preference

values calculated on a road or building would be 0.

If the movement of individual butterflies across long periods of time is just due to the
cumulation of multiple displacements due to habitat selection with waiting times between steps

predicted by equation (3), then the matrix M(x, y) can be used as a generator matrix M of a
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Continuous Time Markov Chain (CTMC) random walk model (Hanks et al., 2015; Hanks &
Hughes, 2016) that can be used to predict the probability Pr(x|t, x,) that a butterfly that started
at location x, might be found at any given location x on the landscape after any given length of
time t. As noted in Hanks and Hughes (2016), the transition probability matrix P;(x,y) (i.e. the
probability of moving to location y after time ¢ having started from location x) for a CTMC
model characterized by a generator matrix M is given by equation (7):

Equation (7)
P; = exp(Mt)

Where the function exp(Mt) represents the matrix exponential of the matrix M scaled by the
length of time passed (Otto & Day, 2007). While calculating the exponential for a large matrix is
prohibitively computationally expensive (Hanks & Hughes, 2016), it is possible to calculate an
approximate value for P; by using a relatively small number £ of the left (1.,) and right (¢;.x)
eigenvectors of the matrix M, corresponding to the k eigenvalues A,., that have the largest real
parts (Eric Pedersen, personal communication, 2024; Noé & Clementi, 2015). The approximate

probability of moving from location x to location y after time t is then given by P, in equation
®):

Equation (8)
ﬁt = ¢1:k exp(diag(/ll:k) X t) 1/"1:k

We used equation (8) and the 50 leading eigenvectors from M(x,y) to calculate the estimated
approximate probability Pr(y|x,t) = P,(x,y) of moving from the cell that a given butterfly was
first captured (y) in to the cell where the butterfly was recaptured (x), setting t equal to the

number of minutes that had passed from when the butterfly was first observed to when it was
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recaptured. The time (t) between capture and recapture events was divided by two, assuming
individuals only moved during 12 hours of the day, not 24, to account for the low movement of
butterflies overnight. The effect of weather on movement was not considered in this model
because data collection could not occur on cool or cloudy days, given that butterflies do not
move much in these conditions (Evans et al., 2019). As a result of this, movement distances may
be somewhat over-estimated, but likely not by a large enough extent to have any major effect on

the result given that there were not many cool and cloudy days.

We used the value of the eigenvector of M(x, y) associated with the eigenvalue with the
largest real value as the estimated probability of a P. icarus individual being found in a given cell
over time, and the probability of finding an individual at a given location within the cell if left to
move for an infinite amount of time (Otto & Day, 2007; Wilson et al., 2018). Finally, we
compared these predictions to the observed long-term movement collected via the MRR study to
see if the short-term movement collected would accurately predict where individuals may end
up. We did this by dividing the probability of an individual moving from the location it was
marked at to the location it was recaptured in during the amount of time between mark and
recapture by the probability of finding an individual at a given location within the site if left to

move for an infinite amount of time. This resulted in a value known as the likelihood ratio.

Log-likelihood ratio values greater than zero indicated that the movement model
predicted that this individual was more likely to have ended up in the recapture location given its
starting location and time between captures. Log-likelihood ratio values equal to zero indicated
that it was equally likely to find a butterfly in a given location under the time-dependent

movement model or the long-term distribution model, and log-likelihood ratio values less than
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zero indicated that the probability of recapturing a butterfly in a given location was lower in the

time-dependent model compared to the long-term model predictions.

Results

Short-term movement

We followed 80 female P. icarus paths to understand their short-term movement
predictors. See Figure S6a for all followed path locations at the MUHC, and Figure S6b for an
example followed path layout. Of these 80 females, only two of them crossed a road during the
monitoring period. Using the model described in equation (2) described above, we found that
increased host-plant coverage (Figure 5a), number of host-plant species in bloom (Figure 5b) and
vegetation height (Figure 5c) increase the preference of an individual to move to a given
location, with host-plant coverage and host-plant species in bloom having a larger effect than
vegetation height. Non-vegetation coverage (Figure 5d) increased the preference of an individual
to move to a given location up to a certain point, after which the preference to move decreased,
but remained higher than when no non-vegetation was present in a location. Locations that were
a further distance (Figure 5f) from each other or required a road to be crossed (Figure 5¢) were
less likely to be moved to than nearby locations with no road to be crossed, indicating that
individuals do not tend to cross roads, or move long distances between landing locations. All
relationships had p-values less than 0.0001, relative to a null hypothesis of no preference effect
for each variable. Similar trends were found when each host-plant species was modelled

separately in terms of percent ground cover as when all seven were modelled together.
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Figure 5: Estimated smooth, using thin plate regression splines (TPRS), and parametric terms of
various habitat quality variables on the relative preference of a female P. icarus to move to a
given location. Y-axes represent the partial effect of preference to move to a location and is
represented on an exponential scale. X-axes represent (a) percent host-plant coverage, (b)
number of host-plant species in bloom, (¢) maximum vegetation height in centimeters, (d) the
percent coverage of non-vegetation, (e) whether a road crossing is required, and (f) the log-2
transformed distance to the next landing location, with a supplementary scale above depicting the
corresponding distance in meters. Gray bands around the smooth terms and bars around the
parametric terms represent the 95% confidence intervals of the estimated function.

We used equation (3) to examine the effects of weather and ground cover characteristics
on the time P. icarus females spent between landing locations. We estimated that waiting time
before leaving cells increased with temperature, wind, host-plant species in bloom, and
vegetation height, and decreased with percent cloud cover and percent host-plant coverage. None

of the estimated weather or ground cover estimates were statistically significant at the
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alpha=0.05 level though. It should be noted that sampling occurred during optimal butterfly
movement conditions, as females did not fly in cool or windy conditions, and sampling took
place during the day, so there was not much variation in the temperature or wind strength
throughout the sampling process. Based on personal observation and the literature, butterflies do

not move frequently during cold and overcast conditions (Evans et al., 2019).

Mark-recapture results

We recorded 3755 P. icarus catching events over the course of the study period in two
study sites. Of these, 203 were recaptures of 190 distinct individuals, as we recaptured some
individuals more than once. The locations of each recaptured individual and its initial location
are shown in Figure 6, with individuals caught at the MUHC in Figure 6a and those caught at the

aqueduct in Figure 6b. The distribution of displacement distances is depicted in Figure S7.

Recaptured females had a maximum displacement of 3100 m, but this was due to a single
outlying butterfly that was tagged at the MUHC site and detected at the aqueduct site. Excluding
this individual, the maximum displacement was 770 m, the mean displacement was 140 m, and
the third quartile of displacement was 180 m (Table 1). Females were recaptured between 2 and
14 days after their initial capture. The maximum displacement of recaptured males was 3200 m,
but this was again due to a single male that was tagged at the MUHC and recaptured at the
aqueduct. Excluding this outlying male, the maximum displacement observed was 1130 m, the
mean displacement of males was 150 m, and the third quartile of observed displacements was
160 m. Males were recaptured between 1 and 42 days after their initial capture, or between 1 and
22 days with an outlier excluded. The outlier displacement values for both sexes are from

individuals that moved from the MUHC to the aqueduct study site. A Wilcoxon rank-sum test
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showed that there was no difference in median displacement distances of the males compared to

the females (W = 2814, p = 0.89).

Table 1: Results of MRR study on P. icarus at two sites in Montreal. Results shown include total
number of marked individuals, number of recaptures, percentage of recaptures, maximum
displacement distance, mean displacement distance, and the third quantile of displacement
distances. Results shown for only females, only males, and both sexes combined. Values in
parentheses in max displacement column are distance values for two individuals that moved
exceptionally long distances compared to other individuals.

Marked | Recaptured | Recapture | Max Mean 75% percentile
% displacement displacement | displacement
Female | 1003 33 33 770 (3100) m 140 m 180 m
Male 2747 170 6.2 1130 (3200)m | 150 m 160 m
Total 3755 203 54 1130 (3200)m | 150 m 160 m

*5 individuals’ sexes not confirmed

9 Legend A b Legend A

Initial mark @ Initial mark @
| Recapture @ L) Recapture @
ene ke i | i 2o v >

Figure 6: Map of study sites, with the MUHC on the left (a) and the aqueduct on the right (b),
with the marking and recapture locations of P. icarus individuals that were recaught in the MRR
study. Green points represent initial marking location and brown points represent recapture
locations. Overall, 48 individuals were recaptured at the MUHC, and 142 individuals were
recaptured at the aqueduct.
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Comparing estimated movement model with mark-recapture results

We used the leading eigenvector of the movement matrix M(x,y) to calculate results
about where individuals would be likely to end up given an infinite amount of time to move
about each study site, known as the long-run occurrence probability (Figure 7) (De Alfaro,
1998). Areas estimated to have a higher probability of occurrence in Figure 7 are the areas that
based on matrix M(x,y) would be the most likely for P. icarus individuals to be found in. Areas
estimated to have a higher probability of occurrence in Figure 7a correspond with areas of the
MUHC site that generally had high host-plant coverage (Figure S4a), many host-plants species in
bloom (Figure S4b), low non-vegetation coverage (Figure S4c), and high vegetation (Figure
S4d). Areas estimated to have a higher probability of occurrence in Figure 7b correspond with
areas of the aqueduct site that had high host-plant coverage (Figure S5a), many host-plant
species in bloom (Figure S5b), mid-range non-vegetation values (Figure S5c), as they are right

next to a bike path, and a mix of short and tall vegetation (Figure S5d).

38



794

795
796
797
798
799
800

801
802

803

804

805

806

807

808

809

"i 8 o’
1a
E\ . r !
L,
g || - 2
i — " 4
i&_‘i . X" ‘_:F;ff 3
E £ ’-"?‘K‘
% 7
N v/
(/
o Y !’?» ’
Probability of occurrence Probability of occurrence
B ooei0 2.5¢-05 5.0e-05 7.56-05 B 00000 0.00004 0.00008 000012 [ 000016

Figure 7: Image of study sites, with the MUHC on the left (a) and the aqueduct on the right (b),
representing the predicted probabilities of where a P. icarus individual would end up if given an
infinite amount of time, regardless of where in the study site its movement began. Blue areas
indicate that an individual would be less likely to end up there, while red values indicate that an
individual would be more likely to end up there. Note the difference in probability values
between the two study sites.

We examined whether the values predicted in our movement matrix corresponded to the
real displacements observed through the MRR study conducted by calculating the log-likelihood
ratios (Figure 8). Log-likelihood ratio values of 0 correspond to an average probability for an
individual to have moved to its recapture location given the individual’s starting location, the
time passed between mark and recapture, and the habitat qualities in the areas it would have to
move through. Log-likelihood ratio values greater than 0 indicate that an individual had an above
average probability to have ended up in its recapture location, and log-likelihood ratio values

below 0 indicate a below average probability to have ended up in its recapture location.
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The log-likelihood ratio values ranged from -20.2- 4.5 at the MUHC site (Figure 8a,
Figure 8b) and from -23.0 — 3.0 at the aqueduct (Figure 8c, Figure 8d). As depicted in Figure 8a,
at the MUHC site there is no trend between the amount of time passed between mark and
recapture events and the probability of an individual to have ended up in the location they did
based on our predictions. Figure 8b shows that at this site, further distances travelled between
mark and recapture locations do coincide with a lower probability for an individual to have
ended up in the location they did, based on our predictions. Similar trends exist at the aqueduct
site as depicted in Figure 8c and Figure 8d. This indicates that a longer period between mark and
recapture times does not coincide with further displacement at either site, even though more

individuals moved further distances at the aqueduct.

A Wilcoxon rank-sum test showed no differences in the likelihood ratio values of the
males compared to the females overall or at either study site (W = 2925, p = 0.6), (Wumunc = 241,
pmurc = 0.1), (Wagueduct = 1471, pagueduct = 0.7). Although not all the likelihood ratio values are
above 1, this lack of difference supports our hypothesis that the short-term movement patterns of
females should be able to predict the long-term movement patterns of both sexes. There was no
difference in the likelihood ratio values from one study site compared to the other (W= 3752, p =

0.7).
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Figure 8: Plot of the log-2 transformed likelihood ratio for each recaptured individual. Where
likelihood ratio is the probability of observed movement divided by the long-run probability of
movement. Panels a and b depict likelihood ratio values for individuals at the MUHC site, while
panels ¢ and d depict likelihood ratio values for individuals at the aqueduct site. Panels (a) and
(c) have x-axis values of log-2 (hours since capture) to show the relationship between the
likelihood ratio and the amount of time moved, while panels (b) and (d) have x-axis values of
log-2(distance) to show the relationship between the likelihood values and the distance moved.
Each point represents a different recaptured P. icarus individual, with females shown in blue and
males shown in green. Trend lines represent the estimated smooth curve for the sex and predictor
of interest. The horizontal dashed line on the 0 line indicates equal probability under the two
models for individuals to have ended up in the locations they did. Note the difference in x-axis
scale difference between hours and distance between mark and recapture.

Discussion

Our study examined both the short-term and long-term movements of a non-native

butterfly species in Montreal, Polyommatus icarus. Using both collected data and statistical
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modelling, we aimed to understand what factors motivate P. icarus individuals’ short-term
movements, and whether these motivators could be used to predict movement over time. We
predicted that increased host-plant presence and short vegetation would increase movement to a
given location, and that short-term habitat selection movements observed in females would

predict the long-term patterns of movement of individuals.

We conducted a mark-release-recapture study and recorded a 5.4% recapture rate, which
was higher than anticipated, based on a previous MRR study on P. icarus in North America and
the sizes of the areas we surveyed (Rivest & Kharouba, 2021). However, it is important to note
that findings presented are based on a small portion of the populations studied.

Vegetation

In our analysis of short-term habitat-selection behaviour of female P. icarus, we found
that increased host-plant coverage, increased number of host-plant species flowering, increased
vegetation height, and non-zero non-vegetation coverage increased the probability of a P. icarus
female to land in a given spot. Increase in distance from one spot to the next and having to cross
a road to move from one spot to the next decreased the probability of landing in a given spot.
These findings support our prediction that host-plant presence is a movement motivator for this
species, but do not support our prediction P. icarus prefers to stay in habitats with shorter

vegetation.

We predicted that P. icarus would prefer shorter vegetation, based on studies conducted
on P. icarus in its native and introduced ranges (Dexheimer & Despland, 2023; Habel et al.,
2016; Leon-Cortés et al., 1999). We found the opposite effect to be true. However, the studies
consulted from this species’ native range examined the relationship between vegetation height

and egg presence or egg oviposition. We based our prediction on these findings assuming that we
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would frequently witness P. icarus females landing to oviposit. Females of the lepidoptera
family are known to move through and land in areas with different vegetative characteristics
when their larval host-plants are not the same as their sources of food at maturity (Evans et al.,
2020; Reim et al., 2018). P. icarus has been documented to oviposit and nectar on the many of
the same Fabaceae plants though, and even oviposit right after feeding, so we do not believe that
the preference to land on taller vegetation was based on this mismatch (Dexheimer & Despland,

2023; Emmet & Heath, 1989; Janz et al., 2005).

Another study conducted in Montreal found that adult P. icarus abundance was also
negatively associated with increased vegetation height. This prior study quantified abundance
based on number of individuals observed, while we were interested specifically in landing
locations (Dexheimer & Despland, 2023). Given that P. icarus females prefer to oviposit on
plants with flowers than without flowers, the difference in the effect of vegetation height which
we found compared to past studies may be related to a confounding relationship between
vegetation height and host-plant species in our sampling sites (Janz et al., 2005). Areas with very
short vegetation were mowed weekly and were less likely to have any host-plant species in
bloom than those with medium to long vegetation were. These mowed areas had lower host-plant
species richness than areas that were not mowed as well, frequently containing L. corniculatus,
T. pratense, T. repens and M. sativa, but almost never containing M. lupulina, M. albus or V.
cracca. Given that frequently mowed areas had fewer host-plant species overall and in bloom,
and that the areas we studied had a mix of short, medium and tall vegetation heights in close
proximity to each other, females would have had less of a reason to land on short vegetation,
even if many females were present in that area. We believe that this explains why we do not see

shorter vegetation as a strong predictor of step selection in our model.

43



890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

We predicted that increased host-plant species presence would increase the likelihood of
a given individual to land in a spot, given the known relationship between P. icarus and its host-
plants (Dexheimer & Despland, 2023). This was the case for both the percent coverage of host-
plant species and the number of host-plant species flowering. However, we found that having
some non-vegetation in a spot made that spot more likely to be landed on as well (Figure 5d). P.
icarus has previously been found to be most abundant in moderately disturbed sites containing
some dirt and gravel paths in its invasive range (Rivest & Kharouba, 2021). These findings are
likely both driven by the presence of L. corniculatus, P. icarus’ preferred host-plant, which
grows extensively on roadsides in Canada, as do its other host-plants (Emmet & Heath, 1989;

Turkington & Franko, 1980).

Road crossing

For the purpose of this study, a road is considered any paved linear area separating
vegetative areas from each other, including sidewalks, bike paths, residential streets, boulevards,
and highways. We observed that P. icarus were very unlikely to cross even narrow roads, with
only two individuals crossing a road during the short-term data collection process. Our SSF
predicted a road crossing coefficient of -3.7, corresponding to an individual only crossing a road
2.5% of the time if given the choice to land in another equidistant location with equal habitat
quality without having to cross a road. This, and the non-vegetation coverage finding tell us that
although P. icarus females may be likely to move through areas near a road, they are not likely
to choose to cross that road. This is further amplified by the below average likelihood calculated
for individuals to relocate to new locations further than three meters away, which is narrower

than an average road (Figure 5f).
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Given that we observed anecdotally (but not frequently during the short-term data
collection process) both male and female P. icarus individuals crossing roads anecdotally but not
frequently during the short-term data collection process, we began specifically watching for road
crossings near the end of the data collection process. To do this, we watched a segment of road
for 15 minutes at a time and noted the number of males and females that crossed the road in that
time. We only counted a road as being crossed if the individual completely crossed the road,
individuals that moved into the road and then turned back were not counted as having crossed a
road. Throughout ten 15-minute periods of watching for individuals to cross roads at both study
sites in optimal weather conditions when many P. icarus individuals were in flight, we recorded
eight males and seven females cross a road. These observations are not included in our model,
but show that while crossings are rare, P. icarus individuals do cross roads more often than

expected by our short-term movement model.

One hundred and fourteen of the recaptured P. icarus individuals crossed at least one
road or path during their displacement, based on the straight-line movement between marking
and recapture locations. Upon initial data exploration, we thought that the difference in road
crossing behaviours observed in the short-term and long-term movement data recorded would
cause the likelihood ratios calculated to be lower for recaptured individuals that did cross roads
compared to those that did not. This would have been due to the combination of the negative
road crossing coefficient produced by the short-term movement model (Figure 5e), and of the
relatively long distance required to cross most roads (15 m — 20 m for a standard two-way road)
which is also disfavored by the short-term movement model (Figure 5f). However, there was no
difference at the alpha 0.05 level in the likelihood ratios calculated for individuals that crossed a

road between their initial marking and recapture location at the MUHC site, but at the aqueduct
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site there was (Figure S9). We believe this is driven by the lower occurrence probability
estimated on one side of the bike path that runs along the aqueduct site, which is the road that
many individuals crossed, and by the further distances moved by individuals that crossed a road

between mark and recapture.

Road crossings occurred more frequently over the long-term than we expected them to,
based on short-term movement observations and past studies. Given that crossing a road did not
have the same effect on the likelihood ratios calculated at both study sites, it seems like the effect
of the ground cover and distance variables are what is causing the likelihood ratio values to be
lower for individuals that crossed a road at the aqueduct, and not by the road crossing effect
itself. These findings, and the fact that P. icarus continues to inhabit roadsides in its native
region when motorways are built, support the theory that P. icarus may continue to expand its
range in North America using roadsides as corridors (Dexheimer, 2021; Munguira & Thomas,

1992).

Distance

Most recaptured individuals (82%) were found in locations that our long-term movement
matrix (M(x,y)) predicted above average probability values for, given their starting location and
surrounding habitat, represented by a log-likelihood ratio above 0 for the observed relocation
(Figure 8). These findings reflect that the real movements observed by recaptured P. icarus
individuals would have been predicted by our step selection model in some cases but would not
have been in others. While the time between mark and recapture did not influence the log-

likelihood ratio values calculated, overall, the log-likelihood ratios calculated were higher for
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individuals that moved shorter distances between initial marking and recapture (Figure 8b,
Figure 8d). This indicates that our predictions of long-term movement based on P. icarus
individuals’ observable short-term movement patterns are most accurate for individuals that
move less than 100 m over time, and that the distances moved by recaptured individuals was not
dependent on the length of time between mark and recapture. Our log-likelihood ratio values for
individuals that moved further than 100 m over multiple days fall below 0, which indicates that
we would not have predicted those individuals to move the distance they did over time based on
our understanding of habitat quality in the area. This implies that the range of possible long-term

distance combinations were not completely observed during short-term movement observations.

We predicted that although the short-term movements information was based on only
female P. icarus individuals, that the long-term predictions would be equally accurate for males
and females even if the sexes move through space on the short-term differently, given that
populations cannot disperse without female dispersal (Evans et al., 2020). Our findings agree
with this prediction, as the log-likelihood ratios for males and females did not differ from each
other (Figure 8). While at the MUHC site, the log-likelihood ratio values appear to follow
different trends for males and females (Figure 8a, Figure 8b), these trends are largely influenced
by a female outlier who moved a far distance between mark and recapture events within a short
period, and by the fact that so few females were recaptured at the MUHC field site. The trends
for males and females at this field site do still both indicate that further distances travelled have
lower log-likelihood ratio values, but the low number of females recaptured at the MUHC site

make this difficult to visualize.

The distances travelled between males and females did not differ from each other either,

and of the 190 the individuals which were recaptured, there were two P. icarus individuals, one

47



981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

female and one male, that moved much further than the other 188 recaptured individuals. These
two individuals were caught at the MUHC site and then recaptured at the aqueduct site, with a
recorded displacement of over 3 km. While these movements are surprising, our MRR protocols
called for taking images of individuals that were not marked clearly, both during marking and
recapture. These individuals were recorded as being the same sex when marked and when
recaptured and were not photographed during data collection, so we are quite sure that these
observations do represent true long-distance displacements, rather than misidentifications of

locally marked butterflies.

The two individuals that moved these long distances, while the mean and third quartile of
displacement of all the other individuals recaptured was less than 200 m, are examples of long-
distance dispersal. While long-distance dispersal is rare, these events are often the ones that drive
species range expansions and ignoring them can result in an incomplete understanding of
dispersal (McCaslin et al., 2020; Nathan, 2006). Like short- and long-term movements, long-
distance dispersal distances are species dependent, and what is considered a long-distance
dispersal event depends how far individuals of a species move on average (Nathan et al., 2003).
In this case, two out of 190 recaptured individuals underwent a long-distance dispersal, which
our long-term movement model would not have predicted even if we had expanded the model to
include the areas outside of each study site, given that they were distances of over 100 m. This
implies that long-distance dispersal is more common in P. icarus populations than anticipated
based purely on habitat selection behaviours. Future movement models estimated for similar
species should consider including components that allow for more frequent long-distance
dispersal, such as a distance distribution that does not converge to 0 as quickly as a Gamma

distribution does.
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On a population level, this proportion of individuals undergoing long-term dispersal
events can result in rapid range expansion, and large metapopulation structures. In this case, it is
unlikely that the two individuals that underwent long-distance dispersal did so by choice, given
that this displacement would have required crossing multiple large highways and two canals. We
expect that wind events contributed to this displacement, not only including natural wind
direction and strength, but also airflow created by vehicles. This highlights how environmental
factors can allow for movement between patches, and allow individuals from different
populations to interact, creating metapopulations. Whether this movement occurred by choice or
wind influence, capturing these long-distance dispersal events in the small portion of the
population which we sampled indicates that these long-distance dispersals likely occur
frequently in P. icarus populations, and contribute to metapopulation dynamics. These
interactions between populations can contribute to gene flow and the persistence of a species in a

geographic area when habitat fragmentation and destruction occur (Hanski, 1998).

As previously mentioned, individuals who moved farther distances between their
marking and recapture location had lower likelihood ratio values overall. This indicates that the
distance effect included in our long-term model was not optimally set. This was anticipated,
given that we used a Gamma distribution to estimate the preference for an individual to move
from one spot to the next, but that a Gamma distribution did not fit the distribution of observed
short-term step lengths very well, underestimating the probability of steps longer than 3 m
(Figure S10). Using a Gamma distribution on the log-2 transformed distances had a better fit
than not transforming the distances or using an exponential distribution though, which is why we
chose to use the Gamma distribution to estimate preference even though it was not optimal. So,

our findings reflect that the real movements observed by recaptured P. icarus individuals can be
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predicted by our step selection model in cases where individuals move less than 100 m. Although
this short distance cannot be used to infer future range expansion, it is a step in the right
direction, as we can see that the variables chosen to include in both the short-term and long-term
models, other than distance, were understood and applied well overall. It is unlikely that a one
size fits all approach to predicting distance in the long-term will ever be accurate, given that the
majority of P. icarus individuals tend to move short distances while some, which drive the

majority of range expansion, will move long distances (Nathan et al., 2003).

Our comparison of two study sites, the MUHC and the aqueduct, with different habitat
configurations provides insight into the role of landscape structure in shaping long-term
movement patterns (Revillaa & Wiegand, 2008). The recaptured individuals from the MUHC
moved smaller distances than those from the aqueduct site (Table 1) and had higher likelihood
ratio values overall (Figure 8). The MUHC site has a scattered, broken up patch configuration
(Figure 7a), while the aqueduct has a long, linear, more continuous patch configuration (Figure
7b). This implies that individuals at the MUHC left their patches less than those at the aqueduct
did, likely because there was less suitable habitat for them to move through between patches,
with roads and parking lots in between them (Figure 7a), whereas the aqueduct site is made up of
long stretches of vegetation (Figure 7b), which makes movement less risky for a butterfly (Evans
et al., 2020). We recaptured more individuals at the aqueduct, which supports this idea, as
recapturing more individuals even though they moved further distances points towards
individuals living for longer, which seems to be the case given that the hours passed between
marking and recapture are higher at the aqueduct than the MUHC (Table S1). The ground cover
being more consistent throughout the aqueduct compared to the MUHC resulted in lower

likelihood ratio values at the aqueduct because there were more high-quality locations within the
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study site for P. icarus individuals to move to, making the long-term movement model less

certain about where individuals would end up overtime.

Implications

Our results provide insight towards modelling future range expansions of P. icarus in
North America. Although this non-native species has not been deemed a risk to native species
thus far, it is spreading rapidly and could still pose a risk to native species persistence in areas
which it has not yet reached (i.e., via resource competition). Due to the potential for non-native
species to have negative impacts on native ecology (Ricciardi & Cohen, 2007), it will be
important to understand the characteristics of the corridors through which P. icarus is spreading,
and how to limit that spread. Our short-term models indicate that host-plant species on the edges
of roads could be preferred landing locations for P. icarus females, and our long-term
observations and models indicate that both male and female individuals are likely to cross these
roads. While dispersal over 100 m was not modelled accurately through this study, we did find
evidence of long-distance dispersal, which is believed to be the first evidence of this behaviour in
P. icarus in North America, and points towards P. icarus living in larger metapopulations than
anticipated. Future work could focus on estimating long-distance dispersal more accurately, as
well as using genetic testing to determine the extent of metapopulations of this species, and even
if the expansion of P. icarus’ range from Montreal to Toronto (> 500 km) was caused by long-
distance dispersal events, or by a separate human mediated introduction.
Conclusion

Overall, we found that non-native host-plants and road edges are key factors to consider

when examining P. icarus movement, and that a small portion of individuals undergoing long-
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1073  distance dispersal may be responsible for the rapid range expansion which this butterfly species
1074  has undergone in North America. Since non-native plants and road edges are abundant both in
1075  and between major cities in Canada and the United States, these findings point towards further

1076  range expansion in the coming years.
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Chapter 3: General Conclusion

Based on this study’s findings, our research suggests that the long-term movement
patterns of low dispersing male and female Polyommatus icarus individuals can be predicted
based on female short-term movement patterns and habitat quality. However, P. icarus long-
distance dispersal events appear to be more common than previously believed and are more
difficult to predict based on short-term movement patterns alone. We found this to be the case at
two study sites, which both showed that predicting long-term movements over 100 m would not
be accurate given the methods we used, and that many individuals move further than 100 m over

a period of multiple days.

Individuals with long-term movement displacements of less than 100 m were found to
have above average probabilities of ending up in their recapture locations based on their initial
location, the time passed between mark and recapture, and matrix M(X, y) which represented an
individual’s preference to move from one location to every other accessible location within the
study site based on habitat qualities and waiting time. This indicates that the habitat qualities,
percent host-plant coverage, number of host-plant species in bloom, percent non-vegetative
coverage, and vegetation height, which influence movement of this butterfly species are
understood, and that the effect of distance and crossing roads is what should be further studied.
These variables are more difficult to study but are important pieces in understanding how long-
distance dispersal events may continue to drive the range expansion of this species in North

America.

P. icarus’ abundance is greater in moderately disturbed areas with a higher proportion of
urban land, and in North America its host-plant species are widespread and thrive in fragmented,

urbanized areas (Rivest & Kharouba, 2021). We found that likelihood ratio values were higher in
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areas with less continuous habitat, likely because of the clearer indication of which parts of the
landscape could be patches and which parts could not be, which is typical for many areas where
butterflies would be found in cities. Long stretches of vegetation, like the aqueduct study site, are
typical layouts for the sides of highways in many parts of North America though, which appear
to be the routes by which P. icarus has spread so far (Figure S1). The diversity of patch
structures within which this species can live and disperse highlights the importance of
incorporating different landscape configurations into movement models like the one we have
described. The layout of patches, not just their quality, has an impact on the accuracy of

predicting long-term movement based on short-term movement patterns.

Our findings support those of Rivest & Kharouba, that P. icarus is expanding its range
through fragmented, urbanized landscapes, and our evidence of long-distance dispersal points
towards metapopulation structures forming in these types of landscapes. These metapopuation
interactions will further support range expansion by facilitating gene-flow, which can increase
genetic diversity and population resilience. As P. icarus individuals continue to undergo long-
distance dispersal, they may continue to expand the species’ range into currently unoccupied
areas, or increase their poulation sizes in currently occupied areas. There is currently no evidence
to suggest that P. icarus will have any negative impacts on native species or the native
ecosystem, but continuing to monitor the species’ range expansion, and its movement corridors,

will be important in case this butterfly species is found to have any negative effects.

The effects of weather on P. icarus movement were not thoroughly examined in this
study because of the need for warmth and sunlight to be able to observe frequent short-term
movements. We believe that accounting for lower movement on cloudy days would influence the

likelihood ratios calculated, as it would take longer for individuals to move to their recapture
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locations than our model predicts, since our model is using a constant waiting time for each cell,
and not slowing down during lower movement periods. Taking this information into account
would likely make the distance effect less well understood and point towards an even stronger

need to better understand the effect of distance on long-term movement.

Moving forward, the effects of long-distance displacement, weather, and habitat quality
and layout, will all be important to consider to completely understand the dispersal mechanisms
and potential range expansion of P. icarus in North America, as well as the long-term movement

patterns of species with similar long-distance dispersal capabilities.
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Supplementary Material

2006 - 2010

2016 - 2020

Figure S1: Observations of P. icarus over time in North America as reported on the community
science platform “iNaturalist” (Quebec, Ontario and Vermont). Red points indicate where a P.
icarus individual was reported being seen. Images are grouped by observations that occurred
within five years of each other, other than the most recent image which only contains four years.

2011-2015

2021-2024

-

a

Zone 1 | 30/05| 17/07 | 2/08

Zone 2 | 14/07 | 26/07 | 2/08

Zone 3 | 17/07| 26/07 | 2/08 b

Zone 4 | 1/06 | 26/07 | 2/08 Zone 1| 15/06 | 20/07 | 20/07 | 28/07 | 9/08 | 14/08 | 21/08
Zone 5 | 2/06 | 24/07 | 17/08 Zone 2 | 15/06 | 21/06 | 11/07 | 28/07 | 9/08 | 14/08 | 21/08
Zone7 | 1/06 | 24/07 | 2/08 Zone 3 | 21/06 | 18/07 | 20/07 | 28/07 | 9/08 | 14/08 | 21/08
Zone 8 | 14/06 | 19/07 | 2/08 Zone 4| 31/05 |21/06 | 11/07 | 25/07 | 1/08 | 9/08 | 16/08
Zone 9 | 14/06| 19/07 | 11/08 Zone 5| 31/05 | 21/06 | 20/07 | 25/07 | 9/08 | 16/08 | 21/08
Zone 10 | 26/05 | 12/07 | 11/08 Zone 6 | 21/06 | 18/07 | 25/07 | 25/07 | 9/08 | 16/08 | 21/08
Zone 11 | 26/05 | 20/06 | 20/06

Zone 12 | 23/05 | 14/07 | 31/07

Zone 13 | 26/05 | 12/07 | 31/07

Figure S2: Dates of short-term data collection at the MUHC (a) and aqueduct (b) sites during the
2023 summer field season. Dates are formatted as day/month. Note that Zone 6 at the MUHC
does not exist, as it was planned in a location that was not accessible for sampling, and Zone 14
at the MUHC site does not exist as it was absorbed into Zone 13. Short-term movement sampling
did not occur in Zones 15 or 16 at the MUHC site as there were too many hazards to safely do

SO.
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Figure S3: Histogram of all step lengths (observed and alternate steps) recorded during short-
term movement data collection from all paths. Panel (a) shows the distribution of distances
between steps based on original measurements. Panel (b) shows the distribution of distances
between steps after aggregating sequential observed steps shorter than 1 m from the same path
into one step and calculating the distance of all observed steps to all alternate steps within a path.
Red vertical lines represent the lengths of the three pre-measured alternate step lengths, 1.5 m,
3.5 m, and 7.5 m. Note the difference in scales on the x and y axes.
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Figure S4: Visual outputs of spatial GAMs generated by equation (4) for the MUHC site. Panels
represent the predicted values of (a) percent host-plant coverage, (b) number of host-plant
species in bloom, (c) percent of non-vegetative coverage, and (d) maximum vegetation height.
Darker colouring represents smaller predictions, while lighter colouring represents larger
predictions. Empty pixels represent areas with insufficient information to extrapolate a
prediction, due to insufficient sampling in that area. Note that roads and buildings were not
removed from this image but were in the matrix created from it.
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Figure S5: Visual outputs of spatial GAMs generated by equation (4) for the aqueduct site.
Panels represent the predicted values of (a) percent host-plant coverage, (b) number of host-plant
species in bloom, (c) percent of non-vegetative coverage, and (d) maximum vegetation height.
Darker colouring represents smaller predictions, while lighter colouring represents larger
predictions. Empty pixels represent areas with insufficient information to extrapolate a
prediction, due to insufficient sampling in that area. Note that roads and buildings were not
removed from this image but were in the matrix created from it.
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Figure S6: Example of a short-term movement path of a P. icarus female. Green points represent
landing locations. Depicted on the left (a) are all the short-term movement paths recorded at the
MUHC study site, and on the right (b) is a zoomed in path with the sequence of steps connected
to each other with the measured distances reported. Note that distances may not appear to be to
scale as the GPS used was only accurate up to three meters.
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Figure S7: Histogram of distribution of displacements of recaptured P. icarus individuals
collected via a mark-release-recapture study.
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1436  Figure S8: Maps of both study sites, with MUHC on the left (a) and aqueduct on the right (b).
1437  Points represent all capture locations of P. icarus individuals, with males represented in green
1438  and females represented in blue. Locations shown outside of study sites are due to GPS error.
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1441  Figure S9: Scatterplot comparing the log-2 transformed likelihood ratios P. icarus individuals
1442  who crossed roads and those that did not. The left panel (a) depicts the MUHC site, and the right
1443  panel (b) depicts the aqueduct site. Note the difference in x-axis scale between sites.
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1448  Figure S10: Histogram of observed step lengths of P. icarus females collected during short-term
1449 movement data collection. The red distribution curve represents the Gamma distribution used to
1450 calculate the distance parameter in Pref (x, y). The Gamma distribution has a shape parameter
1451  of 1.41 and a scale parameter of 1.0.

1452

1453  Table S1: Information about distance moved and time passed between initial capture and
1454  recapture of P. icarus individuals at two field sites, collected via a MRR study.

MUHC Aqueduct
Max hours 456 1027
Mean hours 84 121
Third quartile hours 95 168
Max distance (m) 500 1133
Mean distance (m) 60 178
Third quartile distance (m) | 67 207
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