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ABSTRACT

Animal migrations are the subject of widespread and interdisciplinary research. These movement
events can vary significantly based on spatial and temporal scale (e.g., the cyclical migration of the
sandhopper, Talitrus saltator, is measured in meters and hours as they follow transient tidal changes while
the migratory movements of the Arctic tern, Sterna paradisaea, is measured in thousands of kilometers
and months). Furthermore, the mechanisms and drivers activating and maintaining these behaviors can
equally vary. To reach specific goals, whether that be habitats, mating opportunities, or influxes of
resources that are utilized after a migration, animals have been found to use a variety of sensory and
cognitive mechanisms to successfully migrate. The combination of these mechanisms determines an
animal’s navigation strategy, such as piloting, inertial, compass, vector, and true navigation. However,
research inferring specific strategies from observed movement data is lacking in many systems and
historically limited to model cases. This has hampered comparisons of navigation strategies across
systems and behaviors and created confusing terminology in the literature. Terminology often depends on
the scale of movement, rather than the actual biology of the system, resulting in unclear distinctions
between different navigation strategies. In this dissertation, I provide two frameworks to effectively
categorize animals’ navigation strategies based on biology rather than geography. The first conceptual
framework (1) unifies navigation terminology to be used regardless of movement scale; (2) summarizes
unique characteristics of common navigation strategies to highlight differences in cognitive mechanisms
between strategies; and (3) provides experimental and modeling approaches to define a strategy in an
animal with special consideration on study design. The second, a statistical framework, utilizes
simulations to predict geographic spread of migrants using varying navigation strategies to be comparable
to observed patterns for the species. Applying this framework to the monarch butterfly as a case study, I
found evidence that the butterfly’s long-distance, thousands of kilometers, migration is consistent with
vector navigation and thus true navigation is not necessary in the system (a long-standing research
question in the system). Thus, these frameworks aids in classifying animal navigation strategies and

unifying navigation research across movement scales and model organisms.
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CHAPTER I - INTRODUCTION

The spatial movement of animals through their environment is vital for their survival and
persistence. By moving through landscapes, animals transfer bodies and genes from one place to
another, thereby affecting population structure and dynamics (Hanski, 1999; Morales et al.,
2010). Moreover, animals provide resources for many other animals and decomposers; as such,
animal movement is crucial for community and ecosystem functioning (Baguette et al., 2012;
Baker, 1978; Swingland & Greenwood, 1983). Animal movement is the result of a diverse set of
inter-related behaviors, each of which can vary temporally and spatially, and be affected by
unique drivers. For example, whereas dispersal can be an innate propensity to move through
landscapes with individuals differing in their directionality, migration is driven by seasonal
changes in resources and climatic conditions with individuals on average moving in the same
direction (Mueller & Fagan, 2008; Nathan et al., 2008). One of the longest movement behaviors
is the migration by the Arctic tern, Sterna paradisaea, which travels about twice the
circumference of the earth each year. This journey, measured with geolocators, covers an annual
total migratory distance of 80,000 km, with birds utilizing distinct routes for autumn and spring
flights, and stopover locations for refueling (Egevang et al., 2010). On a smaller scale, the sand
hopper’, Talitrus saltator, moves several meters between intertidal beach zones for foraging
opportunities and predator avoidance on a daily basis (Ugolini, 2003). Despite their differences
in scale, the successful completion of these movements is dependent on animals taking
information from their environment to inform their goal-oriented movement in a process called
navigation.

Navigation is most often associated with long-distance migratory behaviors. However, it

can be used to refer to any movement that is directed. Here, I focus on migration and the
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Dispersal can have
numerous drivers,
consequences, and scales.
Additionally, it can describe
the movement of genetic
material and not the
movement of an organism
itself. These cases are not
discussed here.

For animal movement
purposes, dispersal tends to
be relatively small-scale with
direction and pathways
differing between
individuals.

The homing behavior is
when an animal orients and
moves to their original
departure location.

Path accuracy for departure
and return journeys do not
need to follow those
depicted here. For instance,
contrary to the figure,
departure can be highly
targeted while homing can
follow a wandering path.

Central point foraging is a
type of foraging behavior
where the animal returns to
their start location after
foraging.

The return journey can be
thought of as homing given
the animal orients and
returns to a distant starting
location.

Typically, migration is
defined as a large cyclical
movement behavior where
animals move between
habitats that are
geographically isolated and
suited for the life history of
the animal.

Each cycle, the animal or
population uses the same
habitat ranges and
movement corridors.

Nomadism has often
conflicting definitions in the
literature.

Here we define nomadism
as a large-scale movement
behavior between locations
that is not cyclical and is
instead a movement pattern
that follows suitable habitat
using a mixture of available
routes.

Dashed lines represent
alternative pathways.

Figure 1.1: Movement behaviors that require
navigation. For each movement, the left panel
shows movement routes using dark grey as the
starting journey and light grey as the return
journey. Ranges depicted are not to scale or in
proportion to each other. Right pannels show
summaries of the key defining features of the

movement behavior.

consequences of different navigation strategies,
but also incorporate navigation studies from
other behaviors.

Animals can navigate in different ways,
but despite the importance of movement, the
precise navigation strategy used by particular
animals remains poorly understood. This is partly
due to confusing terminology in the literature and
because direct observation of movement
behaviors in nature is logistically challenging.
Scientists often assign a particular navigation
strategy to an animal based on the scale of their
movement, even though similar navigation
strategies can be used to move along centimeters
or thousands of kilometers. Further, large-scale
movements such as migration and nomadism (see
Figure 1.1 for definitions) cannot be fully
observed and thus require unique workarounds to
determine a navigation strategy, such as
behavioral assays, tracking studies, and
quantitative analysis (DeAngelis & Diaz, 2019;
Morales et al., 2004; Tang & Bennett, 2010). For

example, a mixture of GPS tracking and



quantitative analysis was needed to study navigation used by migratory blue whales and nomadic
ungulates (Abrahms et al., 2019; Teitelbaum & Mueller, 2019). However, not all animals can
carry these GPS trackers, e.g., insects — with their relatively small body sizes and potentially
long-distance movement behaviors — represent challenges in navigation research. For example,
for the monarch butterfly, with its spectacular annual migration from the United States and
Canada to Mexico, it remains controversial whether the insects use vector, multi-vector, or true
navigation (Mouritsen et al., 2013; Oberhauser et al., 2013). Thus, inconsistent terminology,
coupled with technical challenges when studying long-distance migration, has created gaps in
navigation and migration research specific to taxa and behavior that has complicated
comparisons between these taxa, navigation strategies, and movement behaviors.

My dissertation develops and applies modern spatial statistical approaches and
simulation-based studies to provide a framework for studying animal movement, migration, and
navigation, to address the gaps in migration and navigation research so that researchers can start
to utilize the results from individual behavior-level experiments to predict population-level
patterns—and to infer individual-level behaviors from population-level geographic observations.
Below, I start by defining the common navigation strategies to clarify confusing terminology and
highlight areas of research understudied. In Chapter II, I review an important factor in successful
migration and animal movement, parasitism and its costs in migration success, where I propose
increased research focus given 7 key mechanisms (Ch. II: Table 2.1). In Chapter III, I develop a
novel approach to study animal migration using agent-based models and spatially explicit
Bayesian statistics. This approach highlights the importance of focusing the study of migration
and movement at a population level and highlights important considerations in experimental

design. In Chapter IV, I use the framework developed in Chapter III to test which navigation



strategy is likely used in the monarch butterfly, whose migration has been historically difficult to
study given its size (Mouritsen et al., 2013; Oberhauser et al., 2013). This showcases the utility
of the framework in testing specific hypothesis-driven research questions.

Overall, my dissertation showcases the importance of considering multiple factors, data
sources, and research approaches when studying animal movement and migration to make

holistic comparisons.

Navigation Strategies Conceptualized

To avoid confusion, I start by defining various aspects of movement behaviors.
Orientation describes how organisms position their body given specific environmental cues.
Navigation is the use of this information to inform “goal”-oriented and directed movements
through the environment (while “goal” is often used in migration research, it is important to note
the use of the word does not imply the animal are aware of the location, condition, or any other
details of the locations they move to; instead, the goal is a location whereby the migrant would
stop its movement behavior if it is reached). Navigation is often used when describing migrating
species, given the clear goal they have, yet navigation can describe any oriented movement such
as central point foraging or homing behaviors (Figure 1.2). I focus here on aspects of the
movement behaviors in seasonal migration, dispersal, foraging, and nomadism (Figure 1.1) to
express different navigation strategies. However, it is important to note that each navigation
strategy can be used for any movement behavior and that the behaviors discussed here are not an
exhaustive list. Further, there are other drivers that can explain the movement patterns of animals
that are not strictly their navigation strategy and thus will not be discussed in this chapter (for

further discussion of other factors see Chapter II). One such factor, the resource wave tracking or



green wave tracking
hypotheses postulates that
animals can sync their
movement behaviors with the
movement or availability of
suitable resource patches
(Armstrong et al., 2016).
Some species that use this
strategy could be directly
navigating toward suitable
habitat, while other species
may simply disperse randomly
within suitable habitat but are
also constrained
geographically to remain
within areas containing
suitable habitat as these areas
shift over the seasons. When
suitable habitat moves
temporally through space in a
predictable manner, the non-
oriented dispersing species

would appear to move in a
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Navigation using
landmark position.
The navigator
remembers the
positions of the
landmarks in relation
to the objective.

Navigation using an
internal calculation
based on journey
information.

The navigator
remembers each leg
of the journey, its
distance, and angle
for the calculation.

Navigation using an
external cue that
conveys the cardinal
directions.

The navigator has a
preferred direction
that does not change
based on location.

Navigation using an
external cue that
conveys the cardinal
directions.

The navigator has a
series of preferred
orientations along
their journey.

Navigation using an
external cue that
conveys cardinal
direction and current
location.

The navigator uses its
compass and map
information to know
how far and what
direction to orient to
reach the objective.

Figure 1.2: Navigation strategies and animals that use them. For each
strategy, the left panel shows a navigator well studied within the
navigation strategy provided, and the center panel visualizes the
expected journey a navigator would take given two starting locations.
These journey maps are not to be confused with the map sense of some
of these navigators. The “x” in some panels represents a goal that the
navigator is aware of and is orienting to during their journey. Right
panels show summaries of each navigation strategy, as well as important
sensory cues and how those are incorporated in the journey.




directed manner. Here, I specifically focus on navigation strategies that are involved in directed
movements.

The available information for the orientation phase of movement ultimately determines
the type of navigation an animal uses. For example, homeward orientation, i.e., site fidelity, is an
orientation that can be based on different environmental cues and used for different movement
behaviors. In honeybees and ants, homeward orientation and the resulting navigation toward that
home rely heavily on orientation toward landmarks (Lehrer, 1996; Wehner & Srinivasan, 1981).
In oceanic species, with sparse landmark information, elasmobranchs (Driggers III et al., 2014)
and sea turtles (Avens et al., 2003) use geomagnetic fields for range exploration and migration
respectively. I note each of these animals orients toward a similar goal, i.e., “home,” yet their
sensory mechanisms for orientation are vastly different as is their navigation strategy (each
defined further on). Distance to the goal also influences navigation strategies, as long-distance
orientations preclude the use of cues emanating from the destination available at smaller scales.

Piloting involves animals using learned landmarks and spatial attributes of these
landmarks as orientation points (Figure 1.2A). Researchers speculate that a collection of
landmarks creates a cognitive “map” for navigation (Gould, 1986; Kitchin, 1994; Tolman, 1948).
Additionally, piloting individuals can utilize environmental cues to form a “compass” to measure
angular relationships between their own and landmark positions. There has been some discussion
and debate in the literature whether these landmarks form a type of mosaic map where spatial
relationships between goals are represented as compass bearings (Guilford & Biro, 2014).

Piloting is useful for foragers leaving a nest or hive that must return to a specific location
(central point foraging). For example, honeybees (Figure 1.2A) use a combination of landmarks

and polarized light to find their hive and nectar sources (Collett, 1996; Gould, 1987; Lehrer,



1996). Honeybee journeys to a known nectar source begin with a compass, then rely on local
landmarks to home in on their target (Cheng, 2000). The landmarks used and the angular
measurements taken from light information suggest honeybees possess a cognitive map of their
surroundings (Cheng, 2000; Gould, 1986; Menzel et al., 2005; Wehner & Menzel, 1990).

Learned landmarks may also be important for seasonal migration. In ungulates and other
mammals, the use of memory in these migratory behaviors re-enforces the use of specific
migratory pathways where the animals have learned key landmarks (Bracis & Mueller, 2017).
Yet, the underlying navigation strategy of piloting is often not discussed in the literature relating
to these migratory species. Instead, memory is the focus of many publications, even though
memory’s presence suggests the use of piloting as a strategy as described here. However, in
navigating pigeons, research suggests that memorized visual landmarks can result in proper
homing behavior even when in conflict with the pigeon’s compass cues (Biro et al., 2007). When
the piloting framework is used to discuss the pigeon’s navigation, it is often discussed as a way
for the species to realize true navigation (discussed further below) (Wiltschko, 2017). In contrast,
the piloting strategy responsible for the small-scale movement of honeybees is not described as
true navigation. Since some literature presents piloting and true navigation as synonyms and
other literature avoids discussions of navigation strategies in a scale specific context, it is
difficult to compare the use of piloting navigation concepts between local-scale foraging and
large-scale movement behaviors.

Path integration is a navigation strategy where orientation toward a goal requires
remembering the angle and length of each leg of a journey, then calculating the angle and
distance required to find the starting location or final goal (Figure 1.2B). Though there is

significant variation in the use of terms in the literature, I define path integration by frame of



reference and information source. The frame of reference for the navigator’s and goal’s position
can either be egocentric (relative to the navigator’s perspective) or exocentric (relative to an
external perspective) (Maurer & Séguinot, 1995). Regardless of the frame of reference, the
source of positional information can be idiothetic (internal source; sometimes referred to as
egocentric) or allothetic (external source; sometimes referred to as geocentric or exocentric) (see
Layne et al., 2003). The desert ant, Cataglyphis fortis (Figure 1.2B), uses path integration to find
its nest after foraging (Miiller & Wehner, 1988; Wehner et al., 1996). This species measures the
angle of each section of the journey via a celestial compass, an allothetic source, (Wehner &
Lanfranconi, 1981) and measures distance by counting steps, an idiothetic source (Wittlinger et
al., 2006). Though the positional information is allothetic and idiothetic, it is thought that desert
ants integrate this information and perceive their position and goal’s position using the
egocentric framework (Bisch-Knaden & Wehner, 2001; Wehner, 2003). Thus, the source of the
positional information does not imply the reference system.

The navigation literature includes other hypotheses for distance measurements that may
apply to other organisms, e.g., the “energy hypothesis” for arthropods measuring distance via
energy expenditure (Heran, 1952). In mammals, positional information is often determined to be
idiothetic coming from inertial signals from acceleration in extravestibular gravity receptors
(Delmon, 1998).

Regardless of the sensory sources or the frame of reference, path integration would be
especially helpful for long-distance migration and nomadism if there were specific diversions
from established movement pathways. Calculating the angle and distance of the divergence
would allow navigators to re-orient and get back to where they started or calculate a new bearing

to arrive at where they should be.



Typically, different navigation strategies are considered for longer distance movements or
if the return location is less specific than in central point foraging. I first discuss the clock and
compass navigation strategy (Figure 1.2C). As the names imply, animals orient to a “preferred”
orientation using environmental cues as a compass. These cues often move temporally and thus
animals use a measure of time to orient to them properly, though some celestial cues don’t need
time compensation (Emlen, 1967; Perdeck, 1958). Historically, navigating using the clock and
compass mechanism has also been called vector navigation in migrating species given these
species often have multiple compasses that may not require a time compensation component
(Berthold, 1990; Mouritsen, 1998). Vector navigators often maintain a preferred direction
throughout their journey with deviations only due to topographic variation (e.g., elevation,
barriers to travel, and resource heterogeneity) (Thomson, 1953) or to subtle variation in their
ability to isolate the “correct” orientation (Mouritsen & Mouritsen, 2000). Both vertebrates
(Gwinner & Wiltschko, 1978; Munro et al., 1993) and invertebrates (Wehner & Menzel, 1990)
use this navigation strategy. Sand hoppers (Figure 1.2C), Talitrus saltator, use the solar azimuth
to orient and move to wet bands of beach when displaced due to tide shifts (Pardi & Papi, 1953).
Since the solar azimuth changes throughout the day, the sand hopper must compensate for this
movement by using its circadian rhythm to orient appropriately to the cue (Figure 1.2C).

Some animals using the clock and compass navigation strategy use multiple directional
vectors through their journey. This multi-vector strategy can lead to more complex population
patterns than seen in the single-vector strategy. Instead of a single preferred orientation, multi-
vector navigators use a series of vectors along their journey (Gwinner & Wiltschko, 1978; Munro
et al., 1993). A classic example is the migratory red-eyed vireo, Vireo olivaceus (Figure 1.2D).

Some populations start in western Canada, migrate south-east into the United States, south over
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the Gulf of Mexico, and finally, south-east again into the Amazon (Sandberg & Moore, 1996) in
a “doglegged” pattern. Vectors change after a certain distance, sensed by the vireos through the
depletion of fat stores; however, other “distance” measures or vector adjustments are possible
(Sandberg & Moore, 1996). For example, in pied flycatchers, Ficedula hypoleuca, researchers
suggest migrants alter direction when coming across local magnetic field values, called
signposts, linked to locations associated with path changes (Beck & Wiltschko, 1988).

For both vector and compass strategies, movement is based on preferred direction alone.
Preferred orientation does not change when individuals are moved off course and, as a result,
their preferred orientation no longer points toward their destination (Figures 1.2C and D). This
suggests that such navigators lack knowledge of their current location in relation to the end
location. Instead, vector and compass navigators typically arrive at their destination because
starting and end locations align with their preferred orientation. Geographic features help the
navigators funnel through the landscape, and so does experience. It is thought that such
navigators possess a compass but not a map. Consequently, subtle inaccuracies in compass
orientation compound with distance, resulting in increased geographic spread of the population
as it moves from its starting location (Mouritsen & Mouritsen, 2000). Further, in multi-vector
navigation, subtle inaccuracies in “when” to change the vector could also contribute to
geographic spread of the population. This is further complicated by the fact that some signals to
switch vectors might create less variation than other signals. For example, the signpost
mechanism is spatially explicit and might be more accurate than endogenous signals that can
significantly vary from individual to individual. Modeling how these additional sources of
variation contribute to navigating populations’ observed movement patterns requires additional

investigation.
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True navigation, unlike the clock and compass strategy, does not rely on a preferred
orientation direction (Figure 1.2E). Rather, true navigators orient toward their destination relative
to their current location without the use of emanating cues (Boles & Lohmann, 2003; Holland,
2014; Phillips et al., 1995). This ability is attributed to a map sense which is often defined by a
perception the animal has of its present position and its goal’s position. Knowing both allows the
animal to orient toward the destination even when experimentally displaced (Chernetsov et al.,
2008; Luschi et al., 1996). However, there has been debate on the utility of the concept of map
senses since they are difficult to establish empirically and in some cases different navigation
strategies do not require a map sense to reorient after displacement (Putman, 2021). For example,
memory improves navigation and map formation for birds and some mammal species (Bracis &
Mueller, 2017; Deutschlander et al., 2012; Perdeck, 1958), but seemingly memory is not required
for migratory sea turtles (Avens et al., 2003). Juvenile loggerhead sea turtles are able to correctly
orient when presented with simulated magnetic fields relating to their migratory goal prior to
experiencing these fields (Lohmann et al., 2012). This ability to correctly orient passes the tests
used for determining a map sense. However, researchers have been hesitant to attribute a map
sense to juveniles, instead proposing that the turtles are responding to signposts of magnetic
intensity and inclination angle that elicit the different orientations (Collett & Collett, 2011).
Functionally, in both cases (map sense and signposts) animals can theoretically readjust after
displacements with proper orientations, making it difficult to determine which strategy the
juvenile sea turtles are using. There likely is a spectrum of the use of memory in this navigation
strategy, ranging from completely genetic to memory dependent (Liedvogel et al., 2011).
Regardless of these challenges, true navigation appears to be a more accurate navigation strategy

than either vector or multi-vector navigation.
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The scale of a movement behavior being investigated often biases the nomenclature used
when describing navigation research. For some migrating taxa, research often ignores the
potential use of piloting and path integration strategies; instead, research into these taxa often
ascribes the navigation ability of migrants to true navigation without critical comparison to other
strategies. Additionally, signposts can be used by migrants in either vector and true navigation.
How many signposts are needed to be functionally distinguish between a vector vs. a true

navigator is unknown.

Map Sense: Map-like Systems

There is no completely agreed upon definition as to what constitutes a map sense, and
there is considerable debate in the literature. At its heart, many researchers agree that a map
sense seems to include information about the location and attributes of the environment to inform
navigators where they are in relation to their goal (Gould & Gould, 2012a; Kitchin, 1994;
Putman, 2021). I have already discussed the theorized map used by piloting individuals (see
above). Now I will focus on long-distance movements that can comprise distance and time scales
that preclude the use of landmarks alone. Such maps typically are classified as bicoordinate or
radially aligned map senses. As with path integration, map senses could theoretically be
egocentric or exocentric and the source of information (idiothetic or allothetic) does not imply a
reference system. Despite significant cognitive differences between reference systems and
information sources, different map senses can conceptually be understood based on the spatial

alignment reviewed here.
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A bicoordinate map sense involves a combination of cues and their intersections (Figure

1.3A). Bicoordinate cues are
often conceptualized to convey
latitude and longitude (e.g.,
north-south and east-west).
However, sensed coordinates do
not have to align perfectly with
latitudinal and longitudinal lines
and likely do not require
perpendicular coordinates. It is
theorized that the geomagnetic
field provides a sensory
bicoordinate map for animals
based on changes in magnetism

(Boles & Lohmann, 2003; Keller

et al., 2021; Kishkinev et al., 2021; Lohmann & Lohmann, 2006). Specifically, “latitude” may be
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Bicoordinate Map: the
horizontal and vertical lines
represent the sensory
information the migrant
can isolate (these do not
need to be perpendicular).

Radial Map: the radially
aligned lines represent the
sensory information the
migrant can isolate (these
do not emanate from “B”).

Radial Map (Alternative
representation): Colored
cells represent increasing
favorability based on radially
aligned sensory information
(these do not emanate from
“B").

Partial Map: The horizontal
lines represents the uni-lateral
sensory information the
navigator can isolate
(navigator is unable to isolate
where the end location is, only
that it is within the grey bar).

Figure 1.3: Types of Map senses. For each map sense, the left
panel shows a representation of the cognitive map that a navigator
may possess, and the right panel provides context of the sensory
information the navigator would have available with each map.

sensed via the geomagnetic field inclination angle (the angle the field intersects the ground) and

“longitude” sensed via either local field intensities or the declination angle (the angle the field

deflects from true north) (Boles & Lohmann, 2003; Chernetsov et al., 2017; Lohmann &

Lohmann, 2006). Given the spatial variation in the geomagnetic field, there are locations where

these parameters are parallel or near parallel and therefore would not be usable for a bicoordinate

map (Bostrom et al., 2012; Wynn et al., 2022). In such cases where a bicoordinate map sense is

uninformative, animals may use other sensory information to continue navigating. For example,
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the waved albatross’s navigation ability was not disrupted after removing their ability to sense
the earth’s magnetic field by attaching magnets to the birds’ bodies (Bonadonna et al., 2005;
Mouritsen et al., 2003). There is some debate on whether magnets are a proper assay for
eliminating the map sense in birds (Packmor et al., 2021; Wang et al., 2006). However, because
the albatross was still determined to be a true navigator (i.e. they reached their historical
destination location), it is possible that the bird uses other cues for its map sense alongside or
instead of the magnetic field values. Specifically, olfaction cues have been found important for
true navigation and by extension the map sense in other bird taxa (Gagliardo, 2013).

The radial map sense is based on a cue or a combination of cues whose values change
radially around the destination (Figure 1.3B) (Wallraff, 1981). Experiments reveal that homing
pigeons use (at least in part) a radial map based on olfaction cues (Gould, 2015; Wallraff, 1981).
Olfaction is the most well studied radial map cue and, to date, for long-distance movements has
been primarily tested in bird species (Gagliardo, 2013). Radial cues do not emanate from the
destination as in taxis responses, but instead the navigator needs to sense that preferred values
converge at the destination (Figure 1.3C). Homing pigeons also have been suggested to use
visual landmarks together with olfaction as the basis of this map (Wallraff, 2001); however, some
populations of homing pigeons appear to not use olfaction at all (Wiltschko et al., 1987), further
complicating the story. Though radial and olfaction cues are discussed as maps, these senses
ultimately only convey direction to the goal and not distance. Typically, map senses have been
talked about as conveying both. However, because the olfaction cues do not emanate from the
source, functionally using olfaction aligns with true navigation. As such, the use of olfaction

further brings into question the utility of equating true navigation with map senses.
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As alluded to in the brief discussion of the role of memory above, some taxa’s map sense
seems to be innate while others’ seem to be learned. An innate map is genetically preprogramed
and does not require experience (Liedvogel et al., 2011; Lohmann et al., 2012). A learned map,
in contrast, requires experience or cultural transmission of information to be fully expressed
(Berdahl et al., 2018; Jesmer et al., 2018; Perdeck, 1958). Defining which map sense is used,
innate or learned, requires careful control of the variables that define the different kinds of map
senses (listed above), as well as comparisons of experienced and inexperienced individuals. If
the map sense is learned, then only experienced migrants behave as true navigators. Some bird
species, including starlings and chaffinches, require experience to develop their map sense, with
juveniles behaving more as vector navigators with a preferred direction only (Chernetsov et al.,
2008; Deutschlander et al., 2012; Perdeck, 1958). Experience can be culturally transmitted, as in
some juvenile flock-living birds. For example, snow geese rely on experienced navigators
guiding juveniles during early journeys (Akesson et al., 2021). Further, ungulates follow
experienced navigators until their individual map sense is formed (Jesmer et al., 2018). These
experience/learned map senses can be thought of as a form of piloting since these navigators are
remembering landmarks (visual or local environmental cues) that convey positional information
as the bases of their map.

As discussed above, there is some debate regarding the utility of considering animals
having a map sense, and, indeed, there is no set of features uniquely defining a single sort of
“map sense”. For example, the theorized cognitive alignments of the maps described above
(radial and bicoordinate) are fundamentally different, could convey different information, and
result in different types of “map sense” (i.e., radial olfaction maps often cannot convey distance

while bicoordinate magnetic maps can). The aspect of “innate” map senses whose mechanisms
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are poorly understood and a taxa’s functional ability (e.g., passing the displacement test) may

well be explained by simpler mechanisms. Functionally, however, these map-like systems,

though distinct mechanistically, allow navigators to reach distant locations with high degrees of

accuracy, potentially more than other strategies (see Box 1).

Box 1: Road map to dennlng an animal’s navigation strategy.
Often, defining the i 2y used by an animal requires a mixture of individual-

The increase in spread is a function of the distribution in selected orientations and the underlying
mmgahon strategy (fi gurc center panels). The expected geographic distribution of a navigating

level behavioral information along with populauon -level movement data. In some sy 2
individual-level information can be used alone to assign a navigation strategy, while other
systems may require the use of modeling approaches to integrate both individual and population-
level data. Here we describe a process — starting from the individual and moving into integrating
individual with population-level data - to define navigation strategies, with a focus on long-
distance movement behaviors.

1. Behavioral assays are ideal starting points when determining an animal’s navigation
strategy. These assays provide individual-level data on a navigator. The orientation assay is
commonly used to isolate the environmental cues important for orientation, the animal’s
preferred orientation direction, and the accuracy/variation in the animal’s orientation. Orientation
assays can be coupled with displacement assays to determine if the animal possesses a map-
sense.

2. Displacement experiments move individual navigators off their typical movement
pathway and then test if that navigator can re-orient correctly toward their goal. This directly tests
if a navigator has a map sense, which is the defi feature that the main navigation
strategies (vector and true ) used in long-di (see main text). The
presence of memory can further define a map sense into those used in piloting. Additionally,
some animal compasses convey latitudinal information and represent a potential partial map for
the navigator, where latitudinal location is known but not longitudinal location. Often, orientation
assays are used to measure re-orientations, but this method does not allow orientation under
natural environmental context. Ideally, re-orientation is measured via GPS devices, which have
high temporal resolution and allow for the animal to be exposed to natural context during their
navigation. Displacement experiments should include both latitude and longitudinal
displacements, as animals with a full map sense should be able to re-orient after both while
animals with partial maps would only be able to re-orient after latitudinal displacement. Memory
can be tested for by testing juvenile (inexperienced) and adult (experienced) navigators. If
piloting was the prevailing strategy, then only adult navigators would be able to re-orient after
displacements. Finally, in some navigating species cultural transmission of experience is possible
so testing isolated juveniles and experienced individuals can determine if the transmission of
information is necessary.

In a system that can carry GPS loggers, steps | and 2 would provide enough information to
determine which navigation strategy is used. In species that are too small to carry a tracking
device, however, mathematical models can be used instead. Models can be used to integrate the
results from behavioral assays with alternative tracking studies such as tag/releasc and
surveillance studies. These tracking studies can provide start/end location information for
navigators, geographic spread of the moving population, and temporal shifts of the population but
not high-resolution location information of an individual as provided by GPS loggers. Models
can predict hic spread of the population and arrival times of a moving population. Models
for movement can categorize navigation mathematically or via simulation. Here we focus on a
simulation approach.

BOBTF

3. Agent-based models are simulation models that are particularly useful for modeling a
moving population. These models consist of a population of autonomous individuals, whose
individual movement behavior can be broken down into two phases: first, the decision phase (to
select an oncmauon) and second, the slcp phase (the agent moves in a given direction as selected
during or ). In real Id g , the decision phase has variation between
individuals, with a shared mean orientation as the “preferred orientation.” If there were no
variations in this phase, each navigator would make the same decision with no deviation from the
mean orientation (figure: left panels). If there is vanauon in the seleclcd onemauon between

is expected to i with di from the start location for vector navigators (a
) and i then d for true navigators (an ellipse fi ) (Mouritsen

& Mouritsen, 2000). The results from an agent-based simulation for both true and vector
navigation follow these g lized parabolic and ellipse functions (figure: center
panels). Comparisons of the observed geographic spread of a popul. with the model’s
predicted geographic spread has been used to determine navigation strategy in some bird species;
however, the technique has failed to match results in other species of birds whose navigation
strategy was already known (Thorup & Rabel, 2001). One explanation is that neither model
mcorporatcs stochastic effects outside the individual navigator. Specifically, landscape

2 y could in moving populations and thus result in altcrations to final
geographic spread measures. Agent-based models can casily incorporate landscape variation into
the oricntation phase by taking GIS datasets for landscape valucs that arc known to influence the
animal’s behavior. For ple, for Is that p lly move loward highly vcgctauvc
patches, agent-based models can i this landscapc h 2 y by using v
measured at a pixel level on a raster GIS dataset. Agents are placed on the GIS grid, and the
values directly surrounding the agent are the only values considered during movement.
Behavioral adjustments incorporating this landscape h geneity significantly alter the overall
variation in the realized movement paths taken by individual agents (figure: right panels). Note
that center and right panel simulations in the figure use the same number of individuals, decision
and step phases, and orientation accuracy. Observed differences in pattern are thus solely the
result of individual navigation strategies (vector or true ) and landscape f By
simulating populations of individual navigators, we can prod of synthetic data
that can be used in Monte Carlo goodness of fit tests to compare with observed data (Waller et
al., 2003). In this way, the lack of GPS tracking infc can be comp d for by using
alternative data sources and information from the behavioral assays already conducted on a study
system.
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Figure: Agent-based model simulations of vector and true navigation strategy. For all panels,
the red dot is the starting location, the black dot is the goal, and individual blue lines represent
individual agents. Line coloration is the density of agents gomg lhrough those same locations.
Left panels show agent paths whcn there is no variation in or lected during

Center panels add variation into ori phase and additionally show math ical model

in red. Right panels show the effects of a hypothetical landscape with two rivers

individuals, then migrants will deviate from the mean ori
spread as the navigators continue to move.
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Defining Navigation: The Importance of Experimental Approaches

Given the subtle differences between the different navigation strategies, it comes as no
surprise that empirical assessment of the navigation strategies used by a particular taxon can be a
challenging task. In this section, I briefly review experimental approaches to determine
navigation strategies.

Orientation assays determine orientation in lab- or field-based experiments. The
organism can be affixed in the center of an apparatus with orientation measured by body
direction (Perez et al., 1997); allowed free movement within an apparatus with preferred
orientation measured based on time spent in various sections (Wiltschko & Wiltschko, 1972); or
released with orientation determined as the animal disappears from view (Syposz et al., 2021).
Orientation assays compare migratory vs. non-migratory populations, isolate the preferred
orientation direction for vector navigators, and isolate environmental cues used for orientation
(Perez et al., 1997; Wiltschko & Wiltschko, 1972). Of course, cues identified in these studies do
not preclude the use of others during actual navigation. For example, orientation assays on lab-
reared monarch butterflies (hypothesized to not display migratory phenotype) found no
orientation preference, but expected migratory orientation was detected after release into the wild
(tracked via radio towers) (Tenger-Trolander & Kronforst, 2020; Wilcox et al., 2021), suggesting
navigation can involve factors not captured during orientation assays. These missing factors
could cause orientation assays to be an unreliable method when specifying an underlying
navigation strategy, given that the navigation strategy used is likely more complex than
orientation to a single environmental cue.

Displacement experiments have been used to distinguish between vector and true

navigators. These experiments move navigators off course, then utilize some measure of
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orientation (typically orientation assays) to test if the navigator compensates for this
displacement. Displacement can either be simulated by exposing navigators to environmental
cues found in different locations (Lohmann et al., 2012), or physical by taking navigators from
one location to another (Avens et al., 2003). Physical displacement ensures all orientation cues
(known or unknown), and other co-factors are available. However, navigators can compensate
for physical displacement using path integration; to control for this, animals need to be
transported without available orientation cues so they can no longer actively track the physical
displacement. Given that orientation assays can be an unreliable way to measure the ability to
compensate for a displacement, other measures of orientation can be used when available. In the
previous monarch example, radio telemetry was used to track individual monarchs after release,
providing orientations under natural contexts. Further, other studies have attached GPS trackers
to displaced individuals to measure orientations throughout the navigator’s journey (e.g., sea
turtles, Luschi et al., 1996; blue whales, Abrahms et al. 2019; and elephant seals, Beltran et al.,
2022). These alternative methods have the advantage of tracking navigators over time with
important environmental cues and context intact. To fully test for a navigator with the
displacement method, it is important to consider the method of orientation measurement and
experiments need to document longitude and latitude displacements, experienced vs.
inexperienced migrants, and distance translocated as detailed below.

Both longitude and latitude displacements are important to test for possession of a map
sense (Boles & Lohmann, 2003; Holland, 2014; Putman et al., 2011). Reorientation after a single
latitude or longitude displacement does not necessarily imply a map sense, since some
compasses can isolate latitude (e.g., a magnetic inclination angle compass). True navigators

should reorient to changes in both longitude and latitude. One can test learned vs. innate map
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sense by comparing experienced and inexperienced navigators via displacement experiments;
innate maps are expressed in inexperienced navigators while learned maps require experience for
full expression (Perdeck, 1958). For example, monarch butterflies have been shown to use the
inclination angle to navigate on overcast days (in contrast, their primary compass is based on the
position of the sun) (Etheredge et al., 1999; Guerra et al., 2014). Similarly, the bobolink,
Dolichonyx oryzivorus, a vector navigator, also has been shown to orient using the inclination
angle (Beason, 1989; Hamilton III, 1962). The inclination angle varies predicably with latitude
and can theoretically be used to define part of the map senses discussed above. Animals such as
the monarch and bobolink, who can only sense the inclination angle, could theoretically
determine their latitude in relation to their goal’s latitude (although, to date, such a hypothesis
has not been directly tested in these systems). Determining latitude alone could be said to form a
partial map and represent additional challenges when identifying navigation strategies (Figure
1.3D).

Some researchers hypothesize a true navigator’s map sense could extend globally (Gould
& Gould, 2012a). In some instances, true navigators with a learned map sense orient properly
after physical displacement outside of their extended range, e.g., the Eurasian reed warbler
(Acrocephalus scirpaceus) (Chernetsov et al., 2008). However, it is unknown if all true
navigators have such a global map sense. The distance translocated in an experimental design
should include such uncertainty and balance biologically relevant tests and statistical power. Very
large displacements run the risk of falling outside the range of a navigator’s map sense, resulting
in orientations via other strategies, while very small displacements may lack statistical power to

distinguish between a map sense and other types of navigation.
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Modeling Navigation: Population Patterns

As previously discussed, the scale of a movement behavior can bias the choice of
navigation nomenclature. Additionally, the scale also can bias the choice of preferred
experimental approaches to study the movement behavior, since large-scale movement behaviors
have only recently been observable due to the advent of small geolocation devices attachable to
animals. The inability to directly observe the navigation behavior of migrant or nomadic species
has caused researchers to employ alternative research approaches to study the underlying
behaviors of those systems. Here, I outline how coupling the theoretical navigation strategies
above with simulation modeling and the use of large data sets offers additional tools to study
animal navigation.

Navigating populations can be thought of as a collection of entities, whose individual
behaviors are quantifiable through observation or sensor technology, yet whose population-level
properties can be hard to define empirically. Specifically, population properties such as
movement success, final geographic distributions of the population, and preferred routes may
escape observation for large-scale movement behaviors such as migration or nomadism.
Experimental techniques, outlined above, provide the first steps in describing the processes and
drivers behind individual-level behaviors regardless of the scale of the movement behavior.
Modeling approaches also can be helpful in translating these individual-level processes to
population properties. Furthermore, simulation models can collate experimental results in order
to test hypotheses, frame the navigation hypothesis in ecological contexts, and predict future
population level system states (Haefner, 2005; Marquet et al., 2014).

The highest resolution data for large movements come from GPS tracking loggers

attached to individual animals. These loggers can take positional information and orientations of
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a tracked animal over their entire journey and usually has hourly tracking resolution. Tracking
studies and straight-line path modeling found that ungulates with access to memory, experience,
and social transmission migrated in straighter lines than those animals that did not have such
access (Benhamou, 2004; Bracis & Mueller, 2017; Jesmer et al., 2018; Kauftman, Aikens, et al.,
2021; Kauffman, Cagnacci, et al., 2021). Straight-line path modeling was also used to quantify
the resolution of the map sense in hawksbill turtles, Eretmochelys imbricata (Hays et al., 2022).
Classic linear correlations can be made with GPS tracking data. For example, it was found that
water temperature, experience level, and nutrient availability were correlated with the speed of
whale migration arrival times (Abrahms et al., 2019). Linear correlations also showed that
elephant seals, Mirounga angustirostis, had a perception of time and space that resembles a map
sense (Beltran et al., 2022).

Some animals, particularly insects, are too small to carry current GPS tracking
technology, and thus cannot be observed as described above. To compensate for the inability to
directly track the journey, researchers have employed large multi-year survey studies that track
hundreds to thousands of navigators’ start and end locations or their absence/presence in a
particular area (e.g., tag/release and citizen science observational data). Tag/release data provide
population level trends from start and end locations where navigators were captured, released,
and re-captured (Horns et al., 2018; Neate-Clegg et al., 2020). Early work on monarch butterfly
migration used citizen scientist tag/release data to identify elusive overwintering locations in
central Mexico (Urquhart, 1976). Similar techniques revealed overwintering locations along the
coast of California (James et al., 2018). Recent work tracking the common potoo, Nyctibius
griseus, revealed some subpopulations migrate while others do not, a phenomenon missed until

reviewing citizen science data (DeGroote et al., 2021). These tag/release data sets have
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historically been used to study the movement behavior of an animal and not their navigation
strategy since the data do not provide high positional resolution. When these data have been used
for navigation research, however, models fall into two categories, either mathematical
expectation or simulation models.

Mathematical models of navigation from tag/release data typically build upon random
walks (Wu et al., 2000) and directed random walks (Cheung et al., 2008; Morales et al., 2004).
These describe navigation as random steps taken by each individual. The steps for individuals
follow the same distribution with navigators moving on average toward their preferred
orientation with individual variation around that average (directed random walk), compared to a
null model with no directionality where steps in any direction are equally likely (random walk).
Directed random walk equations for vector navigators (who orient toward a specific preferred
direction) yield individual paths widening with migratory distance from a common departure
point (Mouritsen & Mouritsen, 2000). Past research using directed random walks based on
tag/release data for some bird species (Mouritsen & Mouritsen, 2000) and for monarch
butterflies (Mouritsen et al., 2013) suggests that these animals’ navigation is often more similar
to vector navigation (directed random walks with shared mean direction) than true navigation
(directed random walks with mean direction always at the end location). However, these
modelling approaches remain controversial with monarchs (Oberhauser et al., 2013) and fail to
provide satisfactory fit to observed distributions in some bird species (Thorup & Rabgl, 2001).
One potential source of controversy arises from the fact that these models do not incorporate
individual variation of animals who may have several vectors during their journey (described

above as multi-vector navigation). Inter-individual variation in decision points in space and time
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regarding where and when to change vectors could theoretical increase the final geographic
spread more than mathematical model with a fixed location and for vector changes would expect.

A readily available measure of movement success, regardless of the tracking study used,
is the final geographic distribution of the navigating population. This distribution pattern can be
the result of multiple navigation strategies responding to external cues, patterns, and
heterogeneity of the landscape (Alerstam, 2006; Grimm et al., 2005). Given that landscapes can
influence this measure, incorporating geographic information systems (GISs) and remotely
sensed data into random and directed random walks models can further explain observed
geographic patterns. A particularly useful modeling approach that can easily incorporate GIS and
simulate directed random walks is that of Agent-based/Individual-based models. These models
use computer simulations to generate individual behaviors that are summarized into population
level observations. Agents are individual navigators set on a grid that represents the surface area
of their journey. They are programed to follow a set of rules which dictates how to move and
orient, i.e., these rules simulate an individual’s navigation strategy. For example, vector
navigators have a preferred mean orientation that does not change through their journey. True
navigators, on the other hand, know their location in relation to their goal, with the mean of their
orientation distribution always pointing toward their goal. Simulating a population of navigators
using this method would generate the predicted emergent population geographic spread for each
navigation strategy. If different strategies lead to distinctive patters of geographic spread, these
geographics spreads can then be compared to the observed geographic spread measured using the
tracking studies listed above.

Landscape GIS information can also be incorporated by populating the grid on which the

agents navigate, with the values of landscape information important for travel. For example,
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altitude values for an area can be used with rules set to not allow agents to cross barriers that
represent large geographic structures. Agent-based models have been used to model movements
of birds (Wolff, 1994; Xu & Si, 2019), fish (Huse & Giske, 1998; Snyder et al., 2019), insects
(Linard et al., 2009), and mammals (Bennett & Tang, 2006). As discussed above, mathematical
expectation models for some migrating bird species, including the barred warbler, Sy/via nisoria,
and marsh warbler, Acrocephalus palustris, have failed to adequately explain the final
geographic distribution of the population, leading researchers to believe that landscape variation
and funneling effects caused deviations from the expected distributions (Fransson et al., 2005;
Thorup & Rabgl, 2001). Agent-based models coupled with GIS-based landscape data could test
the hypothesis that landscape is causing the divergence in observed geographic distribution by
creating several simulated populations of these birds, with each population using a different
navigation strategy, and allowing their agents to navigate over detailed digital maps of the
physical landscape that the bird species would encounter during their real journey.

The increased complexity required to model large-scale movement behaviors with coarse
data has required creative workarounds to get at the underlying navigation strategy using
empirical study designs described in the preceding sections. However, the simulation modeling
methods and their results summarized in this section are relatively new and provide new tools for
pushing the boundaries of quantitative analysis of animal navigation. The agent-based structure
enables studies on power, effect size, and the required sample size of tracked individuals. Such
studies will help us understand how best to design simulation studies in order to better
understand how effective experimental, modeling, and hybrid approaches can be in identifying
underlying navigation strategies. Further, current models of navigation and movement are linked

to empirical data sets for a given species of interest and are not directly comparable to other
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species. Ideally, by moving toward common terminology and concepts, future navigation studies
can move toward becoming comparable across species and movement scales to find if there are

unique navigation components related to given species or scales.

Summary of Dissertation Chapters

In Chapter II, I investigate the complex relationship between migration and parasitism,
using monarch butterflies and their protozoan parasite Ophryocystis elektroscirrha as a model
system. Migration can both increase parasite exposure and reduce prevalence through
mechanisms such as migratory culling, escape, and drop-out. Monarchs, particularly in North
America, show reduced parasite loads due to these processes, but the rise of resident populations,
driven by environmental changes and human intervention, is disrupting migration and amplifying
parasite prevalence. I highlight the role of migratory behavior in controlling infection rates and
the consequences of reduced migration for population dynamics. Additionally, I address how
parasites might affect monarch cognition and migratory success, stressing the need for further
research into the evolutionary pressures on parasites and the impact of human activities on

monarch migration and disease dynamics.

In Chapter 111, I develop a statistical and theoretical framework to study animal migration
using agent-based models. This study highlights the utility of such approaches for creating
predictive distributions of moving populations under different navigation strategies. These
models force the critical evaluation of what information is available for a given species and how
well that information can describe links between observed natural patterns and migration
processes. With advances in computational efficiency, my proposed approach becomes easier to

parameterize for a given system and serves as a viable and cost-effective way to bridge the
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results from empirical studies and statistical inference regarding driving processes and
parameters. Comparing these simulated results with observations of real migrating populations
provides a useful tool in determining the navigation strategies that migrants use to reach their

destinations.

In Chapter IV, I focus on understanding the navigation strategies of the monarch butterfly
in eastern North America, which travels thousands of kilometers to reach overwintering sites in
Mexico. I model two navigation strategies—true navigation, where animals know their
destination, and vector navigation, where they follow a consistent direction. Using agent-based
models (ABMs), | simulate migration patterns based on these strategies and compare them with
real-world data from iNaturalist. The results indicate that monarch migration is more likely
explained by simpler vector navigation, where butterflies adjust their direction based on
landscape features, rather than true navigation. My study emphasizes the importance of
landscape and environmental factors in shaping migration routes and highlights how

computational models can be used to investigate animal behavior at a large scale.

My dissertation showcases the importance of considering the complex relationships
between migration and navigation when studying long-distance animal movement behaviors.
Ultimately, the framework I provide helps researchers test assumptions related to migration so

they can begin to have a more holistic understanding of the behavior.
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CHAPTER II

INTERACTIONS BETWEEN PARASITISM AND MIGRATION IN MONARCH
BUTTERFLIES

Reprinted material from: Kendzel, M. J., Altizer, S. M., de Roode, J. C. (2023) Interactions
between parasitism and migration in monarch butterflies. Current Opinion in Insect Science 59,
101089

Abstract
In many species, migration can increase parasite burdens or diversity as hosts move

between diverse habitats with different parasite assemblages. On the other hand, migration can
reduce parasite prevalence by letting animals escape infested habitats, or by exacerbating the
costs of parasitism, leading to culling or drop-out. How the balance between these negative and
positive interactions is maintained or how they will change under anthropogenic pressure
remains poorly understood. Here, we summarize the relationship between migration and
infectious disease in monarch butterflies, finding that migration can reduce parasite prevalence
through a combination of migratory culling and drop-out. Because parasite prevalence has risen
in recent decades, these processes are now resulting in the loss of tens of millions of monarchs.
We highlight remaining questions, asking how migration influences population genetics and
virulence, how the establishment of resident populations interferes with migration, and whether

infection can interfere with migratory cognition.

Introduction
Seasonal migration is widespread among animals and often involves the mass-movement

of individuals across large geographic distances (Dingle, 2014). Migration allows animals to
avoid predators, parasites and deteriorating habitats, and to track seasonal resources across

different regions (Alerstam et al., 2003; Altizer et al., 2011; Dingle, 2014; L. McKinnon et al.,
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2010). While migration benefits the survival and reproduction of populations, it can also be
energetically costly, time consuming, and risky (Klaassen et al., 2014). Increasingly, scientists
recognize that migration is essential for the functioning of ecosystems, with migrants serving as
consumers, predators, food sources, nutrient transporters, pollinators, and seed dispersers (Bauer
& Hoye, 2014; Holdo et al., 2011).

Animal migration has profound consequences for infectious diseases (Table 2.1).
Migration can increase the spread of parasites, expose animals to more diverse parasite
assemblages (“migratory exposure” hypothesis), or increase host susceptibility to infection due
to physiological trade-offs between migration and immunity (“migratory susceptibility”
hypothesis) (Poulin & de Angeli Dutra, 2021). For example, avian flu virus spreads through

migratory waterfowl flyways and at shorebird stopover sites (Caliendo et al., 2022), and

Table 2.1: Glossary of migration-specific disease terminology

Term Definition

Migratory exposure Long-distance migration increases exposure of

hypothesis migrating hosts to geographically diverse and
potentially novel parasites.

Migratory susceptibility Potential trade-offs between migration and

hypothesis immunity lead to an increase in host
susceptibility to infection.

Migratory escape Animals migrate away from areas of high
infection to areas of low infection.

Migratory culling Animals fail to complete migration due to the
negative effects of being parasitized.

Migratory recovery The process of migration causes a reduction in
total number of parasites infecting the migrant.

Migratory drop-out Migrants stop their migration prior to full
completion.

Migratory allopatry Host migration causes spatial separation between

adult and juvenile hosts and prevents parasite
transmission from adult to juvenile hosts.
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migratory bird species are known to harbor a greater diversity of haemosporidian parasites than
their resident counterparts (de Angeli Dutra et al., 2021). Migration can also exacerbate the costs
of infection: in some birds, infection from avian malaria causes a decrease in lipid reserves
during migration and a reduction in body mass at arrival (Garvin et al., 2006; Merrill et al.,
2018).

Migration can, on the other hand, reduce infection risk for many species (Hall et al.,
2022). This occurs when animals periodically escape areas where parasites accumulate, known
as “migratory escape”. Strenuous migration can also weed out and kill infected individuals,
thereby reducing onward parasite transmission, called “migratory culling.” Migratory black-eyed
juncos, for example, experience lower prevalence of haemosporidian parasites than non-
migratory conspecifics, likely through migratory escape or culling (Slowinski et al., 2018).
“Migratory recovery” occurs when parasites are lost during migration, reducing transmission or
parasitic load. For example, spiny common toads lose fungal infections during post-breeding
migrations (Daversa et al., 2018). “Migratory allopatry”, exemplified by Pacific salmon and sea
lice, occurs when juveniles develop in freshwater habitats inhospitable to lice, and are protected
from adult-origin sea louse infestation until later in life (Krkosek et al., 2007). Finally, parasite
infection could make individuals less likely to migrate, known as migratory “drop-out”. While
this reduces parasite prevalence amongst migrants, it can increase parasite prevalence among
resident populations. Thus, migration can have costs and benefits for individuals and
populations: migratory exposure and susceptibility increase individual parasite risk; migratory
escape and recovery reduce individual parasite risk; and migratory culling and drop-out reduce

infection risk at the population level.
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Anthropogenic impacts, including habitat destruction, light pollution, and climate change,
are affecting migratory animals, to the extent that many scientists now consider migration an
endangered phenomenon. Some migratory animals now travel shorter distances, arrive sooner, or
depart later from seasonal breeding grounds, or are being replaced by resident populations
(Kubelka et al., 2022). With animal species losing their migrations, it is important to better
understand the interaction between migration and infectious disease. Monarch butterflies and
their protozoan parasites provide a flagship system to study the impacts of loss of migration.
Here, we summarize current understanding of the interactions between parasites and migration in
monarchs, discuss implications for conservation and habitat management, and provide

recommendations for future research.

Monarch migration and parasite infection patterns

Eastern North American monarchs have one of the most spectacular migrations of the
animal kingdom (Gustafsson et al., 2015; S. M. Reppert & J.C. de Roode, 2018), with millions of
butterflies migrating up to 4,500 km from breeding grounds as far north as Canada to
overwintering sites in central Mexico (Figure 2.1A) (Lincoln P Brower, 1995; Flockhart et al.,
2017; F. A. Urqubhart & N. R. Urquhart, 1978). Monarchs in western North America migrate
shorter distances to overwinter along the California coast (Lyons et al., 2012). Monarch
caterpillars are specialized on milkweed host plants, the vast majority of which die back
seasonally in North America, which prevents year-round breeding. Late-summer and autumn-
hatched caterpillars enter reproductive diapause and a migratory phenotype, facilitating the long
migration and survival throughout the winter months. Overwintering monarchs remain in a non-
reproductive state until late winter and early spring, at which point they mate and fly north to

recolonize their breeding range over 2-4 successive generations (Flockhart et al., 2013).
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Figure 2.1: Map of the eastern North American monarch’s migratory ranges A) summer breeding, in blue and
year-round breeding in purple. Red dots show location of non-breeding U.S. winter monarchs. B) Proportion of
heavily infected migratory monarchs (blue) and year-round resident monarchs (purple). Panels A and B are adapted
from (Satterfield et al., 2015).

Monarchs are commonly infected with a debilitating protozoan parasite, Ophryocystis
elektroscirrha (Altizer & de Roode, 2015; McLaughlin & Myers, 1970). Infection occurs when
monarch caterpillars ingest dormant parasite oocysts (often referred to as spores) scattered by
adults onto the surface of egg choria and foliar tissues (Altizer & Oberhauser, 1999). Oocysts
lyse within the larval gut, and sporozoites enter the larval hypoderm (McLaughlin & Myers,
1970). The parasite then replicates in the monarch’s tissues to ultimately produce hundreds of
thousands to millions of oocysts on the outside of adult butterflies (de Roode et al., 2007).
Virulence manifests as reduced pre-adult survival, and reduced adult lifespan, fecundity, and
flight ability (Altizer & Oberhauser, 1999; C. A. Bradley & S. M. Altizer, 2005; de Roode et al.,
2008). Parasite transmission occurs both vertically, when mothers transfer oocysts to their own
offspring via eggs or milkweed foliage, or horizontally, when deposited oocysts on milkweeds
are ingested by unrelated caterpillars. Males can also transfer oocysts to females during mating,

which subsequently make it to milkweed where they can be ingested by caterpillars. The
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combination of these three transmission modes can sustain virulent O. elektroscirrha parasites,
result in high prevalence, and reduce monarch population abundance by up to fifty percent
(Majewska et al., 2019).

While monarchs are known for their migration in North America, they also occur in
resident populations around the world. Genomic analyses and historical records indicate that
monarchs from North America colonized locations across the Pacific, Caribbean/Neotropics, and
Atlantic through three independent dispersal events (Pierce et al., 2014; Zhan et al., 2014). As
they established these new tropical and sub-tropical resident populations, monarchs experienced
greater parasite prevalence than their ancestral North American population, with prevalence
reaching 90-100% in some locations (Altizer & de Roode, 2015). Experimental, field, and
modeling studies suggest that this high prevalence results from the absence of migratory escape
and culling; parasites accumulate and transmit from adults to caterpillars without interruption
when milkweed and adult butterflies are continually present (Figure 2.1B) (Majewska et al.,

2019).

Parasitism reduces monarch migration success

A recent study estimated that tens of millions of infected eastern North American
monarchs fail to reach their overwintering locations each year (Majewska et al., 2022) (Figure
2.2). Migratory culling plays a large role in this reduced migration success. Flight mill tests have
shown that infection with O. elektroscirrha reduces monarch flight speed, duration, and distance
(C. A. Bradley & S. Altizer, 2005). Moreover, parasite prevalence decreases as monarchs fly
south toward their overwintering sites (Figure 2.2D) (R.A. Bartel et al., 2011), and stable isotope
analysis has shown that infected monarchs at the overwintering sites in Mexico tend to originate

from more southern latitudes (Altizer et al., 2015). Further, infected monarchs have lower flight
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efficiency (the distance flown using the same available lipid reserves) (C. A. Bradley & S.
Altizer, 2005). These results suggest that reduced migratory success results from a reduction in
lipid use efficiency instead of an overall reduction in lipid reserves. Infection can also impact
phenotypic and life history traits important for migration; wings of infected monarchs are smaller
and have significantly weaker tensile strength and are thus more likely to break (Davis & de
Roode, 2018), potentially increasing migratory failure (Dockx, 2007). Infected monarchs also
shorter lifespans, decreasing their ability to survive long enough to complete their migration and
breed in the following spring season (de Roode et al., 2009).

In natural populations, there are strong signs of migratory culling in the eastern monarch
sub-population (Figure 2.2B), with more limited migratory culling in western North America.
Thus, in eastern North America, where monarchs travel thousands of kilometers to reach
overwintering sites in Mexico, overwintering monarchs experience significantly lower parasite
prevalence than late summer breeding or fall migrating monarchs. In western North America,
where monarchs travel shorter distances to reach overwintering sites on the California coast,
overwintering monarchs experience lower prevalence than summer-breeding monarchs, but not
migrating monarchs (Majewska et al., 2022). It is possible that monarchs sampled later in the
migratory journey have comparable infection rates to the overwintering monarchs, or that shorter
migratory distances reduce the pressure of migratory culling. Importantly, releasing infected
monarchs to study migration routes and success (James et al., 2018; James & Kappen, 2021)
could inadvertently increase parasite prevalence by allowing infected monarchs to reach
overwintering locations and increase natural population infection loads. (Note that we are
strongly opposed to any releases of infected monarchs, as this can increase parasite risk

regardless of population). One study that released thousands of captive-reared monarchs in
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western North America (both healthy and infected) concluded that parasites may not cause
migratory culling (James & Kappen, 2021). However, infected monarchs in this study appeared
to have lower parasite loads, which are known to have minimal to no negative fitness
consequences (de Roode et al., 2009). Moreover, the sample sizes in this study were exceedingly
small (6 recovered infected monarchs, 0.41% of 1473, compared to 2 uninfected, 0.44% of 450
released, for the same given area), thus preventing statistical analysis. More broadly, the vast
majority of evidence strongly supports migratory culling as a mechanism for reducing parasite
prevalence in monarchs.

Reduced migration in monarchs could also arise from migratory drop-out, particularly
when migratory monarchs stop their migration and become reproductive when encountering
resident populations (Figure 2.2F) (Satterfield et al., 2018). This is in part due to the availability
of viable mates and exposure to actively growing host plants, especially Asclepias curassavica
(Majewska & Altizer, 2019). Importantly, the rate to which migratory monarchs stop depends on
infection status (Figure 2.2E). A study that used stable isotopes and cardenolide fingerprints
found that monarchs sampled from Texas stopover sites with nectar plants only (and no visible
milkweed) were exclusively migrants (from northerly latitudes), non-reproductive, and had very
low infection prevalence (< 4%). In contrast, monarchs sampled at Texas sites with resident
breeding monarchs and Asclepias curassavica were a mix of residents and migrants (the latter
again from northerly latitudes), with the migrants showing higher (20%) infection prevalence
and reproductive activity (Majewska et al., 2022; Satterfield et al., 2015). This pattern is likely
due to infected monarchs joining resident monarchs and becoming reproductive at higher rates
than their uninfected counterparts (Figure 2.2E), consistent with the migratory drop-out

hypothesis.
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Migration reduces parasite prevalence and transmission

Although parasite infection lowers individual monarch migration success, migration also
reduces parasite transmission and infection prevalence at the population level. As monarchs
breed throughout the summer and increase in population density, they spread parasite oocysts to
milkweeds. As a result, long-lived (weeks to months (Sanchez et al., 2021)) oocysts build up on
milkweed steadily over time, increasing infection risk (Figure 2.2C) (Majewska et al., 2019).
With the onset of autumn conditions, milkweeds die back, thereby removing this environmental
reservoir of oocysts. Migration thus reduces parasite transmission by allowing monarchs to
escape high-risk breeding grounds in the fall, and recolonize largely parasite-free habitats in the
spring (R.A. Bartel et al., 2011).

Because fewer infected monarchs reach the overwintering sites owing to migratory
culling and drop-out, migration puts a second annual brake on parasite spread (Figure 2.2A and
B) (Majewska et al., 2022). With respect to migratory drop-out, it is unclear what the net effect is
on parasite prevalence. If infected monarchs are more likely to cease migration and take up a
residential lifestyle, fewer infected monarchs will reach the overwintering sites. However, these
infected monarchs could contribute to the growing parasite prevalence in sedentary populations
across the southern coastal U.S. Since sedentary and migratory monarchs can interact (Satterfield
et al., 2018), especially during fall and spring migration, such increases could amplify parasite
exposure in the migratory population as well.

Whether migratory recovery contributes to reductions in parasite prevalence in monarchs
remains unknown. It is also important to note that “recovery” for monarchs means reduced
parasite loads, but not the clearance of infection. While we know that monarchs lose oocysts

over their adult life (de Roode et al., 2009), it remains unknown whether oocyst losses during



autumn migration and overwintering reduce parasite levels enough to result in reduced

transmission during spring breeding.
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Figure 2.2: Monarch-protozoan interactions throughout the annual migration cycle. A)
Hypothetical changes in parasite transmission and prevalence (solid line) in relation to the
monarch’s annual cycle: breeding, migration, and overwintering. B) The average proportion
of heavily infected eastern North American monarchs from 1968 — 2019 by migration phase,
showing that infection prevalence is lowest among overwintering (post-migration) monarchs.
Letters above bars indicate significant differences (o = 0.05). Adapted from (Majewska et al.,
2022). C) Proportion of heavily infected monarchs measured in the 2009 breeding season in
three geographic regions. The observed increase throughout the season was also found in the
three previous years (not shown). Note that south in this figure excludes the region of year-
round breeding. Adapted from (Rebecca A Bartel et al., 2011). D) Decrease in the proportion
of heavily infected monarchs along their eastern migratory journey from 2006-2009 with
New Jersey being the closest location to the migration start and Florida being the furthest.
These results suggest that heavily infected monarchs fail to advance (or drop out) during the
fall migration. Adapted from (Rebecca A Bartel et al., 2011). E) Proportion of infected
monarchs between migratory stopover sites and year-round breeding sites, sampled during
the fall migration in Texas. The year-round breeding sites have significantly higher infection
rates for both migrants (open bars) and resident monarchs (closed bars), as determined from
wing chemistry assays. F) Proportion of monarchs that are reproductively active between
migratory stopover sites and year-round breeding sites. Migratory monarchs (open bars) that
encounter residents (closed bars) in tropical milkweed patches have higher rates of
reproductive activity and thus are more likely to drop out of the migratory population. Both E
and F are adapted from (Satterfield et al., 2018).
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Parasites and monarch migration in a changing world

The North American monarch migratory phenomenon is quickly changing. Over the last
two decades, some monarchs have stopped migrating and have taken up residential lifestyles
along the Atlantic Coast, the Gulf of Mexico and the California coast (Figure 2.1A) (Howard et
al., 2010). This is a result of increased temperature and milder winters, as well as year-round
milkweed availability. As milkweed habitat declines, nature enthusiasts are eager to provide
habitat in their yards by planting nectar and host plants. A popular milkweed used is the non-
native tropical milkweed (A. curassavica), which is attractive, easy to grow, and commonly sold
by nurseries. Unlike most native milkweeds that enter dormancy in the fall, tropical milkweed
persists, even growing year-round in mild climates. Further, now some native species (A.
fascicularis) are starting to become persistent during warming winter seasons.

Monarch winter breeding prevents migratory escape, and resident populations in the
southern coastal U.S. are characterized by sky-rocketing parasite prevalence, upwards of 80-90%
(Satterfield et al., 2015; Satterfield et al., 2016). While tropical populations of monarchs can
apparently sustain high infection prevalence (de Roode et al., 2019), high prevalence in North
America can negatively impact migration: as discussed here, infected breeding populations can
spread their parasites to migratory monarchs, and thereby reduce overall migration success. To
mitigate these negative effects, monarch researchers are increasingly calling for the planting of
native milkweeds, the vast majority of which naturally die back in the autumn, or for cutting
down tropical milkweeds in fall and winter to reduce the likelihood of pulling monarchs out of
their migratory phenotype.

We underscore the need to consider the effects of parasite infection when formulating
monarch conservation strategies, and to discourage practices that are known to amplify

transmission. Protozoan infections have increased, on average, three-fold since 2002 (Majewska
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et al., 2022). Activities that have become popular with the general public, such as captive rearing
of caterpillars in efforts to ‘raise the migration’, can increase parasite transmission from adults to
caterpillars when monarchs are raised in close quarters and containers are not sanitized carefully
between generations. The potential crowding of monarchs into smaller breeding habitats in urban
areas, and diminished migratory behaviors associated with mild winters and year-round breeding
habitats, could also increase future parasite transmission. Because higher infection levels can
feed back negatively on monarch migration, greater attention is needed to monitor parasite

infection and mitigate the unintentional spread of parasites.

Outstanding questions and areas for future work

While it is clear that infection results in migratory culling and drop-out in eastern North
American monarchs — and to a lesser extent in western monarchs — the role of migratory
physiology and cognitive processes in these phenomena remains unknown. In some animals,
infection can cause cognitive changes, ranging from perception, processing, and motivation to
act on environmental information (Townsend et al., 2022). Negative cognitive effects might
affect perception (how well monarchs can navigate), migratory motivation (willingness to
conduct the journey) or environmental perception (detecting the cues that activate migration). To
better understand this, researchers could study the effects of parasite infection on diapause
induction, lipid accumulation and utilization, hormonal changes and circadian clock regulation
related to migration phenotypes (liams et al., 2019; Zhu et al., 2009). Additionally, researchers
could compare the orientation behavior of infected and uninfected monarchs on flight simulators,
in outdoor flight cages, or using long-distance tracking technologies (Parlin et al., 2021; Wilcox

etal., 2021).
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Researchers have uncovered several ways that parasites affect monarch migration, but a
need remains to quantify selective pressures on parasites arising from migration (Box 1). Past
work showed clear evidence for genetic variation in virulence among O. elektroscirrha strains,
and found that parasites from eastern migratory monarchs were significantly less virulent than
those from populations in California and Hawaii (Rebecca A Bartel et al., 2011; de Roode &
Altizer, 2010). This is consistent with the expectation that migration selects for strains of lower
virulence, which makes sense given the importance of monarch survival during migration and
overwintering for parasite persistence. Importantly, an open question remains as to whether
virulence increases have occurred in parasites from newly established resident monarchs, and
whether relaxed selection is strong enough to overcome presumably high gene flow between
parasite isolates from migratory and resident populations.

Finally, a need remains to explore how coupled migrant-resident interactions influence,
and are affected by, monarch-parasite interactions. For example, during spring recolonization,
migratory monarchs fly through areas with resident breeding monarchs in the southern US,
laying eggs in resident patches with high levels of parasite contamination. Careful monitoring of
monarch abundance, distribution and infection levels can help determine the extent to which
spring migrant progeny become infected with parasites sourced from resident monarchs.
Furthermore, modeling approaches are needed to explore how coupled migrant-resident
interactions affect parasite transmission dynamics and the longer-term persistence of monarch
migration and resident behavior. These models can account for competition and parasite
transmission across a network of resident and seasonal breeding habitats, and include processes
such as migratory drop-out, migratory culling, and the potential for parasite evolution. Such

approaches could explore scenarios under which climate warming and urbanization expand the



extent of resident breeding habitat, and how management strategies and public outreach efforts

that decrease resident breeding habitats will influence monarch abundance and infection

prevalence in future decades.

Box 1: Reciprocal effects of parasitism and migration

Research on the interaction between parasitism and migration has heavily focused
on the effects on monarchs. However, parasites also experience selective pressures from
monarchs and their migration. For example, one prediction is that parasites in migratory
monarch populations may evolve lower virulence levels, which would reduce the intensity
of migratory culling and thereby ensure parasite overwintering survival and transmission.
Consistent with that prediction, previous work showed that parasites from migratory
populations and monarch populations that migrate larger distances display lower levels of
virulence than those from resident populations or from migratory populations that migrate
shorter distances (de Roode & Altizer, 2010; Sternberg et al., 2013). However, with the
planting of non-native milkweeds and climate change providing more year-round breeding
habitat, more resident populations have formed, reducing the selection pressure against
high virulence and migratory culling. How this will affect virulence evolution is an
important question that should be addressed with future studies.

Another prediction is that parasites in migratory populations have evolved greater
durability and environmental persistence than those in non-migratory populations. When
studying the persistence of parasites under different conditions in the laboratory, it was
found that lower temperatures, as experienced by parasites on overwintering monarchs,
results in higher longevity of parasite oocysts (Sanchez et al., 2021). However, the same
study did not reveal clear differences in the longevity of parasites from monarch
populations that vary in their migratory behavior.

Other outstanding questions relate to the population genetics of parasites. While it is
known that monarchs can passively exchange parasite oocysts when huddled together at
their overwintering sites, we do not yet know the effects of this passive transfer on the
genetic mixing of parasites. Moreover, because many infected monarchs do not make it to
the overwintering sites, parasites in migratory monarchs experience a bottleneck on an
annual basis, with potentially important consequences for their adaptability and evolution.
Exploring these questions will be aided by the recent availability of the O. elektroscirrha
genome (Mongue et al., 2023).

41
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CHAPTER 111
Inferring the relative importance of navigation and landscape effects for migratory populations

using agent-based models

Mitchell J. Kendzel, Jacobus C. de Roode. Lance A. Waller
Submitted
Abstract
Seasonal migration is a vital behavior for numerous animal species, and provides
ecological services such as seed dispersal, pollination, and resource influxes. Moving
populations represent unique challenges for descriptive and predictive population dynamic
models given the importance of both time and space. This study focuses on modeling two
navigation strategies—true navigation and vector navigation—to describe the hypothesized
migratory success and distribution structures of migrating populations. True navigators are
hypothesized to use a combination of location and directional information to reach specific
destinations, while vector navigators follow consistent directions throughout their journey,
without altering these directions with respect to their destination. Although these navigation
strategies have received much attention from migration biologists, we lack a framework to
describe the spatial and temporal patterns of animals using these strategies, impeding our ability
to distinguish between them. Here, we use a combination of agent-based models (ABMs) and
species-distribution models (SDMs) to simulate the spatio-temporal distribution of migrating
animals and compare simulated and observed data to compare migration strategies directly and
under various environmental conditions. Our simulations demonstrate that there are distinct

distribution patterns for each navigation strategy based on the types of landscape migrants travel
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through, highlighting the importance of including such landscape information in modeling
approaches. In a case study on monarch butterflies, our ABM simulations aligned closely with
opportunistic, publicly sourced observed migration patterns, validating vector navigation as a
plausible strategy in this species. However, our results also reveal potential limitations and biases
in our data sets, namely how preferential sampling needs to be accounted for in these predictive
models, emphasizing the need for further research into sampling methodologies. Ultimately, this

study showcases the utility of combining SDMs and ABMs to predict migratory distributions.

Introduction

Billions of animals undertake long-distance seasonal migrations (Dingle, 2014). The
energetic demands of migrating these large distances are immense and require physiological
changes from the navigator. Hypothetically, such investments are offset by more favorable
climates, predator avoidance, lower disease risk, and increased reproduction (Altizer et al., 2011;
Kendzel et al., 2023; L McKinnon et al., 2010). Moreover, migrating species provide ecosystem
services such as seed dispersal, crop pollination, and resource influxes for other animals and
decomposers; as such, these movements are crucial for community and ecosystem functioning
(Horns & Sekercioglu, 2018; Kremen & Ostfeld, 2005). Despite their value, many migrating
species are threatened and difficult to conserve given their large geographic range, multiple

habitat requirements, and their ability to migrate across political boundaries.

The factors responsible for a successful migration are important for understanding and
conserving these species and these can vary considerably based on distance, sensory capabilities,
habitat requirements, and the overall navigation strategy used to complete the journey (Abrahms

et al., 2019; Hays et al., 2022; Helm & Muheim, 2021; Kauffman, Aikens, et al., 2021). Here, we
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do not try to explain the diversity of these factors but instead focus on two historically discussed
and extensively studied navigation hypotheses: true navigation and vector navigation. True
navigators appear capable of orienting toward their migratory destination regardless of their
current location and even in unfamiliar territories (Able, 2001). Often, this strategy is
conceptualized as animals with a perception of direction (compass) and location (map sense).
Vector navigators only have a perception of direction, and thus, maintain a consistent average
direction throughout their entire migration (Berthold, 1991; Mouritsen, 1998). This preferred
migratory vector is isolated via environmental cues that convey directionality (Kramer, 1950;
Mouritsen & Larsen, 2001; Schmidt-Koenig, 1990; Ugolini et al., 2003); differential success in
the accuracy of selecting this orientation results in errors and variation between individuals,
thereby increasing the average spread of the population over longer migratory distances. The
mechanisms for true navigation remain unresolved, and there is debate on the validity of the
hypothesis (Putman, 2021); however, it is clear that some species seem capable of extreme
precision (reaching small, specific destinations from thousands of kilometers away) that the use
of vectors alone cannot explain (Avens et al., 2003; Lohmann et al., 2004; Lohmann et al., 2012).
Possible mechanisms for the strategy are a magnetic map sense (Gould, 2015; Hays et al., 2022;
Keller et al., 2021; Naisbett-Jones et al., 2017), learning and memory (Guilford & Biro, 2014;
Menzel et al., 2005), olfaction (Pollonara et al., 2015; Reynolds et al., 2015), or some
combination of context-dependent environmental information. Typically, true navigation is
hypothesized to be the more accurate of the two strategies, with individuals using this strategy
predicted to have a smaller spatial spread that is more localized on specific habitats or

“destinations” than what would be predicted with vector navigators (Figure 3.1).
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As two different processes, vector navigation and true navigation should result in

different observed population-level patterns of location. A fundamental goal in ecology and

conservation studies is to describe this pattern and seek to infer the process responsible for

VECTOR NAVIGATION
Start

TRUE NAVIGATION

. Start

e End

Figure 3.1: Hypothetical population level
accuracy for the different navigation strategies.
Blue and orange lines represent the population’s
spatial spread as the it moves away from the start
location. The end locations can be species specific
habitats or environmental conditions.

generating it (Vellend, 2010). As such, it should
theoretically be possible to infer strategy from
the observed patterns of migrating animals.
Mathematically, the pattern for vector navigators
over a homogeneous landscape has been
modeled as a parabolic function, where the
expected spatial spread increases with migratory
distance (Figure 3.1). Specifically, if we assume
that migrants’ orientations are approximately
normally distributed around their preferred
migratory direction, 68% (1 standard deviation)

of the population should be within this parabolic

function for a given distance (Mouritsen & Mouritsen, 2000). This model has been used to

describe the spatial spread of several vector navigating bird species (Mouritsen & Mouritsen,

2000). Unfortunately, there is no expectation model for the geographic distribution for true

navigators and there is very little spatial nuance captured with the parabolic function (i.e., it does

not predict locations of high or low density or capture the spatial pattern except for spatial

spread). Furthermore, the expectation model for vector navigation has no way to incorporate

stochastic environmental changes which may limit or shift viable migration pathways through

time and thus change the expected geographic spread of the migration. As such, migration
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researchers currently have no way to use known biological responses to predict migrator

migration patterns, ranges, or pathways.

Shifting from the existing parabolic functions over simplified landscapes, we pose that
species distribution models (SDMs) describe the spatial patterns of migrants more effectively
(Peterson et al., 2015). SDMs are increasingly popular for their predictive capabilities to project
geographic range shifts under climate change (Wiens & Zelinka, 2024) and prioritize
conservation efforts (Rathore & Sharma, 2023). These models are often used to answer two
related questions simultaneously with differential success: one, how are the observed data
distributed spatially (pattern description: highly effective), and two, what is the process
responsible for that distribution (process description: less effective and typically based on
correlative inference)? Despite limitations of this modeling approach as a result of data quality
issues, positional uncertainty, and generalizability (Cayuela et al., 2009; Naimi et al., 2014;
Vaughan & Ormerod, 2005), SDMs can be developed to include environmental factors and
landscape effects to allow some inference of the underlying processes that produce observed
data. For example, the distribution of migrating populations is certainly correlated with
environmental factors such as viable movement corridors or access to resources. Using known
physiological constraints (say, a need to access freshwater sources while moving) and the
environmental factors as covariates (location of rivers, ponds, and lakes), SDMs can help predict
presences in locations where there are otherwise no observations. However, an SDM is
ultimately a pattern description based on where the species was seen and seeks to infer the
process responsible for the generated observed distributions based on the spatial distribution and
intensity of the covariates used. Thus, the SDM approach provides more spatial nuance when

describing populations but still has limitation for detailed description of the underlying migration
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process, especially when the underlying processes vary over space (for further discussion on this
limitation in correlative spatial models and discussion on scale see (Fotheringham & Sachdeva,

2022)).

To address the process description gap and the gap in our inability to predict migratory
locations from known biological responses and landscape features, we propose using agent-based
models to simulate migratory patterns from the hypothesized processes of navigation and
compare these to observed location data. By fitting SDMs to observations of a given species, we
can calculate how well that model performs when presented with results of simulations using
varying navigation strategies and environmental responses. To highlight the utility of such an
approach, we performed two experiments, one completely in a simulated landscape and the
second using the migration of the monarch butterfly (Danaus plexippus) as a case study. North
American monarch butterflies undergo one of the most popular migrations of the animal
kingdom (Gustafsson et al., 2015; S. M. Reppert & J.C. de Roode, 2018), with up to hundreds of
millions of butterflies migrating up to 4,500 km to reach their overwintering sites in central
Mexico (L. P. Brower, 1995; Flockhart et al., 2017; F. A. Urquhart & N. R. Urquhart, 1978).
While monarchs are best known for this eastern migration, monarchs that inhabit breeding
grounds west of the Rocky Mountains migrate shorter distances to overwintering sites along the
California Pacific Coast. Many western monarchs reach the California Coast by flying less than
500km, although some may fly over 1,400km (Yang et al., 2016). This smaller distance
migration will be the focus of this study given its relatively lower computational burden. The
specific locations for overwintering of the west-coast monarchs were provided by the Xerces

society and can be found in the supplement.
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Thus, the framework proposed can provide new, spatially explicit, insights into migrating
populations that otherwise could not be explored with previous modeling approaches or
behavioral assays. Our proposed approach leverages the strengths of both model strategies: using
SDMs to describe patterns and ABMs to create predicted results under varying processes. This
allows us to create hypothetical, context-dependent expectations of predicted geographic

locations based on various navigation strategies and landscape effects.

2. Methods
The ABM model description follows the ODD (Overview, Design concepts, and Details)

protocol for describing agent-based models (Grimm et al., 2020). The model was implemented in
R version 4.3.3 and the code to simulate both the simulation experiments and the monarch case
study are stored on GitHub. For a full list of packages required, and the covariate sources see

supplemental table S3.1.

2.1 Purpose and Pattern

2.1.1 Purpose

The proximate purpose of the model was to predict the spatial spread of migrating
animals at the end of their migration under varying navigation strategies and landscapes. The
ultimate purpose of the model, which is presented as follow-up work, was to predict this pattern

through time, during the entire migration, and with changing landscape features.



49

2.1.2 Pattern

We evaluated our model by its ability to reproduce the spatial range pattern of animals
after they completed their migration. We made the decision to focus on the end because the
largest predicted difference between the navigation strategies was at the end of the migration
(Figure 3.1). Furthermore, for many species, particularly small migratory insects who cannot be
tracked over time, the only information available was opportunistic observations, which only
provides time and location. Thus, for these types of datasets, the spatial range provided was a

snapshot in time and not a tracked pathway.

2.2 Entities, state variables, and scale

2.2.1 Spatial scale

For all simulations, the area of study was defined as a spatially explicit grid with a side
length of 1 km, 4. The migratory destination, D, and start location, Ly, were within the study
region, D €4 and Ly € A. Both the start and end locations could be single points, multiple points,
or complex spatial vectors that could match geographic features or habitat conditions. In our
simulation experiments, the landscapes were small, 153x153 (23,409 km?) cells with an
impassable barrier on each of the four sides. Cells had values that indicated their relative
favorability for agents to move toward them (stored as probabilities). Six landscapes were used:
an even landscape with all values the same, a randomly generated landscape, a channel with
preferred values aligned in the middle, a divergent landscape with poor values aligned down the
center of the landscape, and a complex, real-world area in the North Cascades National Park,

Washington, USA (Figure 3.4). The small size was chosen to develop and test the strength of the
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landscape effect by seeing how much the migrating populations were shifted while using the
different navigation strategies. Lastly, in our real-world case study, using the monarch butterfly
migration, the landscape was the large western migratory range for the monarch and was
2119x1882 (3,987,958 km?) to assess how well the model replicated a well-known migration

while simulating true and vector navigation.

2.2.2 Entities

The following entities were included in the model: agents representing migrating

individuals and grid cells representing the landscape with elevation information.

2.2.3 State variables

The state variables for the agents and the cells were listed in Table 3.1. Because there
were so many cells, static cell values were treated as state variables. Furthermore, since the start

location could vary between agents, it too was considered a state variable.

2.3 Process overview and scheduling

2.3.1 Processes

The model was developed to be generalizable and cover the totality of a migration for a
given species. It comprised three processes: one related to cells (landscape effects), and two

regarding the migrants themselves (orientation and cell selection).



Table 3.1: Agent and cell state variables.
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Entity

Variable Name

Variable type and units

Meaning

Agent

cells

nd

start

location

is_within?

ns

landscape

time (days), dynamic

X,Y coordinates, static

X,Y coordinates, dynamic

True/False, dynamic

time (movement per time),
dynamic

probability, static

The current number of days simulated. Updated
after all movement steps for a single day.

Cell where the migrant starts their journey.

The cell the agent starts their current movement
step at. Updates at the end of each movement
step.

Checks if current location is at or within the end
range at the begin and end of each step.

The current number of movement steps made
per unit time. Updates at the end of each
movement step.

The values of the landscape, converted to
movement probabilities. These probabilities are
used to modify the agent’s movement choices
toward that cell. The conversion is described in
section 2.5.1 and the use of these values is
described in section 2.7.2

2.3.2 Schedule

For each time step (1 day), the process of migration followed the given order (Figure 3.2). Model

entities (agents and cells) were processed independently of one another, and changes in the state

variables were updated immediately. The submodels implementing these processes were

described in detail in section 2.7. Note, we denoted two phases that grouped related model

actions in line with previous mathematical models for migration: first, the orientation phase, and

second, the movement phase (Mouritsen and Mouritsen, 2000). The order of these phases

assumed that the general migratory orientation was the default orientation when the landscape
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itself had no influence. The result of both phases was a single step. For simplicity, we assumed
each step was independent and time was discrete. The total summarized results of all steps for all

agents represented a migrating population and followed the following order:

1. Each agent determines their current time and location

2. True navigation: orientation phase. Generates a circular probability distribution with the
mean angle toward the destination.

3. Vector navigation: orientation phase. Generates a circular probability distribution with the
mean as a constant angle.

4. Modify probability distribution with the values of the landscape surrounding the current
location if available.

5. Select an orientation from modified distribution.

6. Move to the cell corresponding to the orientation selected.

7. Determine how many steps are left in a single day. If there are more, cycle through 2-6.
Once the number of steps is exhausted, continue to the next day.

8. Agents cycle through 1-7 until the number of days is exhausted or they reach the end
location.

9. Plot final locations for all agents.
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Figure 3.2: Agent-based model flow chart for Vector (green) and True Navigators (purple). In these
simulations, the only difference between the two navigation strategies is that true navigators’ mean
orientation, y, is dynamic and is updated based on the location of where the agent is compared to its
destination. For a complete parameter see Table 1.

2.4 Design Concepts

2.4.1 Basic principles

This model was designed to generate the predicted spatial distributions of migrating
animals using different navigation strategies, and to compare these distributions to empirical
observations. Without such a model, it was impossible to infer navigation strategy from observed
data. For example, a prevailing assumption in migration and navigation research was that
migrants reaching specific locations in high numbers was evidence for true navigation (Gould
and Gould, 2012). However, such a conclusion made implicit assumptions about migration
success that may or may not have been realistic. Having our model based on the basic principles

of navigation and landscape choices and parameterizing it to a migratory animal provided real-
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world, context-based predictions for geographic ranges under the varying navigation hypotheses,
so that it became possible to test the long-standing assumptions of navigation research using a

wide range of taxa.

2.4.2 Emergence

The primary outcome for the model was the population level geographic distribution
pattern for a migrating population after the completion of their journey. This included the final
spatial spread and success rates of reaching known migratory destinations. These were then

compared to the observed spatial spread for the animal of interest.

2.4.3 Adaptation

The model migrants had one adaptive behavior that was shared regardless of navigation
strategy: whether to move to a location based on the landscape values surrounding their current
location. The decision to move was modeled via a min-max conversion because this conversion
maintained the original relationship of the landscape values, altitude in meters, and preserved the
range of the values. Furthermore, true navigators adapted their orientation throughout the entire

journey, always orienting toward their primary destination.

2.4.4 Stochasticity
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Stochasticity was incorporated into the process of orientation as the circular probability
distribution. Selecting from this distribution, on average, resulted in orientations toward the

mean direction with variation parameterizable to a given species.

2.4.5 Observation

Population level observations were made at the end of the migration as a measure of
spatial spread. The predicted densities were modeled as described in section 2.8 “analysis” and

graphed over the entire spatial study region.

2.5 Initialization

2.5.1 Landscape initialization

The initial state of the landscape was converted to movement probabilities. Here, we used
a global min-max normalization that changed the altitude to have a range from 2 to 0.016 with

lower altitudes closer to the 2 and high altitudes approaching 0.016 (equation 1).

] (altitude; — max altitude) * (2 — 0.016) )
normalized = 0.016 + - - - ; equation 1
max altitude — min altitude

This normalization method converted each cell value at, i, location. It was chosen because it
preserves the relationships between the original data points in terms of their relative order and
spacing but changes their scale to one that can be used as probability modifiers as described in

the section 2.7.2.
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2.5.2 Agent initialization

All parameters and their values are summarized in Table 3.2.

For the simulation experiment, agents started their migration at a set location at x,y-
coordinates of (77, 100). The end location, or destination, was set at (77, 5), or 95 cells directly
south of the start location. For vector navigating simulations, the mean migratory direction was
“south,” or 180 degrees from true north. True navigators had dynamic orientation that updated
throughout the simulation instead of being set at the start. For both simulation types, agents had a
k-value, the accuracy in selecting their migratory direction, equal to 1.225. This k was chosen
from the value calculated for vector navigating juvenile birds (pied flycatchers) and served as a
reasonable accuracy parameter for our simulations (Mouritsen, 1998). For a description of
generating the distribution of orientations, see section 2.7.1. Each agent was set to take 1 step per
day, and their migration was 150 days long. This allowed each agent to travel a total of 150 cells
in any direction. These values were set but can vary between agents if both were modeled as
random variables. The 150 number was selected because it resulted in an average y-movement
away from the start location of 100, meaning that, on average, the agents would have enough
movements to reach the destination. A total of 100 agents were simulated per navigation strategy

on the 6 different landscapes for a total of 1200 simulated agents in this experiment.

For the monarch case study, each simulation consisted of a population of 1000 agents that
were randomly assigned a start location within the states of Oregon, Idaho, Washington, Nevada,
and Utah, which represented western monarch summer breeding ranges that primarily migrated
to western overwintering locations (Yang et al., 2016). Arizona was not included because
monarchs there contributed to both eastern and western populations. The end location, or

destination was defined as the areas 10 km around the overwintering locations (10 cells), the
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primary one being Pismo Beach. Vector navigating monarchs had a mean orientation of 225°
aligned with a previously estimated monarch orientation, measured in the eastern North
American monarch populations (Mouritsen and Frost, 2002). These monarch populations were
genetically identical (Talla et al., 2020), and thus we had no reason to assume that this
orientation would be different in the western monarch. We simulated a total of 5 populations: 1)
vector navigators with a k =1.225, 2) true navigators with a k = 1.225, 3) vector navigators that
were half as accurate as 1) with a k =0.61, 4) true navigators with a k =0.61, and 5) true
navigators that were 1/8th as accurate as 2) with k = 0.15. The first k =1.225 was used based on
another flying vector navigator, the pied flycatcher, as described above. We then altered the
parameter, lowering agent accuracy, to test how sensitive the simulations were to this value.
After seeing that true navigators fit better to the observed monarch distribution, we further
lowered their k-value significantly to k = 0.15. Each agent had their average steps split between
60 days, calculated as described in section 2.7.3, so that each would travel on average 1400 km
from their start location (the maximum range of the western monarch migration). To keep the
simulation computationally simple, we used a single landscape feature to modify the agent’s
behavior. Here, we used altitude because mountain ranges were generally believed to form

migration barriers for monarchs (Freedman et al., 2021).
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Table 3.2: Simulation Parameters

Monarch
Parameter | description Simulation case study Monarch case study Source
0 Orientation Selected Updated at each step Updated at each step -
Yang et al.,
T Total time 150 60 2016
Mouritsen
and
total number of steps available Mouritsen,
Ns for migration Equation 3 Equation 3 2000
S number of steps per time unit 1 T/ Ns No/T
A Study area 153 x 153 based on observation data iNaturalist
based on publicly available Xerces
D Destination location 77,100 (X,y) overwintering locations Society
based on summer breeding  Yang et al.
Lo Start location 77,5 (X,y) range 2016
Mouritsen
and
circular distribution Mouritsen,
k concentration 1.225 0.15, 0.66, and 1.225 2000
Mouritsen
and Frost,
u mean direction 180 225 2002
2.6 Input data

For both the simulation experiments and the monarch case study, the input data were the
landscape values, loaded into the environment prior to the simulation being run. For the
simulation experiments, these were the six landscapes as described in section 2.2.1. For the
monarch case study, this was the western monarch landscape range, also described in 2.2.1 and

edited as described in section 2.5.1. Furthermore, the overwintering locations for the monarch
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western migration, the areas considered to have completed a migration, were loaded into the
environment as a complex spatial vector corresponding to its locations and shape. The files for

these can be found in the GitHub repository.

2.7 Submodels
2.7.1 Orientation phase

At the start of this phase, each agent generated a circular von Mises probability
distribution for all possible 360° orientations, and selected a single orientation, 6, from this

distribution (equation 2).

exp(k cos(0 — ) .
— Zm) equation 2

fOIwk) =

where [, (k) was a modified Bessel function of the first kind of order 0, 4 was the expected angle
of the function and in our case the mean migratory direction, and £ was a measure of
concentration and was analogous to the reciprocal of variance in a normal distribution.
Randomly sampling from this distribution at each step created independent migratory
orientations for each agent in line with previous models of the behavior (Mouritsen, 1998;

Mouritsen & Mouritsen, 2000).

Vector navigation was simulated by setting p as a constant angle that, for real-world
examples, was matched to species-specific mean orientation. For simulations, it was set to be the
direction toward the destination from the original start location. True navigation had a dynamic
u, with the mean always changing at the start of the orientation phase to point toward the

destination regardless of the agent’s position. Thus, for true navigation, p was updated at each
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step and a new probability distribution was generated. All circular distributions were generated

with the R package “circular” (Agostinelli & Lund, 2023).

2.7.2 Landscape effects

Since migrants take cues from
their environment to inform their
movements along with their overall
migratory direction, x#, we can use
covariate information to alter the
behavior of agents. In the orientation
phase, we generated a probability
distribution of the set of possible
orientation angles. In gridded data, if we
assume an agent is in the center of a grid
value, then the direction toward the

center of each of the surrounding cells
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Figure 3.3: Conceptual diagram of landscape effects
incorporated into a simulation. White arrows indicate the
choice direction and movement of an agent. At each step, the
values of the 8 cells surrounding the agent are used to modify
their default distribution (grey distribution). North is included
twice because the circular distribution is cut and transformed into
a linear distribution for illustrative purposes. At location 1, the
agent chose to move to the southwest cell. At location 2, the
agent chose to move south, even though it was an unfavorable
cell. This was shown to highlight that though it was more likely
to move south-west, movements to unfavorable locations are
possible, just less probable.

represents our set of possible movement directions. By having the agent consider the values of

these eight cells, it can weigh their relative quality with respect to movement. Converting these

qualities to probabilities, we then multiplied the orientation distribution by the probabilities to

move to specific grid cells. Here, grid cell values > 1 increased the probability and values < 1

decreased the probability of movement toward that cell (Figure 3.3).

2.7.3 Movement phase
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After an orientation was selected, agents moved in the selected direction by modifying
their X and Y coordinates, representing a single step. Here, we had agents move to the center of
the chosen adjacent cell. However, continuous movement is possible but additional rules would
need to be used when considering landscape effects. The total number of available steps was
calculated based on equations 7 and 15 from Mouritsen and Mouritsen, 2000, which described
the average number of steps needed to reach an average displacement distance. Modifying these

equations to include the maximum range of a migration, we get equation 3.

_ Max Range

s = T ; equation 3
e(_F)

2.8 Analysis

Our SDMs were not directly integrated into the ABMs. Instead, they were used to
describe the pattern that our ABMs generated, which made it possible to compare simulations or
simulations to observations. To describe these spatial patterns, we used a point-process model to
define the spatial density associated with locations of either reported observations of individual
monarchs or locations of agents. Specifically, we used a log-Gaussian Cox process (LGCP)
model (Meller et al., 1998) with the approach developed by Simpson et al. (2016) and Simpson
et al. (2017) and by extension earlier work by Illian et al. (2012). In these models, the locations
of observations derive from an underlying spatial point process, with first-order (mean) patterns
modeled via an intensity surface (i.e., the expected rate of an observation at each location within
the study region). Models were fitted via a hierarchical Bayesian model using integrated nested
Laplace approximations to estimate the full spatial posterior predictive distribution of

observation locations.
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For the monarch case study, we first fitted the LGCP to observations of the monarch
during overwintering months. We used opportunistic data from iNaturalist for its broad range
coverage. This data set consisted of 3846 “research grade” monarch observations during the
overwintering months between November and February through years 2018-2022, west of
longitude -115.05° W and within the study region (iNaturalist contributors, 2023). Research
grade in this context refers to observations accompanied by photographic evidence with the
species identified by more than one user. We allowed the estimated intensity to depend on local
landscape covariate information for altitude, human population density, and habitat type in a
completely factorial paradigm. The data sources for each of these covariates were listed in Table
S3.1. To select which of these models fit best to the observations for monarchs, we used the
deviance information criterion calculated for each (DIC) (Spiegelhalter et al., 2002), which
balances model fit with model complexity. Using the model with the lowest DIC value
associated with habitat conditions (Table S3.2), we tested its performance when presented with
the new simulated data for each of our navigation strategies under varying k-values. The
performance of this model when presented this new data was measured globally with a relative
mean square error (RMSE). To compare the local fit and the observed spatial distributions
between simulations and observed monarch densities, we took a relative risk ratio (RRR), which
compares the deviation of the predicted densities between the simulation and observation at each
location (Bithell, 1990). Finally, we provided general data exploration and summarization of
quantities of interest such as percentage of individuals that reached migration destinations and
percentage of agents too far from these locations to be presumed dead. All models were fitted

with the R-packages “INLA” and “Inlabru” (Bachl et al., 2019; Rue et al., 2009).
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3. Results

3.1 Simulation experiments

For all simulations and landscapes used, true navigators were more likely to reach the
destination than vector navigators, as one might expect. The percentage of individuals ending a
single cell away or directly on the end location were presumed to have reached the destination
and are summarized in Table 3.2. Of those agents who did not reach the end location, vector
navigators were more evenly distributed around the end compared to true navigators who were

more likely to be north of this destination (i.e., true navigators who did not reach the end ran out
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Figure 3.4: Simulated Navigation Strategy Results. For all panels, the agents start on the red dot “north”
of the target and end location, the black dot. Vector navigators had a consistent mean orientation of 180°
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of time; Figure 3.4: predicted distributions). Overall, the distribution pattern for each type of
navigation strategy was similar for all landscapes except for the divergent channel which pushed

navigators away from the center of study region. The relative risk ratio of observations between
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true vs. vector navigators highlighted that for each landscape true navigators were more likely to
be found near or north of the end location (red) while vector navigators were more likely to be

found elsewhere in the study region (cyan).

3.2 Monarch Case study

The observed monarch distribution was concentrated along the coast of California in line
with expectations (Figure 3.5A and B). The best fitting model, while balancing model
complexity, included human population density and elevation as covariates (Table S3.2).
Considering this model was comparable to the model with elevation alone and elevation is the
only well-fitting environmental covariate, we chose to make our simulations comparisons to the

elevation alone model for monarch observations.

Agents who ended their journey by flying out into the Pacific Ocean were presumed dead
and thus not considered when comparing to the observed monarch locations. True navigators
were less likely to fly into the ocean and were more likely to reach the primary overwintering
location, Pismo Beach (Table 3.4). However, the true navigators had the lowest global fit to the
observed monarch distribution, even when varying the k value (Table 3.4). Initially, lowering the
k value increased global model fit for true navigators; however, once k£ was lowered significantly,
the model’s performance decreased (Figure S3.2). Vector navigators, on the other hand, had
comparable predicted distributions to the observed monarch distribution (Figure 3.5C). Just as
the observed distribution, vector navigators had high densities along the coast of California
regardless of k value. Vector navigators fit locally more than true navigators (Figure 3.5D). Here,

values approaching zero, where observed and simulated predictions are the same, are in gray;
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positive values, where simulation predictions are greater than observed, are in red; and negative
values, where observed is greater than simulation prediction, are in blue. Thus, for our simulated
predictions, vector navigation with k£ = 1.225 provided the best global fit and local fit to our

observed monarch distribution. For all end location points, see Figure S3.1.
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A) Study Region and Monarch Observations B) Monarch Observed Distribution
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Figure 3.5: Monarch case study results. For all panels, the study region is outlined and based on where simulated
agents and monarch observations were located during overwintering months. For panel A, the highlighted cyan region is
the monarch summer breeding range as well as the start location that agents are randomly assigned within. The red dots
are the overwintering locations, and the arrow indicates the location of the largest overwintering region, Pismo Beach.
The black dots are the locations of the observed monarchs during overwintering months. B) the results of the fitted
LGCP model for monarch observations. This outlined distribution and the model underlying it is what the simulation
results are compared to. C) the predicted distributions based on navigation strategy and k-value. Each represents a
population of 1000 agents with their end locations fitted to the model shown in panel B) the predicted monarch location
model. D) the relative risk ratio, comparing local model performance at each cell, between the monarch distribution and
the results of the simulation directly above. Values approaching 0, where the models have the same predicted value, are

in gray. Where the simulation is predicted in higher numbers is in red, and where the monarch model predicts higher
numbers is in blue.
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Discussion
In our simulated case study, we show how different navigation strategies results in different
patterns (Figure 3.4: even landscape row). Further, when landscape processes are included, the
patterns for both navigation strategies become dependent on the landscape traveled through, and
thus both processes (landscape and navigation strategy) should be considered when modeling
migrating populations. For example, on the homogeneous landscape, 31% of true navigators
reached the destination and were distributed on or just north of the end location compared to only

. 5% of vector navigators, who were more evenly
Table 3.3: Percent of agents reaching the

destination on simulated landscapes .. . .
P distributed around the study region. Therefore, in

Navigation Strategy
this simplified case, the probability of reaching
Vector True
Landscape % reached destination the destination and the distribution of individuals
Even 5 31 can be used to estimate the likelihood that a
Random 1 14 migrant uses a specific navigation strategy.
Channel 10 31
However, on other landscapes, even though our
Divergent 1 10
Disruptive 7 27 landscape process had a relatively small

influence on agent behavior (Figure 3.4), the
percentage of agents reaching the end significantly varied; on the divergent channel, where
agents were less likely to move toward the center of the landscape, only 10% of true navigators
reached the area, which is similar to the approximately 10% of vector navigators who reached
the end while on the channel landscape (Table 3.2). If the landscape was not considered in this
comparison and we were trying to determine navigation strategy from observed pattern alone, we
could thus erroneously assign what is a true navigator as a vector navigator simply based on the
low probability of reaching a specific end location and the assumption that if the individual knew

where to go, they would reach it. Our results indicate this is not a safe assumption and that one
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cannot use the likelihood of reaching a location (i.e., the observed pattern) alone as evidence of a
specific strategy without considering the landscape between the start and end locations. This is
where the utility of the agent-based model comes into play since it can consider and adjust to
context-dependent locations and landscape features to make predictions (i.e., how likely an
individual is to take its next movements in a given direction based on the surrounding landscape)
that previously could not be incorporated. It is also important to note that while we use the
“destination” as the end location, this example could easily apply to specific areas throughout a
migration, such as specific refueling and stopover locations often associated with these animals

(Guo et al., 2024; Hagelin et al., 2021)

Monarch case study

The results for our simulated predicted distribution for vector navigation aligned with the
observed monarch distribution (Figure 3.5C and D). In fact, halving the accuracy of the agents
(k/2) did not alter the fit significantly nor did it increase the error beyond what was measured for
true navigators (Table 3.4), suggesting that the value used for & had little affect on migratory
success for vector navigators. While true navigation did successfully reach Pismo Beach in high
numbers, only about one percentage reached the other overwintering locations. Furthermore, the
strategy’s predictions did not capture the total overwintering range for the monarch and thus had
low global and local fit (Figure 3.5C and D). Specifically, the predictions from true navigation
failed to fit with monarch observations through the Siera Nevada mountain range (Figure 3.5D).

Given these results vector navigation emerges as a valid hypothesis to explain the observed
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migration of monarchs on the west coast. However, below we acknowledge a few limitations that
should be researched further to improve model performance.

Table 3.4: Exploratory measures of simulation performance based on navigation strategy

Navigation Strategy
Vector; k = Vector; k = True; k = True; k =
Measure 1.225 0.61 1.225 0.61
% Died 5.8 1.8 0 0
% Reached any overwinter 51.7 38.2 48.9 29.5
% Reached Pismo Beach 1.1 0.3 47.8 28.1
Global model fit (RMSE) 0.17 0.24 0.98 0.52

Our simulated vector navigators end their migration north of the 40° N latitude line then
is observed through iNaturalist data (Figure S3.1). This involves areas in which monarchs would
likely not survive the winter. A possible explanation for this finding is that we made the
assumption that monarch vector navigators use a single vector only. However, if monarchs are
indeed vector navigators, they may have multiple vectors that shift throughout their migration
rather than the single vector of 225° as simulated here. In fact, many vector-navigating animals
have multiple preferred orientations based on the stage of their migration (Gwinner & Wiltschko,
1978; Munro et al., 1993). For example, some migratory red-eyed vireo, Vireo olivaceus, start
their migration in Canada with a preferred orientation of southeast, but once they reach Mexico,
their preferred orientation shifts to the south (Sandberg & Moore, 1996). Previous orientation
research on the monarch has not focused on these possible changes. Instead, studies worked to
isolate the environmental information used to orient which required the removal of other external
cues and journey stage context via controlled flight simulator trials (Mouritsen & Frost, 2002).

An orientation study that does not remove this landmark information or can track natural
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monarch migration over large distances could help illuminate how monarchs respond to
coastlines, heterogeneous habitats, or geographic barriers. This could then be used to help
parameterize future simulated studies. Such studies could also help estimate monarch orientation
accuracy as done in the pied flycatcher, whose accuracy was used in this study as a placeholder.
Further, we highlighted that our predictive surfaces appear to be biased based on human
population size. Our two best-fitting models considered human population density along with
elevation (Table S3.2) in adjusting the local estimates of probability of observation (proportional
to the estimated intensity in the fitted point process model). Thus, more complete predictive
monarch distributions via more detailed SDMs could correct for this bias, via adjusting the
LGCP to more closely model an underlying spatial probability of observations made by

iNaturalist users.

Going further, the preferential sampling correction literature is extensive and has
powerful approaches for correcting such bias (Conn et al., 2017; Diggle et al., 2010; Gelfand et
al., 2012). This literature focuses on situations where the probability of sampling is related to the
probability of presence. In the monarch example, this could happen if iNaturalist observations
are more likely in areas where monarchs are more likely to be found (a reasonable assumption).
For moving and migrating populations, whose data are sampled via opportunistic efforts from the
public in crowdsourced citizen science data frameworks like iNaturalist, future extensions of our
approach could explore incorporating preferential sampling adjustments to correct for this bias.
One way to assess this is by simulating a set of migrations via the agent-based model and then
sample simulated results with observational bias matching that of the real data sets (e.g.,
proportional to population density). Using preferential sampling approaches on such simulated

data sets with preferential sampling would allow us to see how well such analytic adjustments
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correct for said bias. Furthermore, since we can overlay sampling paradigms onto the agent-
based simulation results, we could propose specific real-world sampling efforts to further

compensate for the biases observed.

Conclusion

This study highlights the utility of agent-based simulations for creating predictive
distributions of moving populations under different migration strategies and the ability of such
models to critically evaluate what information we have for a given species and how well that
information can describe links between observed natural patterns and migration processes. With
the advances in computational efficiency, these approaches have become easier to parameterize
for a given system and serve as a viable and cost-effective way to bridge the results from
empirical studies and statistical inference regarding driving processes and parameters.
Comparing these simulated results with observations of real migrating populations provides a

useful tool in determining the navigation strategies that migrants use to reach their destinations.
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Supplemental Information

Table S3.1: Data sources and R packages used for ABMs and SDMs

RESOURCE SOURCE IDENTIFIER

Deposited Data

iNaturalist (iNaturalist

Data on monarch observations contributors, 2023) https://doi.org/10.15468/dl.6yj5bg

Data on simulation locations This study GitHub: https://doi.org/10.5281/zenodo.13741315

Data on overwintering locations Xerxes Society https://westernmonarchcount.org

Data on elevation USGS https://doi.org/10.5066/F7DF6PQS

Data on land cover Buchhorn et al. https://doi.org/10.5281/zenodo.3939050

Data on human population density  CIESIN https://doi.org/10.7927/H45Q4T5F

Software

R version 4.3.3 R development team N/A

Code for simulations This study GitHub: https://doi.org/10.5281/zen0do.13741315
Rue et al. (Rue et al.,

INLA 2009) https://inla.r-inla-download.org/R/stable
Bachl et al. (Bachl et al.,

Inlabru 2019) https://github.com/inlabru-org/inlabru

Agostinelli and Lund
(Agostinelli & Lund,
circular 2023) https://doi.org/10.32614/CRAN.package.circular
Agostinelli and Lund
(Lund & Agostinelli,

CircStats 2018) https://doi.org/10.32614/CRAN.package.CircStats
Hijmans et al. (Hijmans

raster & van Etten, 2020) https://doi.org/10.32614/CRAN.package.raster
Bischl et al. (Bischl et

BBmisc al., 2017) https://doi.org/10.32614/CRAN.package.BBmisc
Edzer (Pebesma et al.,

sf 2021) https://doi.org/10.32614/CRAN.package.sf

terra Hijmans (Hijmans, 2022) hitps://doi.org/10.32614/CRAN.package.terra



https://doi.org/10.15468/dl.6yj5bq
https://doi.org/10.5281/zenodo.13741315
https://westernmonarchcount.org/map-of-overwintering-sites/
https://doi.org/10.5066/F7DF6PQS
https://doi.org/10.5281/zenodo.3939050
https://doi.org/10.7927/H45Q4T5F
https://doi.org/10.5281/zenodo.13741315
https://inla.r-inla-download.org/R/stable
https://github.com/inlabru-org/inlabru
https://doi.org/10.32614/CRAN.package.circular
https://doi.org/10.32614/CRAN.package.CircStats
https://doi.org/10.32614/CRAN.package.raster
https://doi.org/10.32614/CRAN.package.BBmisc
https://doi.org/10.32614/CRAN.package.sf
https://doi.org/10.32614/CRAN.package.terra
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Table S3.2: DIC comparisons between varying covariate information in the monarch observation models.

Model DIC Change in
DIC
Elevation and Human | -53953 0
Population Density
Human Population -53943 10
Density
Elevation -51712 2241
Habitat -37007 16946
Habitat and Elevation | -36553 17400
Habitat and Human -36523 17430
Population Density
No covariates -5095 48858
All covariates 44622 98575
Vector Navigation True Navigation Vector Navigation True Navigation
k=1.225 k=1.225 k=0.61 k=0.61

35°N-

120°W 110° ' 120°W 116 30°N 120°W 110°

Figure S3.1: Raw end location data for each simulation.
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A) ABM predicted B) Relative risk ratio
distribution between monarch and ABM

mean
2

35-

Value Range: -4 to9

Value Range: -4 to 11
125 -115 125 -115

Figure S3.2: Results for true navigation simulations with k =0.15. A) the predicted distribution’s global fit
to the monarch distribution (RMSE) is equal to 1.42. B) the value range in our relative risk ratio exceeds by far
the other simulations with a maximum difference between simulation and observations of 11.
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CHAPTER IV

Simple behavioral rules can explain the complex migration patterns of monarch butterflies

Mitchell J. Kendzel, Lance A. Waller, Jacobus C. de Roode
Submitted

Summary:

Many animals undertake seasonal migrations, traversing up to thousands of kilometers
through ever-changing landscapes. Yet, even with significant advancements in migration
research, critical knowledge gaps persist regarding the mechanisms by which these animals
navigate toward their destination (Flack et al., 2022). As a case in point, North American
monarch butterflies (Danaus plexippus) travel upwards of 4,500 km to specific overwintering
sites in central Mexico (Steven M Reppert & Jacobus C de Roode, 2018; Urquhart, 1976). The
mechanisms enabling this spectacular journey have fascinated researchers for decades
(Mouritsen et al., 2013; Oberhauser et al., 2013). Leading hypotheses pose that monarchs either
possess an innate ability to navigate to these sites (true navigation) or are guided by landscape
features, migrating southwest for most of their journey and fine-tuning their direction as they
near their destination (vector navigation) (Reppert et al., 2010). Here, we employed an agent-
based model (ABM), parameterized to mimic monarch behavior, to investigate how different
navigation strategies and landscape features influence predicted population patterns. We then
compared the predicted distributions from these simulations to observed data from iNaturalist.
Surprisingly, we found that simpler navigation strategies, where agents either migrated southwest

throughout (vector navigation) or adjusted their direction southward mid-journey (multi-vector
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navigation), aligned more closely with observed patterns versus those with agents that knew
where to go (true navigation). Simulated agents with vector navigation matched with sightings in
Texas, Florida, and along the Gulf Coast (iNaturalist contributors, 2023), highlighted known
migratory corridors east of the Sierra Madre Oriental (Lincoln P Brower, 1995), and had arrivals
at specific overwintering sites. Our results suggest that true navigation is not needed to explain
monarch migration and that the use of landscape funnels and a general southward movement can

allow them to reach their overwintering sites.

Results and Discussion:

Within migration research, there has been fierce debate on the sensory and cognitive
bases for navigation (Gould & Gould, 2012b; Wehner et al., 1999). Two general navigation
models are true navigation and vector navigation. True navigation is supported in an animal if
they can orient toward their goal following a displacement into unfamiliar territory. If the
individual cannot orient correctly, instead maintaining their original direction, they are thought to
be vector navigators (Gould & Gould, 2012b). Thus, true navigators are thought to possess a
sense of direction (often referred to as a compass sense) and a sense of location (often referred to
as a map sense) allowing the individual to have multiple orientations based on where they are,
while vector navigators only possess a sense of direction and thus always orient in the same
direction (Bennett, 1996; Gould, 2015; Gould & Gould, 2012a). Although displacement
experiments are seen as the gold standard in determining an animal’s navigation ability, they
have limitations, precluding their use in some species, particularly small insects that cannot carry
heavy trackers. We therefore used an alternative approach that is applicable to any species to
distinguish between these two navigation strategies, focusing on monarch butterflies as a model

system.
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Monarchs are well known for their spectacular migration, which involves the movement
of up to hundreds of millions of monarchs from a 4.5 million km? North American breeding
range east of the Rocky Mountains to a small number of overwintering sites in Central Mexico,
each encompassing only a few square kilometers (Figure 4.1) (Flockhart et al., 2013). How
monarchs navigate to their overwintering sites remains a topic of debate (Oberhauser et al.,
2013). To date, the navigation sensory mechanisms isolated in monarchs, with robust
repeatability, are compass strategies: a time-compensated sun compass (Froy et al., 2003) and, to
a lesser extent, a magnetic compass (Guerra et al., 2014). These mechanisms provide directional
(compass) information that does not point toward the goal (map sense). Furthermore, given
historic changes to the local magnetic field in Mexico, it is unlikely that the magnetic compass
could be used as a magnetic map, as suggested to exist in other systems (Gould, 2015; Guerra et
al., 2022; Keller et al., 2021). Therefore, these mechanisms cannot be used to orient toward the
overwintering locations as required for true navigation. Fundamentally, true navigation as a
hypothesis in monarchs persists solely based on the observation that they reach a specific
location in high numbers, coupled with the assumption that this accuracy cannot be achieved
with simpler strategies (Gould and Gould, 2012b). Our goal was therefore to employ a novel
modeling approach to leverage large-scale observation data sets to determine whether the
population patterns of migrating monarchs are better explained assuming true or vector
navigation. This approach consisted of simulating the movement of thousands of migrating
monarchs based on alternative navigation strategies and comparing resulting distribution patterns

with empirical data.

For our simulations, we built an Agent-Based Model (ABM) where agents migrated

across the North American landscape and were either true navigators (mean orientation is toward
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the destination regardless of geographic position), vector navigators (consistent single mean

orientations throughout their entire journey), or multi-vector (mean orientation changes

throughout their journey based on distance traveled). For all simulations, 1000 agents were

randomly assigned a start location
within the summer breeding range
(Figure 4.1), and all had the same
orientation accuracy calibrated to
what has been calculated for
monarchs based on orientation studies
in flight simulators (i.e., they all had
the same probability of selecting their
mean orientation regardless of
navigation strategy) (Mouritsen et al.,
2013; Mouritsen & Mouritsen, 2000).
This accuracy parameter is based on a
circular probability distribution for all
possible directions of movement at
each step of the journey, which results
in orientation variation between

agents and within each individual

Overwintering
location

70

90

-100 -80

Figure 4.1: Map of eastern North American monarch
migration and summer breeding ranges. Adapted from Kendzel
et al. 2023 (Kendzel et al., 2023). Summer breeding range (cyan
area) based on Urquhart and Urquhart 1978 (Satterfield et al.,
2015). Migratory routes (black lines) based on maps from Brower
1995 (Lincoln P Brower, 1995) and review from Reppert et al.
2010 (Reppert et al., 2010). Dashed lines indicated unknown but
hypothesized migratory routes from Brower 1996 (Brower, 1996)
and Dockx et al. 2023 (Dockx et al., 2023). The green dot
indicates the location of the overwintering sites, with the insert
showing a typical view of dense clusters of overwintering
monarchs (photo by J.C. de Roode).

agent’s path over time. Because of this variation, each agent was given a maximum travel

distance of 6,700 km, which was calculated to ensure that each would have an average straight-

line displacement from their start location of 4,500 km (the maximum migration distance of the
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eastern North American monarchs) to insure that each agent had enough steps to reach the
overwintering location (Mouritsen et al., 2013; Steven M Reppert & Jacobus C de Roode, 2018).
We modeled three alternative navigation strategies: (1) true navigation, where the mean
orientation of agents was adjusted at each step based on their current location relative to the
location of the overwintering sites; (2) vector navigation, where the mean orientation was held
constant throughout the journey (225° from true north); and (3) multi-vector navigation, where
agents were programmed to travel on average southwest (225° from true north) for the first half
of their available steps and south (180 ° from true north) for the second half of their available
steps. The choice of 225° was based on the observed directionality of migrating monarchs in a
flight simulator, while the additional choice of 180° was based on previous hypothesized

orientation shifts monarchs might perform through Mexico (Brower, 1996).

We further modified agent behavior by incorporating altitude and water body values to
modify the probability of agents moving in the direction of these geographic features.
Specifically, the Rocky Mountains, Appalachian Mountains, Sierra Madre Oriental Mountains,
and the Gulf of Mexico are all prominent geographic barriers for the monarch’s migration, so we
made agents less likely to travel toward and through these features. Although we would
intuitively expect these landscape features to be major barriers, their effects were not always
enough to override movements toward the preferred migratory direction for all butterflies within
our simulations. This is best highlighted in the paths for some individual vector navigators who
continued to fly southwesterly into the southern Rockies and the Gulf of Mexico (Figure 4.2: top

row). However, the geographic features were enough to keep most agents from these areas.

We then quantified the simulated monarch distributions by fitting a log-Gaussian Cox

process model (LGCP) (Mgller et al., 1998; Simpson et al., 2016; Simpson et al., 2017). This
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approach provides an intensity surface with the average expected number of observations
modeled as a function of location across the study region, allowing us to compare the simulated
data to empirical spatial data for the monarch obtained during the winter months, after their
migration, as a proxy for real-world final locations(Mpgller et al., 1998; Simpson et al., 2016;
Simpson et al., 2017). We derived the empirical data from opportunistic observations from the
participatory science program iNaturalist (iNaturalist contributors, 2023). We included landcover
type as a covariate in the LGCP, as this provided the best fit to the empirical data while balancing
model complexity (Table S4.1) (Spiegelhalter et al., 2002). The estimated surface and the
observations themselves highlight the specific overwintering area in Mexico and the band of area
around it often associated with viable habitat (Figure 4.2: bottom row) (F. Urquhart & N.
Urquhart, 1978; Urquhart, 1976). They also highlight areas of Florida, along the Gulf Coast, and
US states further north, which are typically not included in monarch migratory conversations
because these individuals likely will never reach the overwintering areas. However, these
southern areas provide suitable habitat for breeding and surviving the winter, and winter
breeding is increasingly recognized as an important factor in monarch biology (Satterfield et al.,
2015). Thus, we used this full geographic surface to make holistic comparisons between
simulated and observed data that both include locations of migrants that do not reach their

overwintering destination or end up breeding in southern habitats during the winter.

Overall, all three navigation strategies reproduced empirical data to some extent, but the
multi-vector navigators matched the observed data best; these agents followed the expected
migratory pathways through southern Texas and into areas east of the Sierra Madre Oriental,
matched the total observed geographic distribution for monarchs during the winter months and

after the migration (including those not reaching the overwintering sites) and reached the specific
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overwintering location (Figures 4.2 and 4.3). Using a global measure for fit, relative mean
squared error (RMSE), we found that data simulated with multi-vector and vector navigation fit
globally better to the observed monarch distribution than data generated with true navigation
(Table S4.2). Furthermore, multi-vector agents also ended their migration along the gulf coast
and in areas of Florida (Figure 4.2: density estimate panels). True navigation, on the other hand,
while having more agents reach the specific overwintering location (Table 4.1), created a
simulated geographic distribution that is heavily concentrated and matched worse to the observed
monarch distribution (Figure 4.2: relative ratio panels). Finally, although single-vector
navigation simulations did have comparable total geographic ranges compared to monarch
observations, single-vector agents failed to move southwardly into Mexico at rates comparable to
that observed in the empirical data. Our simulations thus demonstrate that the broad geographic
range of monarchs and their reaching of specific overwintering locations can be better explained
by the more parsimonious strategies of vector navigation and multi-vector navigation than by the
less parsimonious true navigation. It is important to emphasize that this conclusion is based on
the total distribution of monarchs after their migration as proxy for final location (we only used
iNaturalist data for the months November-February). While it may seem surprising that relatively
few of our simulated monarchs successfully reached the overwintering sites, this is in fact
consistent with estimates based on tagging studies, which have reported recovery rates as low as
0.01% of the millions of monarchs tagged and released through 1998 — 2015 (Taylor Jr et al.,

2020).
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Figure 4.2: Agent based model results compared to monarch location observations. For the left columns, the purple
dot is the overwintering location. Due to its small size, it is further highlighted in the bottom left panel with an orange
arrow. For each simulation shown, 1000 agents started their journey in the northeast and took on average the same number
of steps. The maps in the “Raw Data” column illustrate the final locations of all simulated (red dots) and reported
butterflies (black dots). The yellow lines indicate the full path journey of each agent. The maps in the “Density Estimates”
column illustrate the spatial intensity (average number of agents per unit area) of the final locations. The maps in the
“Relative Ratios” column show the ratio of the intensity of each model’s final location to the intensity of the observed
iNaturalist observations, with red indicating that simulations underestimated densities, blue indicating that simulations
overestimated densities, and grey indicating a close match between simulated and observed data. Agents who flew out into
the ocean or ended their journey in the ocean were not included in the density analysis.

Our findings align with several previous studies, including an investigation that used a
mathematical expectation model and geographic displacement coupled with orientation assays to

conclude that monarchs are not true navigators (Mouritsen et al., 2013). Additionally, our results
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align with existing hypotheses that the bulk of the migration is in a southwesterly direction, that
it shifts more southwardly through Mexico, and that there may be some effect nearer the
overwintering location that further directs the population to that area (Reppert et al., 2010). This
effect is referred to as “beacon,” or a zone that once a migrant is within, they can further home
into the end location. When we simulated both vector and multi-vector navigators with varying
beacon sizes (where once the agent was within the given range, they could home in on the final
location as a true navigator would), agents under both strategies managed to find the
overwintering location with beacons larger than 120 km (Figure 4.3), but multi-vector navigators
had a higher success rate than single-vector navigators (Table 4.1). The specific cue or
combination of cues for this beacon (whether based on forest traits, monarch pheromones, or
magnetism) have not been isolated, but our simulations lend credence to the idea that such a

beacon could exist.

Table 4.1: Percentage of simulated agents reaching the specific overwintering location in Mexico.

Percentage reaching Percentage within 240
Navigation Strategy (beacon size)  overwintering location km range
vector (none) 0.0%
vector (60 km) 0.0%
vector (120 km) 1.1%
vector (240 km) 1.3% 2.6%
multi- vector (none) 0.0%
multi- vector (60 km) 0.0%
multi- vector (120 km) 0.1%
multi- vector (240 km) 3.0% 5.3%
True (full range) 11.0% 32.0%
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Figure 4.3: The effect of beacon range size on vector navigators reaching overwintering
locations. For all panels, 1000 simulated agents were released, and their resulting end
locations were modeled using a LGCPs model. The red circle represents the scale of the
beacon range used for each simulation. For all simulations, there was a predicted monarch
presence at the overwintering location. However, as the beacon range increased in size to 120
km in diameter, far more agents reached the location, corresponding to an increased predicted
density in this region.

One potential reason for the finding that simulated vector navigators showed a better fit
with empirical data than true navigators is that we chose an orientation accuracy parameter (k)
that is too high. Counter-intuitively, high accuracy may reduce the success rate of true navigators
reaching the overwintering sites because they can get “stuck” in the landscape, rather than

finding ways around geographic barriers (analogous to deterministic optimizers getting stuck in
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local, but not global, maxima). For example, using a k-value of 1.225, as measured in the
orientation studies (Mouritsen et al., 2013), true navigation simulations created a highly dense
estimation northeast of the primary overwintering location (Figure 4.4: True navigation). To test
the extent to which lowering this value (decreasing the agent accuracy) could result in better
model fit, we halved the k-value and re-ran our simulations. Although this did increase the true
navigation model fit globally when compared to the observed monarch distribution (true
navigation, k =0.61: RMSE = 4.51; true navigation, k=1.2251: RMSE = 948), the density fit in
Mexico decreased, and only a single agent reached the overwintering location (Figure S4.1). We
found similar reductions in local fit for the single-vector and multi-vector though we found

globally these models continued to fit better than the true navigation strategy (Table S4.2).

Our study used a simple model that only incorporated orientation choices and landscape
features, but ignored many other factors, such as wind direction, habitat type, and temperature
changes, which are often thought to be important in monarch migration (Reppert et al., 2010).
Future addition of these covariates may help prevent agents from flying into mountainous
regions and further funnel them toward overwintering locations as observed in the monarch
population. Furthermore, monarchs are known to roost and cluster together during their fall
migration and these roosts have been used to track the migration (Steven M Reppert & Jacobus C
de Roode, 2018; Tracy et al., 2019). This social behavior was not simulated here due to its
increased computational load; however, it could further explain the funneling effect as observed
in the monarch distribution. Despite these limitations, our simple models did capture the essence
of monarch migration based primarily on navigation strategy. It is important to note that our
results are not meant to suggest a definitive model for monarch migration. While our simulations

demonstrate that a simple model of multi-vector navigation can explain monarch migration, it
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does not preclude the possibility that monarchs have undiscovered abilities that allow true

navigation.

To further determine the role of vector navigation, we recommend additional research
along the following line. To date, all published orientation research on monarchs has been done
in Canada and the United States. Most has focused on the northern or central United States
which may not translate to how monarchs behave during the second half of their journey. Since
our models suggest that monarchs that would switch orientation from 225° to 180° from due
north aligns better with observational data than monarchs that do not switch direction, it will be
important to quantify the mean orientation of monarchs in more southern states, such as Texas, to
verify if monarchs indeed switch their mean orientation. Our simulations highlighted the area
east of the overwintering location as a likely funnel point for a major group of monarchs (Figures
4.2 and 4.3). How monarchs orient at this location could illuminate how they reach the
overwintering location. One hypothesis is the beacon effect as simulated here. Another
hypothesis is that monarchs can sense latitude and orientate based on their current latitude by
using their inclination angle magnetic compass (Beason, 1989; Guerra et al., 2014). However,
neither hypothesis has been tested nor is it known if the monarch’s mean orientation shifts

throughout Mexico.

Broadly, true navigation as a strategy is challenging to test in any given species, and the
necessary sensory mechanisms have been equally difficult to ascertain. Displacement
experiments certainly have their place in navigation research, particularly in isolating proposed
sensory mechanisms. However, there are still several fundamental questions that remain
unanswered: does the map sense need to extend globally; how many displacements are needed to

fully test for true navigation; what are the implications of this ability for cognitive spatial
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processing in the animal; and how do the varying hypotheses translate to population level
patterns that can be measured (Putman, 2021)? Our study highlights how agent-based models can
be a powerful and helpful tool to address aspects of these difficult questions. These simulations
are highly configurable and can be parameterized to any model species to test if the hypothesized
mechanism, when applied across a sample of individual agents, results in the patterns observed
in that species. In this way, agent-based models open new possibilities for exploring the multiple

models of sensory and behavioral mechanisms underlying animal migration.
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Star Methods:

Key Resource Table
REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited Data

(iNaturalist

Data on monarch observations  contributors, 2023) https://doi.org/10.15468/d1.6yj5bq
Data on simulation locations This study GitHub: https://doi.org/10.5281/zen0d0.13741315
Data on elevation USGS https://doi.org/10.5066/F7DF6PQS

Data on land cover

Data on human population
density

Buchhorn et al.

CIESIN

https://doi.org/10.5281/zenod0.3939050

https://doi.org/10.7927/H45Q4T5F

Software and algorithms

R version 4.3.3
Code for simulations
INLA

Inlabru

Circular

CircStats

Raster
BBmisc
Sf

Terra

R development team
This study

(Rue et al., 2009)
(Bachl et al., 2019)

(Agostinelli & Lund,
2023)

(Lund & Agostinelli,
2018)

(Hijmans & van Etten,
2020)

(Bischl et al., 2017)
(Pebesma et al., 2021)
(Hijmans, 2022)

N/A
GitHub: https://doi.org/10.5281/zenodo.13741315

https://inla.r-inla-download.org/R/stable

https://github.com/inlabru-org/inlabru

https://doi.org/10.32614/CRAN.package.circular

https://doi.org/10.32614/CRAN.package.CircStats

https://doi.org/10.32614/CRAN.package.raster

https://doi.org/10.32614/CRAN.package.BBmisc

https://doi.org/10.32614/CRAN.package.sf

https://doi.org/10.32614/CRAN.package.terra

Resource availability

Lead contact

Further information and requests for resources and code should be directed to and will be

fulfilled by the lead contact, Mitchell Kendzel (mkendzel@gmail.com).
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Materials availability

This research did not generate new reagents.

Data and code availability

The raw research-grade occurrence dataset for the monarchs is stored on GBIF.org

(https://doi.org/10.15468/d1.6yj5bq). The covariates used in the analysis and simulations were

sourced as follows: Altitude stored on usgs.gov (https://doi.org/10.5066/F7DF6PQS), Land cover

type, stored on zenodo.org (https://doi.org/10.5281/zen0do.3939050), and human population

density, stored on sedac.ciesin.columbia.edu (https://doi.org/10.7927/H45Q4T5F). The raw agent
results, as well as the R scripts to fully simulate, process covariates, and replicate the analysis,

are available at the Github repository (https://doi.org/10.5281/zenodo.13741315)

Experimental model and subject details

The analysis and comparisons were carried out on the volunteer-based, opportunistic
dataset from iNaturalist users who observed monarch butterfly (Danaus plexippus) location
information during the winter months of November, December, January, and February of years

2018, 2019, 2020, 2021, 2022, and 2023.

Method details

Monarch data


https://doi.org/10.15468/dl.6yj5bq
https://doi.org/10.5066/F7DF6PQS
https://doi.org/10.5281/zenodo.3939050
https://doi.org/10.7927/H45Q4T5F
https://doi.org/10.5281/zenodo.13741315
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We used data on adult monarch butterfly locations from the opportunistic sighting dataset
curated by iNaturalist (iNaturalist contributors, 2023). Opportunistic, in this sense, refers to the
unstructured sampling by users of the iNaturalist application. We used only the research grade
and confirmed sightings. These were filtered to the eastern North American monarch ranges east
of the Rocky Mountains during the winter months November through February during years

2018-2023.

Agent-based model

The agent-based model was built using R version 4.3.3 (see listed GitHub for code). A
full list of the packages can be found above, and the parameters required can be found in the
supplement (Table S4.3). The model simulated a moving population through an environment
containing values for elevation and open water bodies. This landscape was large, about 23
million cells aligned in a grid, which limited the number of agents that could be simulated at a
single time. We found that 1000 agents provided enough samples while limiting the length of

simulations to several hours. For a full ODD protocol of the ABM see Chapter III.

Navigation strategies

All agents had two phases: first, the orientation phase, and second, the movement phase.
The results of both phases, a timestep, were independent from each other (although this could be
updated to account for memory). The only difference in the three navigation strategies, (1) true
navigation, (2) vector navigation, and (3) multi-vector navigation, is in the orientation phase. At

the start of the phase, each agent generated a circular, von Mises probability distribution with the
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mean of this distribution as either a constant angle (vector and multi-vector navigation strategies)
or dynamic and always pointing toward the goal (true navigation). The concentration of this
distribution around the mean (the reciprocal of variance in a normal distribution), k, was the
same for each agent, set at 1.225 regardless of navigation strategy, based on monarch orientation
accuracy (Mouritsen et al., 2013). Agents would select a direction from this distribution during
their orientation phase. After the selection, agents moved in that direction. Given the resulting
orientations selected were a product of these distributions, there is variation in the direction

chosen. The trace of all steps taken represents the migration of an individual agent.

Landscape effects

The landscape in which the agents moved through was gridded at 1 km?. Each step
resulted in a displacement of 1 of these grided cells. The grid was populated with values
representing elevation in meters or water body presence. At each orientation phase, agents
considered the values of the 8§ cells directly surrounding them, then converted their values into
probabilities using a min-max normalization with the max value approaching 2 and the minimum

value approaching 0.016.

(altitude;—max altitude)*(2—0.016)
max altitude—min altitude

normalized = 0.016 +

; equation 1

Cells of lower altitude were given values above 1 (more likely to move toward) while those with
higher altitudes or water bodies took on values below 1 (less likely to move toward). The
original von Mises distribution was then modified by taking these normalized values,
multiplying the probability at each angle corresponding to the cell’s location, and then re-

generating a new distribution with the modified probabilities. In this way, agents consider their
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original mean migratory direction, the probability to go in that direction, and the surrounding

landscape when making a movement decision at each step of their migration.

Eastern North American monarch simulations

All agents were assigned a start location randomly selected within the summer breeding
range for eastern North American monarchs. The shape of this area was based off a previous
study that looked at migratory monarchs in summer and year-round breeding sites (Satterfield et
al., 2015) and the shape file can be found in the GitHub repository linked above. Each agent was
followed for 6,700 steps, which was calculated to ensure that each would have an average
straight-line displacement from their start location of 4,500 km (the maximum range of the
eastern North American monarchs) (Mouritsen et al., 2013; Steven M Reppert & Jacobus C de

Roode, 2018).

0.5

max steps = 4500/e~%5%; equation 2

Equation 2 considers the accuracy of the agents, &, and ensures that each has enough steps to

reach the overwintering location.

The overwintering location was at latitude:19.5905 and longitude:-100.3087. A buffer of
varying sizes was drawn around this location. If agents were in this buffer, then their mean
orientation was always pointing toward the overwintering location, while if they were outside of
it, they had a constant orientation. For true navigation, the buffer was large enough to encompass
the entire study region, and thus, they always oriented toward the overwintering location. For

vector and multi-vector strategies, the buffer varied in size with a radius of 30 km to 240 km.
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Once agents were within 10 km of the overwintering location, they were considered to have

reached the overwintering site and we stopped tracking additional steps in their migration.

Quantification and statistical analysis

In order to statistically compare the resulting spatial point pattern of simulated locations
to point locations of observations within iNaturalist, we used a point-process model to
characterize the spatial density associated with either reported monarch sightings or the locations
of agents. Specifically, we used a log-Gaussian Cox process (LGCP) model (Moller et al., 1998)
with the approach developed by Simpson et al. (2016, 2017) and Illian et al. (2012). In these
models, observation locations are derived from an underlying spatial point process, with first-
order (mean) patterns modeled via an intensity surface, which provides the expected rate of an
observation at each location within the study region. We estimated these intensities allowing
dependence on local landscape covariate information for altitude, human population density, and
habitat type. We fit a hierarchical Bayesian model using integrated nested Laplace
approximations to estimate the full spatial posterior predictive distribution of locations. For
model selection, we used the deviance information criterion (DIC) (Spiegelhalter et al., 2002)
and found that habitat type alone had the most predictive capabilities while balancing model
complexity (Table S4.1). To compare between our simulation and observation distributions we
calculated a relative risk ratio surface (i.e., the ratio of intensity function values, i.e., the local
expected numbers of observations at a given location, between each of two different models).
The relative risk surface showcases local differences between observed and each of the model-
based expected spatial intensity functions (Bithell, 1990). Finally, we provided general data

exploration and summarization of quantities of interest such as percentage of individuals



reaching migration goal. All models were fitted with the R-packages “INLA” and “Inlabru”

(Bachl et al., 2019; Rue et al., 2009).

Supplemental Information

Table S4.1: DIC values for each model

Model DIC

Habitat -106581.80
Habitat and Elevation -105925.11
Habitat and Human Density -105925.10
SPDE only -43753.50
Elevation -43595.13
Human Density -42928.19
Elevation and Human Density 82648.30
All covariates 130689.92

Table S4.2: Relative mean squared error between simulations and monarch observed distribution

Relative Mean Squared Error

Model (RMSE)

Vector Navigation, k = 1.225 3.73
Vector Navigation, k = 0.61 3.24
Multi-vector Navigation, k= 1.225 4,12
Multi-vector Navigation, k= 0.61 4.17
True Navigation, k= 1.225 948
True Navigation, k=0.61 4.5




Table S4.3: Model Parameters

Monarch
Parameter | description Monarch case study Source
0 Orientation Selected Updated at each step -
Yang et al.,
T Total time 60 2016
Mouritsen
and
total number of steps Mouritsen,
Ns available for migration Equation 2 2000
number of steps per time
S unit T/ Ns Ns/T
A Study area based on observation data  iNaturalist
based on publicly
available overwintering Xerces
D Destination location locations Society
based on summer Yang et al.
Lo Start location breeding range 2016
Mouritsen
and
circular distribution Mouritsen,
k concentration 0.66, and 1.225 2000
Mouritsen
and Frost,
u mean direction 225 2002
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Monarch observed distribution
with habitat as a covariate

35°N

25°N

15°N
120°W 100°W 80°W

Figure S4.1: Results of simulations using k = 0.61. Outlined panel is the observed monarch

Vector navigation Mult-vector navigation True navigation

45°N

35°N
I
og(ean)

25°N

15°N
120°W 100°W 80°W 120°W 100°W 80°W 120°W 100°W 80°W

45°N

35°N

25°N 25°N

15N 15°N 15°N

Valve Range: 5107 -10 Value Range: 4107 -10 Vakie Range: -4109 -10
120°W 100°W 80°W 120°W 100°W 80°W 120°wW 100°W 80°W

distribution whose fit is compared to all simulations. Simulations failed to reach the
overwintering location in high numbers and failed to reach Mexico in expected numbers.
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CHAPTER V - CONCLUSIONS

Proper navigation is important for animals to successfully move through their
environment. Determining the mechanism responsible for successful movement requires an
extensive understanding of how animals navigate and the factors that contribute to the success of
that movement. This dissertation provides two frameworks helpful in the study of migration and
navigation: 1) a list of cohesive terminology (Chapters I and 11) and 2) a statistical methodology

(Chapters 111 and 1V).

The provided cohesive navigation terminology has the goal to simplify definitions of
each navigation strategy regardless of taxa or scale the behavior is used in. First, | define the
multiple different strategies appearing in varying literatures and then I review the unique
properties of each that are important to consider and be controlled for when designing
experiments. In this way, I provide a “road map” of considerations, experimental designs, and
data needed to determine a used navigation strategy, with an emphasis on limitations and broad
applicability (Chapter 1: Box 1). Additionally, | review and highlight commonly ignored factors
in successful migration: parasitism and landscapes that can shift migratory populations. To date,
Chapter II’s paper serves as the only single publication that defines and utilizes each of the seven
relationships between a migrating species and their parasite, and Chapters 111 and 1V are the only
examples of models that can incorporate landscape into the prediction of migratory populations
under varying navigation strategies. As such, both frameworks highlight the importance of
incorporating these relationships in future studies of migration, specifically studies on migration

successes, migratory drivers, and maintenance of the migration behavior.
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Finally, using the monarch butterfly as a case study, I use the proposed navigation
nomenclature and the statistical framework to test which navigation strategy the migratory
butterfly most likely uses during its four-thousand-kilometer journey. By simulating populations
under the varying navigation hypotheses, | find that the observed spatial distribution of monarchs
after their migration more closely aligns with models for vector and multi-vector navigation, a
result that further supports previous research and contradicts long-standing assumptions in the

field (Mouritsen et al., 2013; Oberhauser et al., 2013).

Future directions

The validation of the new statistical framework and the statistical power to detect
differences in the data simulated for migratory populations is currently unexplored and thus ripe
for quantitative study. Specifically, there are two sources of uncertainty in the proposed
statistical framework: 1) it is currently difficult to ascertain the appropriate sample sizes needed
to model navigation strategy from the tracking studies discussed and 2) the predicted surfaces for
both the observed and simulated patterns are estimates and thus have associated error around
those estimates. However, the proposed framework provides a methodology to both estimate the
power for the data we already have and incorporate inference based on the intensity estimates.
For example, | can simulate and quantify the patterns of migration under the varying navigation
strategies, which provides populations of migrants whose total paths, locations, and resulting end
location is known. Subsampling these data sets based on location, timing, or in such a way to
imitate real-world sampling efforts could highlight when, where, and how many samples of a
given species are needed to detect signals of the different strategies. Furthermore, given the

intensity surfaces used to quantify the observed and simulated patterns were generated using a
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Bayesian framework, the posterior distributions for each point estimate can be used to calculate
the spatial contour of where these distributions are significantly different when calculating the
relative risk ratio. Specifically, Monte Carlo randomization tests are commonly used to compare
two posterior distribution estimates by subsampling both distribution and calculating the
probability that the observed difference occurred by chance. These model performance studies
can attract cross-disciplinary collaboration and encourage researchers without movement
behavior backgrounds to study the causes, drivers, and methods that animals use to move and
navigate. Additionally, studies can begin to systematically identify navigation strategies in

systems that previously provided contradicting results.

Furthermore, throughout the case studies, consistent issues were found regarding data
quality that can be corrected for in future designed experiments. Specifically, opportunistic data,
the highest resolution data available for most species, is particularly biased given it is sampled by
volunteers and there is no sampling structure to it. The species distribution models used,
particularly Log-Gaussian Cox Process models, can be allowed to integrate sampling effort into
their predicted surfaces. In this way, the models provided in Chapters Il and IV can be further

refined to account for the preferential sampling inherent in the data.

Finally, incorporating parasitic relationships and the costs of parasitism on movement
could further strengthen the results between observed and simulated migration patterns. Agent-
based models are incredibly customizable and can integrate varying considerations such as
energy budgets (Liao et al., 2021), fitness (Hayes & Gruter, 2023), and disease dynamics
(Shoukat & Moghadas, 2020). An important consideration introduced in Chapter Il is “migratory
culling” whereby individual migrants fail to migrate due to the imposed cost of parasitism. Often

this is theorized by lower energy availability (see Chapter I1), which can be simulated by altering
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energy budget parameters so that infected agents either are less efficient with their available
energy or have less overall for movement. Another mechanism hypothesized to explain the
culling is that parasitism has cognitive costs for migrants and that they are less accurate when
navigating compared to healthy migrants. ABMs could incorporate this by simulating individuals
who are less accurate as done in Chapters 111 and 1V. In fact, both chapters found that lowering
accuracy of the agents resulted in less reaching important habitat associated with the migration.
In these ways, ABMs can be parameterized to a wide range of species interaction simultaneously

that otherwise would be difficult to express mathematically.

Overall, I hope that this dissertation and the frameworks it provides will help researchers
integrate individual-level behavioral assays with real-world and simulated population-level data.
The integration of these studies can begin to fill gaps in navigation research imposed by the scale
of the behavior, the taxa, and the movement behavior of interest. It is my hope that comparisons
between all three will help further our understanding of animal navigation, migration, and raises
the bar in assigning true navigation beyond assuming that animals must be it if they reach small

specific areas from far away.
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