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Abstract
Understanding how monarch butterflies move through heterogenous landscapes is

essential to understanding their persistence in these habitats as well as their habitat preferences.
Butterflies, in particular monarch butterflies, are some of the most studied insects. Despite the
great interest in eastern monarch butterfly (Danaus plexippus) conservation and their host plant
common milkweed (Asclepias syriaca), little research on monarch butterfly movement exists. In
this study, we tracked butterfly movement and behavior through three meadows in eastern
Massachusetts with large milkweed patches and known monarch butterfly populations.
Subsequently, we quantified the effect of individual butterfly traits (wing wear and sex) and
environmental factors (milkweed density and study site) on movement parameters. We found
that the youngest butterflies spent the least time at rest but age groups did not differ in mean step
lengths or mean cosine of turning angles. Females and males did not exhibit significantly
different movement parameters and spent similar percentages of their time flying, nectaring, and
siting. Milkweed density at move start did not significantly impact step length or turning angle.
Butterflies took the shortest steps in high milkweed density habitats and longest in medium
milkweed density habitats, though differences were not significant. However, butterflies sat the
longest following movement from an area of low milkweed density. The effects of habitat
quality on butterfly movement seen in this study were weaker than shown in previous research of
butterfly movement. Study site significantly affected turning angles but not butterfly sit time or
step length pointing to nuanced differences between study sites. In addition to studying
movement parameters, we also tested if monarch butterflies follow a correlated random walk
when moving through heterogenous habitats. Female monarchs were much more likely to follow

a correlated random walk than males. This finding agrees with similar studies on lepidopteran



Alexandra Wolf 3

movement. Overall individual traits and environmental factors affect monarch butterfly behavior
and moment less than expectations from previous research. Perhaps additional butterfly traits or
a different method of defining milkweed abundance could reveal stronger predictor variables.
Key Words

Danaus plexippus, breeding adults, heterogenous habitats, movement, habitat quality, Asclepias
syriaca, sex differences, wing wear, correlated random walk

Introduction

Understanding which factors affect species movement through heterogenous landscapes
is essential for understanding their persistence in these habitats. An individual’s movement
patterns affect their ability to collect resources, avoid predation, and reproduce, each of which
ultimately impacts population survival (Brown and Crone 2016; Nathan et al. 2008; Plazio et al.
2020). Identifying causal factors is particularly important for endangered and threatened species
such as monarch butterflies (Nathan et al. 2008). In 2020 the U.S. Fish & Wildlife considered
adding monarch butterflies (Danaus plexippus) to the endangered species list; thereby increasing
the urgency to understand how monarchs interact with the diverse habitats where they live (U.S.
Fish & Wildlife).

Ecologists use a variety of methods to measure and analyze animal movement. However,
butterfly biologists most often map flight paths and analyze components related to isolated
moves (Kareiva and Shigesada 1983; Odendaal et al. 1989; Shultz et al. 2012; Zalucki et al
1982). Movement parameters most often include step lengths, turning angles, and sit times. The
distance between resting points, the directional change in movement, and time between moves

respectively.



Alexandra Wolf 4

Monarchs exhibit morphological and physical sex-based differences that may affect
movement. It is important to test if sex affects movement and behavior because non sex
segregated movement data can mislead conclusions (Brown and Crone 2016; Plazio et al. 2020;
Sielezniew et al. 2020). Sex differences in behavior and habitat preferences also exist across a
variety of lepidopteran species (Smith et al. 2019; Plazio et al. 2020). Monarch butterflies exhibit
visible and physiological differences between sexes (Brown and Crone 2016; Davis and Holden
2015; Plazio et al. 2020; Smith et al. 2019). Females are smaller, have thicker wings, and lower
wing loading estimates (function of wing surface area to weight) than males (Davis and Holden
2015). Other lepidopteran species exhibiting similar sex based physiological differences
interreacted with landscape topography significantly differently (Plazio et al. 2020). Previous
research in laboratory and controlled environment studies also demonstrated variation between
female and male monarch behavior (Zalucki and Kitching 1982; Garlick 2007). Based on
previous research we expected monarch movement to vary with sex. In this study we consider
the effect of monarch butterfly sex on movement and behavior in natural settings.

Wing wear is also likely to affect monarch butterfly movement. Wing wear is a
commonly used qualitative measurement of scale loss or wing tears used to approximate
butterfly age (Rhainds and Brodersen 2012). Little research exists directly analyzing the effects
of wing wear on butterfly movement parameters. However, it is commonly believed that wing
wear’s direct effects (tears and scale loss) impair flight abilities. Further age is a significant
factor in predicting movement and behavior in numerous other taxa (Austin et al 2004; Frankish
et al. 2020). In this study we explore the relationship between wing wear and monarch

movement and behavior.
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Movement ecologists often consider environmental factors such as study location and
resource distribution on animal movement. Habitat quality, a combination metric of resource
abundance and topography, is a key indicator for how butterflies and other organisms interact
with and move through habitats (Schultz et al. 2012). Extensive research exists on insect
movement and behavior in relation to resource abundance with common trends (Crone and
Schultz 2012; Haynes and Cronin 2006). Typically, animals move more slowly through and
spent more time in areas with high resource abundance (Haynes and Cronin 2006).
Understanding butterfly interactions with different habitats is key to understanding large scale
population dynamics (Luke et al. 2020; Mcintire et al. 2013; Shultz et al. 2012; Schultz and
Crone 2001). Baltimore checkerspot butterflies (Euphydryas phaeton) and multiple other
lepidopteran species interact with different landscape features in significant ways (Brown and
Crone 2016; Plazio et al. 2020). For example, large dusky blue females avoid hills and
researchers suspect their heavier bodies make uphill flight more difficult (Plazio et al. 2020). In
this study we consider the relationship between monarch butterfly movement and two
environmental factors: habitat quality (i.e. a metric of milkweed density) and site location.

Understanding the connection between monarch butterfly movement and natural habitats
is essential for their preservation. Current monarch butterfly conservation efforts call for an
increase in milkweed plantings, yet few studies explore monarch behavioral and movement-
based interaction with milkweed in the wild (Gant et. al. 2018). A previous work by Zalucki and
Kitching explored monarch sex differences in movement within a designed milkweed matrix
(Zalucki and Kitching 1982). They followed 18 monarchs and found that females were most
active in and spent the most time in patches of sporadic young milkweed plants. Additionally,

males in Zalucki’s study moved more directionally, traveled farther between landings, and flew
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faster than females. We also expected monarch butterflies to interact with natural habitat features
such as site geometry and milkweed abundance in distinct ways. In this study we compare
monarch movement in habitats differing in milkweed abundance and location.

Both individual traits and environmental factors may affect monarch butterfly movement
and behavior. To explore these factors, we followed wild monarch butterflies in the field and
documented their movement and behavior at regular intervals. We expected sex and wing wear
to affect monarch movement. Specifically, we predicted females would have shorter step lengths,
longer turning angles, and longer sit times than males. We also expected older butterflies to sit
for longer and have straighter paths, smaller mean cosine of turning angles and shorter step
length. Finally, we expect variation in movement patterns across sites with distinct geometries
and in areas with different milkweed abundance. Based on patterns in other butterflies we predict
slower movement, more turns, shorter step lengths, and longer sit times in narrow meadows with

abundant milkweed.

Methods

Species
In North America, monarch butterflies (Danaus plexippus) migrate from overwintering sites

in California and Mexico up to the northeastern United States and southern Canada for breeding.
Here we focus on the breeding monarchs present in eastern Massachusetts in during summer
months (Late June — August). (See Figure 1 for site locations.) Many butterfly species including
monarchs exhibit morphological sex differences that affect their movement. For example, male
monarch butterflies have larger wings and lighter bodies than females (Davis and Holden 2015).
Monarchs may also interact with host plants differently depending on sex. Female monarchs

oviposit exclusively on milkweed species, most commonly Asclepias syriaca, and males often
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patrol milkweed patches in search of mates (Grant et al., 2018). Both sexes are generalists and
nectar on a variety of flowering plants presence in the northeastern United States (Brower et al.

2006; Lincoln et al., 2006).

Figure 1: Map of Massachusetts with Study Site Locations

Legend:

D: Delaney Flood Control Site 3000-4500 Ft.
M: Mattison Field 1800-3000 Ft.
C: Charles River Penninsula 1200-1800 Ft.
T: Tufts University 600-1200 Ft.
300-600 Ft.
150-300 Ft.
0-150 Ft.
L
Study Sites

Tufts University PhD candidate Atticus Murphy and | conducted this research in three
distinct meadows in eastern Massachusetts: Charles River Peninsula in Needham MA (hereafter
Charles River), Delaney Flood Control Site in Stowe, MA (hereafter Delaney), and Mattison
Field in Concord, MA. Charles River (Figure 2A) had abundant milkweed species,
predominantly common milkweed (Asclepias syriaca) in a gently rolling meadow. Trees (mostly
Oak) provided a shady patch in the middle of the meadow and formed edge barriers where the
land met the river. Delaney (Figure 2B) had two main milkweed patches growing on a steep
slope between a dirt walking path and thick forest. The site also includes a still body of water,

large very dry flat area, and forest. We released all butterflies at the edges of the two main
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patches, despite catching some butterflies in the dry flat area for consistency. Lastly, Mattison
Field (Figure 2C) was a large slightly slopping meadow with mowed walking paths encircling

the meadow (separating it from forested areas and road).
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Figure 2B: Map of Delaney Flood Control Center, Stowe MA
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Figure 2C: Map of Mattison Field, Concord MA
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Data Collection

To investigate habitat specific movement, we captured wild monarchs at each site and
released them at milkweed patch edges in their site of origin. By site the number of individuals
studied were Charles River (n=21), Delaney (n=31), and Mattison Field (n= 24). Monarchs were
netted, placed in containers, and cooled for 10-20 minutes or until appropriately slowed for

handling. Subsequently, individuals were marked with unique color codes using gel pens and
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individual information was recorded: time of capture, time of cooling, sex, wing wear, and time
of release. Environmental data were also recorded at time of cooling: cloud cover, perceived
wind presence, observers, site, and date. Wing wear is a commonly used index of wing scale loss
for estimating butterfly age (Rhainds and Brodersen 2012). Here we used numbers 1-5 where

lower numbers indicate lower damage and younger estimated age.

After butterfly and environmental data recording the butterfly was returned to the cooler for
5 minutes then brought to a patch edge for release and study. Milkweed patches were defined as
isolated areas of dense milkweed plants. Butterflies were released at edges between areas of high
milkweed density and grassy areas with a very low density (less than 1-2 stems per 100m?) This
process of capturing, cooling, and marking has been shown to have negligible impact on release

behavior (Schultz et al. 2001).

Upon release both observers followed the butterfly and collected data every 10 seconds on
butterfly location and behavior. A numbered flag was placed at each movement location and
later recorded with GPS (Timble Geo 7X). Butterflies of both sexes were followed until lost or
until 31 flags were placed. On July 12, 2021 we decided to prioritize searching for and following
female paths as we had a disproportion number of male paths already documented. From this

date (7/21/2021) forward we followed males for 10 minutes and females for 31 flags or until lost.

To analyze path step length and turning angles we converted GPS coordinates from longitude

and latitude to UTM.
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Milkweed Index Calculations

In addition to recording each numbered flag with a GPS, | measured from each flag to the
three nearest milkweed (Asclepias syriaca) plants (within 5.0m). I chose 5.0m as the cut off
distance for measurement accessibility and further explore monarch perceptual range abilities. In
previous laboratory-based research, monarchs used olfactory and visual cues to locate milkweed
plants within at least 140cm of a plant (Garlick, 2007). Using the milkweed distances, |
calculated the harmonic mean of milkweed distances. I divided the means in low, medium, and
high milkweed distance categories (Table 1). I used the milkweed density index as a main effect

in subsequent analysis.

Table 1: Milkweed Density Index

Category Milkweed distance Range
Low > 500 cm

Medium 100- 500cm

High < 100cm

Analysis of Movement Parameters

We tested the affect of individual butterfly (sex and wing wear) and environment (study
site and habitat quality) on movement parameters. As previously described, we recorded
butterfly paths and marked movement locations with number flags. Each change to a new
location is a path move (hereafter move or moves). Ecologists studying butterfly movement often
quantify movement using step lengths, turning angles, and sit times derived from moves (Schultz
and Crone, 2001, Odendaal and Stermitz 1989, Franklin et al. unpublished manuscript, Schultz et
al., 2012, Zalucki and Kitching 1982). Step length is the shortest distance between flag points.

Turning angle is the directional change in movement between flag points. We transformed
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turning angles taking the cosine to consider magnitude of turns rather than direction change. Sit

times are the amount of time spent at a flag between movements.

We evaluated these movement parameters using a GLMM with random effects of
individual. We tested for significance with a series of likelihood ratio tests, implemented with the
Anova() function. Cumulatively we tested if four predictor variables (sex, wing wear, milkweed
density, and study site) interacted with three response variables (step length, turning angle, and

sit time).

We first checked that the predictor variables did not interact with each other as some
previous studies of butterflies have found that males show more signs of age than females of the
same age (Rhainds et al., 2012). We found little evidence of interactions between predictor
variables, so we analyzed each factor individually for clarity of presentation. To evaluate the
directional change in movement we used the mean cosine of measured turning angles. Lower
mean cosine values indicate more tortuous paths. Mean cosine of turning angles were scaled to
range from zero to one (non-inclusive). Data were next logit transformed to meet the assumption
of normal distribution then tested for significance using a p value of 0.05. We then used the
emmeans function to estimate marginal means for the movement parameters with post hoc
comparisons for means among groups. We included unique butterfly IDs as a random effect in

all models and used R version 4.0.3 for all statistical analyses (R Core Team 2020).

Behavioral Time Budgets
To compare behavioral differences between female and male butterflies we compared

proportions of time spent in each behavioral state (flying, sitting, and nectaring) by sex. We

logit-transformed data to maximize the fit of the model. We then used generalized linear mixed
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effects models (GLMMSs) to compare proportion of time spent in each behavioral state between

the sexes.

We created two analysis for each behavior one excluding female specific behaviors

(ovipositing and investigating) and one including female specific behavior.

Results

Overview

Cumulatively we studied 79 individual butterflies across the three meadows. We

followed 39 females (totaling 474.5 minutes) and 40 males (totaling 236.2 minutes). 10

butterflies were followed for more than one flight path. We followed the same cooling and data

collection procedure with the 10 repeated butterflies for each path followed. Additionally, we

measured milkweed distances for 47 distinct paths with 4 butterflies followed more than once.

We collected data between July 15, 2020 and August 20, 2020. Global land and ocean

temperature were 1.76°F above the 20" century average in 2020 (NOAA). See Table 2 for

weather conditions by site and month. Tropical storm Isaias hit Massachusetts on August 4, 2020

causing tornado warnings throughout the state. No tornado touch downs were reported near our

study sites. High winds were reported near our study sites.

Table 2: Average Temperatures and Precipitation at Study Sites (Weather Underground
historical weather records)

Needham, MA

August

Site and Location Month Average Temperature | Total Precipitation
(°F) (in)
Mattison Field, July 74.9 2.89
Concord, MA August 71.6 3.45
Delaney, Stowe, MA | July 74.5 2.79
August 72.3 4.59
Charles River, July No available data No available data




Movement Parameters
Environmental Characteristics

Study Sites
Mena cosine of turning angle differed significantly among study sites (Chi Squared =

11.9, Df = 2, p= 0.0026) with the largest turning angles at Delaney and the smallest at Mattison
field (Figure 3A). Step length did not vary among study sites (Chi Squared =4.34, Df=2,p =
0.11) or sit time (Chi Squared = 2.85, Df= 2, p = 0.24) however butterflies took the short step
and sat the least at Delaney (Figure 3B and 3C). We also investigated path ID (an indicator of
which individual butterfly and which time released) as a random effect in this analysis but found

that it was not a significant predictor (Chi Squared = 4.25, Df =2, p = 0.12).

Figure 3A: Cosine of Turning Angle by Site
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Figure 3B: Step length by Site
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Figure 3C: Sit time by Site
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Milkweed Density

To investigate milkweed density, we created two models: harmonic mean of milkweed
distances at move start points and harmonic mean of milkweed distances at move end points. We
compared the models via an AIC Test. The lowest AIC value indicates the best model. The
harmonic mean of starting location milkweed density was a better model for step length, cosine
of turning angle, and sit time (Table 3). The difference between the AIC values was greater than
2 for each of the model comparisons indicating that the move start point model is a substantially

better model than the move end point model.

Table 3: Comparison of Milkweed density Harmonic means at move start and end points.

Asterisk (*) indicates statistically significant binomial test p value (p<0.05).

Model Movement | Chisquared | Df p AlIC dAIC
Parameter
Move Start | Step length | 2.88 2 0.237 3510.9 0
harmonic Turning 3.11 2 0.211 2010.7 0
mean angle
Sit time 205.79 2 < 2.2e-16 9216.0 0
*kk
Move End Step length | 6.70 2 0.035 * 3609.4 98.6
harmonic Turning 1.78 2 0.411 2018.2 7.5
mean angle
Sit time 179.72 2 < 2.2e-16 9218.9 2.9
**%k

Milkweed density at move start point

Butterfly sit time varied significantly by milkweed density at move start point (Figure

4A). Butterflies sat the longest following movement from an area of low milkweed density. Step

length and cosine of turning angle did not vary with milkweed density at move start (Figure 4B

and 4C). Butterflies took the longest steps (mean = 13.3m +/1 1.2m) in medium density

milkweed environments and had very similar average step lengths in high- and low-density
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milkweed environments (11.7m +/- 1.1m and 11.6m +/- 1.3m respectively). Butterflies flew in
the straightest paths in high density patches and flew with the least directional persistence in low

density patches.

Figure 4A: Sit Time by Milkweed Density at Move Start
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Figure 4B: Step Length by Milkweed Density at Move Start
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Figure 4C: Cosine of Turning Angle by Milkweed Density at Move Start
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Milkweed density at move end point
Step length differed significantly with milkweed density at move end point (Figure 5A).

Butterflies took the longest steps (mean = 14.2 m +/- 1.3m) when ending in medium density
areas and the shortest steps (mean= 11.2m +/- 1.2m) when ending in high density areas. Sit time
also varied with milkweed density at move end point (Figure 5B). Butterflies sat for the shortest
time periods when ending in medium density areas. Butterflies sat for nearly equal periods of
time when ending in either low- or high-density areas. Mean cosine of the turning angles did not
change with ending milkweed density, but butterflies tended to take the largest turns in low

density areas (Figure 5C).



Figure 5A: Step length by Milkweed Density at Move End
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Figure 5B: Sit Time by Milkweed Density at Move End
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Figure 5C: Cosine of Turning Angle by Milkweed Density at Move End
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Individual Traits

Sex
Female and male butterflies did not significantly differ in their step lengths (Chi squared

4e-04, df=1, p=0.9844), cosine of turning angles (Chi Squared =0.0086, Df = 1, p=0.926), or sit
times (Chi Squared = 0.71, Df= 1, p=0.399). Generally, males rested more than females (Figure
6C), but the sexes were nearly evenly matched on average step lengths (females: mean 12.1m +/-
1.15m, males: mean 12.1 m +/- 1.3m) (Figure 6A) and cosine of turning angles (Figure 6B).

Females and males exhibited nearly identical directional persistence patterns.



Figure 6A: Step Length by Sex Impact on Movement Parameters
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Figure 6C: Sit Time by Sex
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Sit time differed among wing wear scores with marginal significance (Chi Squared =
9.327, Df = 4, p= 0.053) with the youngest sitting the least (Figure 7A). Step length did not vary
with wing wear score (Chi squared = 4.145, Df= 4, p= 0.387, Figure 7B). Mean cosine of turning
angle also did not vary with wing wear scores (Chi Squared = 8.03, Df = 4, p=0.090, Figure 7C).
Generally, the youngest butterflies took the longest steps and rested the least. Wing wear also

increased over study time indicating that we were still following breeding monarchs (Figure 8).
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Figure 7A: Sit Time by Wing Wear Score
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Figure 7C: Cosine of Turning Angle by Wing Wear Score
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Figure 8: Average Wing Wear Scores Over Time
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Behavior

Time Budgets
Females and males spent similar proportions of their time flying (Chi squared = 0.329, df=1,

p=0.57), 13.8 % +/- 3.2% and 16.9% +/- 4.3% of observed time respectively. When accounting
for female specific behavioral time allocations butterflies still did not vary significantly (Chi
Squared = 0.219, Df = 1, p=0.640) spending 14.3% +/- 3.3%(females) and 16.9% +/- 4.3%
(males) of their time flying.

Females and male spent distinct but not significantly different proportions of time nectaring
(Chi Squared = 0.725, Df=1, p= 0.395). Females spent 18.6% +/- 9.3% (mean +/- SE) of their
observed time nectaring while males spent 8.1% +/- 7.0% (mean +/- SE) of their time nectaring.
After excluding female specific behavior, the difference was again non-significant due to the
large standard error (Chi Squared 0.846, Df=1, p = 0.358). Females spent 19.9% +/- 9.84%
(mean +/- SE) of their time nectaring while males spent 8.1% +/- 7.0% (mean +/- SE) of their

time nectaring.

Discussion and Conclusion

Butterfly behavior varied less with environmental factors than expected based on
previous research. Mean cosine of turning angle varied significantly with study site. Step length
and sit time did not vary with study site. Butterflies made the largest average turns at Delaney
Flood Control Center. Interestingly, Delaney’s meadow is a long narrow rectangle with a steeply
elevated dirt path separating two narrow grassy areas. Thick forest patches border both grassy
areas to the side with a water feature at one end and dirt parking lot at the other. In contrast,
Mattison Field and Charles River are large square meadows with minimally sloping topography

throughout. Forested areas and roads surround both Mattison Field and Charles River. Previous
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research on other butterflies (M. nausithous and M. teleius) found butterfly movement changed
in response to topography, particularly slopes and water features (Plazio et al. 2020). M.
nausithous and M. teleius females avoided hilly areas because their morphology and physiology
did not favor it (Plazio et al. 2020). Female monarchs share similar body morphologies (heavier
bodies and smaller wings), so we expected to see variation in how females and males interacted
with the environment (Davis and Holden 2015). Additionally, monarch butterflies flying in
meadows usually do not cross high contrast edge boundaries such as forests (Ries and Debinski
2001). Since all three meadows are bordered by high contrast edges (i.e. forests and roads) the
study site shapes likely affected monarch movement as in seen in our results. Overall, our results
indicate that meadow shape and topography are important factors monarch movement.

Habitat quality, as defined by milkweed abundance, was not a significant predictor of
monarch movement in our study. Typically, organisms move more slowly in high quality
(resource dense) areas (Brown and Crone 2016; Frankish et al. 2020; Haynes and Cronin 2006;
Shultz et al. 2012). We anticipated butterflies would take larger turns, shorter steps, and sit for
the longest in high quality habitats based on patterns in other butterflies. In contrast we found
that butterflies flew in the straightest paths and sat the least in high quality habitats. They also
took similar step lengths in high and low density areas. Perhaps lack of variation in high,
medium, and low milkweed abundance across sites influenced the overall interactions analysis.
For example, Delaney’s milkweed patch had clear edge boundaries but Mattison field and
Charles River had more consistent milkweed density throughout the sites. (See Figures 2A- 2C
for visual comparison.) Past research found that Fender’s blue butterflies behaved differently at
patch edge boundaries (Schultz et al. 2012). While we did not consider edge behavior in this

paper including edge behavior as a factor in future research may reveal patterns in monarch
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movement. Additionally, models that include edge behavior are often better predictors of
monarch movement (Grant et al. 2018; Hudgens et al. 2012). Other Crone lab members plan to
explore monarch reactions to edge boundaries in future research.

We considered monarch perceptual range in habitat quality analysis. Another
lepidopteran species, gypsy moths (Lymantria dispar dispar), can detect odors within 100m of
their location and change behavior in response to these olfactory cues (Cardé and Willis 2008).
In laboratory settings monarchs responded to olfactory cues of milkweed plants with 1.40m
(Garlick 2007). In outdoor environments wind also affects insect olfactory perception and is thus
relevant to our research (Cardé and Willis 2008). To account for the possible range of monarch
olfactory perception and wind impact | used the harmonic mean of the distance between the 3
nearest milkweed plants and flight path points. | only measured plants within 5.0m of a flight
path point. | created a milkweed density index with categories low, medium, and high density
milkweed. | defined low density as plants 5.0 or more meters beyond butterfly location, medium
density as plants located 1.0 to 5.0 meters from butterfly location, and high density as within 1.0
of less of butterfly location. We considered multiple models for milkweed distance means and
ultimately decided to use the harmonic mean of milkweed distances at butterfly start location.
We did not use arithmetic means of either start of end location because such a value would not
consider the strong impact of sitting directly on a milkweed plant. The olfactory sensation of
sitting on a milkweed plant may overpower other scents in the near vicinity and would be
interesting to test in future research. We used harmonic means in this study to account for the
stronger odors of closer plants. Additionally, we used an AIC test to compare harmonic means of
milkweed density at move start and ends points. We found that harmonic means of milkweed

density at move start point was a better predictor of movement than end point density for all
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movement parameters (step length, cosine of turning angle, and sit time). While not explicitly
stated in most papers, several other studies also use start point habitat quality to predict insect
movement and behavior (Schultz and Crone 2001).

Individual butterfly traits also did not affect movement parameters as anticipated. In
many species sex-based differences in morphology and lifestyle result in behavioral differences
(Austin et al. 2004; Brown and Crone 2016; Smith et al. 2018). Based on previous research in
butterflies, we expected female monarchs to take shorter step lengths and exhibit larger cosine of
turning angles, as well as sit longer than males (Brown and Crone 2016; Odendaal et al. 1989;
Plazio et al. 2020). However, step length, cosine of turning angle and sit time did not vary
between sexes. Interestingly, while not statistically significant, males spent more time at rest than
females. We also noted that a few males could often be found on the same nectar plants each day
at both Mattison Field and Delaney. For example, male BSR at Delaney nearly always flew
around the same spotted Joe Pye weed (Eutrochium masculatum) plants and retuned to these
plants even after capture.

Movement and behavior patterns vary between sexes in many insect species (Smith et al.
2018). Similarly, monarch females and males have different wing and muscular structure. We
expected females and males to spend significantly different proportions of time in different
behavioral modes. However, we found little variation in the time females and males spent flying
and nectaring, even when excluding female specific behavior (ovipositing and investigating).
While we followed a nearly equal number of females and males (n= 39 and n= 40 respectively),
but due to limitations in field crew size we cumulatively followed females for nearly twice as

long as males (474.5 minutes and 236.2 minutes total). Such variation may affect our time-based
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results. In future research we would recommend following both sexes for equal amounts of time
if possible.

Wing wear, the amount of scale and wing damage, is a commonly used method to
estimate butterfly age. Monarch sit time varied with wing wear. Step lengths and cosine of
turning angles did not vary among butterflies with different wing wear scores. To our
knowledge, little research exists on the relationship between butterfly wing wear and individual
movement. Despite difficulties in measuring insect age, we believe it is an important factor to
consider in movement analyses because other species exhibit different movement patterns at
different ages (Austin et al. 2004; Frankish et al. 2020, Valenuela-Sanchez et al. 2019). Although
statistically distinct, patterns across the 5 wing wear groups were difficult to decipher. Butterflies
with the most wing wear (score = 5) sat the longest and butterflies with the least wing wear
(score = 1) the shortest however the middle scores (scores= 2, 3, or 4) exhibited less linear
trends. Some evidence exists that wing wear score may include sex-based bias under laboratory
conditions (Rhainds and Brodersen 2012). Rhainds and Brodersen found that Eastern Spruce
Budworms (Choristoneura fumiferana) males exhibited significantly more wing wear than
females of the same age. Future research with individuals of known ages could reveal exciting
insights.

Overall, we found wild monarch movement and behavior varied less with environmental
and individual differences than expected. Study site cosine of turning angle variation indicated a
relationship between site topography, landscape features, and monarch movement. Milkweed
density (at start or end point) was also a weaker predictor of monarch movement than expected
but limitations in the variability of milkweed density and not including edge specific behavior

may have influenced the results. Butterflies sat the longest following movement from low
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density areas. Butterflies also took the longest steps when ending in medium density areas and
the shortest in high density areas. Additionally, monarch sex did not have as strong effects as
seen in previous research. Neither movement parameters (step length, turning angle, or sit time)
nor behavioral time budgets varied between the sexes. This result is potentially due to data
collection limitations during the SARS-CoV-2 Pandemic of 2020. Wing wear significantly
affected sit time and would be interesting to follow up on in future research. Future exploration
could also include more detailed mapping of the sites and reveal insights to topography and
landscape features effect in further depth. Lastly, we recommend selecting study sites with clear
host plant patch boundaries and weekly counts of the number of females and males observed. In
conclusion younger butterflies sat the least and study site was the strongest predictor of monarch

movement in this study. We look forward to continuing to learn about monarch butterflies!



Correlated random walk is a good model for

female monarch butterflies



Introduction

Studying and modeling animal movement is essential for successful conservation.
Animal movement through diverse landscapes affects animals’ ability to access resources, avoid
predation, and reproduce. While a variety of movement models exist, the majority of movement
ecologist begin with the null hypothesis that animals move following a random walk (Nathan et
al. 2018). A variety of insect movement studies find that correlated random walk (CRW) is a
good model for some insects (Kareiva and Shigesada 1983; Schultz and Crone 2001; Odendaal et
al. 1989). The correlated random walk assumes random movement but accounts for how
organisms tend to continue moving forward. Specifically, the correlated random walk states that
an organism’s overall movement direction is correlated but its step lengths (distance between
points) and turning angles are not serially correlated (Turchin 1998). While turning angles are
not uniformly distributed, the probability of turning right or left is assumed to be equal (Turchin
1998). Correlated random walk is important for conservation because at large special and
temporal scales the model approaches diffusion; a model which assumes that movement is
random (Turchin 1998). Such a model can help inform conservation predictions and strategies.

(See Figure 1 for a visual of flight path discretization (Truchin 1991).

Correlated random walk is a good model for a variety of animals such a gray seals
(Halichoerus grypus), southern Darwin frogs (Rhinoderma darwinii), and multiple lepidopteran
species (Austin et al. 2004, Kareiva and Shigesada 1983; Schultz and Crone 2001; Odendaal et
al. 1989; Valenuela-Sanchez et al. 2019). Individuals who do not follow a correlated random
walk exhibit a more specific and complex movement than random search strategy (Austin et al.
2004; Valenuela-Sanchez et al. 2019). Correlated random walk under predicts animals moving

with high directionality; these animals move farther from starting location than predicted (i.e.
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have higher net squared displacements). Meanwhile, correlated random walk over predicts
animals who move with high site fidelity, these organisms move shorter distances from starting
location than predicted (i.e. have lower net squared displacements). (Figures 2A, 2B, and 2C
show a correlated random walker, a “directed mover”, and a butterfly exhibiting high site
fidelity). Individual traits such as sex or age may affect an individual’s tendency to follow a
correlated random walk. For example, breeding females cabbage white butterflies followed a
correlated random walk in homogenous habitats while their caterpillars did not (Kareiva and
Shigesada 1983). In Fenders blue butterflies (Icaricia icarioides fenderi) correlated random walk
over predicted female movement but under predicted male movement (Schultz and Crone 2001).
Organisms may also follow a correlated random walk at difference life stages. For example,
CRW was more likely to over predict movement in older gray seals than younger ones (Austin et

al. 2004).

Correlated random walk also assumes spatial and habitat homogeneity at path length
scales (Turchin 1998). Southern Darwin frogs in homogenous habitats were more likely to
follow correlated random walks than frogs in heterogenous habitats (Valenuela-Sanchez et al.
2019). Additionally, female cabbage white butterflies followed a correlated random walk in a
homogenous agricultural field while other butterfly species in natural landscapes did not follow
correlated random walks outside of host plant patches (Kareiva and Shigesada 1983; Schultz and
Crone 2001). Homogenous landscapes like agriculture fields or dense host plant patches offer
abundant resources and often lower predation risk. These beneficial features may outweigh the
typical survival and efficiency benefits of flying in a straight path (Valenuela-Sanchez et al.
2019). Thus, correlated random walk is still a good model for these organisms because at small

spatial temporal scales animals in high quality homogenous habitats will take more turns but
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overall their paths are fairly directional and straight (Valenuela-Sanchez et al. 2019).
Heterogenous habitats in contrast favor more specific movement through distinct habitat quality
areas. As previously discussed, high quality habitats’ beneficial features favor slower more
tortuous movement. Meanwhile, low quality habits and their associated risks (predation risk, lack
of resources) favor straighter more efficient movement (Haynes and Cronin 2006). Studies in
Fender’s blue butterflies exhibited distinct movement patterns in habitats of different quality

(Shultz and Crone 2001).

Despite monarch butterfly popularity in scientific literature and public life monarch
butterfly (Danaus plexippus) movement is understudied. Research on monarch butterfly
movement and physiology in controlled or laboratory settings is helps researchers understand
key traits related to their movement (Garlick, 2007; Zhu et al., 2009; Zalucki and Kitching
1982). However, studies in wild monarch butterflies are still needed to better predict their
movement in heterogenous landscapes. In this study we test if correlated random walk is a good
fit for monarch butterfly movement and if monarch sex affects movement in heterogenous

habitats.

Methods and Results

The data collection methods in this study are the same as described in the previous

chapter.

| first tested the assumptions of the correlated random walk by calculating the auto

correlation factor (ACF) at each lag for the step lengths and both cosine and sine of the turning
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angles in each path. I visually compared the Auto Correlation Factor graphs at each lag to ensure

that the assumptions of the correlated random walk were met.

After checking the assumptions of the correlated random walk, | calculated the expected
net squared displacement (R?n) after n steps for male and female butterflies. Comparison of
expected vs observed net squared displacement allows us to determine if a correlated random
walk is a good model for our data (Turchin 2015). I used the equation below for the most general

case of expected net squared displacement (Turchin 2015).

Equation 1: Expected Net Squared Displacement:

RZy = nmz2+2m1?2 (v —w2-s2)n—vy) + (282 +[(y?+s?) (MD2] y])

(1- y)? +5?) [[(1- y)? +s°F]

Definitions of terms in Net Squared displacement equation:
m1 = mean move length

m2 = mean squared move length

y = average cosine of the turning angle

s = average sine of the turning angle

n = number of moves

v =[[1- y)? — s?]cos[(n+ 1) a] — 25(1- y)sin(n+1) o]

a = arctan(s/ y)
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This equation is for the most general case of the correlated random walk and does not
assume a symmetric distribution of turning angles (Turchin 2015). We only analyzed movement
paths with more than 5 moves, studying 39 total monarch paths. Next, we graphed both expected
net squared displacement and observed next squared displacement with 95% confidence
intervals. If observed net squared displacement fell within the 95% confidence intervals of the
expected net squared displacement it was defined as a “good fit.” We used R version 4.0.3 for all

the above statistical analyses (R Core Team 2020).

Results
General

We studied 39 distinct flight paths and 36 individuals. Butterflies YY (male), GGS
(male), and GRS (female) were each followed twice. We followed the same cooling and
releasing procedure for each repeated and new path. In total we followed 24 females and 12

males.

Correlated random walk model assessment

Female monarchs were much more likely to follow a correlated random walk than male
monarchs. We found 56% of female paths studied exhibited movement that fit a correlated
random walk while only 28% of male paths fit a correlated random walk. Males were more
likely to exhbut high site fidelity with 78.5% paths over predicted by the correlated random walk
model. In contrast 36% of female paths were over predicted by the correlated random walk
model. Very few monarchs exhibited movement over predicted by the correlated random walk

Model (0 males and 1 females).



Alexandra Wolf 38

Discussion and Conclusion

In this study we found that female monarch butterflies were more likely to follow a
correlated random walk than male butterflies. Similarly, female cabbage white butterflies
followed a correlated random walk (Kareiva and Shigesada 1983). However, this study followed
butterflies in a homogenous environment while we studied monarchs in heterogenous meadows.
The high density milkweed areas could be considered homogenous sections of the landscape.
Since the correlated random walk is only a good fit for female monarchs, we recommend
segregating butterflies by sex in movement analysis and conservation strategies; especially if
using the CRW as a base model. It would be interesting to explore this trend in future research

following more butterflies.
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Figure 1: Butterfly path and resulting discretized path (Turchin 1991)
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Fig. 1. Movement represented as correlated random walk
(CRW). (a) The actual path traced by the organism. (b) The
discretized representation of the path.
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Figure 2A: Example of Flight Path Exhibiting a correlated random walk
Path of female GRS
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Figure 2B: Example of Flight Path Over Predicted by Correlated random walk (Directed
Movement)
Path of female GBG
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Figure 2C: Example of Flight Path Exhibiting High Site Fidelity
Path of female BRB
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