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Abstract 7 
Captive rearing of monarch butterflies is a commercial and personal pursuit enjoyed by 8 

many different groups and individuals. However, the practice remains controversial especially 9 
after new evidence showed that both a group of commercially-derived monarchs reared outdoors 10 
and a group of wild-derived but indoor-reared monarchs failed to orient south, unlike wild-11 
derived monarchs reared outdoors. To more fully characterize the mechanisms responsible for 12 
the loss of orientation in both commercial and indoor-reared monarchs, we performed flight 13 
simulator experiments to determine: 1) whether any fraction of commercial monarchs maintains 14 
a southern heading over multiple tests, and 2) whether indoor conditions with the addition of 15 
sunlight can induce southern flight in wild-derived monarchs. Commercial monarchs changed 16 
their flight direction more often over the course of multiple tests than wild-derived monarchs. 17 
While as a group the commercial monarchs did not fly south on average, a subset of individuals 18 
did orient south over multiple tests, potentially explaining the discordance between flight 19 
simulator assays and the recovery of tagged commercial monarchs at overwintering locations. 20 
We also show that even when raised indoors with sunlight, wild-derived monarchs did not 21 
consistently orient south in the flight simulator, though wild-derived monarchs reared outdoors 22 
did orient south.  23 
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Introduction 27 

Captive-reared monarch butterflies are reared and released at schools, weddings, 28 
conservation events, fairs, and by individual enthusiasts. However, the term ‘captive reared’ 29 
represents a spectrum of practices, including 1) raising wild-collected eggs and caterpillars in 30 
non-natural environments for eventual release 2) breeding wild-collected individuals for a few 31 
generations and releasing them into the wild and 3) raising eggs and caterpillars bought from a 32 
commercial source for release. Captive breeding can affect reared individuals’ behavior, 33 
morphology, and physiology in two distinct ways: changes to the genetic background of the 34 
population through inbreeding and adaptation to captive environments and exposure to and 35 
development in non-natural conditions1,2. 36 

Long-term breeding in captivity is known to alter behaviour in fishes, mice, drosophila, 37 
and toads3-7. In monarchs, we have previously identified a population of commercially bred 38 
individuals that are genetically divergent from North American wild-type monarchs that no 39 
longer orient south as a group even when reared in conditions known to induce directional 40 
orientation in wild-derived individuals8. While the orientation of the commercial monarchs was 41 
non-directional as a group8, other tagged commercial monarchs have been found at Mexican 42 
overwintering sites, prompting the question of whether some fraction of the commercial 43 
individuals can, in fact, migrate. To assess the individual directionality of commercial monarchs, 44 
we assessed directional orientation of individuals from a known ‘non-directional’ North 45 
American commercial population8 and North American wild-derived population (from here on 46 
referred to as commercial and wild type respectively) multiple times to establish whether an 47 



individual would repeatedly fly south. Previous work, including our own, concluded testing after 48 
a single, successful orientation flight trial per individual8-11. By testing an individual repeatedly, 49 
we aim to determine whether specific individuals within the larger population exhibit directional 50 
orientation. 51 

While rearing wild-collected monarch eggs will not change the genetic background of the 52 
individuals, artificial captive environments induce fitness differences in numerous fish species 53 
and monarch butterflies reared captively for a single generation12-18. In general, artificial rearing 54 
environments produce individuals that fare worse than wild individuals when released2. In both 55 
migratory fish and monarchs, changes to rearing environment affect migratory behavior8,17. 56 
Specifically, rearing migratory wild-type North American monarchs in an autumn-like 57 
environmental chamber (short day length and cool temperature) resulted in a group that oriented 58 
in random directions, while rearing wild types outdoors resulted in a group that oriented south8.  59 

Since the environmental chamber does not replicate natural sunlight, we reared wild-type 60 
monarchs indoors with access to sunlight as filtered through glass windows during autumn and 61 
tested their directional orientation. Changes in photoperiod and declination of the sun during the 62 
transition between summer and autumn are hypothesized to be important environmental cues to 63 
induce migratory monarch development19-21. Monarchs are known to use a time-compensated 64 
sun compass to navigate; in fact, shifting their circadian clock with different light entrainment 65 
shifts orientation in migrating individuals9-11. While the position of the sun throughout the day 66 
plus light entrainment is critical for navigation, we do not know how important natural sunlight 67 
is for the development and triggering of directional orientation. 68 
   69 
 70 
Methods 71 
Animal Husbandry 72 

In late July 2019, we caught approximately 20 wild monarchs in Hyde Park, Chicago, 73 
Illinois and ordered 20 commercial monarchs from the same source of commercial monarchs 74 
documented in Tenger-Trolander et al.8 We then checked the abdomens of each monarch for 75 
signs of Ophryocystis elektroscirrha (OE) spores and froze individuals with apparent infection.  76 
We housed the uninfected male and female monarchs from their respective populations in 77 
medium size (91.5cm x 30.5cm2) mesh pop-up cages outdoors with access to their host plant, 78 
Asclepias syriaca. Once females laid eggs, we washed and transferred the eggs to small 79 
(30.5cm3) mesh pop-up cages. We reared caterpillars in groups rather than individually. We fed 80 
caterpillars a diet of wild-collected Asclepias syriaca that we replenished daily. We washed the 81 
milkweeds in a 1% bleach solution and then in water before offering them to the larvae. Upon 82 
emergence, we labeled each adult with a unique identification number in permanent marker on 83 
the hindwing. Adults were housed in medium size (91.5cm x 30.5cm2) mesh pop-up cages before 84 
directional orientation testing and fed a diet of Birds Choice butterfly nectar.  85 
 86 

Treatments 87 



We housed the developing wild-type monarchs in one of three treatment groups: (1) 88 
outdoors, (2) indoors in a glass-top greenhouse, and (3) indoors in our laboratory (lab) next to a 89 
south-facing window. The commercial monarchs developed outdoors and had no other 90 
treatments. For the outdoor treatment, pop-up cages were contained within a large outdoor 91 
1.83cm3 mesh cage. The greenhouse received only natural light, and we kept the temperature at 92 
23⁰C during the day and 18⁰C at night. Temperatures in the lab remained fairly consistent 93 
between 22-23⁰C, 24 hours a day. Both indoor groups emerged between September 24th and 94 
October 28th of 2019. Commercial monarchs reared outdoors emerged between September 12th 95 
and October 1st 2019, and wild-type monarchs reared outdoors emerged between September 8th 96 
and September 16th 2019.  97 

Unfortunately, we experienced a suspected outbreak of nuclear polyhedrosis virus (NPV) 98 
which reduced expected sample sizes and pushed back the dates of emergence of our wild types 99 
reared indoors as we attempted to control spread of the virus. We found the wild-type population 100 
was particularly susceptible; however, final sample sizes were sufficient to determine directional 101 
orientation.  102 

 103 

Flight Simulator and Testing 104 

After four days in their respective rearing conditions (outdoor, indoor greenhouse, or 105 
indoor lab), we tethered the monarch adults following the protocol outlined in Tenger-Trolander 106 
et al8. All tethered monarchs then spent five days recovering in glassine envelopes stored in a 107 
12:12 hour light-dark cycle, 21⁰C environmental chamber before testing. Directly before testing, 108 
all monarchs spent at least a full hour in an outdoor cage free to move.   109 

We tested all individuals in the monarch flight simulator developed by Mouritsen and 110 
Frost11 (Fig. 1A, see Tenger-Trolander et al.8 for description of modified flight simulator). All 111 
testing occurred outdoors in sunny conditions between the hours of 10am and 2:30pm. We 112 
counted the orientation test as successful if the individual flew continuously for 10 minutes as 113 
confirmed by video recording (See TengerTrolander_Video_S1.mp4 for an example of a non-114 
directional monarch and TengerTrolander_Video_S2.mp4 for a southern-oriented monarch). We 115 
only tested individuals once per day whether the test was successful or not. Due to changing 116 
weather conditions, time restrictions on testing, and variability in emergence dates, every 117 
tethered monarch could not be tested each day of testing. We focused testing on the outdoor wild 118 
type and commercial individuals to determine individual preferences in directional orientation in 119 
these groups. Table S1 details the number of orientation tests and successful tests of each 120 
individual by treatment and population.  121 

In total, we tethered 83 monarchs. 74 survived long enough to be tested, including 15 122 
wild types reared outdoors, 18 wild types reared in the greenhouse, 4 wild types reared in the lab, 123 
and 37 commercials reared outdoors. Of these 74 tested, 65% (N = 48) flew at least once, 124 
including 8 wild types reared outdoors, 12 wild types reared in the greenhouse, 3 wild types 125 
reared in the lab, and 25 commercials reared outdoors. Of the 48 individuals that flew at least 126 
once, 56% (N = 27) completed at least one additional test, including 6 wild types reared 127 
outdoors, 4 wild types reared in the greenhouse, 1 wild type reared in the lab, and 16 128 
commercials reared outdoors. The number of repeated tests in the indoor-reared group was small 129 



(N = 5); however, we were not attempting to determine whether a portion of these individuals 130 
was migratory, but rather if the group as a whole (N=15) headed south on average. The number 131 
of successful tests per individual ranged between one and seven (Table S1). Flight headings were 132 
recorded using a US Digital optical rotary encoder and captured on video (Fig. 1A). Since 133 
orientation data and video were recorded autonomously, testing was not conducted blind.  134 

 135 
Data Analysis and Circular Statistics 136 

In our flight simulator assays, tethered monarchs were attached to a rotary encoder and 137 
placed inside the simulator. As the monarch changed position, the rotary encoder recorded the 138 
new position (in degrees, 0 - 359°) and the amount of time elapsed (in milliseconds) between 139 
each change. We used circular statistics packages, Circular and Plotrix in R, to analyze and plot 140 
flight simulator data22-24. After converting degrees to cartesian coordinates, we found the mean 141 
vector direction (𝞼𝞼 = 0 - 359°) and mean resultant vector magnitude (r = 0 - 1) of each test. The 142 
mean vector direction is the average heading and the vector magnitude is a measure of 143 
consistency of the heading (r = 1 - variance). We also calculated a weighted group mean vector 144 
and magnitude and used the Rayleigh test to determine whether the group mean was directional.  145 

Additionally, we calculated overall vector mean direction and vector magnitude for each 146 
monarch with between two and seven independent orientation tests. For example, an individual 147 
monarch with three tests with strong vector magnitudes (r>0.5) could still have a weak overall 148 
vector magnitude if it headed in vastly different directions (e.g. 0⁰, 90⁰, 180⁰) for each test. The 149 
weak overall vector magnitude indicates the monarch chose a different direction for each of the 150 
three tests. We then took each individual’s overall heading and subtracted that from the 151 
individual’s first heading. We compared the difference in degrees between commercial and wild 152 
type with a Welch’s t-test. We also calculated each individual’s vector magnitude variance for all 153 
tests and compared commercial and wild type means with a Welch’s t-test. 154 

 155 
Random Re-sampling of Migratory Flight Data 156 

To determine whether any commercial monarchs with multiple orientation tests were 157 
likely migrators, we assessed the probability of finding each individual’s multiple flight headings 158 
within a distribution of known migrators using a random re-sampling approach. Including data 159 
from the autumns of 2016, 2018, and 2019, we have orientation data for 55 wild-type North 160 
American monarchs raised outdoors. Directional orientation data from the outdoor-reared wild 161 
types tested in 2016 and 2018 are available in Dataset_S01.xlsx file of Tenger-Trolander et al.8. 162 
Data from 2019 are available in the supplementary file TengerTrolander_Data_S1.xlsx of this 163 
paper. Monarchs from 2016, 2018, and 2019 were all reared outdoors in the same conditions, but 164 
with variability in eclosion dates. Monarchs reared in 2016 eclosed between October 7th – 20th, 165 
those reared in 2018 eclosed between Sept 7th-18th, and those reared in 2019 eclosed between 166 
September 8th – 16th. 167 

We binned the 55 orientation tests into either north (270-89⁰) or south (90-269⁰) bins, 168 
resulting in 51 southern binned and four northern binned tests.  From those 55 binned wild-type 169 
migratory tests, we randomly sampled, with replacement, the number of tests an individual 170 
completed (between 2-7), 5,000 times. Each random sample had several possible orientation 171 



patterns going north and south. For instance, in the case of 5,000 random samples of three tests, 172 
the possible patterns encountered are SSS, SSN, SNN, or NNN (where S was south and N was 173 
north and order was not considered). We then counted how many of those 5,000 random patterns 174 
were SSS, SSN, SNN, and NNN. In the case of SSN, we found it appeared 350 times out of 5000 175 
trials or 7% of the time in the known migratory group. An individual with 3 orientation tests that 176 
oriented south twice and north once has a 7% probability of being a migrator. 177 

The number of bins and degree cutoffs for each bin was arbitrary and could be changed. 178 
We also analyzed the data in 90⁰ bins with the following degree cutoffs: northeast (0-89⁰), 179 
southeast (90-179⁰), southwest (180-269⁰), and northwest (270-359⁰). While the specific 180 
probabilities changed, which individuals are least and most likely to be migratory did not; 181 
exceptions are highlighted in white in Table 1. In our dataset, degree cut-offs affected the 182 
probabilities of two individuals (E101 & E103) described in detail in the results. 183 
 184 

Outdoor Exposure and Southern Orientation 185 

After the conclusion of our study, new work suggested that indoor-reared monarchs could 186 
re-orient when released outdoors25. We were interested in whether increasing outdoor exposure 187 
would potentially correlate with southern orientation. Since tethered monarchs were brought 188 
outdoors during each testing session and remained outdoors for the full testing period, which 189 
lasts several hours, most individuals spent many hours outside over the course of days. Using 190 
flight records from each test day, we calculated the minimum time spent outdoors by each of the 191 
indoor-reared monarchs. We tested whether there was any correlation with directional orientation 192 
south using a non-parametric Kruskal-Wallis H test.  193 
 194 

Results  195 

Multiple Directional Orientation Tests in Wild-type and Commercial Monarchs Reared Outdoors 196 
 197 

For the orientation tests comparing wild type and commercial, we reared monarchs 198 
outdoors during autumn. We tested eight wild-type and 27 commercial monarchs. Six of the wild 199 
types and 16 of the commercial yielded multiple orientation tests (Fig. 1B wild type: 24 total 200 
flights = 8 first flights + 16 additional flights from the six individuals with multiple tests, 201 
commercial: 61 total flights = 27 first flights + 34 additional flights from the 16 individuals with 202 
multiple tests). Wild-type monarchs flew with an average heading south (𝞼𝞼 =143⁰) and a vector 203 
magnitude of r = 0.35 (Fig. 1B, Rayleigh test, z-score = 2.88, 0.05 < p < 0.10). Commercial 204 
monarchs’ average heading was also south (𝞼𝞼 =155⁰), but with a much weaker magnitude, r = 205 
0.11 (Fig. 1B, Rayleigh test, z-score = 0.68, p > 0.50). 206 

We then determined overall orientation headings for each of the monarchs with multiple 207 
orientation tests (Fig. 1C). Five of the six (83.33%) wild types had overall vector magnitudes > 208 
0.4 with overall headings south (90-270⁰), while the 6th individual’s overall direction was 89⁰ 209 
with a relatively weak vector magnitude, 0.22 (Fig 1C & Table 1, wild type). Six of the 16 210 
(37.5%) commercial individuals had overall headings south with vector magnitudes > 0.4 while 211 
the remaining 10 individuals’ overall headings were north and/or with magnitudes < 0.4 (Fig. 1C 212 



& Table 1, commercial). The difference in degrees between an individual’s first flight and the 213 
mean of all their flights showed wild-type monarchs chose more similar headings over multiple 214 
tests than commercial (t-test, t = 1.64, df = 18.88, p-value = 0.058, Fig. 2A). Additionally, we 215 
compared the variance of vector strengths in each individual’s multiple tests between the two 216 
groups. Commercial monarch vector magnitudes varied significantly more around an 217 
individual’s mean than wild type (t-test, t = 2.29, df = 19.33, p-value = 0.016, Fig. 2B), 218 
indicating that commercial monarchs were sometimes very directional during a test and then 219 
much less directional for the subsequent test whereas the wild types maintained similar vector 220 
strengths over multiple tests.  221 

We next determined whether commercial monarchs with multiple orientation tests were 222 
possible migrators, by assessing the probability of finding each individual’s multiple flight 223 
headings within a distribution of known migrators. 37.5% (six of 16) of commercial and 83.33% 224 
(five of six) of wild-type monarchs had orientation test patterns consistent with the known 225 
migratory distribution of orientations (Table 1). Panels A and B of figure 3 are examples of four 226 
individuals whose test patterns suggest a strong probability of southern orientation. Panel C of 227 
figure 3 shows the patterns of two individuals with low probability.  228 

We noted that though E103 and E101 (wild types reared outdoors) had low probabilities 229 
of being part of the migratory distribution in the 180⁰ binning procedure, both have overall 230 
southern headings with strong vector magnitudes (Table 1, Fig. 3D). E103 headed north on two 231 
out of five tests, but one of those flights was within 10⁰ of being binned as south (Fig. 3D). This 232 
is in contrast to the low probability commercial individuals, which all had northern mean 233 
headings or weak southern vector magnitudes (Table 1). In total, only 6 of 16 commercial 234 
monarchs showed signs of directional orientation south (Table 1). 235 
 236 
Directional Orientation in Wild-type Monarchs Reared Indoors 237 
 238 

We reared wild-type monarchs with natural light (as filtered through glass windows) 239 
during autumn in both a glass-top greenhouse and near a south-facing window in our laboratory 240 
and compared them to the outdoor reared group. We tested 15 indoor-reared monarchs, five of 241 
which produced multiple orientation tests (Fig. 4, indoor wild type: 26 total flights = 15 first 242 
flights + 11 additional flights from five individuals with multiple tests).  The mean heading for 243 
those reared indoors was west, 𝞼𝞼 = 259⁰ with a weak vector magnitude, r = 0.12 (Fig. 4A, 244 
Rayleigh test, z-score = 0.40, p > 0.50). 11 of the 26 flights (42.3%) (from nine distinct 245 
individuals) had northern headings (Fig. 4A) compared to six (from three distinct individuals) of 246 
24 (25%) flights in wild type reared outdoors (Fig. 1B). The five wild types reared indoors with 247 
multiple tests had overall means both south and north with strong and weak vector magnitudes 248 
(Fig. 4B). Even with the addition of autumnal sunlight through windows, we found outdoor wild-249 
type flight behaviour was not completely recapitulated in the indoor-reared group.  250 

New work has suggested that monarchs reared indoors, but then released are capable of 251 
re-orienting outdoors25. In light of this work, we used our testing records to calculate the total 252 
amount of time that each indoor-reared monarch spent outdoors prior to their test and found no 253 
correlation with directional orientation – more outdoor time did not increase the likelihood of 254 
southern orientation (Kruskal-Wallis chi-squared = 25, df = 25, p-value = 0.4624, Table S2).  255 



Discussion 256 

While a great deal is known about inducing diapause19,26,27 as well as how the monarch 257 
utilizes its circadian clock to navigate9-11, how monarchs develop and maintain directional 258 
orientation is less clear. The southern directional orientation phenotype requires a yet unknown 259 
combination of environmental conditions and genetics. Our earlier work suggested changes in 260 
long-term selection pressures and short-term developmental conditions can affect whether 261 
monarchs orient south in a flight simulator8. Here, we looked more closely at the behaviour of 262 
individual commercially sourced monarchs and investigated the effects of indoor rearing 263 
conditions with sunlight exposure on directional orientation.  264 

We found that the commercial monarchs are a mix of southern-orienting and non-265 
southern orienting individuals, suggesting that the directional orientation phenotype is not fixed 266 
in this population. Migration imposes a strong selective pressure on migratory monarchs as only 267 
successful migrators will pass on their genes in the coming spring. In commercial facilities, the 268 
difficulties of flying thousands of kilometers, finding the overwintering ground, and surviving till 269 
spring are no longer barriers to successful breeding.  Add to that small population sizes inherent 270 
to commercial breeding and long-term captivity could lead to stochastic increase in the 271 
frequency of non-migratory alleles that do not respond to the correct environmental cues or alter 272 
the reaction norm of the population making responses to the environment more variable. While 273 
this study is limited to a single population of commercial monarchs, the mechanism of loss may 274 
be relevant to all long-term captive breeding populations. 275 

While the effect of commercial releases on the North American monarch population is 276 
currently unknown, it may be ultimately inconsequential if natural selection purges the wild 277 
population of non-migratory individuals. After all, any non-migratory individuals would simply 278 
die in winter, their alleles never passed on to the next generation. However, this argument 279 
ignores two things, 1) the presence of new resident populations in the southern U.S. that can 280 
offer refuge to poor migrators and 2) the likely recessive8 and polygenic nature of migration 281 
genetics. In fact, crosses of the commercial and wild-type monarchs resulted in offspring that 282 
oriented south in autumn8. Non-migratory alleles could persist in the genetic background of a 283 
migratory individual. Releasing these commercial individuals may result in more monarchs in 284 
Mexican overwintering grounds in the short term, but have unintended consequences on their 285 
genetics in the long term. Additionally, the introduction of non-migratory alleles into the wild 286 
population may actually increase the number of individuals that breed year-round in the southern 287 
U.S.28-30 which has implications for the increased transmission of the monarch parasite OE. 288 
Resident populations have higher rates of OE infections31, and having more resident populations 289 
could lead to increased infection in the migratory population as it travels between the 290 
overwintering grounds and summer habitat32. Beneficial, neutral, or detrimental, the release of 291 
non- alleles into a wild migratory population is worth discussing critically. 292 

The effect of rearing environment should also be considered. Wild-type monarchs reared 293 
indoors with full exposure to natural autumn sun did not consistently orient south, though their 294 
genetic background is identical to the wild types reared outdoors. That being said, our results do 295 
not fully answer the question of what degree of “naturalness” is required to rear a directional 296 
adult. As we have only 5 indoor-reared individuals with multiple tests, we do not know if some 297 
proportion of the indoor-reared individuals are directional. However, placing captive-reared 298 



monarch larvae/pupae near a window does not result in as many directionally oriented monarchs 299 
as full outdoor exposure. Scientists have long speculated about the potential environmental 300 
variables that “turn on” the migration developmental program including photoperiod changes, 301 
temperature variation, sun declination, and host plant quality19-21,33,34. While we do not know 302 
which cue or combination of factors is responsible or the critical development times, we do know 303 
that the following conditions did not result in adults with consistent southern orientation: 1) 304 
rearing in an autumn-like environmental chamber 2) rearing in a room with sunlight and autumn-305 
like temperatures during autumn and 3) eclosing in an environmental chamber after almost 306 
complete juvenile development outdoors. So far, in our flight simulator experiments, only wild 307 
adult monarchs caught in autumn and wild-type monarchs reared outdoors in autumn fly 308 
consistently south. And once oriented south, storing monarchs in an environmental chamber does 309 
not affect their southern orientation35 unless the temperature is dropped. Exposure to very cool 310 
temperatures in an environmental chamber causes re-orientation north36 in preparation for the 311 
spring re-migration. 312 

New work from Wilcox et al.25 suggests that monarchs reared indoors may recover 313 
southern orientation after release. In their study, Wilcox et al.25 used a flight simulator to find the 314 
headings of a group of indoor-reared monarchs and found they did not orient south, consistent 315 
with our flight results of monarchs reared indoors. They also released groups of radio transmitter 316 
tagged monarchs reared indoors and found that the individuals flew an average of 37.4 km south 317 
25. These results imply that regardless of rearing conditions experienced during development, 318 
adults given sufficient time outdoors in autumn would eventually fly south, suggesting monarchs 319 
are capable of re-orienting.  320 

Currently, we cannot directly compare the flight simulator or radio-tracking data from 321 
Wilcox et al.25 to wild-caught or wild-type monarchs reared outdoors, which are known to fly 322 
south in autumn, because Wilcox et al.25 did not employ positive or negative controls. While our 323 
results and those of Wilcox et al.25 do not give us a completely clear understanding of the 324 
development of southern orientation in autumn in monarchs, together they suggest southern 325 
directional flight behaviour could be engaged in adulthood. In light of this possibility, we 326 
calculated the amount of time each indoor-reared monarch spent outdoors prior to each test but 327 
found no correlation between increased time spent outdoors and propensity to fly south. 328 

In addition to radio-tracking data, mark-recapture studies of indoor-reared monarchs do 329 
recover a number of individuals at overwintering sites37,38.  However, a study that tagged and 330 
released groups of both wild-caught and captive-reared eastern monarchs showed the recovery 331 
rate of captive-reared monarchs was significantly lower than that of the wild monarchs38. 56 of 332 
11,333 wild-caught monarchs were recovered in Mexico whereas only 2 of 3,056 captive-reared 333 
monarchs were recovered (χ2 = 10.96, p = 0.00093)38. The same study also re-captured monarchs 334 
as they traveled south. While only 3 reared and 5 wild recoveries are reported in the paper38, a 335 
total of 10 indoor-reared and 6 wild-caught individuals were eventually recovered39. The captive-336 
reared traveled an average distance of 120km and the wild-caught an average of 560 km (Mann-337 
Whitney U, p-value = 0.002997)38,39. Even in the case that monarchs reared indoors re-orient 338 
upon release, captive-reared monarchs were less successful in reaching Mexico than wild 339 
monarchs38. 340 



While many people hope that captive rearing is helping a declining population, the 341 
cumulative data available suggest that captive breeding of monarchs has negative consequences 342 
for migration behaviour and that monarchs reared indoors are not as well equipped to survive 343 
migration as those left in the wild8,13,38. We also know that rearing monarchs at home and in 344 
educational settings inspires new generations of conservationists, nature-lovers, and scientists. 345 
For those who love rearing monarchs, we advise the following: rear caterpillars individually in 346 
clean enclosures, rear outdoors when possible (especially in late summer and autumn), limit the 347 
total number reared, avoid purchasing, and participate in citizen science projects. The non-profit, 348 
Monarch Joint Venture (monarchjointventure.org/get-involved/study-monarchs-citizen-science-349 
opportunities), lists links to many on-going studies which have contributed vastly to our 350 
understanding of monarch biology. Finally, if we want to ensure the future of migratory monarch 351 
populations, we must promote longer-term solutions, like protecting and restoring habitat and 352 
addressing climate change.  353 
 354 

Data Availability 355 

All directional orientation data are included in supplemental file TengerTrolander_Data_S1.xslx. 356 
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Figures 471 

 472 
Figure 1. A) Flight simulator schematic. B) Orientation plots of wild-type and commercial 473 
monarch butterflies reared outdoors in autumn in Chicago, IL. Black lines indicate the vector 474 
direction (0-359⁰) and the length of that line is the vector magnitude, indicating consistency of 475 
flight (0 to 1). 0⁰ is North. All flight tests for eight wild-type monarchs with 24 total flights and 476 
27 commercial monarchs with 61 total flights. Group mean direction and magnitude highlighted 477 
in red. C) Overall mean directions for six wild-type and 16 commercial monarchs with at least 478 
two flight tests. 479 

  480 



 481 

 482 

Figure 2. Wild-type monarchs are more directional over multiple tests than commercial 483 
monarchs. A) The difference (0-180⁰) between an individual’s first vector heading and overall 484 
vector heading is nearly significant between commercial and wild-type monarchs. B) Individual 485 
wild-type monarchs’ vector magnitudes vary less around the individual’s overall mean than 486 
commercial. 487 

  488 



 489 

 490 

Figure 3. Orientation plots of 8 monarchs reared outdoors. The overall mean of orientation tests 491 
in red. Line direction indicates the vector heading (θ = 0-359⁰) and the length of that line is 492 
vector magnitude (r = 0 to 1). 0⁰ is North. P(mig) is the probability the individual’s pattern of 493 
orientation tests is migratory given 180⁰ bins. A) E109 and B102 are wild-type and commercial 494 
monarchs respectively with all tests heading south, strong overall vector magnitudes, and strong 495 
probabilities of being migratory. B) E108 and B133 are wild-type and commercial monarchs 496 
respectively with all tests heading south and strong probabilities of being migratory when binned 497 
by 180⁰, but significantly lower when binned by 90⁰. C) B104 and B103 are both commercial 498 
monarchs with low probabilities of being migratory. D) E101 and E103, wild types reared 499 
outdoors, have a lower than expected probabilities of being migratory due to the constraints 500 
imposed by strict binning cutoffs (i.e. all flights must be exactly between 90⁰-269⁰ to count as 501 
part of the migratory distribution in 180⁰ bins). For E103, note two flights are overlapping one 502 
shown in black and the other in grey. 503 



 504 

Figure 4. Wild-type monarchs raised indoors with window light. A) all flight tests, for 15 505 
individuals reared indoors with a total of 26 flights. Group mean direction and magnitude 506 
highlighted in red. B) The overall mean directions for five indoor reared individuals with at least 507 
two flight tests. 508 

509 



Tables 510 

Table 1. Data for all individuals with multiple flight tests from wild-type and commercial groups. 511 
Identification number (ID), mean vector strength (R), overall mean vector (Direction Flown), the 512 
probability that individual’s flight pattern is part of the migratory distribution using 180⁰ binning 513 
(180⁰ Bin), the probability that individual’s flight pattern is part of the migratory distribution 514 
using 90⁰ binning (90⁰ Bin), and the total number of successful flight tests per individual 515 
(Flights) are reported. Data is organized from lowest to highest probability using 180⁰ bin. 516 
Shading indicates the probability of the individual being part of the migratory flight distribution. 517 
Dark grey denotes those monarchs with very clear migratory results, light grey those monarchs 518 
with unclear results, and white highlights either discrepancies between 90⁰ and 180⁰ binning 519 
probabilities (E101, E108, B133) or a low probability of being part of the migratory distribution. 520 

 ID R Direction Flown 180⁰ Bin 90⁰ Bin Flights 

W
ild

 ty
pe

 E101 0.55 114.76 0.06% 24.82% 7 
E103 0.44 155.29 0.48% 1.33% 5 
E111 0.22 89.07 14.84% 5.22% 2 
E104 0.91 232.83 85.16% 17.31% 4 
E109 0.44 193.37 85.16% 41.73% 2 
E108 0.51 116.65 92.90% 5.67% 2 

C
om

m
er

ci
al

 

B105 0.48 39.39 0.00% 0.80% 2 
B104 0.14 250.89 0.40% 0.50% 3 
B142 0.43 318.36 0.40% 0.60% 2 
B103 0.21 8.82 0.50% 5.20% 4 
B117 0.25 320.60 0.50% 0.20% 5 
B111 0.16 96.76 6.70% 12.80% 3 
B106 0.59 175.49 7.00% 0.90% 3 
B109 0.21 58.22 7.00% 4.60% 3 
B146 0.22 331.64 7.00% 4.60% 4 
B115 0.17 342.15 14.30% 3.40% 2 
B102 0.44 124.15 79.90% 55.40% 2 
B100 0.50 198.65 85.20% 41.70% 3 
B144 0.84 173.09 85.20% 41.70% 4 
B110 0.34 169.28 92.60% 55.40% 4 
B124 0.63 127.36 92.60% 12.20% 2 
B133 0.52 220.48 92.90% 3.10% 3 

  521 



Supplemental Files 522 

1. TengerTrolander_Video_S1.mp4 is a 1-minute clip of individual S101, a wild type reared in a 523 
glass top greenhouse in autumn changing directions repeatedly in a flight simulator.  524 

2. TengerTrolander_Video_S2.mp4 is a 1-minute clip of individual E101, a wild type reared 525 
outdoors in autumn flying south consistently in a flight simulator. 526 

3. TengerTrolander_Data_S1.xlsx contains orientation data for all monarchs, organized by 527 
population and rearing condition.  528 
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