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Abstract
Eastern North American migratory monarch butterflies (Danaus plexippus) have faced sharp
declines over the last two decades. Although captive rearing has been used as an important tool
for engaging the public and supplementing conservation efforts, a recent study that tested
monarchs in a flight simulator suggested that captive-reared monarchs lose their capacity to
orient southward during fall migration to their Mexican overwintering sites. We raised offspring
of wild-caught monarchs on swamp milkweed (Asclepias incarnata) and, after eclosion,
individuals were either tested in a flight simulator or radio-tracked in the wild using array of
over 100 automated telemetry towers. While only 33% (7/39) of monarchs tested in the flight
simulator showed strong southeast to southwest orientation, 97% (28/29) of the radio-tracked
individuals were detected by automated towers south or southeast of the release site, up to 200
km away. Our results suggest that, though captive rearing of monarch butterflies may cause
temporary disorientation, proper orientation is likely re-established after exposure to natural
skylight cues.
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Introduction
Captive rearing and reintroduction of animals into the wild can be an effective tool for mitigating
the decline of wild populations [1]. Capacity for acclimation in captivity varies among species
[2-4], with some species, such as cheetahs (Acinonyx jubatus; [4-5]), being notoriously difficult
to maintain or having lower fitness in captivity. Animal behaviour is known in differ between
captive and wild populations of mammals [6], fish [7], and insects [8,9], and abnormal behaviour
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in captive populations of mammals is well documented [10-11]. However, only a single study,
conducted on monarch butterflies (Danaus plexippus), has shown the potential for long-term
behavioural impacts of captive-reared insects intended to be released in the wild [12].
In late fall, monarch butterflies undergo up to a 4,000 km migration from the mid-western
and north-eastern United States and south-eastern Canada to Cerro Pelón and Sierra Madre
Oriental mountains in Mexico [13-15]. Monarch butterflies are often reared in captivity by
hobbyists and conservationists aiming to contribute towards population recovery of this speciesat-risk. However, a recent study provided evidence that wild caught and chamber-reared
monarch butterflies (i.e., reared from eggs indoors in autumn-like conditions until adult
emergence (eclosion)) did not show normal southern orientation [12]. These results were
obtained when individual adult butterflies were tested immediately after eclosion in a confined
flight simulator that measured directional orientation. The authors concluded that the popular
activity of hobbyists and conservationists in rearing captive monarchs for release would be an
ineffective conservation practice to help boost migratory populations. However, the possibility
remains that monarch butterflies released in the wild are able to show proper orientation if they
can recalibrate their internal compass with exposure to natural skylight cues, an external cue
known to be critical to the functioning of the molecular clock that governs directional flight [16].
In this study, we reared monarch butterflies in captivity and tested them in a confined
flight simulator. Then, using an array of over 100 automated telemetry towers [17-18], butterflies
reared in the same captive conditions were released and subsequently radio-tracked in the wild to
evaluate whether captive-reared monarchs can reorient in a natural southward direction.

Methods
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This study was part of a larger project testing the effect of exposure to the neonicotinoid
insecticide clothianidin on orientation of fall migratory monarch butterflies. Monarch butterflies
were reared in captivity on swamp milkweed (Asclepias incarnata) grown in commercial soil
either treated with 4, 8, 15 or 25 ng/g of clothianidin or an untreated control (see Supplementary
Material). Despite these rearing conditions, there was no measurable effect of neonicotinoid
exposure on orientation (results forthcoming). After eclosion, we tested the migratory orientation
of adult monarchs in either a flight simulator or radio-tracked butterflies released into the wild.
Flight simulator testing
For a subset of monarch butterflies (n = 54), we assessed monarch orientation during the fall
migratory period (17-23 September 2018) using flight simulators (Figure 1a). Flight simulators
were set up on the roof of the University of Guelph Phytotron (Guelph, ON) and arranged so that
no surrounding buildings could obstruct the view of individuals while in the flight cylinder [19].
Tests occurred during daylight (9:30-16:00 EST) when the sun was fully visible from the
simulator to ensure consistency of polarized light cues [19-20]. Individual butterflies were
tethered to an L-shaped rod (modified to approximately 2.5 cm; CAT # 718000, 0.05 in x 15.2 in
Tungsten Rods, A-M Systems, Washington, USA) inserted at the front of the dorsal thorax,
avoiding flight muscle, and secured with super glue (All Purpose Krazy Glue No Run Gel,
Elmer’s Products, High Point, NC, USA). Each tether was attached to a digital encoder that
allowed 360° rotation and recorded orientation at 3° intervals [19]. The encoder was adhered to a
plexiglass rod supported within a large cylinder and attached to a nearby computer to record
directional data [19]. A fan at the base of the flight simulator provided airflow to encourage
flight. Each monarch was flown once for 12 minutes, with the initial 2 minutes for acclimation
and to minimize the impacts of stress-induced unidirectional flight response [21]. Monarchs were
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removed (n = 15) from the study if they did not show a characteristic pattern of flight (i.e., strong
flapping with intermittent gliding).
Radio-telemetry tracking
We tracked monarch butterflies using radio-transmitters during early migration. Monarchs were
outfitted with 200 mg NanoTags (Lotek Wireless Fish & Wildlife Monitoring, Newmarket, ON,
Canada), each programmed to emit unique 166.380 MHz pulses every 1.5 seconds to maximize
the probability of detection and allow individual identification [18]. Large individuals (>0.3 g)
were selected to minimize weight restrictions imposed by the tags and maximize the capacity for
long distance flight. On 5 October 2017, 41 monarch butterflies were released in an open field in
Guelph, ON (43.6°N, -80.2°W), centered between adjacent Motus towers. On 27 September
2018, 43 monarchs were released on a hill, above tree line, at the base of the Cambridge RARE
Motus tower (43.4°N, -80.4°W) in Cambridge, ON. The Motus telemetry array consists of more
than 100 independent VHF telemetry towers across southern Ontario and the northern United
States, with towers in all directions around the site of release [17-18]. False detections were
removed from analysis following the procedures outlined by Crewe et al. [22]. We ran
preliminary filters to remove detections with run lengths (i.e., number of detections) <2 and false
detections as a result of noise (e.g., detections prior to release or beyond the species range,
towers recording spurious detections). We also examined ambiguous detections manually, using
contextual information to identify true detections [22]; for instance, removing detections that
bounced between multiple towers and/or countries. We also removed detections recorded on the
day of release at adjacent towers with overlapping detection ranges to the site of release to avoid
inaccurately assigning a direction of flight when the monarchs had not left the area. This resulted
in true detections for 9 monarch butterflies in 2017 and 20 monarchs in 2018.
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Statistical analysis
North American migratory monarch butterflies orient in a southward direction when flown in a
flight simulator [23-25]. We calculated the mean direction (0° to 359°) and vector strength (r: 0 –
1) for each monarch butterfly flight using R version 3.4.1 [26]. Vector strength is a measure of
concentration for circular data with high values indicating a tighter grouping around the mean
direction [19,27].
To compare orientation between monarchs flown in the flight simulator and tracked using
the Motus Wildlife Tracking System, we followed previously published procedures from TengerTrolander et al. [12]. We calculated the group mean direction, weighted by the group vector
strength and each individual’s vector strength. For radio-tracked monarchs, the same weight was
given to the direction flown by individual monarchs since the direction for each individual was
recorded only once from release to the first detection at a Motus tower. In a separate analysis, we
used a Rayleigh test in the R circular package to determine if the sample of monarchs flown in
the flight simulator and tracked using the Motus telemetry array showed directional flight.
Finally, we calculated the percentage of individual monarch butterflies that flew in the southward
direction (i.e., in the southeast to southwest direction) and calculated Spearman's Rank
correlation coefficients to assess the relationship between distance travelled with time (i.e.,
greater distance travelled with a longer duration of time since release).

Results
Although the mean direction for monarchs flown in the flight simulator was σ = 188° (SSW),
individuals showed strong orientation in a variety of directions, including N, NW, NE, resulting
in the sample only being weakly concentrated around the mean (Rayleigh test, n = 39, r = 0.30, p
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= 0.03; Figure 1b). Overall, only 33% of monarchs tested in the flight simulator oriented in the
southeast to southwest direction (Supplementary Material Table S1). In contrast, 97% of radiotracked monarchs (28/29) flew south to southeast (σ = 145°; Figure 1c-d; Supplementary
Material Table S1). The direction of flight for radio-tracked monarchs was strongly concentrated
around the mean (Rayleigh test, n = 29, r = 0.71, p < 0.001; Figure 1d). Monarchs were first
detected 1 to 16 days after release (Supplementary Material Table S2) at towers from 11 km
(52%, 15/29) up to 200 km (3%, 1/29) from the site of release and the number of days to first
detection was correlated with distance from the release site (Spearman’s rank correlation, n = 29,
rs = 0.70, p < 0.001).

Discussion
Our results provide evidence that monarch butterflies raised in captivity, but later exposed to
natural conditions (i.e., sunlight and photoperiod), can reset the mechanism governing directional
flight, allowing them to properly orient southward towards Mexico after they are released into
the wild. Monarch butterflies tested in the flight simulator generally oriented in the southward
direction, but the data were widely distributed in all directions and only 33% flew in the
southeast to southwest direction. When released into natural conditions 97% of monarchs flew in
the south to southeast direction. Thus, while our study confirms the results from TengerTrolander et al. [12] that most captive-reared monarchs tested in a flight simulator do not show
proper orientation towards their Mexican overwintering grounds, we also show that monarchs
released in the wild are capable of recalibrating the mechanism responsible for directional flight.
Therefore, we provide strong support for the practice of captive rearing as a conservation tool to
supplement populations of monarch butterflies and improve recovery of this species-at-risk.
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The results of our experiment suggest that outdoor environmental conditions are required
for proper directional flight during migration. In monarchs, sunlight is received and processed by
a molecular clock in the antennae [28-30]. Disruption of this molecular mechanism by restricting
natural light results in disoriented flight [28], providing evidence that sunlight is required for
monarchs to calibrate flight orientation. A similar recalibration with environmental cues was
found in Catharus thrushes [31]. After exposure to experimental magnetic fields, Gray-cheeked
thrushes (C. minimus) and Swainson's thrush (C. ustulatus) were released and their flight patterns
tracked using radio transmitters [31]. On the first night, birds flew westward, but corrected their
orientation by the second night after they were exposed to ‘normal’ twilight cues and flew in the
proper northward direction [31]. Though mechanisms underpinning flight orientation differ
between birds and insects [32], it is likely that monarchs can also recalibrate the direction of
flight using information obtained via skylight and other natural cues.
Captive rearing of monarch butterflies for wildlife education, commercial breeding
programs or by hobbyists can enhance conservation efforts if precautions are taken to rear
monarchs in conditions that allow exposure to natural environmental conditions. Though
commercially reared monarchs tested by Tenger-Trolander et al. [12] showed a random
orientation, the authors contrast their findings with a successful tag and release by Maeckle [33]
where released monarchs were re-sighted in Mexico and our results clearly demonstrate that
upon release monarchs regain proper orientation. We suggest that under proper rearing
conditions, particularly exposure to sunlight, loss of orientation capacity may be negligible and
future studies should determine the minimum duration of sunlight required to establish
southward directional flight. Though the practice of captive rearing is contentious due to the
potential for disease transmission [12,34-35] and concerns around genetic viability [12,34-36],
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when these risks are minimized, reintroduction of monarch butterflies to the wild could
contribute towards reversing declines of migratory populations. Captive rearing of monarchs is
not only a tool for conservation, but is also an extraordinary educational opportunity for the
public to interact with nature and engage in conservation. The incredible social appeal of
monarch butterflies and captive rearing for educational purposes encourages interactions
between the public, educators, and scientists [37]. Thus, under proper conditions, captive rearing
offers an opportunity for the public to engage in the conservation of this beloved and iconic
species.
Although our results suggest that sunlight reestablishes southward directional flight in a
North American fall migratory population of monarch butterflies, our experimental design did
not allow us to investigate the duration of exposure to solar cues required for recalibration of the
molecular clock mechanism. Nor were we able to test individual monarch butterflies in the flight
simulator and then release the same individuals in the wild. Monarchs tested in the flight
simulator were temporarily compromised due to the insertion of a rod into the front of the dorsal
thorax and showed visible signs of exhaustion (i.e., lethargy) after testing. With the continued
development of tracking technology, it is likely that we will soon have the ability to track
monarchs and other insects at finer spatial resolutions and over multiple days during their
migratory journey. When that occurs, our understanding of the proximate mechanisms that
govern orientation and effects of captive rearing will likely improve.
Eastern North American monarch butterflies have undergone declines of over 80% in the
last two decades [38]. These astonishing declines serve as a reminder of the challenges faced in
conserving biodiversity, particularly of insects, and in the conservation of this species-at-risk.
Moreover, with increasing awareness of numerous threats to monarch butterfly populations [38],
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extensive support has been garnered across Canada, the US, and Mexico for monarch
conservation. Our results confirm studies on the impact of captive rearing on monarch butterflies
[12], but also strongly contrasts previously published research [12]. Captive-reared monarchs
regain proper flight orientation when released into the wild, demonstrating that the popular
activity of rearing monarch butterflies from caterpillars in captivity can be a viable conservation
tool and important education element to conserve this iconic pollinator species.
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Figure 1. Orientation of captive-reared eastern North American migratory monarch butterflies
(Danaus plexippus) (a) flown in a flight simulator for 10 minutes in Guelph, ON in September
2018. The (b) direction of flight (σ = 188°, n = 39; r = 0.30) of flight for individual monarchs ()
with the group mean direction (◆) is shown in a circular plot, where each section of the central
windrose indicates the proportion of individuals with directional flight. Group mean direction is
indicated as a solid line and each section of the windrose indicates the proportion of individuals
with directional flight. (c) Map of the direction of flight for monarch butterflies released in
Guelph, ON in September 2017 (n = 9, green lines) and Cambridge, ON in October 2018 (n =
20, orange lines). Symbols indicate the sites of release (✴) and location of first detection at a
Motus tower (), with the relative size referring to the number of detections at that tower (lowest
number of detections at a tower = 1, highest number of detections at a tower = 5). Grey dots
indicate Motus towers that were active at the time of releases. (d) Circular plot shows the
direction of flight for radio-tracked monarch butterflies (σ = 145°, n = 29, r = 0.71).
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