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 14 
SUMMARY:  15 
Here, we present protocols for 1) the laboratory captive propagation of the federally endangered 16 
Miami blue butterfly (Cyclargus thomasi bethunebakeri), and 2) assessing basic life history 17 
information such as immature development time and number of larval stadia. Both methods can 18 
be adapted for use with other ex situ conservation programs. 19 
 20 
ABSTRACT:  21 
Improving knowledge of ex situ best practices for at-risk butterflies is important for generating 22 
successful conservation and recovery program outcomes. Research on such captive populations 23 
can also yield valuable data to address key information gaps about the behavior, life history, and 24 
ecology of the target taxa. We describe a protocol for captive propagation of the federally 25 
endangered Cyclargus thomasi bethunebakeri that can be used as a model for other at-risk 26 
butterfly ex situ programs, especially those in the family Lycaenidae. We further provide a simple 27 
and straightforward protocol for recording various life history metrics that can be useful for 28 
informing ex situ methodologies as well as adapted for laboratory studies of other lepidoptera. 29 
 30 
INTRODUCTION:  31 
A growing list of studies indicates widespread and serious global declines in butterfly 32 
populations1–5. This includes the vast majority of at-risk species. Conservation programs designed 33 
to mitigate such declines often employ a mix of strategies including population monitoring, 34 
habitat management and restoration, scientific research, captive propagation, and organism 35 
translocation6. Within the U.S. and its territories alone, a total of 30 butterfly taxa are listed under 36 
the Endangered Species Act (ESA) as either threatened or endangered, with 21 of these having 37 
approved draft or final recovery plans. For such taxa, more than half of the identified recovery 38 
strategies recommend captive propagation or state that captive propagation should be 39 
assessed7. The use of ex situ conservation efforts for butterflies has grown considerably in recent 40 
years8,9, and has the potential to be a critical tool to aid recovery efforts10. Numerous institutions, 41 
organizations, and agencies are currently involved with ex situ efforts for at least 11 ESA-listed 42 
butterfly taxa (i.e., Cyclargus thomasi bethunebakeri, Euphydryas editha quino, Euphydryas 43 
editha taylori, Heraclides aristodemus, Hesperia dacotae, Lycaeides melissa samuelis, Oarisma 44 
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poweshiek, Pyrgus ruralis lagunae, and Speryeria zerene hippolyta) and several other at-risk taxa 45 
(e.g., Callophrys irus, Euphydryas phaeton, Speyeria idalia, and Eumaeus atala)11. Despite the 46 
number of robust and successful efforts, there remains a lack of regular communication across 47 
programs and between conservation practitioners involving the exchange of ideas, data, effective 48 
methodologies, and results. Such knowledge sharing is essential as it helps minimize duplication 49 
of effort, improves overall best practices, and enhances conservation impact. Few published 50 
head-starting, captive rearing, breeding, or husbandry protocols are readily available for at-risk 51 
butterfly taxa, and those that are often lack sufficient narrative detail and/or illustrations. These 52 
often provide mostly summary details with limited step-by-step instructions and accompanying 53 
images, making replication challenging or application to other taxa difficult to assess12–15. Many 54 
of the available protocols are limited in some way: they exist only in the gray literature, or in 55 
varying levels of detail, age of publication, or as component parts in symposium proceedings, 56 
agency/funder reports, or in-house manuals16–24.  57 
  58 
For most conservation programs, captive propagation is primarily conducted to support 59 
conservation translocation, which encompasses reintroduction, reinforcement (i.e., 60 
augmentation), and introduction25,26. Such activities are intended to be implemented 61 
strategically as a component of the overall recovery strategy in order to help prevent the 62 
extinction of a listed species, subspecies, or populations. It should be noted, however, that this 63 
is one of several other potential roles that such ex situ programs may serve. These may also 64 
include maintaining an insurance (i.e., refugia) population, temporary organism rescue, 65 
supporting recovery-related research and/or training, and promoting conservation-related 66 
education and awareness efforts27,28. Regardless of whether ex situ programs have a single 67 
defined goal or a mix of several, conservation practitioners should maximize opportunities for 68 
data collection in order to fill in key information gaps when possible. This is particularly important 69 
because the vast majority of at-risk taxa have generally been poorly studied prior to substantial 70 
wild population declines. The resulting enhanced knowledge gained on various behavioral, 71 
ecological, or life history aspects of the focal taxon can serve to help advance effective species 72 
conservation and management29. 73 
 74 
Here, we describe in detail the captive propagation protocol that was developed for the federally 75 
endangered Miami blue butterfly (Cyclargus thomasi bethunebakeri) (Supplementary Figure 1) 76 
as part of a larger conservation and recovery program. In this case, the captive propagation 77 
program serves three specific identified roles: 1) an insurance population should the existing wild 78 
population be lost, 2) a research population designed to fill in identified ecological and life history 79 
knowledge gaps that may help inform recovery and/or management, and 3) to produce viable 80 
organisms for conservation translocation into sites within the taxon’s historical range. The 81 
resulting protocol has been well vetted and proven, having been utilized and improved for over 82 
a decade. Consequently, we feel that the described techniques and methodologies represent a 83 
viable model that can be applied to or readily adapted for other ex situ at-risk butterfly programs, 84 
particularly those involving Lycaenidae or related taxa. While we do not suggest that the 85 
described protocol is superior to others, we feel that there are opportunities for applying some 86 
of the methods more broadly to help enhance productivity, care, or efficiency. This is particularly 87 
true as much of our breeding is done under indoor laboratory conditions with limited space, 88 
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similar to the conservation programs involving Euphydryas editha taylori and Speryeria zerene 89 
hippolyta17,23. Numerous other protocols often utilize potted material for oviposition or larval 90 
rearing, which can sometimes lead to increased complexities related to predator control, 91 
environmental control (i.e., humidity, temperature), livestock monitoring, data collection, plant 92 
pest issues, and space to name a few21,22. Lastly, the presented protocol outlines the methods 93 
for captive breeding. Many other at-risk butterfly conservation programs involve head-starting 94 
or captive rearing with the representative protocols reflecting those differences. While often 95 
minor, we feel that this helps broaden the existing pool of available information for other 96 
programs to review. This is critical, because most ex situ programs represent pioneering efforts 97 
to help facilitate the recovery of rare and often poorly studied taxa. Available protocols can serve 98 
as an excellent starting point to help provide valuable insight, reduce duplication of effort, and 99 
promote innovation. Owing to “the extensive interspecific diversity of butterfly behaviors, life 100 
history traits, and ecological requirements combined with often marked differences in program 101 
facilities, budgets, practitioner expertise” and other inherent differences, reliance to a single 102 
methodology, even for closely related taxa, is often limiting and unwarranted30. Flexibility to 103 
refine or develop new protocols tailored to the needs of specific taxa or programs is essential for 104 
success and should therefore be emphasized. We additionally describe laboratory techniques for 105 
collecting metrics on organism development under captive conditions including the number of 106 
larval instars, duration of individual developmental stages, total development time, and larval 107 
and pupal length. These techniques have broad applicability for life history studies of Lepidoptera 108 
that can be used to refine ex situ protocols or inform field data.  109 
 110 
PROTOCOL:  111 
 112 
1. Securing successful adult courtship and mating  113 
 114 
1.1. Following successful eclosion, release viable adult butterflies into a secure, walk-in, screened 115 
flight cage located in a temperature-controlled greenhouse (Supplementary Figure 2).  116 
 117 
NOTE: Adults can be marked on the ventral surface of the wings with permanent ink markers if 118 
identification of specific individuals is desired for separation of genetic lines, stock origin, or for 119 
specific data collection related to organism longevity, behavior, etc. 120 
 121 
1.1.1. While the exact cage dimensions can vary, ensure that there is ample space to 122 
accommodate adequate nectar plant material necessary to support the density of housed adult 123 
butterflies and provide room for a human to freely stand and pivot around.  124 
 125 
1.1.2. Beyond temperature regulation, ensure that the greenhouse is secure so that it can provide 126 
a second layer of containment along with protection from inclement weather (e.g., heavy rain, 127 
wind).  128 
 129 
1.2. Elevate potted nectar plant material so that there is no more than 30 cm of space from the 130 
interior top of the cage to the highest blooming flowers (Supplementary Figure 2). This provides 131 
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optimal access to the available nectar resources, offers ample adult perches, and minimizes 132 
extraneous flight activity.  133 
 134 
1.3. Place one potted host plant in the flight cage. This ensures that even if a mated pair is missed 135 
any resulting eggs laid can be collected.  136 
 137 
1.4. Provide consistent airflow. This enhances courtship activity and mating success. In a 138 
greenhouse setting, blowers and fixed mount circulation fans are best used to help enhance 139 
ventilation and air movement. Smaller portable ventilation, such as box or desk fans, can also be 140 
used.  141 
 142 
1.5. Maintain the internal greenhouse temperature between 27 °C and 32 °C to promote optimal 143 
adult activity and mating success. The temperature inside the cage is monitored using a traceable 144 
memory monitoring thermometer.  145 
 146 
1.6. Mist the screened flight cage regularly (approximately once every 2 h) with water using a 147 
hand pump, plastic tank sprayer, or garden hose.  148 
 149 
1.7. Gently collect individual mating pairs from the screened flight cage using a 50 dram clear 150 
plastic snap cap vial (Table of Materials), placing one to two pairs per vial, and transport to an 151 
indoor rearing room or laboratory (Supplementary Figure 3). 152 
 153 
2. Maximizing egg production  154 
 155 
2.1. Assemble oviposition chamber. 156 
 157 
2.1.1. Take a 12 ounce plain white paper cup and using a snap blade utility knife, make two 158 
horizontal cuts on each side of the cup across from one another. Each cut should be 159 
approximately 1 cm below the rim.  160 
 161 
2.1.2. Cut a single cotton swab in half and insert the rod end of each into the two horizontal cuts 162 
on each side of the paper cup so that the cotton swab portion extends approximately 2 cm 163 
towards the interior of the cup. 164 
 165 
2.1.3. Using a snap blade utility knife, make two “X” cuts in the bottom of the paper cup. Each 166 
diagonal cut should be approximately 1 cm long.  167 
 168 
2.1.4. Take a 9 ounce plastic cup and fill the bottom with approximately 2 cm of tap water. 169 
 170 
2.1.5. Place a fresh cutting, approximately 15 cm long, of terminal larval host plant growth in the 171 
paper cup by inserting the stem through one of the “X” cuts in the bottom. Push the stem through 172 
the cut so that approximately 4–5 cm protrudes out the bottom.  173 
  174 
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2.1.6. Place the paper cup with host material into the plastic cup, ensuring that the plant stem is 175 
in water.  176 
 177 
2.1.7. Fill a 1 ml sub-Q syringe (0.45 mm x 16 mm) with a flavored sports drink and saturate both 178 
cotton swabs in the paper cup. These act as artificial flowers.  179 
 180 
NOTE: Melon and fruit punch flavored sports drink provide the best nectar alternative.  181 
 182 
2.1.8. Once each mating pair separates, place 2–3 gravid females into the assembled cup 183 
configuration (i.e., the oviposition chamber). 184 
 185 
2.1.9. Cover the cup with a cut square fragment of black tulle (approximately 15 cm x 15 cm) and 186 
secure it with a rubber band around the lid (Supplementary Figure 4). Black tulle provides the 187 
best visibility into the cup and easy identification of any eggs that might occasionally be laid on 188 
the tulle.  189 
 190 
2.2. Stimulate adult butterfly activity and oviposition. 191 
 192 
2.2.1. Place each oviposition chamber on a laboratory bench or table approximately 19 cm below 193 
an 8.5 inch (21.59 cm) clamp light with an aluminum reflector housing a 40 W incandescent bulb 194 
(Supplementary Figure 5).  195 
 196 
NOTE: The incandescent light provides the radiant heat necessary to stimulate adult activity and 197 
oviposition.  198 
 199 
2.2.2. Place a traceable memory monitoring thermometer adjacent to the lights and run the 200 
temperature sensor so that it rests on top of an oviposition chamber located directly under a 201 
clamp light.  202 
 203 
NOTE: The target temperature range is between 27.5 °C–29 °C.  204 
 205 
2.2.3. Add supplemental clamp lights as necessary depending on the total number of 206 
ovipositional chambers deployed. 207 
  208 
2.2.4. Plug clamp lights into a programmable 15 Amp 24 h indoor plug-in mechanical timer with 209 
two outlets (programmable in 30 min timed intervals). 210 
 211 
2.2.5. Set timer to turn clamp light on for 30 min intervals (i.e., a repeatable cycle of 30 min on, 212 
30 min off).  213 
 214 
NOTE: This light cycle helps to maximize egg production by providing repeatable periods of 215 
illumination to stimulate adult butterfly activity and oviposition followed by short dark rest 216 
periods. 217 
 218 
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2.2.6. Refresh the cotton swabs in each cup with flavored sports drink via the sub-Q syringe and 219 
mist regularly with water using a plastic spray bottle approximately every 2-3 h or as needed.  220 
 221 
NOTE: This provides adequate artificial nectar and moisture to enable the butterflies to free-feed 222 
as desired. It thereby enhances both adult longevity and oviposition productivity under 223 
laboratory conditions where living, blooming plant material cannot easily be utilized.  224 
 225 
2.2.7. Monitor cups regularly and replace host plant with fresh cuttings as necessary. 226 
 227 
2.2.8. When the eggs start to hatch or the density of eggs becomes high, move the female(s) to 228 
a new cup with fresh host and begin larvae protocol with neonates. 229 
 230 
3. Larval care and maintenance  231 
 232 
3.1. Repeat steps 2.3–2.6 to assemble cups for larvae. 233 
 234 
3.2. When eggs begin to hatch, move host plant material with eggs and neonate larvae into a 235 
newly assembled cup, placing the stem through the second “X” in the bottom ensuring that the 236 
plant stem is in water and leaves touch adjacent fresh host cutting.  237 
 238 
3.3. When larvae are young (neonate–2 instar), check larval cups daily for freshness of host plant 239 
material and presence of mold or excessive frass.  240 
 241 
NOTE: Daily removal of host material is not recommended when larvae are young because this 242 
can result in organism injury due to handling and/or unnecessary waste of fresh host material. 243 
 244 
3.4. If host material is wilted or in otherwise poor condition, place another cutting of fresh host 245 
material into cup so that it is touching existing foliage and allow larvae to move to the new host 246 
on their own.  247 
 248 
3.5. Once larvae reach the 3rd instar, replace paper cup and add fresh host material daily.  249 
 250 
3.6. Use a small camel hair watercolor paint brush to gently move the larvae from the old host 251 
material or cup surface to fresh host material in the new cup.  252 
 253 
3.7. Place the old host material into an empty rectangular plastic food storage container.  254 
 255 
3.8. Repeat steps 3.5–3.7 daily and until all cups with larvae have been processed. 256 
 257 
3.9. When complete, add a small amount of fresh host material on top of the plant waste in the 258 
food storage container and loosely place a lid on top.  259 
 260 
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NOTE: This serves as a safeguard in case any larvae are overlooked during daily processing 261 
because they will crawl onto the new host material on top of the plant waste and can be removed 262 
the next day. 263 
 264 
3.10. Maintain cups under laboratory temperature between 25 °C–28 °C for optimal larval activity 265 
and development (Supplementary Figure 6).  266 
 267 
NOTE: To reach optimal rearing temperatures under indoor conditions, it is often necessary to 268 
place cups under clamp lights with aluminum reflectors housing 40 W incandescent bulbs. 269 
Temperatures can then be actively monitored using a traceable memory monitoring 270 
thermometer and the light height adjusted to reach optimal rearing conditions. 271 
 272 
4. Constructing the pupation chamber  273 
 274 
4.1. Cut a single face corrugated paper roll into equal sized 3.8 cm x 3.8 cm squares.  275 
 276 
4.2. Place one square into a 2 ounce clear plastic portion cup. 277 
 278 
4.3. Place the cup onto a clear plastic cup tray (Supplementary Figure 7). 279 
 280 
5. Preparing larvae for pupation  281 
 282 
5.1. Identify mature larvae ready to pupate during daily colony processing.  283 
 284 
NOTE: Such larvae will turn a uniform dull greenish-brown, lose their chevrons, and often wander 285 
off the host.  286 
 287 
5.2. Gently remove each mature larva with a small camel hair watercolor paint brush or forceps 288 
and place one in each pupation chamber. 289 
 290 
5.3. Firmly snap the clear plastic lid on the pupation chamber. 291 
 292 
5.4. Repeat steps 5.1–5.3 until all larvae ready to pupate have been transferred into pupation 293 
chambers adding new plastic trays as necessary (Supplementary Figure 8). 294 
 295 
6. Maintaining pupae  296 
 297 
6.1. For each tray of pupation chambers, record the date of first pupation and any other pertinent 298 
information needed (i.e., genetic line, experimental trial, etc.). 299 
 300 
6.2. Organize trays by date and place in a secure location within the laboratory (Supplementary 301 
Figure 8). 302 
 303 
6.3. Monitor trays daily for adult eclosion.  304 
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 305 
NOTE: Laboratory conditions such as temperature will strongly influence development time. 306 
 307 
6.4. Prior to adult eclosion (typically within 10 days of first pupation), remove the lids from 308 
individual pupation chambers and place the tray in a 34.29 cm x 34.29 cm x 60.96 cm collapsible 309 
mesh pop-up rearing cage (Supplementary Figure 9).  310 
 311 
NOTE: Pupae securely attached within the grooves of the corrugated paper squares facilitate 312 
successful adult eclosion (Supplementary Figure 10). 313 
 314 
6.5. Repeat the entire protocol from step 1.1 for the subsequent captive generation. 315 
 316 
7. Assessing development time of immature stages and the number of stadia 317 
 318 
7.1. Place a single larva under a dissecting microscope. Use a small camel hair watercolor paint 319 
brush to carefully move and isolate larvae to avoid injury to the organism.  320 
 321 
7.2. Dip a single hair of the paintbrush in nontoxic luminous paint (Table of Materials), and 322 
carefully put one small drop of paint on the back (dorsum) of the larva. Use a paint color that 323 
stands out from the background color and pattern color of the larva (Supplementary Figure 11). 324 
Be sure to avoid placing paint on the head of the larva.  325 
 326 
7.3. Once the paint dries (about 30 s or so), place each individual larva in its own 2 ounce clear 327 
plastic portion cup and write a unique identifier on the cup and lid (Supplementary Figure 12). 328 
 329 
7.4. Place approximately 1–3 small leaves of fresh terminal host material into each cup with larva 330 
and firmly secure the lid. 331 
 332 
7.5. Carefully check each larva daily. Remove leaves and set onto white surface. Inspect cup, clear 333 
lid, and examine leaves under a dissecting microscope for the presence of larval exuviae (cast 334 
skins) and/or head capsules.  335 
 336 
7.6. If a larval exuvia is found, remove it from the cup and place it in a microcentrifuge tube 337 
labelled with the corresponding cup number and the date (see steps 8.1–8.6. below).  338 
 339 
7.7. Repaint larvae after each molt and record molt dates.  340 
 341 
7.8. Measure the total body length (head to last abdominal segment) of each larva daily using 342 
digital calipers. Take three measurements and record the average of the three, along with the 343 
date and time. For early instar larvae, a magnifying glass or dissecting scope should be used when 344 
measuring to ensure accurate measurements. 345 
 346 
7.9. Return larva to its corresponding plastic portion cup. 347 
 348 
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7.10. Add fresh host material as needed and remove all frass and old host debris. If mold is found 349 
in the cup, dispose and use a new cup. Write the correct unique identifier number on the new 350 
cup.  351 
 352 
7.11. Repeat steps 1.5–1.10 until all larvae reach their final instar and begin the prepupal stage. 353 
When larvae cease feeding, turn a uniform dull greenish-brown color, lose their chevrons,  354 
and often wander off the host, minimize disturbing them.  355 
 356 
7.12. Place a small piece of corrugated paper in the cup (see step 4.1). 357 
 358 
7.13. Once each larva has fully pupated, measure its total length as in step 7.8 above and record 359 
the date of pupation. This will be the final molt of each individual. 360 
 361 
7.14. Check on pupae daily and record eclosion date and sex of each resulting adult butterfly. 362 
 363 
7.15. Measure the wing chord length of each butterfly using digital calipers. Butterflies can be  364 
gently held with forceps for measurement. If the butterfly is too active to easily measure,  365 
temporarily place it in a refrigerator for 30 s or less and try again. 366 
 367 
8. Collecting larval exuviae 368 
 369 
8.1. When a larval exuvia is observed, fill a vial with 0.2 µl of glycerin. Label the top of the lid and 370 
the side with the larva number, date of molt, and head capsule (H.C.).  371 
 372 
NOTE: The larvae of some lepidopteran larvae regularly consume their exuviae but the head 373 
capsule should remain. 374 
 375 
8.2. Look at the larval exuvia under a dissecting microscope. If the larval head capsule is already 376 
separated from the exuvia, place a drop of glycerin on the tip of pointed entomological forceps 377 
and gently touch the head capsule to the glycerin. Place the head capsule in the associated vial. 378 
 379 
8.3. If the head capsule is still attached to the larval exuvia, remove it either by using pointed 380 
forceps and gently grabbing the larval exuvia, or by using the glycerin technique.  381 
 382 
8.4. Place the larval exuvia and the associated head capsule in a clear plastic portion cup lid and 383 
put a couple of drops of ethanol in it.  384 
 385 
8.5. Under a dissecting microscope, use pointed forceps and an insect pin to separate the head 386 
capsule from the larval exuvia. Once it is separated, use the glycerin technique to pick up the 387 
head capsule. If there is too much ethanol, you can use a small paper towel to remove some, but 388 
be careful not to accidentally remove the head capsule. 389 
 390 
8.6. Place the head capsule in a labelled glycerin-filled vial and close lid tightly. 391 
 392 
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REPRESENTATIVE RESULTS:  393 
Over the course of two separate conservation initiatives targeting the recovery of Cyclargus 394 
thomasi bethunebakeri from February 2003 to December 2010 and from November 2016 to the 395 
present, this protocol was used to successfully produce an excess of 51,052 viable organisms. 396 
Based on the one-year summary snapshot of overall captive population productivity from June 397 
2018 to June 2019, a total of 10,166 viable organisms were produced, representing 782.00 ± 398 
118.93 organisms per month over 13 generations. Similarly, mean total egg production per 399 
female under laboratory conditions was 114.00 ± 26.12 (n = 12)31. The resulting substantial 400 
organism productivity ranks this program among the largest such ex situ efforts in the U.S., along 401 
with those of Euphydryas editha taylori, Speyeria zerene hippolyta, and Lycaeides melissa 402 
samuelis24. Part of this productivity can be attributed to the fact that the butterfly is continuously 403 
brooded, producing one generation approximately every 4–6 weeks in captivity. The majority of 404 
other conservation breeding programs involve taxa that are univoltine or bivoltine. Nonetheless, 405 
even for programs involving extremely fecund taxa such as Speyeria spp., the total number of 406 
viable organisms produced for conservation translocation on an annual basis seldom exceeds a 407 
few thousand32. Accordingly, our captive population has enabled directed research and extensive 408 
data collection on numerous key data gaps important to improve best laboratory breeding and 409 
husbandry practices (Figure 1) as well as help inform recovery and management decisions.  410 
 411 
Mean total development time from neonate larva to adult was 28.63 days (Table 1). The majority 412 
of larvae had four molts (Figure 2, Figure 3), though two had five molts, and one had six molts. 413 
The overall mean length of all larval instars was 5.97 mm, and larvae were largest at the fourth 414 
and prepupal life stages (Table 1). When only including variables with more than 30 observations, 415 
the shortest time was spent in the first instar and prepupal stages, and the longest was spent as 416 
pupae (Table 1, Figure 2). Females typically developed quicker in all immature stages compared 417 
to males, although this was not a significant effect (p = 0.625). Statistical analyses were 418 
conducted using RStudio Version 1.1.463 (R Core Team 2016)33. The mean adult wing chord 419 
length was 12.64 mm (Table 2), and there was a significant difference between the sexes 420 
(p=0.047). The two-sided t-test was run to evaluate the wing chord difference between sexes. 421 
Linear regression model and stepwise regression for average length of each life stage showed 422 
that pupal length was the best predictor for adult wing chord length (Table 3, Table 4). Regression 423 
models for development time showed that the number of days spent in the second and fourth 424 
instars and the total number of days were the best predictors for adult wing chord length, but 425 
only the number of days in fourth instar was significant (Table 5, Table 6). Because variables were 426 
continuous, two linear regression models were run for the development time of each life stage, 427 
as well as the length of each life stage, with adult wing chord length as the dependent variable. 428 
Stepwise regressions were run on both regression models to determine the best predictors of 429 
adult wing chord length. 430 
 431 
FIGURE AND TABLE LEGENDS: 432 
Supplementary Figure 1: Pinned specimens of adult Cyclargus thomasi bethunebackeri. (A) 433 
Adult male, dorsal (left), ventral (right). (B) Adult female, dorsal (left), ventral (right).  434 
 435 
Supplementary Figure 2: Screened flight cage housed in temperature-controlled greenhouse. 436 



   

Page 10 of 6   
 

(A) Interior shows potted adult nectar plants and a single potted larval host plant. (B) Metal 437 
shelving helps to elevate potted nectar plants so that there is no more than 30 cm of space from 438 
the interior top of the cage to the highest blooming flowers.  439 
 440 
Supplementary Figure 3: Procedure for collecting adult pairs in copula. (A) Mating pair of adult 441 
Cyclargus thomasi bethunebakeri inside the screened flight cage (female, right and male, left). 442 
(B) Mating pairs collected from the flight cage in snap cap vials and brought into the laboratory.  443 
 444 
Supplementary Figure 4: Procedure for assembling oviposition chamber. (A) Two cup system 445 
with terminal host material and cotton swabs. (B) A 1 ml sub-Q syringe (0.45 mm x 16 mm) with 446 
flavored sports drink saturating cotton swabs in the paper cup. (C) Cups housing gravid females 447 
secured with black tulle.  448 
 449 
Supplementary Figure 5: Laboratory setup for maximizing egg production. (A) Oviposition 450 
chambers placed on a laboratory bench under a clamp light with a 40 W incandescent bulb. (B) 451 
A traceable memory monitoring thermometer is placed adjacent to the lights with the 452 
temperature sensor resting on top of an oviposition chamber located directly under a clamp light. 453 
(C) A 1 ml sub-Q syringe and small beaker holding flavored sports drink placed adjacent to the 454 
oviposition chambers to facilitate refreshing the cotton swabs regularly throughout the day.  455 
 456 
Supplementary Figure 6: Laboratory setup for larval care and maintenance. (A) Two cup system 457 
with each containing fresh terminal host material and larvae. (B) Temperature in the cups is 458 
maintained between 25° C–28° C for optimal larval activity and development by overhead clamp 459 
lights with 40 W incandescent bulbs. (C) A traceable memory monitoring thermometer with the 460 
temperature sensor placed directly in a cup is used to monitor temperature.  461 
 462 
Supplementary Figure 7: Prepared pupation chambers. (A) Individual plastic portion cups 463 
housed on the clear plastic cup trays. (B) A corrugated paper square is placed in each plastic 464 
portion cup. (C) A single mature larva will be placed in each prepared plastic portion cup to 465 
pupate.  466 
 467 
Supplementary Figure 8: Preparing larvae for pupation and pupal maintenance. (A) Mature 468 
larva ready to pupate on corrugated paper. It is a uniform dull greenish-brown and has lost any 469 
chevrons. (B) Pupation chambers ready to receive mature larvae adjacent to cups with feeding 470 
larvae. All pupation chambers with lids house larvae that are preparing to pupate. (C) Pupation 471 
chambers with pupae. (D) Banks of pupation chambers with pupae organized by date and 472 
maintained under laboratory conditions.  473 
 474 
Supplementary Figure 9: Laboratory emergence cage. (A) A collapsible mesh pop-up rearing 475 
cage housing the occupied pupation chambers. (B) The lids of all the pupation chambers are 476 
removed to facilitate successful adult eclosion. (C) All resulting viable adult butterflies will be 477 
released into the screened flight cage to secure successful copulation.  478 
 479 
Supplementary Figure 10: Adult male butterfly successfully eclosing from pupa on a corrugated 480 
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paper square. (A) Adult eclosing from pupa. (B) Adult fully removed from the pupal casing. (C) 481 
Adult positioned to expand its wings. (D) Adult expanding its wings.  482 
 483 
Supplementary Figure 11: Fifth instar larva marked with nontoxic luminous paint. (A) A small 484 
drop of contrasting red, nontoxic luminous paint is placed on the dorsum using a paintbrush to 485 
successfully mark the larva.  486 
 487 
Supplementary Figure 12: Rearing set-up for life history study. (A) Uniquely labelled 2 ounce 488 
clear plastic portion cups. (B) A single larva is sequestered in each cup. (B) All larvae are 489 
individually tracked through all developmental stages from neonate to adult butterfly.  490 
 491 
Figure 1: Number of recorded pairs in copula based on temperature (°C) within a walk-in, 492 
screened flight cage housed in a temperature-controlled greenhouse. The temperature was 493 
recorded within the first 2 min of a successful pairing event (n = 411). The resulting data were 494 
used to help refine the controlled environmental conditions in order to maximize mating success 495 
and ultimately overall captive propagation productivity.  496 
 497 
Figure 2: Mean development time (number of days) of each immature life stage. (A) Bars show 498 
the mean of each group, and error bars represent the upper and lower standard deviation values 499 
for each group. (B) Dark blue bars represent females, and light blue represent males. 500 
 501 
Figure 3: Head capsules collected from individual #25 using life history protocol. Head capsules 502 
were photographed by Johnathan Bremer using an automontage system. 503 
 504 
Table 1: Mean length and development time of each life stage. Standard error included for each 505 
variable, and sample size in parentheses. 506 
 507 
Table 2: Mean forewing wing chord length for adult butterflies. Includes means for females, 508 
males, and all adults (both sexes combined). 509 
 510 
Table 3: Coefficients table for linear regression model (LM Model 1) to evaluate relationship 511 
between average length of each life stage (n > 30 included in analysis) and adult wing chord 512 
length. Dependent variable: adult wing chord length (mm). 513 
 514 
Table 4: Stepwise regression (Stepwise 1). Dependent variable: adult wing chord length (mm). 515 
 516 
Table 5: Coefficients table for linear regression model (LM Model 2) to evaluate relationship 517 
between development time and adult wing chord length. Dependent variable: adult wing chord 518 
length (mm). 519 
 520 
Table 6: Stepwise regression (Stepwise 2) for development time. Dependent variable: adult 521 
wing chord length (mm). 522 
 523 
DISCUSSION:  524 
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Here, we illustrate the effectiveness of this proven ex situ conservation breeding protocol for 525 
mass production of at-risk butterflies, and how it can be adapted for scientific research to help 526 
address key behavioral, life history, or ecological data gaps. Increased understanding of mean 527 
total development time (egg to adult), mean duration in each life stage, and optimal temperature 528 
for mating, for example, were used to help refine the protocol and enhance overall program 529 
success. The vast majority of existing protocols detail only organism husbandry methods and do 530 
not discuss data collection, scientific research, or the use of such results to help inform and 531 
potentially adapt ex situ methods.  532 
 533 
This protocol requires daily organism husbandry. Organism health and productivity are 534 
maximized by clean rearing conditions, a lack of organism overcrowding, and the availability of 535 
high-quality larval host plant material. For the most part, we utilize disposable rearing supplies 536 
and containers (e.g., paper and plastic cups), and typically replace them regularly, often daily, 537 
and never reuse the material. This is both cost-effective and minimizes the need for more labor-538 
intensive sanitation of materials. Commonly used tools, however, such as entomological forceps, 539 
watercolor paint brushes, and small pop-up flight cages, as well as all rearing surfaces such as 540 
tabletops and laboratory bench tops are regularly sanitized using a 5% bleach solution. The exact 541 
schedule of sanitation is highly dependent on the frequency of use, organism phenology, and 542 
other variables, and should be tailored to the specific needs of each ex situ program. We 543 
additionally find that white butcher paper is useful to cover all rearing surfaces. It provides an 544 
inexpensive, easily deployable clean substrate, and the white background color facilitates 545 
sighting of any stray organisms. For daily husbandry, all laboratory personnel should always wear 546 
disposable laboratory exam gloves to minimize contamination and safeguard personnel from any 547 
potential skin irritation resulting from plant or organism handling. This is particularly critical if 548 
any laboratory personnel have household pets that require topical flea treatments. Even a small 549 
amount of active ingredient residue can be hazardous to captive livestock.  550 
 551 
Additionally, care should be taken to minimize organism overcrowding. Overcrowding of larvae 552 
can quickly lead to reduced organism health and even cannibalism in certain taxa, particularly 553 
Lycaenidae. Regularly separating larvae to reduce numbers within rearing containers and/or even 554 
isolating individual larvae as described in the life history portion of the protocol may be 555 
necessary. The ideal numbers per container may vary considerably based on the particular taxon 556 
and various ex situ program constraints such as available budget, laboratory facilities, and total 557 
number of husbandry personnel. We similarly recommend leaving adequate space between cups 558 
housing larvae to minimize the potential of organism movement between containers. Lastly, for 559 
larger captive populations, it is strongly recommended to separate stock between one or more 560 
laboratory facilities. This safeguarding strategy can help minimize catastrophic loss of the entire 561 
population due to disease or other unforeseen impacts.  562 
 563 
Larval host plant quality and availability drives livestock production and strongly influences both 564 
larval development rates and overall population health. Nonetheless, few published reports or 565 
studies highlight this backstage requirement or discuss best nursery practices. Successful ex situ 566 
program planning must account for adequate plant quantities, production, and maintenance. As 567 
many larvae also require or prefer certain plant parts (e.g., terminal new growth, flower buds 568 
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and inflorescences, fruit, etc.), effective staging to ensure appropriate plant phenology is 569 
required.  570 
 571 
Additional considerations include appropriate demographic and genetic management, and the 572 
minimization of any potential negative effects of captivity. We recommend the development of 573 
a genetic management plan. This may include strategies to include the infusion of new genetic 574 
material on regular basis, maximize diversity and prevent close inbreeding, periodically evaluate 575 
key organism fitness variables, and monitor genetics at some level to enable comparison to 576 
extant populations and check captive stock health. Periodic comparison of the characteristics of 577 
captive individuals to individuals from the founding populations is also warranted34,35.  578 
 579 
These protocols represent proven best practices. They should be beneficial to a variety of 580 
researchers and conservation practitioners that can directly apply or adapt our methods to their 581 
own studies and ex situ at-risk butterfly or insect conservation and recovery programs. The 582 
specific outlined captive breeding protocol is likely most applicable to programs focused on other 583 
Lycaenidae, related taxa, or smaller sized taxa. Nonetheless, numerous components such as 584 
those involving securing successful courtship and copulation, adult maintenance with artificial 585 
nectar, maximizing oviposition, and general larval care could arguably be more broadly applied 586 
or adapted to a wider array of taxa. As mentioned earlier, while protocol flexibility should be 587 
emphasized, access to other established methodologies can help provide valuable insight and a 588 
viable departure point for adaptation and innovation. The methods presented for assessing 589 
various life history characteristics such as larval development time and the number of larval 590 
stadia arguably has broad applicability to other conservation breeding programs and at-risk taxa. 591 
We encourage others to help address key ecological data gaps when possible and to publish 592 
vetted protocols and program outcomes.  593 
 594 
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Life stage Mean body length Std. Error Mean development 

(mm) (length) time (num. days)

Instar I 1.69478261 (n=23) 0.02152643 2.90625 (n=32)

Instar II 2.77248958 (n=32) 0.04302826 3.375 (n=32)

Instar III 5.45751042 (n=32) 0.12120829 3.5 (n=32)

Instar IV 10.2369688 (n=32) 0.23653991 3.875 (n=32)

Instar V 8.7625 (n=2) 2.6125 1.5 (n=2)

Instar VI 10.2666667 (n=1) NA 3 (n=1)

Pre-pupa 11.0858333 (n=24) 0.23948251 2.9375 (n=32)
Pupa 9.0316129 (n=31) 0.12106792 11.6578947 (n=38)
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Std. Error 

(dev. time)

0.08229783

0.16649857

0.20080483

0.18917265

0.5

NA

0.21504641
0.3272288



Life stage Mean wing chord length (mm) Std. Error

Adult 12.63895 (n=38) 0.1365516

Female 12.960 (n=13) 0.1465588
Male 12.472 (n=25) 0.1863205
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LM Model 1 Std. Error of t value p-value

estimate

Intercept 1.9179 3.128 0.0046 **

Avg. length second instar 0.6822 -1.11 0.278

Avg. length third instar 0.2928 0.476 0.6381

Avg. length fourth instar 0.1373 -0.57 0.5739
Avg. length pupae 0.246 3.957 0.0005 ***

*** p < 0.001;  ** p < 0.01;  * p < 0.05.
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Coefficients Std. Error of t value Pr (>|t|)

estimate

Intercept 1.7091 3.031 0.0053 **
Avg. length pupae 0.1878 4.414 0.0002 ***
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LM Model 2 Std. Error of t value p-value

estimate

Intercept 1.1888 12.643 4.21e-12 ***

Num. days first instar 0.3486 0.937 0.3583

Num. days second instar 0.2603 -0.686 0.4993

Num. days third instar 0.2281 1.028 0.3141

Num. days fourth instar 0.2048 2.378 0.0257 *

Num. days pre-pupae 0.222 1.133 0.2686

Num. days pupae 0.2495 0.616 0.5435
Total num. days 0.1913 -1.454 0.1589

*** p < 0.001;  ** p < 0.01;  * p < 0.05.
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Coefficients Std. Error of t value p-value

estimate

Intercept 0.89304 16.314 7.86e-16 ***

Num. days second instar 0.17974 -1.809 0.0811 .

Num. days fourth instar 0.16917 2.075 0.0473 *
Total num. days 0.04184 -1.787 0.0848 .

*** p < 0.001;  ** p < 0.01;  * p < 0.05; . p < 0.1
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Name of Material/ Equipment

12 oz plain white paper cups (Karat)

15-Amp 2-Outlet Mechanical Residential Plug-in Countdown Lighting Timer

1ml sub-Q syringes (0.45 mm x 16 mm)

2 oz clear plastic portion cup lids

2 oz Clear Plastic Portion Cups

34.29 cm x 34.29 cm x 60.96 cm collapsible mesh popup rearing cage

8.5" 1-Watt Incandescent Clamped Work Light

Adoric Electronic Digital Caliper

Big Kid's Choice Arts & Crafts Brush Set-12/Pkg, assorted sizes

Clear Plastic Cup Tray

Fisher Scientific traceable memory monitoring thermometer 

Forceps, Straight Points, Swiss Style #4, Stainless 

Humco Glycerin 6 oz

Luminous Paint Kit, Blue, Red, Yellow, 4 Dram

Melon flavored Gatorade Fierce Thirst Quencher or fruit punch flavored Gatorade Thirst Quencher sports drink

Neoteck Digital 2 in 1 Hygrometer-Thermometer 

Olympus 0.6 ml Microtubes, Clear, Polypropylene, Nonsterile

Plastic Tank Sprayer

Q-tips Cotton swabs

Rectangular plastic tupperware container with lid (Rubbermaid)

Showgard 903 Stamp Tongs, 4 5/8 inch Spade Tip

Single face corrugated paper roll

Snap blade utility knife

Solo 9 oz plastic cups

Thorton Plastics 50 dram clear plastic snap cap vial (6.25 oz.)

Tulle Spool 9 inch x 150 feet - Black

Zep 32 oz Plastic Spray Bottle
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Company Catalog Number Comments/Description

Lollicup C-KC16

Lowes UTTNI2423

Fisher Scientific 14-829-10F

Party City #791091

Party City #791088

Bioquip 1466BV

Lowes PTC301L

Amazon.com B07QX2SK2F

Walmart #10965135

Frontier Scientific Services AG_9040

Fisher Scientific 15-077-8D

BioQuip 4531

Walmart #303951037966

Bioquip 1166A

Walmart #568456137

Amazon.com NTK026

Amazon.com 24-272C

Lowes #5318

Walmart #551398298

Walmart #554320171

Amazon.com #787793151378

Amazon.com BXSF12

OLFA #5023

Solo SQ950

Thorton Plastics #50

Jo Ann Fabrics #16029696

Lowes HDPRO36

http://amazon.com/
http://amazon.com/


Editorial comments: 

The following is a response to the Editorial comments. They are provided after each point in bold and 

italics. 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. Thank you. The manuscript was reviewed and additional minor spelling and 

grammatical issues were corrected. 

2. The Summary is over the 50 word limit. The summary has been trimmed to the 50 word limit. 

3. Figures 1-12: These figures should be used as supplementary figures. Please upload these figures as 

supplementary coding files and renumber all other figures. All figure 1-12 have been renamed as 

Supplementary Figure 1, 2… Figures 13-15 have been renumbered as Figures 1-3. Supplementary 

figures will be uploaded as supplementary coding files. 

4. Please avoid long steps (more than 4 lines). All protocol steps have been reviewed and are now 4 

lines or less in length. 

5. Please do not separate the protocol into two parts (e.g., A CAPTIVE PROPAGATION, B LIFE HISTORY). 

Please number protocol steps continuously. The Life History portion has now been added (steps 7 and 

8) to make the entire protocol one part (please see this in lines 315-391) 

6. Step 1.1.1: Please write this step in the imperative tense. Step 1.1.1 has been revised to be in the 

imperative tense. 

7. 1.1.2: Please write this step in the imperative tense. Step 1.1.2. has been revised to be in the 

imperative tense. 
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