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Abstract 
Understanding how management actions affect target species is crucial for designing conservation strategies that meet 
recovery goals. In the context of Oregon silverspot butterfly (Speyeria = Argynnis zerene hippolyta) conservation, we used 
experimental habitat manipulations and mark-release-recapture methods to measure the effects of habitat restoration and 
population augmentation on butterfly vital rates. To understand the butterfly’s response to management, we (1) measured 
larval survival in response to invasive grass and thatch removal, and (2) used mark-release-recapture methods to estimate 
phenology, adult survival, and female egg laying of both wild and captive-reared butterflies. We found that reducing the 
density of invasive grasses and associated thatch, increased larval survival by up to 50%. We also found that wild butterflies 
emerged, on average, three weeks before captive butterflies were released and lived up to a week longer than captive but-
terflies. This mismatch in timing resulted in observations of only 15% of captive females laying eggs as opposed to 45% 
of marked wild females, suggesting that captive-reared females are contributing very little to the overall population. For 
Oregon silverspot recovery efforts to succeed, continued management of invasive grasses is key, as is further work to match 
the timing of releases of captive butterflies with flight of wild butterflies.
Implications for insect conservation Through hands-on manipulation of habitat and markingat-risk butterflies, we identified 
specific ways to improve current management actions to meetrecovery goals. These techniques are necessary for developing 
conservation strategies that willsave species from extinction
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Introduction

Amid ongoing insect declines, the importance of directly 
addressing the negative effects of habitat loss, fragmenta-
tion, and degradation is paramount to butterfly conservation 
(Wepprich et al. 2019; Wagner et al. 2021; Forister et al. 
2021). With the aim of creating resilient butterfly popu-
lations, conservation efforts typically focus on two main 
strategies, (1) habitat restoration, and (2) captive rearing 
and reintroduction programs (Dennis 2010; Samways et al. 
2010; Bladon et al. 2022). For these actions to succeed, con-
servation decision-makers need to understand how actions 
affect population dynamics of the target species, yet studies 
rarely assess the demographic response of target species to 

conservation actions (Schultz et al. 2019; Henry et al. 2019). 
Here we focus on the Oregon silverspot butterfly (Speye-
ria = Argynnis zerene Hippolyta), a threatened species that 
continues to decline despite years of active management, 
and assess the effects of habitat restoration and population 
augmentation on butterfly vital rates.

For many endangered butterflies, habitat restoration is 
grassland restoration (e.g. Balmer and Erhardt 2000; Fie-
dler et al. 2017; Joubert-van der Merwe et al. 2019; Bussan 
2022). Half of grasslands in the United States have been 
converted to agriculture and development since European 
settlement and only small fragments remain (Lark 2020). 
A coincident loss of historic disturbance regimes caused 
shifts in grassland plant communities such that remaining 
fragments do not contain sufficient host plant and nectar 
resources to maintain butterfly populations (Brunbjerg 
et al. 2017; Haan and Landis 2019; Kral-O’Brie et al. 2019; 
Ubach et al. 2020). Restoration strategies, therefore, focus 
on restoring historic disturbance, using surrogate approaches 
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– prescribed fire, grazing, mowing, herbicide applications 
and direct seeding/planting of key resources (Schultz 2001; 
Moranz et al. 2012; Bubova et al. 2015; Henry et al. 2020; 
Bladon et al. 2022). In addition to increasing densities of 
important butterfly resources, restoration actions may also 
improve habitat quality by altering microclimate and preda-
tor communities to which both larvae and adult butterflies 
are exposed. The process of restoring habitat always has the 
potential to have both costs and benefits to butterfly popu-
lations (Jellinek et al. 2014; Schultz and Ferguson 2020). 
By measuring population response to these actions, deci-
sion-makers can focus on methods that mitigate the costs, 
enhance the benefits, and maximize effectiveness of restora-
tion actions (Warchola et al. 2018; Cayton et al. 2023).

Reintroduction or population augmentation is often criti-
cal to increase occupancy and enhance connectivity between 
habitat patches (Schultz et al. 2008). Many butterfly conser-
vation programs use captive rearing and breeding to produce 
individuals for release into the wild (Grow et al. 2015; Dan-
iels et al. 2020). However, local adaptation of source popula-
tions and adaptation to captivity can result in captive-reared 
individuals that are the wrong size, genetic bottlenecks, and 
behavioral/habitat mismatches (Saccheri et al. 1996; Lewis 
and Thomas 2001; Heidinger et al. 2009; Aardema et al. 
2011; Turlure et al. 2013), all of which have the potential 
to influence the fitness of captive-reared individuals and 
their ability to contribute to (or establish) self-sustaining 
wild populations. Simple measurements comparing captive 
and wild butterflies in-situ are necessary to evaluate if these 
measures are having intended effects, and if they are not, to 
re-design rearing and release strategies to meet conservation 
goals (Crone et al. 2007).

The Oregon silverspot butterfly was listed as Threatened 
under the United States Endangered Species Act in 1980; it 
was the second invertebrate species to be protected under 
the law. The coastal grassland habitat the butterflies rely on 
was historically maintained by annual indigenous burning 
practices (Wall Kimmerer 2013) and spanned from southern 
Washington to northern California. Now only six occupied 
grassland complexes remain (five in Oregon and one in Cali-
fornia; (USFWS 2020). All remaining Oregon silverspot but-
terfly habitat has been invaded by non-native grasses and 
native shrubs due to the removal of fire from the system and 
planting of pasture grasses for livestock forage by settlers. 
Habitat management (primarily mowing, host and nectar 
plantings, and occasional prescribed fire) has been ongo-
ing for decades, and captive rearing of Oregon silverspots 
began in 1998 with butterflies released into the wild every 
year since. Still, Oregon silverspot populations continue to 
decline, raising questions about the effectiveness of cur-
rent management strategies (USFWS 2020). To understand 
effects of management and how to improve current practices, 
we measured larval survival in a targeted habitat restoration 

experiment seeded with larvae from a zoo-based captive 
rearing program and used mark-release-recapture methods 
to compare phenology, apparent survival, and egg laying 
between wild and captive-reared butterflies.

Methods

Study system

Butterfly lifecycle

Female Oregon silverspot butterflies lay eggs in late sum-
mer/early fall on dry vegetation after violets have senesced 
and before fall rains and cool temperatures end the adult 
flight season. First instar larvae overwinter. Larvae emerge 
from diapause in the spring, typically in mid-late April, 
when temperatures begin to rise, aligning with the reemer-
gence of their larval host plants, early blue violet (Viola 
adunca). Larval development is unusually long (3–4 months 
to develop through 6 instars), as larvae take advantage of 
short bursts of sunshine that punctuate characteristic cold, 
grey, rainy spring weather on the Oregon coast (Sims 2017; 
USFWS 2020). The timing of adult emergence is largely 
dependent on spring weather; in warm years adults begin 
eclosing by late June while cool, wet springs result in 
longer larval development and later adult eclosure (2021 vs. 
2022, Henry unpublished data). Depending on when adults 
emerge, females may enter reproductive diapause for much 
of the summer to delay egg laying and reduce exposure of 
overwintering first instars to desiccation. This is an unusual 
aspect of Oregon silverspot life history and is thought to be 
a major contributor to the decline of many silverspot species 
(Sims 2017).

Distribution and habitat

We focused our research at Rock Creek and Bray Point, 
which together form one of the three occupied historic 
meadow complexes in Oregon (we use the word meadow to 
refer to grassland fragments; it is the term land managers in 
this system use for Oregon silverspot habitat patches). The 
ownership and management of the meadows in this complex 
is split between Siuslaw National Forest (USFS) and Oregon 
Parks and Recreation Department (OPRD). Depending on 
the agency, recent management of these meadows includes 
annual mowing (USFS), targeted herbicide application 
(OPRD), intermittent prescribed burning (OPRD) and plant-
ing of violet host plants and native nectar sources (OPRD 
and USFS). These efforts are aimed at reducing the density 
of invasive grasses, accumulated thatch, and slowing woody 
shrub (primarily salal (Gaultheria shallon)) encroachment 
into meadows. The underlying hypothesis for this work is 
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that increasing resources for larval and adult butterflies and 
restoring the open vegetation structure characteristic of his-
toric meadows will increase larval survival and oviposition 
of Oregon silverspot butterflies.

Invasive grass removal experiment

To test the effect of invasive grass and thatch removal on 
post-diapause larval survival, we established 10, 1.5-meter 
x 1.5-meter experimental plots at both Rock Creek and Bray 
Point. We selected locations at each site representative of 
typical meadow habitat where violets are growing in com-
petition with invasive grasses and associated thatch. At each 
site, we randomly selected five plots as treatments leaving 
the other five as no-treatment controls. To simulate manage-
ment, we hand trimmed invasive grasses and pulled thatch 
out of experimental plots. We trimmed grasses and thatch 
as close to ground level as possible, being careful to leave 
violets and other native grass and forb species unharmed. 
We trimmed plots once in mid-May, once violets had begun 
growing. This was later in the growing season than mow-
ing generally occurs, but was necessary to avoid trimming 
newly emerging violets in our study plots. Once trimming 
was completed, we built mesh enclosures over each plot; 
we used white, polyester mosquito netting that would allow 
sun and airflow into the plot but keep larvae from escaping 
(Figure S1a). We released seven third-instar captive-reared 
Oregon silverspot larvae into each enclosure (n = 140 larvae 
in total) by placing each larva on a centrally located violet 
plant. On many occasions we watched released larvae imme-
diately begin to feed. We checked enclosures 3–4 times per 
week, fixing any holes in the mesh and looking for signs 
of larval feeding. We did not search for larvae because we 
were just as likely to harm a larva as find one in the process 
of searching. Once butterflies began eclosing, we checked 
enclosures daily, marking (see mark-release-recapture meth-
ods below) and releasing butterflies on the day they emerged. 
For each butterfly that eclosed, we recorded the sex, date, 
and enclosure ID.

In addition to monitoring larval survival, we placed one 
iButton temperature logger in the center of each enclosure 
approximately 10 cm above the ground tucked into the 
vegetation (roughly the location where we observed larval 
feeding in enclosures). We set loggers to record temperature 
every 90 min throughout the summer.

We compared larval survival across treatment types and 
sites by fitting generalized linear models with binomially 
distributed errors. We included predictor effects of treatment 
(trimmed vs. untrimmed), site (Rock Creek vs. Bray Point), 
and their interaction and tested for significance using Wald’s 
chi-square tests. We compared daily maximum, minimum, 
and mean temperatures across treatments and types with lin-
ear mixed effects models. Each temperature model included 

fixed effects of treatment, site, and their interaction, and ran-
dom effects of date and enclosure to account for repeated 
measures in the same location. Data management, statistics, 
and visualizations were done using R 4.3.0 (R Core Team 
2023) and the tidyverse (Wickham et al. 2019), lme4 (Bates 
et al. 2015), emmeans (Lenth 2023), and car (Fox and Weis-
berg 2019) packages.

Captive vs. wild butterflies

We used mark-release-recapture methods (Lebreton et al. 
1992; Haddad et al. 2008; Schtickzelle et al. 2012) at Rock 
Creek to compare phenology, apparent survival, and egg 
laying rates between butterflies that were: 1) captive-reared 
larval releases (described above in grass removal experi-
ment, 2) captive-reared pupal releases, and 3) wild. In addi-
tion to the larvae we released into experimental plots, we 
also released 42 larvae, 7 each into 6 mesh enclosures in 
violet plantings at Rock Creek in coordination with USFWS 
2021 release objectives. We marked all adult butterflies 
that emerged from these enclosures as described above 
and included them in analyses. In coordination with the 
Oregon Zoo and USFWS we released 100 captive-reared 
pupae at Rock Creek. These individuals came from the 
same cohort as the larval releases but were raised to pupa-
tion and prepared for release at the Oregon Zoo according to 
the Zoo’s husbandry protocol (Anderson et al. 2010). Pupae 
were released in mesh cages (four cages total – 25 pupae 
per cage, two cages each tucked into the shade at the edge 
of two meadows; Figure S1b). We checked pupal-release 
cages daily, recording the date and sex of each butterfly that 
eclosed and marking its wings with a unique number before 
release (Figure S2).

We sampled the Oregon silverspot butterfly population 
at Rock Creek using mark-release-recapture methods. We 
visited the site every day, unless it was foggy or actively 
raining, from July 2 – September 14, 2021. In addition to 
marking captive-reared butterflies as they eclosed, each day 
we also marked every wild butterfly we could capture and 
resighted previously marked individuals, both captive-reared 
and wild. Each time we marked or resighted a butterfly we 
recorded its GPS location using Avenza maps. For new 
captures, we also recorded the butterfly’s sex. To under-
stand potential differences in the number of females laying 
eggs between wild and captive-reared females, we recorded 
when butterflies exhibited oviposition behaviors (i.e. drag-
ging abdomen on the ground and probing vegetation with 
abdomen).

We used Cormack-Jolly-Seber models to compare 
apparent daily survival probability (Lebreton et al. 1992) 
between captive-reared and wild butterflies using the 
marked package (Laake et al. 2013) in R (R Core Team 
2023). Apparent survival is the probability of an animal 
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surviving between capture events. In our case, it is impos-
sible to distinguish between mortality and emigration, 
therefore, apparent survival is the probability that an 
individual survives and does not emigrate from the site 
between capture events. We estimated survival for each 
sex and butterfly source (wild, captive larval release, and 
captive pupal release) combination to better understand 
similarities between captive and wild butterflies.

The meadows at Bray Point are 10 km north of Rock 
Creek and are on a steep coastal headland which precluded 
us from conducting regular mark-release-recapture surveys 
at the site. Given these constraints, we excluded butterflies 
released at Bray Point from this analysis.

Results

Invasive grass removal experiment

Of the 140 larvae released, a total of 50 survived to adults 
– 30 at Bray Point, 20 at Rock Creek. Post-diapause survival 
was nearly 50% higher in trimmed plots than in untrimmed 
plots (X2 = 4.618, df = 1, p = 0.032; Fig. 1). There was no 
significant effect of site (X2 = 3.232, df = 1, p = 0.072) or 
site by treatment interaction (X2= 0.043, df = 1, p = 0.84). 

Maximum, minimum, and mean daily temperatures 
were all warmer at Bray Point than at Rock Creek (Fig. 2). 
Only minimum temperatures differed between treatments; 
trimmed plots were significantly cooler than untrimmed 

Fig. 1  Model-estimated mean 
larval survival (survival from 
3rd instar to adult) in plots 
where invasive grasses and 
thatch were trimmed and 
untrimmed control plots. 
Survival in trimmed plots was 
significantly higher than in 
untrimmed plots, but there was 
no significant effect of site. 
Error bars are model-estimated 
standard errors

Fig. 2  Temperature by site and treatment (model-estimated means 
and standard errors). Bray Point was significantly warmer than Rock 
Creek. Trimming only affected minimum temperatures, which were 

significantly lower in trimmed plots than untrimmed. Mean and maxi-
mum temperatures were not significantly different
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plots (X2 = 12.0, df = 1, p < 0.001), maximum and mean tem-
peratures were not significantly different between treatments 
(Maximum: X2 = 0.893, df = 1, p = 0.765, mean: X2 = 0.165, 
df = 1, p = 0.684).

Captive vs. wild butterflies

We marked a total of 175 wild butterflies at Rock Creek. Of 
the 100 pupae we released, 66 eclosed as adult butterflies 
and were marked. These butterflies along with 55 adults that 
eclosed from larval releases at Rock Creek (20 from trim-
ming experiment, and 35 from violet plantings), combine 
for a total of 296 marked butterflies. From these marked 
butterflies we had a total of 654 resights (Table 1).

We detected the first wild butterflies at Rock Creek 
on June 25. The first adults eclosed from larval survival 

enclosures on July 12, 2021, two weeks behind the wild 
butterflies, and the last butterfly eclosed in an enclosure on 
August 15, 2021. Pupae were placed in the field on August 
2, following Oregon Zoo and USFWS protocol, and but-
terflies began eclosing on August 7, six weeks after the first 
wild butterflies were seen at Rock Creek, and continued until 
August 18. Despite the late release of the pupae, these but-
terflies did not persist at the site later than wild butterflies. 
Our last detection of a pupa-release butterfly was on August 
31, two weeks before our last observation of a wild butterfly 
(Fig. 3).

In the first month of the adult flight season we observed 
very few female butterflies; only 27 of our 283 female 
observations occurred before August 1, 2021 (Fig. 3). After 
August 6, our detections of female butterflies increased 
dramatically, quickly outnumbering male detections and 
remaining high until the end of the flight season on Sep-
tember 14, 2021.

We estimated apparent survival for each combination of 
butterfly source (wild, captive larval release, captive pupal 
release) and sex (Table 1). Wild female butterflies had the 
highest mean daily survival estimate (0.959) which trans-
lates to the longest lifespan (24 days). Mean lifespan of lar-
val-released females was 4 days shorter than wild females, 
and 3 days shorter for males. Pupal-released butterflies had 
the lowest daily survival, and therefore the shortest mean 
lifespans.

One notable difference between wild butterflies and those 
that came from the captive rearing program was the pro-
portion of females that we observed laying eggs at Rock 
Creek. Of the 52 wild female butterflies that we marked, we 
observed 46% (24 females) of them performing oviposition 
behaviors. That ratio was considerably lower for both pupal 
(4 of 31; 13%) and larval (5 of 23; 22%) releases, suggesting 
that captive females played a small role in total reproduc-
tion at Rock Creek in 2021. We first observed wild females 
exhibiting oviposition behaviors on August 7, 2021. We did 
not see a captive-reared butterfly lay an egg until August 20, 
when we observed both larval and pupal released butterflies 
oviposit.
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Fig. 3  Phenology of adult butterflies by butterfly source and sex. 
Y-axis count is total weekly detections of butterflies of each source/
sex, this includes newly marked/eclosed butterflies and resights

Table 1  Mark-release-recapture 
results

The number of marked and resighted individuals and total number of resights are summarized by sex-
source groupings. Daily survival estimates from mark-recapture analyses, and their corresponding lifes-
pans, are given with 95% confidence intervals in parentheses

Sex Source # marked # resighted total resights daily survival lifespan

M Wild 123 96 397 0.939 (0.927–0.950) 16 (13–19)
F Wild 52 33 110 0.959 (0.937–0.973) 24 (15–36)
M Larva 32 13 51 0.928 (0.894–0.952) 13 (9–20)
F Larva 23 13 35 0.951 (0.914–0.972) 20 (11–35)
M Pupa 31 16 38 0.818 (0.744–0.874) 5 (3–7)
F Pupa 35 15 33 0.873 (0.809–0.918) 7 (5–12)
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Discussion

We demonstrate the importance of evaluating conservation 
actions through a population dynamics lens. Our tests of 
current management practices indicate mixed results on the 
effectiveness of current conservation actions; invasive grass 
removal nearly doubled larval survival, but captive-reared 
butterflies (both larval and pupal releases) had lower sur-
vival rates than wild butterflies and fewer than 25% of cap-
tive-reared female butterflies laid eggs. These results sug-
gest that habitat management that accomplishes the goal of 
reducing invasive grasses is having intended positive effects 
(at least in the short-term), but captive rearing and releases 
fall short of their full potential to benefit the population.

Invasive grass removal

As with other at-risk butterflies, reducing invasive grasses 
and associated accumulated thatch is key to maintaining 
habitat that supports populations of Oregon silverspot but-
terflies (Severns 2008; Cayton et al. 2023; Demarse et al. 
2023). There are three key mechanisms that could explain 
the increase in larval survival we measured in trimmed plots. 
First, clearing dense vegetation and thatch may have allowed 
larvae to move between and encounter host plants more eas-
ily, increasing the rate of feeding and likelihood of complet-
ing development (Bierzychudek and Warner 2015). Second, 
creating more open and variable habitat structure may have 
increased microclimatic heterogeneity and therefore the abil-
ity of larvae to find warm locations suitable for basking and 
feeding (Fey et al. 2019; Logan et al. 2019; Rytteri et al. 
2021). Finally, reducing vegetation complexity may have 
reduced predator pressure directly and indirectly (Wiklund 
and Friberg 2008). We may have physically removed poten-
tial invertebrate predators during trimming, and/or altered 
the abundance and diversity of predators by reducing vegeta-
tion complexity (Langellotto and Denno 2004). Regardless 
of the mechanism, it is clear that restoring open meadow 
structure will increase Oregon silverspot larval survival.

Captive vs. wild butterflies

To our surprise, captive-reared butterflies and wild butter-
flies were markedly different in their apparent survival and 
egg laying. Wild butterflies had higher survival rates and a 
higher proportion of wild females laid eggs than both larval 
and pupal-released captive-reared butterflies. The simplest 
explanation for these patterns is the late timing of captive 
(particularly pupal) releases which resulted in phenology 
differences between cohorts. Butterflies eclosed from cap-
tive releases two (larval-release) and six (pupal-release) 

weeks after the first wild butterflies eclosed, but the flight 
period ended for all butterflies on September 14 when cool, 
foggy weather returned to the Oregon coast. This reduced 
the number of days available for captive butterflies to mate 
and lay eggs relative to wild butterflies. It is also possible 
that captive-reared females lacked the time necessary to 
complete oogenesis and begin egg laying before the end 
of the flight season. Because female Speyeria butterflies 
emerge with undeveloped eggs, they need up to two weeks 
for eggs to mature after mating (Sims 1984; Kopper et al. 
2001) and captive-reared releases timed too late in the sum-
mer will reduce egg laying capacity of these individuals. 
Finally, late releases may contribute to reproductive asyn-
chrony between wild males and captive females, resulting 
in unmated females who fail to reproduce (Calabrese et al. 
2008).

We are unable to differentiate whether increased mortal-
ity or emigration rates are the mechanism behind the lower 
survival rates of captive-reared butterflies that we meas-
ured. It is possible that captive-reared butterflies are simply 
less fit and had lower within-patch survival rates (Lewis 
and Thomas 2001). Alternatively, high emigration rates of 
captive-reared butterflies may drive the differences we meas-
ured. Butterfly movement is generally more directed and 
faster in landscapes individuals perceive as “non habitat” 
(Brown et al. 2017). If captive-reared butterflies did not per-
ceive the habitat at Rock Creek as “high quality”, this fast, 
directed movement may have facilitated their dispersal away 
from the site soon after eclosing (Schultz 1998; Schultz 
et al. 2012). In both observational studies and experimen-
tal tests of environmental drivers of dispersal, low habitat 
quality consistently predicts high emigration rates from low 
resource patches (Baguette et al. 2011; Legrand et al. 2015). 
In the case of Oregon silverspots at Rock Creek, it is unclear 
why captive-reared butterflies might perceive the meadows 
to be “non habitat”. It could simply be a translocation effect 
(Heidinger et al. 2009) or adaptation to high quality host 
plants fed to larvae in captivity (Turlure et al. 2013).

Implications for insect conservation

We demonstrate that (1) mark-release-recapture of rare but-
terflies, and (2) experimental habitat manipulation are pow-
erful methods to fill knowledge gaps that often stymie but-
terfly conservation efforts. These activities can be perceived 
as too dangerous given the potential to injure individuals 
and/or damage habitat. However, in this study, through care-
ful experimental design and training of field technicians, 
we were able to answer key questions with minimal impact 
to the study population. Identifying differences between 
captive-reared and wild butterflies can help managers re-
design release protocols to increase the contribution of cap-
tive butterflies to the wild population. Having quantitative 
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estimates of how habitat management affects survival rates 
empowers land managers to refine their restoration strategies 
to maximize benefits to the butterfly population. Neither of 
these insights are possible without hands-on manipulation 
and assuming some risk to the focal population. Despite the 
risks, the lessons we learned help decision-makers make 
informed, cost-effective decisions to put rare species on the 
road to recovery.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10841- 024- 00562-7.

Acknowledgements This work would not be possible without sup-
port and collaboration of our colleagues at the management agencies 
tasked with managing Oregon silverspot butterflies. Specifically, we’d 
like to thank Deanna Williams at Siuslaw National Forest and Michele 
Zwartjes and Samantha Derrenbacher at the Oregon Coast Field Office 
of the US Fish and Wildlife Service for their support in moving this 
research forward. We’d also like to thank the staff at Washington State 
University Vancouver science office – Alison Logan and Diego Muri-
llo for their help with project logistics. Julia Low and Erin Sullivan 
and their staffs at the Oregon and Woodland Park Zoos have worked 
tirelessly for years rearing Oregon silverspot butterflies. Without their 
work and care for this species, none of this research would be possible. 
Finally, this work would not be possible without exceptional field help 
from Maria Tursi and Renay McInturff who dedicated their summers 
to chasing down and marking Oregon silverspot butterflies.

Author contributions All authors contributed to the study conception 
and design. Material preparation, data collection and analysis were 
performed by E.H. and B.S. The first draft of the manuscript was writ-
ten by E.H. and B.S. and all authors commented on previous versions 
of the manuscript. All authors read and approved the final manuscript.

Funding This work was done under US Fish and Wildlife Service 
Recovery Permit PER0009546-0 with funding from US Forest Service, 
Siuslaw National Forest (Agreement 21-CS-11061200-003) and US 
Fish and Wildlife Service (Agreement F21AC02136). Authors report 
no conflicts of interest and this paper has not been submitted elsewhere 
for publication.

Declarations 

Competing interests The authors declare no competing interests.

References

Aardema ML, Scriber JM, Hellmann JJ (2011) Considering local 
adaptation in issues of lepidopteran conservation—a review and 
recommendations. Am Midl Nat 165:294–303. https:// doi. org/ 10. 
1674/ 0003- 0031- 165.2. 294

Anderson MJ, Arnold M, Barclay E, Myers L, Shepherdson D, Sullivan 
E (2010) Oregon silverspot butterfly husbandry manual. Oregon 
Zoo, Portland

Baguette M, Clobert J, Schtickzelle N (2011) Metapopulation dynam-
ics of the bog fritillary butterfly: experimental changes in habitat 
quality induced negative density-dependent dispersal. Ecography 
34:170–176. https:// doi. org/ 10. 1111/j. 1600- 0587. 2010. 06212.x

Balmer O, Erhardt A (2000) Consequences of succession on exten-
sively grazed grasslands for central European butterfly communi-
ties: rethinking conservation practices. Conserv Biol 14:746–757

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using lme4. J Stat Softw 67:1–48. https:// doi. org/ 
10. 18637/ jss. v067. i01

Bierzychudek P, Warner K (2015) Modeling caterpillar movement 
to guide habitat enhancement for Speyeria zerene hippolyta, the 
Oregon silverspot butterfly. J Insect Conserv 19:45–54. https:// 
doi. org/ 10. 1007/ s10841- 014- 9741-6

Bladon A, Smith R, Sutherland W (2022) Butterfly and moth conserva-
tion: global evidence for the effects of interventions for butterflies 
and moths. University of Cambridge, Cambridge, UK

Brown LM, Fuda RK, Schtickzelle N et al (2017) Using animal move-
ment behavior to categorize land cover and predict consequences 
for connectivity and patch residence times. Landsc Ecol 32:1657–
1670. https:// doi. org/ 10. 1007/ s10980- 017- 0533-8

Brunbjerg AK, Høye TT, Eskildsen A et al (2017) The collapse of 
marsh fritillary (Euphydryas Aurinia) populations associated with 
declining host plant abundance. Biol Conserv 211:117–124

Bubova T, Vrabec V, Kulma M, Nowicki P (2015) Land management 
impacts on European butterflies of conservation concern: a review. 
J Insect Conserv 19:805–821

Bussan SK (2022) Can cattle grazing benefit grassland butterflies? J 
Insect Conserv 26:359–374

Calabrese JM, Ries L, Matter SF et al (2008) Reproductive asynchrony 
in natural butterfly populations and its consequences for female 
matelessness. J Anim Ecol 77:746–756. https:// doi. org/ 10. 1111/j. 
1365- 2656. 2008. 01385.x

Cayton HL, Haddad NM, Henry EH et al (2023) Restoration success 
varies based on time since restoration in a disturbance-dependent 
ephemeral wetland ecosystem. Restor Ecol 31:e13883. https:// doi. 
org/ 10. 1111/ rec. 13883

Crone EE, Pickering D, Schultz CB (2007) Can captive rearing pro-
mote recovery of endangered butterflies? An assessment in the 
face of uncertainty. Biol Conserv 139:103–112. https:// doi. org/ 
10. 1016/j. biocon. 2007. 06. 007

Daniels JC, Hill GM, Rossetti KA et al (2020) At-risk butterfly cap-
tive propagation programs to enhance life history knowledge and 
effective ex situ conservation techniques. J Vis Exp 156:e60591

Demarse A, Trendos E, Linton J et al (2023) Phenology, population 
size, and factors influencing variation in density of an endangered 
butterfly, the mottled duskywing Erynnis martialis. Endanger 
Species Res 50:195–208. https:// doi. org/ 10. 3354/ esr01 230

Dennis RLH (2010) A resource-based habitat view for conservation: 
butterflies in the British landscape. Wiley-Blackwell, Oxford

Fey SB, Vasseur DA, Alujević K et al (2019) Opportunities for behav-
ioral rescue under rapid environmental change. Glob Change Biol 
25:3110–3120. https:// doi. org/ 10. 1111/ gcb. 14712

Fiedler K, Wrbka T, Dullinger S (2017) Pluralism in grassland man-
agement promotes butterfly diversity in a large central European 
conservation area. J Insect Conserv 21:277–285

Forister ML, Halsch CA, Nice CC et al (2021) Fewer butterflies seen by 
community scientists across the warming and drying landscapes 
of the American West. Science 371:1042–1045. https:// doi. org/ 
10. 1126/ scien ce. abe55 85

Fox J, Weisberg S (2019) An R companion to Applied Regression, 
Third. Sage, Thousand Oaks CA

Grow S, Allard R, Luke D (2015) The role of AZA-accredited zoos 
and aquariums in butterfly conservation. Butterfly Conservation in 
North America: Efforts to help save our charismatic microfauna. 
In Daniels J (ed) Butterfly Conservation North America, Springer 
Dordrecht pp. 23–34

Haan NL, Landis DA (2019) The importance of shifting disturbance 
regimes in monarch butterfly decline and recovery. Front Ecol 
Evol. https:// doi. org/ 10. 3389/ fevo. 2019. 00191

Haddad NM, Hudgens B, Damiani C et al (2008) Determining optimal 
population monitoring for rare butterflies. Conserv Biol 22:929–
940. https:// doi. org/ 10. 1111/j. 1523- 1739. 2008. 00932.x

https://doi.org/10.1007/s10841-024-00562-7
https://doi.org/10.1674/0003-0031-165.2.294
https://doi.org/10.1674/0003-0031-165.2.294
https://doi.org/10.1111/j.1600-0587.2010.06212.x
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1007/s10841-014-9741-6
https://doi.org/10.1007/s10841-014-9741-6
https://doi.org/10.1007/s10980-017-0533-8
https://doi.org/10.1111/j.1365-2656.2008.01385.x
https://doi.org/10.1111/j.1365-2656.2008.01385.x
https://doi.org/10.1111/rec.13883
https://doi.org/10.1111/rec.13883
https://doi.org/10.1016/j.biocon.2007.06.007
https://doi.org/10.1016/j.biocon.2007.06.007
https://doi.org/10.3354/esr01230
https://doi.org/10.1111/gcb.14712
https://doi.org/10.1126/science.abe5585
https://doi.org/10.1126/science.abe5585
https://doi.org/10.3389/fevo.2019.00191
https://doi.org/10.1111/j.1523-1739.2008.00932.x


 Journal of Insect Conservation

Heidinger IMM, Poethke H-J, Bonte D, Hein S (2009) The effect of 
translocation on movement behaviour—A test of the assumptions 
of behavioural studies. Behav Process. https:// doi. org/ 10. 1016/j. 
beproc. 2009. 03. 001

Henry E, Brammer-Robbins E, Aschehoug E, Haddad N (2019) Do sub-
stitute species help or hinder endangered species management? Biol 
Conserv 232:127–130. https:// doi. org/ 10. 1016/j. biocon. 2019. 01. 031

Henry EH, Reiskind MOB, Land AD, Haddad NM (2020) Maintaining 
historic disturbance regimes increases species’ resilience to cata-
strophic hurricanes. Glob Change Biol 26:798–806. https:// doi. org/ 
10. 1111/ gcb. 14932

Jellinek S, Rumpff L, Driscoll DA et al (2014) Modelling the benefits 
of habitat restoration in socio-ecological systems. Biol Conserv 
169:60–67

Joubert-van der Merwe L, Pryke J, Samways M (2019) Well-managed 
grassland heterogeneity promotes butterfly conservation in a cor-
ridor network. J Environ Manage 238:382–395

Kopper BJ, Shu S, Charlton RE, Ramaswamy SB (2001) Evidence for 
reproductive diapause in the fritillary Speyeria idalia (Lepidoptera: 
Nymphalidae). Ann Entomol Soc Am. https:// doi. org/ 10. 1603/ 
0013- 8746

Kral-O’Brie KC, Limb YF, Hovick TJ, Harmon JP (2019) Compositional 
shifts in forb and butterfly communities associated with Kentucky 
bluegrass invasions. Rangel Ecol Manage 72:301–309

Laake JL, Johnson DS, Conn PB (2013) Marked: an R package for max-
imum-likelihood and MCMC analysis of capture-recapture data. 
Methods Ecol Evol 4:885–890

Langellotto GA, Denno RF (2004) Responses of invertebrate natural 
enemies to complex-structured habitats: a meta-analytical synthesis. 
Oecologia 139:1–10. https:// doi. org/ 10. 1007/ s00442- 004- 1497-3

Lark TJ (2020) Protecting our prairies: Research and policy actions for 
conserving America’s grasslands. Land Use Policy 97:104727. 
https:// doi. org/ 10. 1016/j. landu sepol. 2020. 104727

Lebreton J-D, Burnham KP, Clobert J, Anderson DR (1992) Modeling 
survival and testing biological hypotheses using marked animals: a 
unified approach with case studies. Ecol Monogr 62:67–118. https:// 
doi. org/ 10. 2307/ 29371 71

Legrand D, Trochet A, Moulherat S et al (2015) Ranking the ecological 
causes of dispersal in a butterfly. Ecography 38:822–831. https:// doi. 
org/ 10. 1111/ ecog. 01283

Lenth RV (2023) emmeans: Estimated Marginal Means, aka Least-
Squares Means. https:// CRAN.R- proje ct. org/ packa ge= emmea ns

Lewis OT, Thomas CD (2001) Adaptations to captivity in the butterfly 
Pieris brassicae (L.) and the implications for ex situ conservation. J 
Insect Conserv 5:55–63. https:// doi. org/ 10. 1023/A: 10113 48716 934

Logan ML, van Berkel J, Clusella-Trullas S (2019) The Bogert Effect 
and environmental heterogeneity. Oecologia 191:817–827. https:// 
doi. org/ 10. 1007/ s00442- 019- 04541-7

Moranz RA, Debinski DM, McGranahan DA et al (2012) Untangling the 
effects of fire, grazing, and land-use legacies on grassland butterfly 
communities. Biodivers Conserv 21:2719–2746. https:// doi. org/ 10. 
1007/ s10531- 012- 0330-2

R Core Team (2023) R: a Language and Environment for Statistical Com-
puting. R Foundation for Statistical Computing, Vienna, Austria

Rytteri S, Kuussaari M, Saastamoinen M (2021) Microclimatic variability 
buffers butterfly populations against increased mortality caused by 
phenological asynchrony between larvae and their host plants. Oikos 
130:753–765. https:// doi. org/ 10. 1111/ oik. 07653

Saccheri IJ, Brakefield PM, Nichols RA (1996) Severe inbreeding depres-
sion and rapid fitness rebound in the butterfly Bicyclus anynana 
(Satyridae). Evolution 50:2000–2013. https:// doi. org/ 10. 1111/j. 
1558- 5646. 1996. tb035 87.x

Samways MJ, McGeoch MA, New TR (2010) Insect conservation. a 
handbook of approaches and methods

Schtickzelle N, Baguette M, Boulengé ÉL (2012) Modelling insect 
demography from capture–recapture data: comparison between the 

constrained linear models and the jolly–seber analytical method. Can 
Entomol 135:313–323. https:// doi. org/ 10. 4039/ n02- 045

Schultz CB (1998) Dispersal behavior and its implications for reserve 
design in a rare Oregon butterfly. Conserv Biol 12:284–292

Schultz CB (2001) Restoring resources for an endangered butterfly. J 
Appl Ecol 38:1007–1019. https:// doi. org/ 10. 1046/j. 1365- 2664. 2001. 
00659.x

Schultz CB, Ferguson JA (2020) Demographic costs and benefits of 
herbicide-based restoration to enhance habitat for an endangered 
butterfly and a threatened plant. Restor Ecol 28:564–572

Schultz CB, Russell C, Wynn L (2008) Restoration, reintroduction, and 
captive propagation for at-risk butterflies: a review of British and 
American conservation efforts. Isr J Ecol Evol 54:41–61

Schultz CB, Franco AMA, Crone EE (2012) Response of butterflies to 
structural and resource boundaries. J Anim Ecol 81:724–734. https:// 
doi. org/ 10. 1111/j. 1365- 2656. 2011. 01947.x

Schultz CB, Haddad NM, Henry EH, Crone EE (2019) Movement and 
demography of at-risk butterflies: building blocks for conservation. 
Annu Rev Entomol 64:167–184. https:// doi. org/ 10. 1146/ annur 
ev- ento- 011118- 112204

Severns PM (2008) Exotic grass invasion impacts fitness of an endan-
gered prairie butterfly, Icaricia icarioides fenderi. J Insect Conserv 
12:651–661. https:// doi. org/ 10. 1007/ s10841- 007- 9101-x

Sims SR (1984) Reproductive diapause in Speyeria (Lepidoptera: Nym-
phalidae). J Res Lepidoptera 23:211–216. https:// doi. org/ 10. 5962/p. 
266759

Sims SR (2017) Speyeria (Lepidoptera: Nymphalidae) Conservation. 
Insects 8:45. https:// doi. org/ 10. 3390/ insec ts802 0045

Turlure C, Radchuk V, Baguette M et al (2013) Plant quality and local 
adaptation undermine relocation in a bog specialist butterfly. Ecol 
Evol 3:244–254. https:// doi. org/ 10. 1002/ ece3. 427

Ubach A, Páramo F, Gutiérrez C, Stefanescu C (2020) Vegetation 
encroachment drives changes in the composition of butterfly assem-
blages and species loss in Mediterranean ecosystems. Insect Conserv 
Divers 13:151–161. https:// doi. org/ 10. 1111/ icad. 12397

USFWS (2020) Oregon silversot butterfly (Speyeria zerene hippolyta) 
5-year status review summary and evaluation. US Fish and Wildlife 
Service, Newport, OR

Wagner DL, Grames EM, Forister ML et al (2021) Insect decline in 
the Anthropocene: Death by a thousand cuts. Proc Natl Acad Sci. 
https:// doi. org/ 10. 1073/ pnas. 20239 89118

Wall Kimmerer R (2013) Braiding Sweetgrass. Milkweed Editions, 
Canada

Warchola N, Crone EE, Schultz CB (2018) Balancing ecological costs 
and benefits of fire for population viability of disturbance-dependent 
butterflies. J Appl Ecol 55:800–809. https:// doi. org/ 10. 1111/ 1365- 
2664. 12983

Wepprich T, Adrion JR, Ries L et al (2019) Butterfly abundance declines 
over 20 years of systematic monitoring in Ohio, USA. PLoS ONE 
14:e0216270. https:// doi. org/ 10. 1371/ journ al. pone. 02162 70

Wickham H, Averick M, Bryan J et al (2019) Welcome to the tidyverse. 
J Open Source Softw 4:1686. https:// doi. org/ 10. 21105/ joss. 01686

Wiklund C, Friberg M (2008) Enemy-free space and habitat-specific host 
specialization in a butterfly. Oecologia 157:287–294

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of such 
publishing agreement and applicable law.

https://doi.org/10.1016/j.beproc.2009.03.001
https://doi.org/10.1016/j.beproc.2009.03.001
https://doi.org/10.1016/j.biocon.2019.01.031
https://doi.org/10.1111/gcb.14932
https://doi.org/10.1111/gcb.14932
https://doi.org/10.1603/0013-8746
https://doi.org/10.1603/0013-8746
https://doi.org/10.1007/s00442-004-1497-3
https://doi.org/10.1016/j.landusepol.2020.104727
https://doi.org/10.2307/2937171
https://doi.org/10.2307/2937171
https://doi.org/10.1111/ecog.01283
https://doi.org/10.1111/ecog.01283
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1023/A:1011348716934
https://doi.org/10.1007/s00442-019-04541-7
https://doi.org/10.1007/s00442-019-04541-7
https://doi.org/10.1007/s10531-012-0330-2
https://doi.org/10.1007/s10531-012-0330-2
https://doi.org/10.1111/oik.07653
https://doi.org/10.1111/j.1558-5646.1996.tb03587.x
https://doi.org/10.1111/j.1558-5646.1996.tb03587.x
https://doi.org/10.4039/n02-045
https://doi.org/10.1046/j.1365-2664.2001.00659.x
https://doi.org/10.1046/j.1365-2664.2001.00659.x
https://doi.org/10.1111/j.1365-2656.2011.01947.x
https://doi.org/10.1111/j.1365-2656.2011.01947.x
https://doi.org/10.1146/annurev-ento-011118-112204
https://doi.org/10.1146/annurev-ento-011118-112204
https://doi.org/10.1007/s10841-007-9101-x
https://doi.org/10.5962/p.266759
https://doi.org/10.5962/p.266759
https://doi.org/10.3390/insects8020045
https://doi.org/10.1002/ece3.427
https://doi.org/10.1111/icad.12397
https://doi.org/10.1073/pnas.2023989118
https://doi.org/10.1111/1365-2664.12983
https://doi.org/10.1111/1365-2664.12983
https://doi.org/10.1371/journal.pone.0216270
https://doi.org/10.21105/joss.01686

	Experimental management and mark-release-recapture methods fill critical knowledge gaps for an at-risk butterfly
	Abstract 
	Implications for insect conservation 
	Introduction
	Methods
	Study system
	Butterfly lifecycle

	Distribution and habitat
	Invasive grass removal experiment
	Captive vs. wild butterflies

	Results
	Invasive grass removal experiment
	Captive vs. wild butterflies

	Discussion
	Invasive grass removal
	Captive vs. wild butterflies
	Implications for insect conservation

	Acknowledgements 
	References


