
Vol.:(0123456789)

Journal of Insect Conservation (2025) 29:59 
https://doi.org/10.1007/s10841-025-00698-0

ORIGINAL PAPER

Genetic diversity and historical demography of the imperiled 
rattlesnake‑master borer moth (Papaipema eryngii)

Donald B. Shepard1,2   · James R. Wiker1 · James A. Bess3 · Terry L. Esker4 · John A. Crawford5   · Michael J. Dreslik1

Received: 15 August 2024 / Accepted: 10 July 2025 / Published online: 22 July 2025 
© The Author(s) 2025

Abstract 
Large-scale habitat loss and degradation have triggered a global biodiversity crisis with ecological-specialist species at 
increased risk of extinction. The Rattlesnake-Master Borer (Papaipema eryngii) is a small noctuid moth whose larvae feed 
exclusively on rattlesnake master (Eryngium yuccifolium), a native grassland plant ranging throughout the eastern United 
States. Widespread loss of grassland habitats has resulted in declines of P. eryngii and the species has been considered for 
listing under the U.S. Endangered Species Act. We analyzed the mitochondrial COI barcode sequences of 76 P. eryngii from 
across the species’ distribution to examine genetic diversity and structure, and to test for historical changes in population 
size. We found 26 haplotypes with high haplotype diversity and low nucleotide diversity. Small but significant amounts of 
genetic differentiation occurred between populations separated by the Mississippi River and among representation units, 
but > 90% of genetic variation occurred within populations. Isolation by distance was minimal, suggesting a lack of dispersal 
limitation, at least historically. All historical demographic analyses supported a recent population expansion, likely since the 
Last Glacial Maximum. Much genetic diversity is present within the range of P. eryngii, but the absence of some haplotypes 
from where they occurred historically suggests efforts to facilitate gene flow among extant populations may be needed to 
abate the loss of genetic diversity.
Implications for insect conservation  This study provides genetic data to inform management actions and future Species 
Status Assessments. Such data were unavailable for the previous Species Status Assessment, which based representation 
units on plant hardiness zones.

Keywords  Conservation genetics · DNA barcode · Endangered Species Act · Noctuidae · Representation · Species status 
assessment

Introduction

Large-scale habitat loss and degradation have triggered a 
global biodiversity crisis, resulting in functionally impaired 
ecosystems (Butchart et al. 2010; Cardinale et al. 2012; 
Hooper et al. 2012; Dirzo et al. 2014). Extinction rates 
associated with biodiversity loss are estimated upwards of 
1000 × pre-human levels and are typically characterized by 
an initial loss of ecological-specialist species (Pimm et al. 
1995; Barnosky et al. 2011; Clavel et al. 2011; Ceballos 
et al. 2015). Extinctions of specialists drive communities 
toward homogenization, leaving only common, tolerant, gen-
eralist species (McKinney and Lockwood 1999; Olden et al. 
2004; Clavel et al. 2011; Filgueiras et al. 2021). Specialists 
obligated on other species to meet their requirements are 
at even greater extinction risk (McKinney 1997; Koh et al. 
2004; Biesmeijer et al. 2006; Colles et al. 2009). Within the 
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Lepidoptera superfamily Noctuoidea, the Borer Moths (Noc-
tuidae: Hadeninae: Apameini: Papaipema) require specific 
plant species to complete their life cycle. Some species, such 
as the Stalk Borer (Papaipema nebris (Guenée 1852)), are 
considered agricultural pests because of their generalized 
host-plant specificity; however, the majority of Papaipema 
species are host-specific on localized and often uncommon 
plants, making many of conservation concern (Solomon 
1988; Goldstein 1999; Goldstein and Fibiger 2005).

The Rattlesnake-Master Borer (Papaipema eryngii Bird 
1917) is a small (3.5–4.8 cm wingspan) noctuid moth whose 
larvae feed exclusively on rattlesnake master (Apiales: 
Apiaceae: Eryngium yuccifolium Michaux 1803), a native 
grassland plant ranging throughout the eastern United States 
(Bird 1917; U.S.D.A. Natural Resources Conservation Ser-
vice 2024). The historical range of P. eryngii is uncertain, 
but the species has likely declined significantly due to large-
scale habitat loss when grassland ecosystems were converted 
to agriculture (Bird 1934; Samson and Knopf 1994; Swengel 
et al. 2011; Bess 2018). Despite the broad distribution of its 
host plant, P. eryngii has been documented from just eight 
states: Illinois, Iowa, Missouri, Arkansas, Oklahoma, Kan-
sas, Kentucky, and North Carolina. In 2013, the U.S. Fish 
and Wildlife Service (USFWS) presented their 12-month 
finding on a petition to list P. eryngii under the U.S. Endan-
gered Species Act of 1973 (U.S. Fish and Wildlife Service 
2013). At the time, P. eryngii was extant at only 16 loca-
tions with most localities discovered since 1994. They deter-
mined listing was warranted but precluded by higher priority 
actions and placed P. eryngii on the candidate species list. 
Subsequent surveys during 2013–2018 increased the num-
ber of extant P. eryngii populations to 55 in six states (U.S. 
Fish and Wildlife Service 2020a, b). Based on an increased 
number of extant populations and an analysis of the ability 
of P. eryngii to maintain resiliency, redundancy, and repre-
sentation through stochastic events and changing environ-
mental conditions, the USFWS determined listing was not 
warranted in 2020 (U.S. Fish and Wildlife Service 2020a).

Given the small number and fragmented nature of popu-
lations of P. eryngii, the species may have reduced genetic 
diversity due to genetic drift, restricted gene flow, and 
increased inbreeding. Such detrimental genetic factors would 
put them at increased risk of local extinction and threaten 
the species’ long-term survival. To date, no genetic studies 
of P. eryngii have been conducted. In the status assessment 
of P. eryngii that informed the decision not to list the spe-
cies, the USFWS used environmental variation across the 
species’ range as an estimate of diversity due to a lack of 
phenotypic variation among populations and an absence of 
species-specific genetic information (U.S. Fish and Wildlife 
Service 2020b). Diversity, which is used to assess represen-
tation, is meant to be a proxy for a species’ ability to adapt to 
changing environmental conditions over time (Shaffer et al. 

2000; Wolf et al. 2015; Smith et al. 2018). However, this 
assumes populations are adapted to local conditions, which 
may not be the case if genetic drift is strong, gene flow is 
high, or inbreeding is occurring. Data on genetic diversity 
across the range of P. eryngii are needed to evaluate this 
assumption and inform future Species Status Assessments.

Herein, we examine the genetic diversity and historical 
demography of P. eryngii across the species’ range. Spe-
cifically, we test for genetic structure, which would indicate 
restricted gene flow, and we evaluate the hypothesis the 
species has experienced a historical decrease in population 
size. The information we present is important for evaluating 
components of the Species Status Assessment and will also 
be useful for guiding future management and conservation 
actions.

Materials and methods

Data collection

We removed a leg from 72 previously collected adult speci-
mens of P. eryngii and temporarily placed each into a tube of 
100% ethanol for transport to the laboratory. Most specimens 
were from the private collections of J. Wiker and J. Bess. 
We also sampled tissue from the head of one freshly col-
lected larval P. eryngii. Our oldest specimens were collected 
in 1991, but 84% were collected since 2008. Our sampling 
included six of the eight states where P. eryngii has been 
documented; we lacked samples from Iowa and North Caro-
lina, where the species is presumed extirpated (Fig. 1). A list 
of all samples and their locality and collection information is 
provided in Supplemental Table S1, available online.

We extracted DNA from tissue samples using the Qiagen 
DNEasy Animal Blood & Tissue kit (Valencia, CA, USA) 
following Wilson’s (2012) protocol for archival insect speci-
mens. We used polymerase chain reaction (PCR) to amplify 
a 658 base-pair (bp) portion of the cytochrome c oxidase I 
mitochondrial gene (COI) using the COI barcode primers for 
Lepidoptera from Hebert et al. (2004): LepF1 (5'–ATT​CAA​
CCA​ATC​ATA​AAG​ATA​TTG​G–3') and LepR1 (5'–TAA​
ACT​TCT​GGA​TGT​CCA​AAA​AAT​CA–3'). The COI bar-
code is commonly used to identify species in a broad range 
of taxonomic groups, including lepidopterans, and shows 
adequate levels of intraspecific variation for use in broad-
scale population genetic studies (see Zahiri et al. 2017 and 
references within). Yield and quality of DNA degrade with 
specimen age, creating PCR problems, especially for longer 
DNA fragments. For samples that did not work for the above 
primer set, we attempted to amplify the COI barcode frag-
ment in two pieces using the internal COI barcode prim-
ers for Lepidoptera from Hajibabaei et al. (2006): MLepF1 
(5'–GCT​TTC​CCA​CGA​ATA​AAT​AATA–3') and MLepR1 
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(5'–CCT​GTT​CCA​GCT​CCA​TTT​TC–3'). In these cases, 
we paired MLepF1 with LepR1 (~ 420 bp) and MLepR1 
with LepF1 (~ 300 bp). PCR reactions (25 μl reaction vol-
ume) comprised 12.5 μl Promega GoTaq Green Master Mix 
(Madison, WI, USA), 1.25 μl of each primer (10 mM), 3.5 
μl of DNA, and 6.5 μl of water. The thermal-cycler pro-
tocol consisted of 95 °C for 1 min, followed by 36 cycles 
of 95 °C for 30 s, 50 °C for 40 s, and 72 °C for 1 min, and 
then a final extension phase at 72 °C for 10 min. Successful 
amplification of the target fragment was verified by gel elec-
trophoresis. PCR products were sent to Eurofins Genomics 
(Louisville, KY, USA) for purification and sequencing using 
primers LepF1 and LepR1. For each specimen, we exam-
ined and edited sequence chromatograms by eye, trimmed 
flanking primer sequences, and made contigs from forward 
and reverse sequences using Geneious v.10.1.3 (Kearse et al. 
2012). DNA sequences generated in this study are available 

on GenBank under accession numbers PP973552–PP973624 
(Supplemental Table S1).

To augment our dataset, we also downloaded three full-
length COI barcode sequences of P. eryngii from the Bar-
code of Life Datasystem (BOLD; http://​www.​bolds​ystems.​
org). These specimens were collected between 1918 and 
1938 from the Chicago area in Cook County, Illinois, where 
the species is now presumed extirpated. We aligned all 
sequences using the MUSCLE algorithm and visually exam-
ined the alignment and translation in Geneious to ensure no 
gaps or stop codons were present.

Data analysis

To characterize genetic diversity within P. eryngii, we cal-
culated haplotype number (h), haplotype diversity (Hd), 
the number of variable sites (S), nucleotide diversity (π), 

Fig. 1   Locations of genetic samples of Rattlesnake-Master Borer 
Moth (Papaipema eryngii) analyzed in this study plotted on a digi-
tal elevation map with major rivers shown. The Mississippi River is 
labeled and dashed yellow lines delineate the approximate boundaries 
of the North, Middle, and South representation units. Upper left inset 

shows the United States of America with a rectangle demarcating the 
area displayed. The focal species is pictured in the lower right (Photo 
by Jim Wiker). State abbreviations are: AR-Arkansas, IL-Illinois, IA-
Iowa, KS-Kansas, KY-Kentucky, MO-Missouri, and OK-Oklahoma

http://www.boldsystems.org
http://www.boldsystems.org
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and the average number of nucleotide differences (k) using 
DnaSP v.6 (Rozas et al. 2017). To examine the genetic 
structure throughout the range of P. eryngii and assess 
the extent to which haplotypes are shared across popula-
tions, we inferred a median-joining haplotype network in 
PopArt (Leigh and Bryant 2015). To evaluate how well we 
sampled genetic variation in P. eryngii, we made a haplo-
type accumulation curve and estimated the total number 
of haplotypes using the haploAccum and chaoHaplo func-
tions in the spider v.1.5.1 package in R v.4.5.0 (Brown 
et al. 2012; R Core Team 2025). We calculated the mean 
and maximum uncorrected pairwise sequence divergence 
(p-distance) between haplotypes using MEGA v.7 (Kumar 
et al. 2016).

To evaluate genetic structure, we performed an Analy-
sis of Molecular Variance (AMOVA) in PopArt with 1,000 
permutations to test significance (Excoffier et al. 1992). 
We tested for genetic differentiation across the Mississippi 
River, a common geographic barrier in many organisms 
(Soltis et al. 2006; Pyron and Burbrink 2010), and among 
the three representation units (South, Middle, North) used 
by USFWS in the Species Status Assessment of P. eryngii. 
We also tested for isolation by distance, a common pattern 
indicative of dispersal limitation (Wright 1943; Bohonak  
1999). For this, we first used our sample latitude and lon-
gitude coordinates (WGS84) to calculate a pairwise geo-
graphic distance matrix using the Geographic Distance 
Matrix Generator v.1.2.3 (Ersts 2025). We next calculated 
a pairwise genetic distance (p-distance) matrix for all 76 
samples using MEGA v.7 (Kumar et al. 2016). We then 
performed a Mantel test using the geographic and genetic 
distance matrices in GenoDive v.3.06 with 999 permutations 
to evaluate significance (Meirmans 2020).

We used multiple methods to test for genetic signatures 
indicative of a historical decrease in population size. First, 
we calculated Tajima’s D (Tajima 1989) and Fu and Li’s 
D* (Fu 1997). Tajima’s D and Fu and Li’s D* are expected 
to be near zero if population size has been stable. Signifi-
cant negative values are expected in populations that have 
undergone recent expansion, whereas significant positive 
values are expected in populations that recently experi-
enced contraction (Tajima 1989; Fu 1997). Next, we ana-
lyzed the mismatch distribution, which compares observed 
and predicted distributions of pairwise differences to infer 
historical changes in effective population size (Ne). A uni-
modal mismatch distribution indicates a recent population 
expansion, a multimodal (including bimodal) distribution 
indicates a population decrease or subdivision, and a ragged 
distribution suggests the population size is stable (Rogers 
and Harpending 1992). We used the R2 raggedness statistic 
of Ramos-Onsins and Rozas (2002) to quantify the smooth-
ness of the observed distribution. The fit of observed values 
was tested against a null distribution generated using 1,000 

coalescent simulations under a constant population size 
model in DnaSP v.6. (Rozas et al. 2017).

Finally, we constructed a Bayesian skyline plot (Drum-
mond et al. 2005), a genealogical coalescent method that 
estimates Ne through time without specifying an a priori 
demographic model (e.g., constant size, exponential growth, 
or logistic growth). We inferred a skyline plot in BEAST 
v.1.8.0 (Drummond and Rambaut 2007) under a HKY + Γ 
substitution model, a strict clock, and a Bayesian skyline 
tree prior with 8 grouped coalescent intervals. To scale the 
time axis (X) on the plot, we used a rate of 0.096 substitu-
tions per million years to set the lognormal mean (0.096) and 
standard deviation (0.05) of the clock rate prior. This rate is 
based on analyses of COI sequence variation in Parnassius 
mnemosyne (Linnaeus 1758) (Lepidoptera: Papilionidae) 
across central and eastern Europe (Gratton et al. 2008). We 
chose this rate over the widely used rate of 0.0115 substitu-
tions per million years for mitochondrial DNA (mtDNA) in 
insects (Brower 1994; Papadopoulou et al. 2010) because it 
is an intraspecific rate whereas the latter represents an inter-
specific rate. Rates of mtDNA evolution are time dependent 
and the use of interspecific rates, which are considerably 
lower, results in overestimation of the timing of recent events 
such as those occurring within species (Ho et al. 2005; Ho 
and Lo 2013; Grant 2015). We also chose this rate because 
it is based on another species of lepidopteran and rates are 
known to vary among major insect lineages (Ho and Lo 
2013). Model parameters and genealogies were sampled 
every 3,000th iteration for 30 million generations. We used 
Tracer v.1.7 (Rambaut et al. 2018) to view –lnL values and 
parameter estimates to check for stationarity and ensure all 
ESS values were > 200 (Drummond and Bouckaert 2015). 
We then discarded 10% of the initial samples as burn-in and 
visualized the skyline plot using Tracer v.1.7.

Results

Our DNA alignment contained 600–658 bp of COI barcode 
sequence for 76 P. eryngii from Illinois, Kentucky, Mis-
souri, Arkansas, Oklahoma, and Kansas (Fig. 1). Twenty 
specimens required using the internal PCR primers and the 
sequencing of two partially overlapping fragments to obtain 
the full COI barcode sequence. Among our 76 sequences, 26 
mitochondrial haplotypes were present (h). Haplotype diver-
sity (Hd) was 0.944, nucleotide diversity (π) was 0.00401, 
the number of variable sites (S) was 28, and the average 
number of nucleotide differences (k) was 2.35. Based on 
the median-joining haplotype network, 7 of the 26 haplo-
types were shared among two to four states (Fig. 2). Within 
states, different haplotypes were often separated by hap-
lotypes occurring in other states. Notably, the three hap-
lotypes from the 1918–1938 specimens from the Chicago 
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area, where P. eryngii is likely extirpated, were not found 
elsewhere in Illinois, but two are still present in other states 
(one in Kansas and Missouri; one in Arkansas, Missouri, 
and Oklahoma; Supplemental Table S1). Eight haplotypes 
were unique to areas east of the Mississippi River, 14 hap-
lotypes were unique to areas west of the Mississippi River, 
and 4 haplotypes occurred on both sides. The South, Mid-
dle, and North representation units contained 13, 13, and 8 
haplotypes, respectively, with 7 haplotypes shared between 
two or more units. Most haplotypes were separated from 
adjacent haplotypes in the network by a single mutational 
step and the maximum number of steps between any two 
haplotypes was seven (Fig. 2). The haplotype accumulation 
curve was still increasing at 76 samples but was starting to 
plateau (Supplemental Fig. S1). The Chao1 estimate of the 
total number of haplotypes was 36 with a 95% confidence 
interval of 28–70. Based on this, we sampled ~ 72% (26/36) 
of the haplotype diversity in P. eryngii. Sequence divergence 
(p-distance) between haplotypes averaged 0.55% and maxi-
mum sequence divergence between any pair of haplotypes 
was 1.19%.

AMOVA revealed significant genetic differentiation 
between populations east and west of the Mississippi River 
(ΦST = 0.031, P = 0.008). However, of the total genetic vari-
ation present, only 3.1% occurred between populations on 
opposite sides, whereas 96.9% occurred within popula-
tions on the same side. Similarly, AMOVA revealed sig-
nificant genetic differentiation among the three USFWS 

representation units (ΦST = 0.096, P < 0.001); however, only 
9.6% of the total genetic variation occurred among units 
with 90.4% occurring within units. A Mantel test revealed 
a weak but significant correlation between geographic and 
genetic distance (r = 0.10, Pone-tailed = 0.001), suggesting 
minimal influence of isolation by distance in the genetic 
differentiation of populations.

Tajima’s D (− 1.89, P = 0.009) and Fu and Li’s D* (− 2.52, 
P = 0.035) both supported a recent population size increase 
in P. eryngii. The mismatch distribution was distinctly uni-
modal (R2 = 0.040, P = 0.015), indicating a recent popula-
tion expansion. The Bayesian skyline plot showed a marked 
population size increase from ~ 22,500 to ~ 12,500 years ago 
and then a slower increase until ~ 2,500 years ago after which 
it decreased slightly toward the present (Fig. 3). The 95% 
highest posterior density estimates are wide at older time 
scales and widen slightly again ~ 2,000 years ago to the pre-
sent, indicating increased uncertainty during these times, but 
the overall pattern supports a population expansion since the 
Last Glacial Maximum (~ 21,000 years ago).

Discussion

Our results revealed high haplotype diversity and little 
genetic structure across the range of P. eryngii. A small, 
but significant, amount of genetic differentiation occurred 
between P. eryngii populations on opposite sides of the 
Mississippi River, but ~ 97% of genetic variation occurred 
within populations on the same side. We also found mini-
mal isolation by distance, indicating a lack of dispersal 
limitation, at least historically. Our haplotype network 
showed several mitochondrial haplotypes are shared 
among geographically distant populations (e.g., Illinois 
and Oklahoma), indicating these populations are currently 

Fig. 2   Median-joining network for 26 haplotypes from 76 COI bar-
code sequences of the Rattlesnake-Master Borer Moth (Papaipema 
eryngii) from Illinois (IL), Kentucky (KY), Missouri (MO), Arkansas 
(AR), Oklahoma (OK), and Kansas (KS). Each haplotype is repre-
sented by a circle in which the area is proportional to its frequency. 
Hash marks represent mutational steps

Fig. 3   Bayesian skyline plot showing inferred changes in effective 
population size (Ne) in Rattlesnake-Master Borer Moth (Papaipema 
eryngii) over the past ~ 30,000 years
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or were recently connected by gene flow. Given the mas-
sive loss and fragmentation of prairie habitats in the 
region (Samson and Knopf 1994), these widely disjunct 
populations are not likely exchanging migrants presently. 
Sampling more individuals per population would improve 
estimates of population-level genetic diversity and using 
either faster-evolving genetic markers such as microsatel-
lites or genome-scale data (e.g., RADseq, GBS, WGS) 
would provide better measures of contemporary gene flow 
among populations.

Historically, P. eryngii was likely distributed in open hab-
itats throughout the central and southeastern United States, 
and extensive conversion of these systems to agriculture led 
to wide-scale losses of populations, resulting in the current 
disjunct clusters of remnant populations (Bird 1934; Samson 
and Knopf 1994; Swengel et al. 2011; U.S. Fish and Wild-
life Service 2013, 2020). Contrary to our hypothesis, we 
did not find evidence of a widespread population decline in 
P. eryngii; instead, our analyses indicated a recent popula-
tion expansion. Given that loss and fragmentation of open 
habitats in the region have been concentrated in the past 
200 years, the mutation rate of mtDNA is likely too slow to 
detect such a recent change in population size. mtDNA is 
likely capturing information about population size changes 
over older time scales such as the past 10,000 to a few mil-
lion years (Avise et al. 1987). Although grasslands expanded 
across much of central North America in the late Miocene 
(8–5 million years ago), repeated glaciations during the 
Pleistocene (2.5 million–11,500 years ago) caused broad-
scale vegetation changes (Axelrod 1985; Webb et al. 2003; 
Anderson 2006). The timescale on our skyline plot inferred 
the population size increase in P. eryngii occurred ~ 22,500 
to ~ 12,500 years ago, which corresponds to the period 
after the Last Glacial Maximum (~ 21,000 years ago) when 
grassland habitats expanded following the retreat of glacial 
ice sheets (Anderson 2006; Grant 2015). Notably, tallgrass 
prairie as we know it currently, did not exist before the Holo-
cene (11,500 years to present; Anderson 2006). Although 
P. eryngii and its host plant, rattlesnake master, occur in the 
tallgrass prairie region today, both also occur in savanna, 
flatwood, glade, and open woodland habitats in Arkansas, 
Kentucky, Missouri, and North Carolina (historically). Rat-
tlesnake master and P. eryngii were likely both pushed south 
to the U.S. coastal plain during the Last Glacial Maximum 
and then expanded northward as the climate warmed. The 
low nucleotide diversity, high haplotype diversity, and lack 
of genetic structure in P. eryngii are consistent with a recent 
population expansion following a period of low effective 
population size. Although we were unable to detect a genetic 
signature of a population decline in P. eryngii over the past 
200 years, our results suggest that any such decline is not 
simply an extension of a long-term downward trend due to 
natural causes.

We estimated 36 haplotypes exist within P. eryngii, of 
which we sampled 26 (~ 72%). Thus, it appears that much 
of the historical genetic diversity in P. eryngii remains pre-
sent, likely due to the recency of fragmentation or gene flow 
from undocumented populations. Papaipema eryngii is noto-
riously difficult to detect (U.S. Fish and Wildlife Service 
2020b) so it may persist in some unsampled grassland frag-
ments. Targeted surveys of appropriate grassland fragments 
in the study region may help to find additional populations. 
Nonetheless, the current absence of some haplotypes that 
were present in Illinois historically (1918–1938) suggests 
efforts to facilitate gene flow among extant populations 
may be needed to abate the loss of genetic diversity due to 
genetic drift and inbreeding. Habitat corridors connecting 
populations could be established, and suitable restorations 
within corridors could be repatriated with P. eryngii. Adult 
P. eryngii can disperse at least 3.2 km in their 10–14 day life 
span (Wiker 2017). Minimal isolation by distance suggests 
they are capable of dispersal in areas of contiguous suitable 
habitat. Reciprocal translocations should also be considered 
between extant populations in cases where a suitable habi-
tat corridor between populations cannot be established. The 
small divergences among haplotypes and low genetic differ-
entiation among populations suggest any nearby population 
could potentially serve as a source for repatriation efforts. 
However, adaptive genetic differences may exist between 
populations that we could not evaluate with our COI bar-
code locus. For this reason, phenotypic traits, physiological 
tolerances, and phenology of populations should be closely 
examined before any translocations, especially over great 
distances where environmental conditions are likely to differ, 
to ensure maladapted alleles are not introduced.

In 2020, USFWS determined listing P. eryngii was not 
warranted based in part on an analysis of the ability of P. 
eryngii to maintain resiliency, redundancy, and representa-
tion through stochastic events and changing environmental 
conditions (U.S. Fish and Wildlife Service 2020a, b). Rep-
resentation refers to a species’ ability to adapt over time to a 
changing environment and is often measured by the extent 
of genetic and ecological diversity within and among popu-
lations (Shaffer et al. 2000; Wolf et al. 2015; Smith et al. 
2018). In the absence of species-specific genetic informa-
tion, USFWS used environmental variation across the range 
of P. eryngii as a proxy. Specifically, they used plant-hardi-
ness zones to divide extant populations into three latitudi-
nal representation units, and then evaluated resiliency and 
redundancy under this framework (U.S. Fish and Wildlife 
Service 2020b). Populations in different environmental set-
tings often have unique genetic, ecological, and behavioral 
variation, thus dividing a species’ range into mutually exclu-
sive geographic areas that capture this underlying diversity 
is a reasonable approach for determining representation 
(Wolf et al. 2015; Smith et al. 2018). However, this assumes 
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populations are adapted to local conditions, which may not 
be the case if genetic drift is strong, gene flow is high, or 
inbreeding occurs.

We found genetic diversity is high within the three rep-
resentation units with little genetic differentiation among 
units, indicating recent gene flow and/or population expan-
sion. Furthermore, some extant populations may have lost 
diversity through genetic drift. Our results cast doubt on the 
assumption that populations are locally adapted and indicate 
populations across the species’ range are genetically similar 
to one another. Genetic diversity is thought to be related to a 
species’ ability to adapt to changing environments (Barrett 
and Schluter 2008; Markert et al. 2010); however, because 
COI is a neutral (or near-neutral) genetic marker and has no 
direct effect on fitness, it may not be a good indicator of a 
species’ adaptive potential. Neutral markers may provide 
information about drift, gene flow, and inbreeding, evolu-
tionary forces that can oppose local adaptation, but they are 
not directly linked with genetic variation and population 
differentiation in adaptive traits (Holderegger et al. 2006; 
Forister et al. 2008; Teixeira and Huber 2021). Geographic 
variation in phenotypic traits of P. eryngii, including physi-
ological traits, and the heritability of those traits should be 
examined to evaluate adaptive genetic diversity and local 
adaptation. Larval P. eryngii hatch up to 1 month earlier and 
adults emerge from their pupae ~ 1 month later in southern 
populations compared to northern populations (Bess 2018; 
U.S. Fish and Wildlife Service 2020b). This variation is 
likely related to temperature (i.e., due to phenotypic plastic-
ity), but there could be genetic-based variation as well.

Rattlesnake master, the host foodplant of P. eryngii, 
occurs throughout the central and southeastern United 
States, but P. eryngii is seemingly absent from latitudes 
south of central Arkansas (Bess 2018; U.S. Fish and Wildlife 
Service 2020b; U.S.D.A. Natural Resources Conservation 
Service 2024). The rattlesnake master varieties/species pre-
sent in portions of the southeastern United States, including 
Eryngium yuccifolium synchaetum, differ in morphology and 
ecological requirements (e.g., frequent fire) from the variety 
in Arkansas and the midwestern states (Eryngium yuccifo-
lium yuccifolium) that might make them less suitable host 
plants (Bess 2018; U.S.D.A. Natural Resources Conserva-
tion Service 2024). Alternatively, the warmer temperatures 
at these southern latitudes may limit the distribution of P. 
eryngii. Larval P. eryngii aestivate during the hottest por-
tions of summer and resume feeding only when tempera-
tures cool, which occurs later at the southern range edge 
in Arkansas and Kentucky (Bess 2018). This observation 
indicates high temperatures restrict activity and growth in 
P. eryngii, which could be a problem with current climate-
warming trends. The plant hardiness zones used by USFWS 
in the Species Status Assessment were from 2009 (U.S. 
Fish and Wildlife Service 2020b) and the newer 2023 zones 

(U.S.D.A. Agricultural Research Service 2023) shifted all 
populations of P. eryngii in the southern part of the species’ 
range in Arkansas from Zone 7 to Zone 8. Notably, the two 
populations in Zone 8 in the 2009 map are considered extir-
pated (Bess 2018; U.S. Fish and Wildlife Service 2020b). 
Studies of larval thermal ecology and tolerance limits as 
well as monitoring of Arkansas populations are needed to 
understand and document any effects of climate warming 
on P. eryngii. If population declines and extirpations are 
observed, then USFWS should reassess the status of P. eryn-
gii, incorporating our genetic data and the changes in plant 
hardiness zones.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10841-​025-​00698-0.

Acknowledgements  We thank Kim Steese and Robin Verble for pro-
viding a sample to improve our geographic coverage. We also thank 
Seth LaGrange for helping to facilitate lab work.

Author contributions  D.B.S.: conceptualization; data curation; formal 
analysis; funding acquisition; investigation; methodology; resources; 
visualization; writing – original draft; writing – review and editing. 
J.R.W.: resources; data curation. J.A.B.: resources; data curation; writ-
ing – review and editing. T.L.E.: funding acquisition; resources; data 
curation; writing – review and editing. J.A.C.: funding acquisition; 
writing – review and editing, M.J.D.: conceptualization; funding acqui-
sition; project administration; resources; writing – review and editing.

Funding  Financial support was provided by a State Wildlife Grant 
through the Illinois Department of Natural Resources (375 IDNR FWS 
T-101-R-1), the Illinois State Toll Highway Authority, and the School 
of Biological Sciences and College of Applied and Natural Resources 
at Louisiana Tech University.

Data availability  Genetic data generated in this study are openly avail-
able in GenBank at https://​www.​ncbi.​nlm.​nih.​gov/​genba​nk/ under 
accession numbers PP973552–PP973624. Locality data including 
GPS coordinates (0.01 decimal degrees) of sampled specimens are 
available in the supplementary material available online. Requests for 
more precise locality data can be made to the corresponding author.

Declarations 

Ethical approval  Not applicable.

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

https://doi.org/10.1007/s10841-025-00698-0
https://www.ncbi.nlm.nih.gov/genbank/
http://creativecommons.org/licenses/by/4.0/


	 Journal of Insect Conservation (2025) 29:5959  Page 8 of 10

References

Anderson RC (2006) Evolution and origin of the Central Grassland of 
North America: climate, fire, and mammalian grazers. J Torrey 
Bot Soc 133:626–647. https://​doi.​org/​10.​3159/​1095-​5674(2006)​
133[626:​EAOOTC]​2.0.​CO;2

Avise JC, Arnold J, Ball RM, Bermingham E, Lamb T, Neigel JE, 
Reeb CA, Saunders NC (1987) Intraspecific phylogeography: the 
mitochondrial DNA bridge between population genetics and sys-
tematics. Ann Rev Ecol Syst 18:489–522

Axelrod DI (1985) Rise of the grassland biome, central North America. 
Bot Rev 51:163–201. https://​doi.​org/​10.​1007/​BF028​61083

Barnosky AD, Matzke N, Tomiya S, Wogan GOU, Swartz B, Quental 
TB, Marshall C, McGuire JL, Lindsey EL, Maguire KC, Mer-
sey B, Ferrer EA (2011) Has the Earth’s sixth mass extinction 
already arrived? Nature 471:51–57. https://​doi.​org/​10.​1038/​
natur​e09678

Barrett RDH, Schluter D (2008) Adaptation from standing genetic vari-
ation. Trends Ecol Evol 23:38–44. https://​doi.​org/​10.​1016/j.​tree.​
2007.​09.​008

Bess J (2018) A report on status surveys for the rattlesnake master borer 
moth (Papaipema eryngii Bird) in the southeastern United States. 
Report to the Southeastern Association of Fish and Wildlife Agen-
cies, Jackson, Mississippi, USA, 159 pp

Biesmeijer JC, Roberts SPM, Reemer M, Ohlemuller R, Edwards 
M, Peeters T, Schaffers AP, Potts SG, Kleukers R, Thomas CD, 
Settele J, Kunin WE (2006) Parallel declines in pollinators and 
insect-pollinated plants in Britain and the Netherlands. Science 
313:351–354. https://​doi.​org/​10.​1126/​scien​ce.​11278​63

Bird H (1917) New species and histories in Papaipema sm. (Lepidop-
tera) No. 19. Can Entomol 49:121–128. https://​doi.​org/​10.​4039/​
Ent49​121-4

Bird H (1934) Decline of the noctuid genus Papaipema (Lepidoptera). 
Ann Entomol Soc Am 27:551–556. https://​doi.​org/​10.​1093/​aesa/​
27.4.​551

Bohonak AJ (1999) Dispersal, gene flow, and population structure. Q 
Rev Biol 74:21–45. https://​doi.​org/​10.​1086/​392950

Brower AVZ (1994) Rapid morphological radiation and convergence 
among races of the butterfly Heliconius erato inferred from 
patterns of mitochondrial DNA evolution. Proc Natl Acad Sci 
91:6491–6495. https://​doi.​org/​10.​1073/​pnas.​91.​14.​6491

Brown SDJ, Collins RA, Boyer S, Lefort MC, Malumbres-Olarte J, 
Vink CJ, Cruickshank RH (2012) Spider: an R package for the 
analysis of species identity and evolution, with particular refer-
ence to DNA barcoding. Mol Ecol Resour 12:562–565. https://​
doi.​org/​10.​1111/j.​1755-​0998.​2011.​03108.x

Butchart SHM, Walpole M, Collen B, Van Strien A, Scharlemann JPW, 
Almond REA, Baillie JEM, Bomhard B, Brown C, Bruno J, Car-
penter KE, Carr GM, Chanson J, Chenery AM, Csirke J, Davidson 
NC, Dentener F, Foster M, Galli A, Galloway JN, Genovesi P, 
Gregory RD, Hockings M, Kapos V, Lamarque J, Leverington 
F, Loh J, McGeoch MA, McRae L, Minasyan A, Morcillo MH, 
Oldfield TEE, Pauly D, Quader S, Revenga C, Sauer JR, Skolnik 
B, Spear D, Stanwell-Smith D, Stuart SM, Symes A, Tierney M, 
Tyrrell TD, Vié J, Watson R (2010) Global biodiversity: indica-
tors of recent declines. Science 328:1164–1168. https://​doi.​org/​
10.​1126/​scien​ce.​11875​12

Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail P, 
Narwani A, Mace GM, Tilman D, Wardle DA, Kinzig AP, Daily 
GC, Loreau M, Grace JB, Larigauderie A, Srivastava DS, Naeem 
S (2012) Biodiversity loss and its impact on humanity. Nature 
486:59–67. https://​doi.​org/​10.​1038/​natur​e11148

Ceballos G, Ehrlich PR, Barnosky AD, García A, Pringle RM, Palmer 
TM (2015) Accelerated modern human–induced species losses: 

entering the sixth mass extinction. Sci Adv 1:e1400253. https://​
doi.​org/​10.​1126/​sciadv.​14002​53

Clavel J, Julliard R, Devictor V (2011) Worldwide decline of specialist 
species: toward a global functional homogenization? Front Ecol 
Environ 9:222–228. https://​doi.​org/​10.​1890/​080216

Colles A, Liow LH, Prinzing A (2009) Are specialists at risk under 
environmental change? Neoecological, paleoecological and phy-
logenetic approaches. Ecol Lett 12:849–863. https://​doi.​org/​10.​
1111/j.​1461-​0248.​2009.​01336.x

Dirzo R, Young HS, Galetti M, Ceballos G, Isaac NJ, Collen B (2014) 
Defaunation in the anthropocene. Science 345:401–406. https://​
doi.​org/​10.​1126/​scien​ce.​12518​17

Drummond AJ, Bouckaert RR (2015) Bayesian evolutionary analysis 
with BEAST. Cambridge University Press, Cambridge

Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary 
analysis by sampling trees. BMC Evol Biol 7:214. https://​doi.​org/​
10.​1186/​1471-​2148-7-​214

Drummond AJ, Rambaut A, Shapiro B, Pybus OG (2005) Bayesian 
coalescent inference of past population dynamics from molecular 
sequences. Mol Biol Evol 22:1185–1192. https://​doi.​org/​10.​1093/​
molbev/​msi103

Ersts PJ (2025) Geographic Distance Matrix Generator (version 1.2.3). 
American Museum of Natural History, Center for Biodiversity 
and Conservation. http://​biodi​versi​tyinf​ormat​ics.​amnh.​org/​open_​
source/​gdmg. Accessed on 26 May 2025

Excoffier L, Smouse PE, Quattro JM (1992) Analysis of molecular vari-
ance inferred from metric distances among DNA restriction data. 
Genetics 131:479–491. https://​doi.​org/​10.​1093/​genet​ics/​131.2.​479

Filgueiras BKC, Peres CA, Melo FPL, Leal IR, Tabarelli M (2021) 
Winner–loser species replacements in human-modified land-
scapes. Trends Ecol Evol 36:545–555. https://​doi.​org/​10.​1016/j.​
tree.​2021.​02.​006

Forister ML, Nice CC, Fordyce JA, Gompert Z, Shapiro AM (2008) 
Considering evolutionary processes in the use of single-locus 
genetic data for conservation, with examples from the Lepi-
doptera. J Insect Conserv 12:37–51. https://​doi.​org/​10.​1007/​
s10841-​006-​9061-6

Fu XY (1997) Statistical tests of neutrality of mutations against popu-
lation growth, hitchhiking, and background selection. Genetics 
147:915–925. https://​doi.​org/​10.​1093/​genet​ics/​147.2.​915

Goldstein PZ, Fibiger MF (2005) Biosystematics and evolution of the 
Apameini: a global synopsis. In: Zilli A, Ronkay L, Fibiger M 
(eds) Noctuidae Europeae, vol 8. Apameini. Entomological Press, 
Sorø, Denmark, pp 15–23

Goldstein PZ (1999) Molecular systematics and the evolution of host 
plant use in the endophagous moth genus Papaipema Smith, 1899 
(Lepidoptera: Noctuidae). PhD dissertation, University of Con-
necticut, Storrs, Connecticut, USA, 158 pp

Grant WS (2015) Problems and cautions with sequence mismatch 
analysis and Bayesian skyline plots to infer historical demogra-
phy. J Hered 106:333–346. https://​doi.​org/​10.​1093/​jhered/​esv020

Gratton P, Konopiński MK, Sbordoni V (2008) Pleistocene evolu-
tionary history of the Clouded Apollo (Parnassius mnemosyne): 
genetic signatures of climate cycles and a ‘time-dependent’ mito-
chondrial substitution rate. Mol Ecol 17:4248–4262. https://​doi.​
org/​10.​1111/j.​1365-​294X.​2008.​03901.x

Hajibabaei M, Janzen DH, Burns JM, Hallwachs W, Hebert PDN 
(2006) DNA barcodes distinguish species of tropical Lepidop-
tera. Proc Natl Acad Sci 103:968–971. https://​doi.​org/​10.​1073/​
pnas.​05104​66103

Hebert PDN, Penton EH, Burns J, Janzen DH, Hallwachs W (2004) 
Ten species in one: DNA barcoding reveals cryptic species in the 
neotropical skipper butterfly, Astraptes fulgerator. Proc Natl Acad 
Sci 101:14812–14817. https://​doi.​org/​10.​1073/​pnas.​04061​66101

Ho SYW, Lo N (2013) The insect molecular clock. Aust J Entomol 
52:101–105. https://​doi.​org/​10.​1111/​aen.​12018

https://doi.org/10.3159/1095-5674(2006)133[626:EAOOTC]2.0.CO;2
https://doi.org/10.3159/1095-5674(2006)133[626:EAOOTC]2.0.CO;2
https://doi.org/10.1007/BF02861083
https://doi.org/10.1038/nature09678
https://doi.org/10.1038/nature09678
https://doi.org/10.1016/j.tree.2007.09.008
https://doi.org/10.1016/j.tree.2007.09.008
https://doi.org/10.1126/science.1127863
https://doi.org/10.4039/Ent49121-4
https://doi.org/10.4039/Ent49121-4
https://doi.org/10.1093/aesa/27.4.551
https://doi.org/10.1093/aesa/27.4.551
https://doi.org/10.1086/392950
https://doi.org/10.1073/pnas.91.14.6491
https://doi.org/10.1111/j.1755-0998.2011.03108.x
https://doi.org/10.1111/j.1755-0998.2011.03108.x
https://doi.org/10.1126/science.1187512
https://doi.org/10.1126/science.1187512
https://doi.org/10.1038/nature11148
https://doi.org/10.1126/sciadv.1400253
https://doi.org/10.1126/sciadv.1400253
https://doi.org/10.1890/080216
https://doi.org/10.1111/j.1461-0248.2009.01336.x
https://doi.org/10.1111/j.1461-0248.2009.01336.x
https://doi.org/10.1126/science.1251817
https://doi.org/10.1126/science.1251817
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1093/molbev/msi103
https://doi.org/10.1093/molbev/msi103
http://biodiversityinformatics.amnh.org/open_source/gdmg
http://biodiversityinformatics.amnh.org/open_source/gdmg
https://doi.org/10.1093/genetics/131.2.479
https://doi.org/10.1016/j.tree.2021.02.006
https://doi.org/10.1016/j.tree.2021.02.006
https://doi.org/10.1007/s10841-006-9061-6
https://doi.org/10.1007/s10841-006-9061-6
https://doi.org/10.1093/genetics/147.2.915
https://doi.org/10.1093/jhered/esv020
https://doi.org/10.1111/j.1365-294X.2008.03901.x
https://doi.org/10.1111/j.1365-294X.2008.03901.x
https://doi.org/10.1073/pnas.0510466103
https://doi.org/10.1073/pnas.0510466103
https://doi.org/10.1073/pnas.0406166101
https://doi.org/10.1111/aen.12018


Journal of Insect Conservation (2025) 29:59	 Page 9 of 10  59

Ho SYW, Phillips MJ, Cooper A, Drummond AJ (2005) Time depend-
ency of molecular rate estimates and systematic overestimation 
of recent divergence times. Mol Biol Evol 22:1561–1568. https://​
doi.​org/​10.​1093/​molbev/​msi145

Holderegger R, Kamm U, Gugerli F (2006) Adaptive vs. neutral genetic 
diversity: implications for landscape genetics. Landscape Ecol 
21:797–807. https://​doi.​org/​10.​1007/​s10980-​005-​5245-9

Hooper DU, Adair EC, Cardinale BJ, Byrnes JEK, Hungate BA, Matu-
lich KL, Gonzalez A, Duffy JE, Gamfeldt L, O’Connor MI (2012) 
A global analysis reveals biodiversity loss as a major driver of 
ecosystem change. Nature 486:105–108. https://​doi.​org/​10.​1038/​
natur​e11118

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, 
Buxton S, Cooper A, Markowitz S, Duran C, Thierer T, Ashton B, 
Meintjes P, Drummond A (2012) Geneious Basic: an integrated 
and extendable desktop software platform for the organization and 
analysis of sequence data. Bioinformatics 28:1647–1649. https://​
doi.​org/​10.​1093/​bioin​forma​tics/​bts199

Koh LP, Sodhi NS, Brook BW (2004) Ecological correlates of extinc-
tion proneness in tropical butterflies. Conserv Biol 18:1571–1578. 
https://​doi.​org/​10.​1111/j.​1523-​1739.​2004.​00468.x

Kumar S, Stecher G, Tamura K (2016) MEGA7: molecular evolution-
ary genetics analysis version 7.0 for bigger datasets. Mol Biol 
Evol 33:1870–1874. https://​doi.​org/​10.​1093/​molbev/​msw054

Leigh JW, Bryant D (2015) POPART: full-feature software for hap-
lotype network construction. Methods Ecol Evol 6:1110–1116. 
https://​doi.​org/​10.​1111/​2041-​210X.​12410

Markert JA, Champlin DM, Gutjahr-Gobell R, Grear JS, Kuhn A, 
McGreevy TJ Jr, Roth A, Bagley MJ, Nacci DE (2010) Population 
genetic diversity and fitness in multiple environments. BMC Evol 
Biol 10:205. https://​doi.​org/​10.​1186/​1471-​2148-​10-​205

McKinney M (1997) Extinction vulnerability and selectivity: combin-
ing ecological and paleontological views. Annu Rev Ecol Syst 
28:495–516. https://​doi.​org/​10.​1146/​annur​ev.​ecols​ys.​28.1.​495

McKinney ML, Lockwood JL (1999) Biotic homogenization: a few 
winners replacing many losers in the next mass extinction. Trends 
Ecol Evol 14:450–453. https://​doi.​org/​10.​1016/​S0169-​5347(99)​
01679-1

Meirmans PG (2020) GENODIVE version 3.0: easy-to-use software for 
the analysis of genetic data of diploids and polyploids. Mol Ecol 
Resour 20:1126–1131. https://​doi.​org/​10.​1111/​1755-​0998.​13145

Olden JD, Poff NL, Douglas MB, Douglas ME, Fausch KD (2004) 
Ecological and evolutionary consequences of biotic homogeniza-
tion. Trends Ecol Evol 19:18–24. https://​doi.​org/​10.​1016/j.​tree.​
2003.​09.​010

Papadopoulou A, Anastasiou I, Vogler AP (2010) Revisiting the insect 
mitochondrial molecular clock: the mid-Aegean trench calibra-
tion. Mol Biol Evol 27:1659–1672. https://​doi.​org/​10.​1093/​mol-
bev/​msq051

Pimm SL, Russell GJ, Gittleman JL, Brooks TM (1995) The future of 
biodiversity. Science 269:347–350. https://​doi.​org/​10.​1126/​scien​
ce.​269.​5222.​347

Pyron RA, Burbrink FT (2010) Hard and soft allopatry: physically and 
ecologically mediated modes of geographic speciation. J Biogeogr 
37:2005–2015. https://​doi.​org/​10.​1111/j.​1365-​2699.​2010.​02336.x

R Core Team (2025) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. 
https://​www.R-​proje​ct.​org/

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA (2018) Pos-
terior summarization in Bayesian phylogenetics using Tracer 1.7. 
Syst Biol 67:901–904. https://​doi.​org/​10.​1093/​sysbio/​syy032

Ramos-Osins SE, Rozas J (2002) Statistical properties of new neutral-
ity tests against population growth. Mol Biol Evol 19:2092–2100. 
https://​doi.​org/​10.​1093/​oxfor​djour​nals.​molbev.​a0040​34

Rogers AR, Harpending H (1992) Population growth makes waves in 
the distribution of pairwise genetic differences. Mol Biol Evol 

9:552–569. https://​doi.​org/​10.​1093/​oxfor​djour​nals.​molbev.​a0407​
27

Rozas J, Ferrer-Mata A, Sánchez-DelBarrio JC, Guirao-Rico S, Lib-
rado P, Ramos-Onsins SE, Sánchez-Gracia A (2017) DnaSP 6: 
DNA sequence polymorphism analysis of large data sets. Mol 
Biol Evol 34:3299–3302. https://​doi.​org/​10.​1093/​molbev/​msx248

Samson F, Knopf F (1994) Prairie conservation in North America. 
Bioscience 44:418–421. https://​doi.​org/​10.​2307/​13123​65

Shaffer ML, Stein B, Stein BA, Kutner LS, Adams JS (2000) Safe-
guarding our precious heritage. In: Stein BA, Kutner LS, Adams 
JS (eds) Precious heritage: the status of biodiversity in the United 
States. Oxford University Press, New York, pp 310–322

Smith DR, Allan NL, McGowan CP, Szymanski JA, Oetker SR, Bell 
HM (2018) Development of a species status assessment process 
for decisions under the U.S. endangered species act. J Fish Wildl 
Manag 9:302–320. https://​doi.​org/​10.​3996/​052017-​JFWM-​041

Solomon JD (1988) Observations on two Papaipema borers (Lepidop-
tera: Noctuidae) as little known pests of intensively cultured hard-
wood trees. J Entomol Sci. 23:77–82. https://​doi.​org/​10.​18474/​
0749-​8004-​23.1.​77

Soltis DE, Morris AB, McLachlan JS, Manos PS, Soltis PS (2006) 
Comparative phylogeography of unglaciated eastern North 
America. Mol Ecol 15:4261–4293. https://​doi.​org/​10.​1111/j.​
1365-​294X.​2006.​03061.x

Swengel SR, Schlicht D, Olsen F, Swengel AB (2011) Declines of prai-
rie butterflies in the midwestern USA. J Insect Conserv 15:327–
339. https://​doi.​org/​10.​1007/​s10841-​010-​9323-1

Tajima F (1989) Statistical method for testing the neutral mutation 
hypothesis by DNA polymorphism. Genetics 123:585–595. 
https://​doi.​org/​10.​1093/​genet​ics/​123.3.​585

Teixeira JC, Huber CD (2021) The inflated significance of neutral 
genetic diversity in conservation genetics. Proc Natl Acad Sci 
118:e2015096118. https://​doi.​org/​10.​1073/​pnas.​20150​96118

U.S. Fish and Wildlife Service (2013) Endangered and threatened wild-
life and plants; 12-month finding on a petition to list the Rattle-
snake-Master Borer Moth (Papaipema eryngii) as an endangered 
or threatened species. Fed Reg 78:49422–49440

U.S. Fish and Wildlife Service (2020a) Endangered and threatened 
wildlife and plants; four species not warranted for listing as endan-
gered or threatened species. Fed Reg 85:44478–44483

U.S. Fish and Wildlife Service (2020b) Species Status Assessment 
report for the rattlesnake-master borer moth (Papaipema eryngii). 
Version 1.1. U.S. Fish and Wildlife Service Region 3, Blooming-
ton, Minnesota, USA, 66 pp

U.S.D.A. Agricultural Research Service (2023) Plant Hardiness Zone 
Map. https://​plant​hardi​ness.​ars.​usda.​gov/. Accessed 6 June 2024

U.S.D.A. Natural Resources Conservation Service (2024) The 
PLANTS Database. http://​plants.​usda.​gov. Accessed 7 June 2024

Webb T III, Shuman B, Williams JW (2003) Climatically forced veg-
etation dynamics in eastern North America during the late Qua-
ternary Period. Dev Quat Sci 1:459–478. https://​doi.​org/​10.​1016/​
S1571-​0866(03)​01021-2

Wiker J (2017) Final report on the search for the rattlesnake master 
borer moth Papaipema eryngii Bird (Lepidoptera: Noctuidae) in 
the state of Missouri. Final Report to Missouri Department of 
Conservation, Contract No. SFS S14-152, 119 pp

Wilson JJ (2012) DNA barcodes for insects. In: Kress WJ, Erickson 
DL (eds) DNA barcodes: methods and protocols. Humana Press, 
Totowa, pp 17–46

Wolf S, Hartl B, Carroll C, Neel MC, Greenwald DN (2015) Beyond 
PVA: why recovery under the endangered species act is more than 
population viability. Bioscience 65:200–207. https://​doi.​org/​10.​
1093/​biosci/​biu218

Wright S (1943) Isolation by distance. Genetics 28:114–138. https://​
doi.​org/​10.​1093/​genet​ics/​28.2.​114

https://doi.org/10.1093/molbev/msi145
https://doi.org/10.1093/molbev/msi145
https://doi.org/10.1007/s10980-005-5245-9
https://doi.org/10.1038/nature11118
https://doi.org/10.1038/nature11118
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1111/j.1523-1739.2004.00468.x
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1186/1471-2148-10-205
https://doi.org/10.1146/annurev.ecolsys.28.1.495
https://doi.org/10.1016/S0169-5347(99)01679-1
https://doi.org/10.1016/S0169-5347(99)01679-1
https://doi.org/10.1111/1755-0998.13145
https://doi.org/10.1016/j.tree.2003.09.010
https://doi.org/10.1016/j.tree.2003.09.010
https://doi.org/10.1093/molbev/msq051
https://doi.org/10.1093/molbev/msq051
https://doi.org/10.1126/science.269.5222.347
https://doi.org/10.1126/science.269.5222.347
https://doi.org/10.1111/j.1365-2699.2010.02336.x
https://www.R-project.org/
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/oxfordjournals.molbev.a004034
https://doi.org/10.1093/oxfordjournals.molbev.a040727
https://doi.org/10.1093/oxfordjournals.molbev.a040727
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.2307/1312365
https://doi.org/10.3996/052017-JFWM-041
https://doi.org/10.18474/0749-8004-23.1.77
https://doi.org/10.18474/0749-8004-23.1.77
https://doi.org/10.1111/j.1365-294X.2006.03061.x
https://doi.org/10.1111/j.1365-294X.2006.03061.x
https://doi.org/10.1007/s10841-010-9323-1
https://doi.org/10.1093/genetics/123.3.585
https://doi.org/10.1073/pnas.2015096118
https://planthardiness.ars.usda.gov/
http://plants.usda.gov
https://doi.org/10.1016/S1571-0866(03)01021-2
https://doi.org/10.1016/S1571-0866(03)01021-2
https://doi.org/10.1093/biosci/biu218
https://doi.org/10.1093/biosci/biu218
https://doi.org/10.1093/genetics/28.2.114
https://doi.org/10.1093/genetics/28.2.114


	 Journal of Insect Conservation (2025) 29:5959  Page 10 of 10

Zahiri R, Lafontaine JD, Schmidt BC, deWaard JR, Zakharov EV, 
Hebert PDN (2017) Probing planetary biodiversity with DNA 
barcodes: the Noctuoidea of North America. PLoS ONE 
12:e0178548. https://​doi.​org/​10.​1371/​journ​al.​pone.​01785​48

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

https://doi.org/10.1371/journal.pone.0178548

	Genetic diversity and historical demography of the imperiled rattlesnake-master borer moth (Papaipema eryngii)
	Abstract 
	Implications for insect conservation 
	Introduction
	Materials and methods
	Data collection
	Data analysis

	Results
	Discussion
	Acknowledgements 
	References




