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Abstract

The Neotropical butterfly genus Colobura Billberg, 1820 (Nymphalidae) includes widespread, common and conspicuous
species whose taxonomy one might expect to be well understood. Using integrative taxonomy—combining morphology
(genitalia, larval traits, adult wing patterns, and UV reflectance), genome sequencing (mitochondrial barcodes, complete
mitogenomes, and nuclear genomes), and life history data—we describe Colobura cryptica Sapkota, Orellana & Willmott
sp. nov., a new species previously conflated with Colobura annulata. Key diagnostic morphological traits include: (1)
a shorter third submarginal line on the ventral forewing that does not reach the pale cream transverse band, and (2)
velvet-black larvae that lack yellow rings between segments or yellow spots at anterior edge of segments. Phylogenomic
analyses resolved four distinct clades, with C. cryptica forming a genetically divergent lineage that is broadly sympatric
with its sister species C. annulata. We further demonstrate a biogeographical split in C. dirce populations across the Andes
and redefine the ranges of C. dirce wolcotti and C. dirce dirce. Genome sequencing showed that C. d. wolcotti, previously
thought to be restricted to the Caribbean Islands, is also present in Central America and coastal Ecuador/northern Colombia
west of the Andes, whereas C. d. dirce occurs only east of the Andes. This division corresponds with differences in ventral
UV reflectance, which is strongly expressed in C. d. wolcotti but reduced in C. d. dirce. We conducted a preliminary
investigation of UV-reflectance on the ventral wings and found evidence for differences across the four taxa, and we
discuss the possibility of UV-mediated reproductive isolation that might have contributed to speciation in Colobura.

Key words: Neotropical diversification, cryptic phenotype, species delimitation, sympatric speciation, UV reflectance

Introduction

Colobura Billberg, 1820 (Lepidoptera: Nymphalidae) is a widespread Neotropical butterfly genus with only two
currently recognized species. These butterflies display intricate black patterns on a cream-colored ventral wing
surface, a potential cryptic adaptation enabling them to blend with tree bark in dense forest habitats, where they
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habitually perch upside down on trunks with closed wings (pers. obs.). Historically, this highly distinctive wing
pattern perhaps led to the genus being considered as monotypic, with C. dirce (Linnaeus, 1758) as the sole recognized
species until the description of C. annulata Willmott, Constantino & J. Hall (Willmott ez al. 2001). The recognition
of C. annulata as a new species was initially stimulated by larval phenotypic characters; the fifth-instar larva is
velvet-black, with both species exhibiting yellow elongate lateral spots at the anterior edge of each abdominal
segment; however, C. annulata additionally has creamy-yellow rings around each abdominal segment (Fig. 1a-b).
In adults, the third submarginal line from the edge of the ventral forewing in C. annulata is of uniform width, unlike
that in C. dirce, which broadens posteriorly (Willmott ez al. 2001) (Fig. 2a—b). Additionally, there is evidence of
differing larval niches: C. dirce larvae feed on the foliage of young Cecropia Loefl. (Urticaceae) trees or saplings,
with eggs deposited in small clusters of 2—10 individuals, whereas C. annulata larvae predominantly occupy mature
Cecropia canopy trees, with eggs deposited in large clusters of up to 70 individuals (Willmott ez a/. 2001). This
ecological segregation potentially correlates with adult flight height preferences (Willmott ez al. 2001), suggesting a
mechanism for reproductive isolation that may have facilitated speciation between these closely related species.

FIGURE 1. Fifth instar larva of a. Colobura dirce, b. Colobura annulata, c. Colobura cryptica sp. nov. (Photos taken from
www.inaturalist.org, photo credit clockwise © Alexis Lopez Hernandez, © Daniel M. Small, © Andrés Orellana, © Andrés
Orellana, © Olivier Claessens, ©OKeith R. Willmott)

FIGURE 2. Adult specimen with arrows indicating identification keys a. Colobura dirce (Neotype, French Guiana: “Guyane
Francaise C. Bar/Ex. Oberthiir Coll. Brit. Mus. 1927-3.” NHMUK), b. Colobura annulata (Holotype, French Guiana: Cayenne:
“Cayenne/Ex. Oberthiir Coll. Brit. Mus. 1927-3.,” NHMUK), c. Colobura cryptica sp. nov. (Holotype, Ecuador: Napo. To be
deposited in INABIO)
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Recently, the second co-author, AO, observed a distinctive caterpillar phenotype on a Cecropia tree, without any
characteristic yellow rings or lateral spots, which matched neither of the described species and served as the impetus
for this study (Fig. 1c). An initial examination of DNA barcode data available for Colobura in BOLDSystems
(2025) (www.boldsystems.org) showed four Barcode Index Number (BIN) clusters for this genus. Each cluster is
a system-generated operational taxonomic unit (OTU) based on DNA barcode sequence similarity (Ratnasingham
and Hebert, 2013) (Fig. 3). Specimens from clusters 1 and 2 aligned morphologically with adult C. dirce, while
those from clusters 3 and 4 corresponded to adult individuals previously identified as C. annulata. Vouchers of
cluster 4 differ consistently from the holotype of C. annulata in having the third submarginal line from the ventral
forewing distal margin being short and not reaching the transverse pale band (Fig. 2c). This is a potentially notable
character, given that the shape of this same submarginal line also distinguishes C. annulata from C. dirce. Therefore,
the primary objective of this study was to examine the significance of these larval, wing pattern and DNA sequence
differences to determine whether they are the result of unrecognized additional species within the genus.

Tree scale: 0.1 ———
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Cluster 2

Cluster 1

FIGURE 3. Phylogenetic tree for Colobura constructed using the barcode region of the mitochondrial gene COI.

Additionally, while examining museum specimens for this study, we also noticed a striking variation in UV
reflectance on the ventral wings among C. dirce individuals. Butterflies detect and utilize UV signals for species
recognition and mate selection (Silberglied and Taylor, 1978; Briscoe et al. 2010), with population-level UV
expression influenced partly by climatic factors (Obara et al. 2008; Fenner et al. 2019). In C. dirce, this variation
appears to follow distinct geographical clines: UV reflectance is strongly expressed in Caribbean populations, highly
variable from Mexico to Panama and in coastal Ecuador/northern Colombia west of the Andes and markedly reduced
or absent in populations east of the Andes. Interestingly, BOLDSystems (2025) grouped C. dirce specimens from
Central America in Cluster 1 and those from Brazil and Argentina in Cluster 2 (in different BINs) (Fig. 3), raising
the possibility that the Andes may have acted as a biogeographical barrier promoting divergence in this species.
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Building on this, we also sought to examine UV reflectance properties in other Colobura species, particularly to
determine whether sympatric taxa exhibit distinct UV reflectance patterns. Consequently, a secondary objective of
this study was to investigate UV reflectance across Colobura species and evaluate its potential role in speciation.

We employed integrative taxonomy to investigate these questions (Dayrat 2005; Schlick-Steiner et al. 2010),
combining three sources of data: morphological examinations of external and genital structures including study of
UV reflection properties of wings; molecular analyses (including DNA barcoding, complete mitochondrial genome
sequencing and nuclear genome assessment of both Z-chromosomes, particularly valuable for species delimitation
(Cong et al. 2019), and autosomal chromosomes); and life history data.

1 mm

10 mm

FIGURE 4. Male and female genitalia of Colobura dirce dirce a. lateral view of male genitalia with aedeagus removed, b. inner
lateral view of valva, c. lateral view of aedeagus d. dorsal view of female genitalia (reference scale: 1 mm for male genitalia, 10
mm for female genitalia).

Methods
The following acronyms are used for collections mentioned in this study:

AOP—Andrés Orellana Private Collection, San Cristobal, Tachira State, Venezuela

FSCA—F]lorida State Collection of Arthropods, Gainesville, Florida, USA

FUNEA—Fundacion Entomologica Andina Collection, Ejido, estado Mérida, Venezuela

INABIO—Instituto Nacional de Biodiversidad, Quito, Ecuador

INBio—Instituto Nacional de Biodiversidad, Costa Rica

MGCL—McGuire Center for Lepidoptera and Biodiversity, Florida Museum of Natural History, University of
Florida, Gainesville, Florida, USA
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NHMUK—The Natural History Museum, London, United Kingdom

NMNH—Smithsonian Institution, National Museum of Natural History, Washington, D.C., USA
QCAZ—Museo de Zoologia, Seccion Invertebrados, Pontificia Universidad Catolica, Quito, Ecuador
TAMU—Texas A&M Biodiversity Research and Teaching Collections, College Station, Texas, USA

For this study, we examined museum specimens (adults), freshly collected material (adults) and photographs
available from iNaturalist (2025) (both adults and larva). All available Colobura specimens (n=670) from the
MGCL were curated and divided into four morphological groups: (1) C. dirce with strong ventral UV reflectance,
(2) C. dirce with reduced or absent ventral UV reflectance, (3) typical C. annulata, and (4) C. annulata specimens
displaying a shorter third submarginal line that does not reach the transverse creamy-yellow band on the ventral
forewing surface. Holotype labels were transcribed exactly as written, using a single slash “/” for a new line, double
slashes “//”” for a new label, square brackets “[ ]” to indicate label color, and parentheses “()” to indicate specimen
voucher number and sex. Paratype labels were transcribed in a structured format listing country, region, locality,
date, collector, collection or museum ID, DNA voucher (when available), geographic coordinates, elevation, and
specimen number with sex in parentheses, with multiple specimens from the same locality separated by semicolons
and additional notes (e.g., “dissected” or “failed”) included in parentheses.

Morphology study: External and genital morphology were examined for all clusters. To study leg morphology,
the structures were immersed in concentrated sodium hypochlorite solution (99%) for at least 3 minutes to clear
the scales (the scales were highly hydrophobic). The structures were then studied using a Leica stereomicroscope
(Model MZ 16). The structures were rinsed afterwards and stored in a capsule with the corresponding specimen. For
each cluster, both males and females (at least two specimens of each sex) were examined. For wing venation, wings
(left or right) were immersed in sodium hypochlorite solution for 6—7 minutes, and any remaining scales were gently
removed with a paintbrush. Wing venation was studied for one male specimen per cluster.

Genitalia Preparation and Imaging. At least two male and two female genitalia from each group were dissected
by soaking abdomens in 10% KOH overnight at room temperature, followed by clearing in water using fine forceps,
No. 2 entomological pins, and a pointed sable brush. The clean genitalia (without scales or attached tissue) were
mounted in glycerin on watch glasses and photographed at FSCA using a Macropod imaging system equipped with
a Canon EOS 6D Mark II camera and a Canon MP-E 65 mm macro lens. One genitalia image was taken using a
Canon EOS 70D camera attached to an Olympus BX51 compound microscope under a 10x objective lens. Canon
EOS Utility 3.14.30.4 and Helicon Focus® Pro 7.7.5 were used for focus stacking. Image post-processing was
done using Photopea (https://www.photopea.com/) and Preview application on macOS (Version 11.0). Genitalia
from each specimen, identified by a unique genitalic vial number on the specimen label, were preserved in separate
vials in glycerin for future reference. The dissected specimens are specified in the Material Examined section in
parentheses.

Distribution maps and external morphology. Location data were gathered from the MGCL collection, AO, and
iNaturalist (www.inaturalist.org). Geographic point data were visualized using SimpleMappr (www.simplemappr.
net) (Shorthouse, 2010).

Molecular Work and phylogenetic tree construction. A total of 95 specimens of Colobura (see Supplement
1 for additional information) were selected from throughout the range of the genus, from specimens available
at the MGCL, TAMU, and NMNH. At least one full leg, but generally two legs, of the dried specimens were
removed for DNA extraction. The specimens were collected from the 1950s to 2024. We used the protocol of
Cong et al. (2021), which has been proven to work well for DNA extraction from museum specimens of any age.
This approach sequences each extracted DNA fragment rather than relying on amplification, making it effective
for old museum specimens, whose DNA is often fragmented into 30—50 bp segments (Zhang et al. 2024). The
DNA was fragmented to 150 base pairs or shorter and then sequenced using the Illumina next-generation sequencing
platform. The resulting sequence data were used to construct exons of protein-coding genes, guided by the reference
genome of Heliconius melpomene (Linnaeus, 1758) (Davey et al. 2016), which served as the basis for inferring
phylogenetic trees. The barcode region of the mitochondrial cytochrome oxidase I (COI) gene was sequenced
for select specimens using methods outlined by Willmott et al. (2017) to verify identification of specimens and
help identify diagnostic characters. Remaining barcode sequences were obtained from BOLDSystems (www.
boldsystems.org), retaining only Colobura specimens with complete 658-bp sequences. Tigridia acesta (Linnaeus,
1758) and Smyrna blomfildia (Fabricius, 1781) were used as outgroups, both of which are in the tribe Nymphalini
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(as is Colobura) and are phenotypically similar (Chazot et al. 2019). Four separate trees were generated using 1Q-
tree v1.6.12, utilizing the GTR+GAMMA model (Nguyen et al. 2015): one tree was derived from autosomes in the
nuclear genome, another from genes predicted to be in the Z chromosome, the third from the whole mitochondrial
genome, and the fourth from the barcode region of the mitochondrial gene COI. For reconstructing the nuclear tree,
100,000 codons were randomly chosen for more efficient computation, representing 2% of the total data. A subset of
10,000 codons was again randomly selected, and the process was repeated 100 times, and the values above the node
(0to 100) of each tree show the number of times the same structure was found in the replicate analyses. Phylogenetic
trees were visualized, rotated, and colored with FigTree V1.4.4 and Interactive Tree of Life (iTOL: Interactive Tree
Of Life). The length of each horizontal branch of the phylogenetic tree is proportional to the number of estimated
changes in DNA (i.e., fixed mutations) that occur along the branch. The length of the scale bar at the bottom of each
tree corresponds to the branch length, for example, 2 changes per 100 base pairs (=0.02, or 2%). Whole genome
shotgun data for each specimen are deposited in the NCBI database (https://www.ncbi.nlm.nih.gov/), and the DNA
barcode data are deposited in Genbank (https://www.ncbi.nlm.nih.gov/genbank/). For each specimen in tree figures,
the following information is provided (separated by “|”’): taxon name, DNA sample code, sex, general locality, and
year of collection, and depository.

a3
3 ,,12‘!\:"

10 mm )

>

FIGURE 5. Male and female genitalia of Colobura dirce wolcotti a. lateral view of male genitalia with aedeagus, b. inner lateral
view of valva, c. dorsal view of female genitalia (reference scale: 1 mm for male genitalia, 10 mm for female genitalia).

Life history. AO discovered a gregarious batch of caterpillars (30 individuals) on a young Cecropia tree about 4
m tall, growing in a small patch of secondary growth within mature humid premontane forest in Parque Paramillo,
San Cristobal, Tachira, Venezuela (1100 m; 7.7931°N, -72.1949°W). The caterpillars were located approximately
3—4 m above the ground, clustered under a leaf exhibiting the characteristic “closed umbrella” effect caused by
the caterpillars chewing through primary veins. AO used a net to bring the caterpillars down and cut the entire leaf
from its stalk for collection. The immatures were kept in AO’s laboratory at the same location in a plastic container
measuring approximately 43 % 30 x 18 cm. Inside the container, a 2.5 cm plastic mesh was arched to keep host plant
material elevated above the bottom and avoid contact with frass, while also serving as a pupation substrate. Most
caterpillars pupated on the mesh, though a few pupated on the underside of the container lid. Pupae on the mesh
and lid were transferred to an emergence cage; those on the lid were carefully detached by lifting the silk pads and
pinned to a wall to maintain an upright, natural position.
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1 mm

10 mm

FIGURE 6. Male and female genitalia of Colobura annulata a. lateral view of male genitalia with aedeagus removed, b. inner
lateral view of valva, c. lateral view of aedeagus, d. dorsal view of female genitalia (reference scale: 1 mm for male genitalia,
10 mm for female genitalia).

UV reflectance measurement: To obtain the UV reflectance measurements we used specimens (both males and
females) whose species identifications were confirmed by genomic data and available at MGCL. A fixed spot on
the ventral surface of the right hindwing, within the discal cell region, was selected due to its visible reflectance
under normal daylight conditions. Measurements were performed using an integrated probe system: one fiber optic
cable connected to an Ocean Insight Pulsed Xenon Light Source (PX-2) and another to an Ocean Optics Ocean SR
Compact Spectrometer, while the third end of the probe both illuminated the specimen and captured reflected light.
A 99% white standard was used as a reference for maximum reflectance, while a black standard was recorded with
the xenon light turned off. Reflectance data were obtained using OceanView Spectroscopy software (2019). The
data were visualized using RStudio Version 2025.05.1+513. Spectral data were recorded from 200-900 nm, with
only the 300-700 nm range used for analysis and graphing. Measurements were taken with the wing surface flat
at a 0° incident angle. Additional angles were not tested due to clear visibility at 0° and limitations of laboratory
equipment. This non-invasive method preserved specimen integrity. A Kruskal-Wallis test was used to compare
peak UV wavelengths among species because the spectral data did not meet the assumptions of normality and
homogeneity of variance, and sample sizes were unbalanced across taxa. We used Dunn’s post hoc test to identify
pairwise contrasts.
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1 mm

10 mm

FIGURE 7. Male and female genitalia of Colobura cryptica sp. nov. a. lateral view of male genitalia with aedeagus removed,
b. inner lateral view of valva, c. lateral view of aecdeagus, d. lateral view of female genitalia with abdominal segments (reference
scale: 1 mm for male genitalia, 10 mm for female genitalia).

Results
Explanation of the phylogenetic trees

The phylogenetic trees constructed using the autosomes from the nuclear genome (Fig. 8), from genes predicted to
be in the Z chromosome (Fig. 9), and from the mitochondrial genome (Fig. 10), reveal four clusters corresponding
to those initially present in COI barcode data in BOLDSystems (2025) (Fig. 3). All phylogenetic trees, including
the COI barcode phylogenetic tree (see Supplements 2 and 3), reveal two primary clusters for C. dirce populations,
separated by the Andes mountain range. The western clade comprises populations from Central America, the
Caribbean, and west of the Andes, while the eastern clade includes populations from southern Ecuador, Colombia,
Venezuela, and areas southward (Figs. 3, 8-10). Here we revise the distribution of the C. dirce dirce and C. dirce
wolcotti, with C. dirce dirce comprising the eastern clade and C. dirce wolcotti comprising the western clade.
Specimens of C. dirce wolcotti and C. dirce dirce showed patterns of UV reflectance in agreement with our initial
expectations (strongly expressed in Caribbean populations, highly variable from Mexico to Panama and in coastal
Ecuador/northern Colombia west of the Andes and markedly reduced or absent in populations east of the Andes).
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Colobura annulata| 20062G08|Peru:Madre de Dios|1998|TMMC
Colobura annulata| 24062G07|M|Peru:Huanuco, Tingo Maria National Park|1985|MGCL

Colobura annulata| 24063B12|M|French Guiana,Amazone Nature Lodge, Kaw Rd. 6|2018|MGCL|1199963
Colobura annulata| 24062G06|F|Panama:Colon Province,Canal Zone, Pina|1970|MGCL;
Colobura annulata| 24062G12|M|Eucador:Napo,Rio Coca|1971|MGCL;

Colobura annulata|24062G01| i Paulo De O 1GCL
Colobura lata|2 62 km S A Linea C-20,]1991|MGCL

Colobura cryptica sp. n. |19122F05|Cnsta Rica:Alajuela Prov.,Area de Conservacio| 2010|USNM|09-SRNP-43484
Colobura cryptica sp. n.|24062G10|M|Costa Rica:Puntarunas,Finca Las Crucas, 5 km |1987|MGCL

Colobura cryptica sp. n.|24062F10|M|Ecuador:Pichincha, Hotel Tinalandia 12 km E Sa|1988|MGCL

del Cauca,Rio Anchicaya| 1997|MGCL

Colobura cryptica sp. n.|2 1C
Colobura cryptica sp. n.|24063C02|Ecuador:Napo, Tena-Loreto rd., Rio Chalayacu|2024|MGCL|MECN-LD-53713|HT
Colobura dirce dirce|24063810|M|Argentina, Ituzaingo| 1980 MGCL|1199962;
Colobura dirce wolcotti| 24062F09| F|Puerto Rico,Mayaquez| 1985|MGCL
Colobura dirce wolcotti| 24062F11|F|Jamaica,Bach| 1998|MGCL
Finca Taboga, 10 km SW |1968|MGCL;

Colobura dirce wolcottil osta
Colobura dirce wolcotti| 24062H04| M| Mexico: Chiapas, Palestina| 1976|MGCL
Colobura dirce wolcotti| 24062H0S| M| Mexico:Chiapas,San Quintin|1971|MGCL

Colobura dirce wolcotti| 24062H08| F|Mexico:Oaxaca, Tuxtepec| 1957|MGCL| 1199928
100 {Z Colobura dirce wolcotti| 24062G11|M]Costa Rica:Alajuela Province,6.8 km w of Aten|1989|MGCL
Colobura dirce wolcotti| 24062H10|F|Costa Rica:Alajuela ,5.5 km SW Guanica, Rio V|1987|MGCL|1199929
1 Colobura dirce wolcotti|24062H09| M| Mexico :Chiapas,Mapastepec| 1950|MGCL| 1199927

I: Colobura dirce wolcotti| 24063802|M|Ecuador: Manabi,La reserva de Bosque Seco Lalo|2009|MGCL|192715
Colobura dirce wolcotti| 24063B06| M| Ecuador: Pichincha,Santo Domingo de los Colora|1941|MGCL|1199957
% Colobura dirce wolcotti| 24062H11|M|Panama:Darien, Gorgas Lab Bayano Station| 1976|MGCL|1199930;

Colobura dirce wolcotti| 24062G05|M| Colombia: Tolima,Rio Ata, road between Brusela| 1974|MGCL
Colobura dirce wolcotti| 24063801 |M|Venezuela,vic. Maracay|1965|MGCL|1199933

Colobura dirce dirce|24063808|F|Trinidad,Santa Margarita |1981|MGCL| 1199958

Colobura dirce dirce|24063807|M|Trinidad,St George County,Nr Chagacalana Hote| 1977|MGCL| 1199956
Colobura dirce dirce|24062G08|M|Peru:Leoncia Prado,Chinchavito, Tingo Maria| 1982|MGCL;

Colobura dirce dirce| 24063809 F|Brazil: Para,Obidos |1989|MGCL|1199961
Colobura dirce dirce|24062H12| i ia,Linha C-10 62km S Ari
Colobura dirce dirce| 24062G02|F|Ecuador:Orellana,Scientific Yasuni |Sep. 2010|MGCL

Colobura dirce dirce|24063C01|F|French Guiana,Amazone Nature Lodge, Kaw Rd. 6/2018|MGCL|1199967
Colobura dirce dirce| SAMN uador: Biological LILEP41122

62 km S Ariquemes Linea C-20,|1990|MGCL

, 11995|MGCL| 1199931

Colobura dirce dirce|
h Guiana,Montagne Favard Roura, 52 km E|1997|MGCL

Colobura dirce dirce], I
Colobura dirce dirce|24062H01|M|Eucador:Napo,Rio Cocal1971|MGCL;
Colobura dirce dirce|19093F02|M|Guyana| 2000 USNM
Colobura dirce dirce| 24063805|M|Brazil:Santa Catarina, Corupa| 1973|MGCL| 1199955

Colobura dirce dirce|24063811|M|Brazil:Sao Paulo| 1976|MGCL|1199966
Smyrna blomfildia|17117H09|F|USA:TX,Nueces Co.|1984|TAMU

1 e Tigridia acesta tapajonal 19093F08| Guyana| 1999|USNM
18587812|Costa Rica, ACG|UMD|05-SRNP-07280|05-SRNP-07280

Tigridia ac

FIGURE 8. Phylogenetic tree constructed from protein-coding regions of nuclear genome of genus Colobura.

Colobura dirce wolcotti| 24062F09| F|Puerto Rico,Mayaquez|1985|MGCL
Colobura dirce wolcotti|24062F11|F|Jamaica,Bach|1998|MGCL

Colobura dirce wolcotti| 24062H10|F|Costa Rica:Alajuela ,5.5 km SW Guanica, Rio V|1987|MGCL|1199929
Colobura dirce wolcotti|24062H04| M| Mexico:Chiapas, Palestina| 1976 [MGCL

Colobura dirce wnlcam|24062H05|M|Mexlco Chiapas,San Quintin|1971|MGCL
:Chiapas, 1950|MGCL|1199927

Colobura dirce wolcotti| M|
Colobura dirce wolcotti| 24062G09|M|Costa Rica:Guanacaste, Finca Taboga, 10 km SW |1968|MGCL;

Colobura dirce wolcotti| 24062G11|M|Costa Rica:Alajuela Province,6.8 km w of Aten|1989|MGCL

Colobura dirce wolcotti| 24062H08| F| Mexico: Oaxaca, Tuxtepec| 1957|MGCL| 1199928

Colobura dirce wolcotti| 24062H11|M|Panama: Darien,Gorgas Lab Bayano Station|1976|MGCL|1199930;
Colobura dirce wolcotti| 24063802| M| Ecuador:Manabi,La reserva de Bosque Seco Lalo|2009|MGCL|192715
Colobura dirce wolcotti| 24063806 | M| Ecuador:Pichincha,Santo Domingo de los Colora| 1941|MGCL| 1199957
Colobura dirce wolcotti| 24062G05| M| Colombia:Tolima, Rio Ata, road between Brusela| 1974|MGCL

Colobura dirce wolcotti| 24063801 |M|Venezuela,vic. Maracay|1965|MGCL| 1199933

Colobura dirce dirce|24062H01|M|Eucador:Napo,Rio Coca|1971|MGCL;

Colobura dirce dirce|19093F02|M|Guyana| 2000 USNM

Colobura dirce dirce| 24063805|M|Brazil:Santa Catarina,Corupa| 1973|MGCL| 1199955
Colobura dirce dirce|24063811|M|Brazil:Sao Paulo| 1976|MGCL| 1199966
Colobura dirce dirce|24063808|F|Trinidad,Santa Margarita |1981|MGCL|1199958
Colobura dirce dirce|24063C01|F|French Guiana,Amazone Nature Lodge, Kaw Rd. 6|2018|MGCL| 1199967
Colobura dirce dirce|24063B09|F|Brazil:Para,Obidos |1989|MGCL| 1199961
o Colobura dirce dirce|24062G02|F|Ecuador:Orellana, Scientific Yasuni |Sep. 2010|MGCL

Colobura dirce dirce] Biological IMGCLILEP41122

Colobura dirce dirce|24062H12| Linha C-10 62km S A , 11995|MGCL|1199931

I Colobura dirce dirce|24062G04|M|French Guiana,Montagne Favard Roura, 52 km E|1997|MGCL
Linea C-20,11990|MGCL

2 Colobura dirce dirce|24062H02| i ia,62 km S Ari
Colobura dirce dirce|24063807|M|Trinidad, St George County,Nr Chagacalana Hote|1977|MGCL|1199956

Colobura dirce dirce|24062G08|M|Peru:Leoncia Prado, Chinchavito, Tingo Maria| 1982|MGCL;
Colobura dirce dirce| 24063810|M|Argentina, Ituzaingo| 1980 MGCL| 1199962;
Colobura cryptica sp. n.|19122F05|Costa Rica:Alajuela Prov.,Area de Conservacio| 2010|USNM|09-SRNP-43484

Colobura cryptica sp. n.|24062F10|M|Ecuador:Pichincha,Hotel Tinalandia 12 km E Sa|1988|MGCL
Colobura cryptica sp. n.|24062G10|M|Costa Rica:Puntarunas, Finca Las Crucas, 5 km |1987|MGCL

Colobura cryptica sp. n.|24062G03|F|Colombia:Valle del Cauca,Rio Anchicaya| 1997|MGCL

Colobura cryptica sp. n.|24063C02|Ecuador:Napo, Tena-Loreto rd., Rio Chalayacu|2024|MGCL|MECN-LD-53713|HT
Colobura annulata| 20062G08|Peru:Madre de Dios|1998| TMMC

Colobura annulata|Z4OGZGOS|F|Panama Colon Province,Canal Zone, Pina| 1970|MGCL;

62 km S Ari Linea C-20,]1991|MGCL

Colobura annulata| 24062H03|
Colobura annulata| 24063812 M|French Guiana, Amazone Nature Lodge, Kaw Rd. 6/2018|MGCL|1199963
Colobura annulata| 24062G07| M| Peru:Huanuco, Tingo Maria National Park|1985|MGCL

Colobura annulata| 24062G12|M|Eucador:Napo,Rio Coca| 1971|MGCL;

Colobura lata| 24062G01| i Sao Paulo De Oli L
Tigridia ac 18587812|Costa Rica, ACG|UMD|05-SRNP-07280]05-SRNP-07280

\— Ti
4| 100 igridia acesta tapajonal 19093F08|Guyana| 1999|USNM
Smyrna blomfildia|17117H09|F|USA:TX,Nueces Co.|1984|TAMU

FIGURE 9. Phylogenetic tree constructed from protein-coding regions predicted to be located in the Z chromosome of genus

Colobura.
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Colobura dirce dirce|19093F02|M|Guyana| 2000USNM
o6
Colobura dirce dirce|24062G04|M|French Guiana,Montagne Favard Roura, 52 km E|1997|MGCL

3
Colobura dirce dirce|24062H02|M|Brazil:Rondonia,62 km S Ariquemes Linea C-20,|1990|MGCL

2

Colobura dirce dirce|24063C01|F|French Guiana,Amazone Nature Lodge, Kaw Rd. 6|2018|MGCL| 1199967

Colobura dirce dirce|24062H1. Linha C-10 62km S Ari , 11995|MGCL|1199931
*Colobura dirce dirce| 24062G02|F|Ecuador:Orellana, Scientific Yasuni |Sep. 2010|MGCL
s Colobura dirce dirce|24063809) F|Brazil:Para,Obidos |1989|MGCL| 1199961
Colobura dirce dirce|24062G08|M|Peru:Leoncia Prado, Chinchavito, Tingo Maria| 1982|MGCL;
* Colobura dirce dirce|24062H01 M| Eucador:Napo,Rio Coca| 1971|MGCL;
Colobura dirce dirce| SAMN18587444|Ecuador:Napo, Wildsumaco Biological Station|MGCL|LEP41122
Colobura dirce dirce|24063810|M|Argentina, Ituzaingo| 1980|MGCL|1199962;
" Colobura dice dirce|24063805|M|Brazil:Santa Catarina,Corupal 1973|MGCL| 1199955
- Colobura dirce dirce|24063811|M|Brazil:Sao Paulo| 1976|MGCL| 1199966
Colobura dirce dirce|24063B08|F|Trinidad,Santa Margarita |1981|MGCL|1199958
" Colobura dirce dircel 24063807 M[Trinidad, St George County,Nr Chagacalana Hote|1977|MGCL|1199956
Colobura dirce wolcotti| 24062G11|M]Costa Rica:Alajuela Province,6.8 km w of Aten|1989|MGCL
2" Colobura dirce wolcott| 24062F11F|Jamaica,Bach| 1998|MGCL
Colobura dirce wolcotti| 24062H08| F|Mexico: Oaxaca, Tuxtepec| 1957|MGCL| 1199928
7t Colobura dirce wolcotti|24062H10|F|Costa Rica:Alajuela ,5.5 km SW Guanica, Rio V|1987|MGCL| 1199929
Colobura dirce wolcotti|. ico :Chiapas, 1950|MGCL| 1199927

Colobura dirce wolcotti| 24062F09| F|Puerto Rico,Mayaquez| 1985|MGCL

Colobura dirce wolcotti| 24063806|M|Ecuador: Pichincha,Santo Domingo de los Colora|1941|MGCL|1199957
I Colobura dirce wolcotti| 24062H05|M|Mexico:Chiapas,San Quintin|1971|MGCL

lImcolobura dirce wolcotti| 24062H04|M|Mexico: Chiapas, Palestina| 1976|MGCL

!Colobura dirce wolcotti| 24062G09|M| Costa Rica:Guanacaste,Finca Taboga, 10 km SW |1968|MGCL;
Colobura dirce wolcotti| 24062G05|M|Colombia:Tolima,Rio Ata, road between Brusela|1974|MGCL

o Colobura dirce wolcotti|24062H11|M|Panama:Darien,Gorgas Lab Bayano Station|1976|MGCL|1199930;
-4:Colobura dirce wolcotti|24063B02|M|Ecuador:Manabi,La reserva de Bosque Seco Lalo|2009|MGCL|192715
Colobura dirce wolcotti|24063801|M|Venezuela,vic. Maracay|1965|MGCL| 1199933

Jss

Colobura cryptica sp. n.|24062F10|M|Ecuador: Pichincha, Hotel Tinalandia 12 km E Sa|1988|MGCL
B

Colobura cryptica sp. n.|24063C02|Ecuador:Napo, Tena-Loreto rd., Rio Chalayacu|2024|MGCL|MECN-LD-53713|HT
o

Colobura cryptica sp. n.|19122F05|Costa Prov.,Area de C 2010|USNM| 3484
wol U a7
Colobura cryptica sp. n.|24062G10|M|Costa Rica:Puntarunas,Finca Las Crucas, 5 km |1987|MGCL

Colobura cryptica sp. n.|24062G03|F|Colombia:Valle del Cauca,Rio Anchicaya|1997|MGCL

Colobura annulata| 20062G08|Peru:Madre de Dios|1998| TMMC
%9
= Colobura lata| 24062H03| i ia,62 km S Ari Linea C-20,]1991|MGCL

i , Colobura annulata| 24063812|M|French Guiana,Amazone Nature Lodge, Kaw Rd. 612018|MGCL| 1199963

Colobura annulata| 24062G12|M|Eucador:Napo,Rio Coca| 1971|MGCL;
Colobura annulata| 24062G07|M|Peru:Huanuco, Tingo Maria National Park| 1985|MGCL
® Colobura annulatal 24062601 Paulo De Of 1GCL
Colobura annulata| 24062G06| F|Panama:Colon Province,Canal Zone, Pina| 1970|MGCL;
I Smyrna blomfildia| 17117H09|F|USA:TX,Nueces Co.|1984|TAMU
Tigridia acesta tapajona| 19093F08| Guyana| 1999|USNM
| Tigridia acestal SAMN18587812|Costa Rica, ACG|UMD)05-SRNP-07280|05-SRNP-07280

s

FIGURE 10. Phylogenetic tree constructed from protein-coding regions in mitochondrial genome of genus Colobura.

A third cluster contains specimens with typical C. annulata morphology, where the third submarginal line
from the distal margin in the ventral forewing crosses vein M; and touches the transverse yellow band (Fig. 2b),
matching the holotype of C. annulata. The fourth cluster also has typical C. annulata morphology except that the
third submarginal line on the ventral forewing does not cross vein M,, or if it crosses it, it appears faded (Fig. 2c).
Larval rearing confirmed that caterpillars lacking both yellow lateral spots and yellow rings developed into adults
with wing patterns matching those of sequenced specimens in the fourth clade. This cluster is described here as
Colobura cryptica sp. nov.

Colobura cryptica sp. nov. Sapkota, Orellana & Willmott

Holotype: UF / FLMNH / MGCL 1218008 [green printed label] / ECUADOR: Napo / Tena-Loreto rd., Rio
Chalayacu / 1000 m, 0°43'3"S, 77°40'56"W / 5.xi.2024, Hall, J.P.W., Willmott, K.R. / MECN-LD# 53713 [white
printed label] // DNA sample ID: / NVG-24063C02 / c/o Nick V. Grishin [white printed label] / DNA voucher
/ LEP-98811 [white printed label] / HOLOTYPE Colobura cryptica Sapkota, Orellana & Willmott, 2026 [red
printed label] (1) (to be deposited in INABIO).

Eleven Paratypes: ECUADOR: Esmeraldas. Lita-San Lorenzo Road, NE San Francisco, ridge N La Ceiba,
ii/2017, R. Aldaz, FLMNH 288578, DNA Voucher LEP-57412, MGCL (1.1325°N, 78.658889°W, 250m) (19);
Pichincha. Hotel Tinalandia 12 km E Santo Domingo de los Colorados, v/9/1988, G. & A. Austin, NVG-24062F10,
MGCL (failed) (2460 to 2800 ft) (1Z); Manabi. Pedernales-Jama rd., Reserva Lalo Loor, M. F. Checa, 4329M,
QCAZ (0.0913888°S, 80.14888°W). COLOMBIA: Valle del Cauca. Rio Anchicaya, i/15/1997, S. & L. Steinhauser,
NVG-24062G03, MGCL (3770 ft) (19); COSTA RICA. Alajuela. Area de Conservacion Arenal, San Ramén, Villa
Blanca 5, xi1/1/2008, R. Gonzalez Tenorio, ASARD4868-12, INBio (10.202°N, -84.485°W, 1050m); vii/1/2009, R.
Rojas Valverde, ASARD4865-12, INBio (10.203°N, -84.483°W, 1050m) (19); Cartago. Area de Conservacion La
Amistad Pacifico, Paraiso, Sendero Pava Catarata 2, vii/1/2008, R. Gonzalez Tenorio, ASARD4866-12+197BA97:
N99, INBio (9.736°N, -83.782°W, 1350) (1&); Sendero Pava Catarata 1, viii/8/2008, R. Gonzilez Tenorio,
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ASARD4864-12, INBio (9.736°N, -83.783°W, 1350m) (19); Puntarenas. Finca Las Cruces, 5 km S San Vito de
Java, ix/10/1987, G. & A. Austin, KW-24-68, NVG-24062G10, MGCL (1) (dissected); VENEZUELA. T4chira.
San Cristobal, Parque Nacional Natural Paramillo, iii/26/2023, A. Orellana, FUNEA (7.7931°N, -72.1949°W, 1100
m) (10); (19).

Description. Adult male. Head. Head length (from occiput to clypeus) 2.6 mm (n=3) and greatest head width
(across eyes) 4.3 mm (n=3); frons creamy with a median transverse black stripe on each side; vertex blackish brown;
antennal length (from base of scape to apex of club) 22-24 mm long (n=3); shaft brown; club black with pale dorsal
apex; eyes brown, without setae; palpi outer side creamy, inner and dorsal sides dark brown; palpi obtusely angulate
forward; proboscis dark brown.

Thorax. Thorax 10—11 mm long and ¢. 4—6 mm wide (n=3), dark brown with long dark brown hair-like scales
dorsally; ventrally cream-colored with four lateral stripes which are extensions of wing stripes; legs dorsally dark
brown, ventrally cream-colored.

Legs. Tarsal formula male, 2-5-5; female, 4-5-5. Forelegs relatively reduced, shortest: femur, tibia, and tarsi
smooth in male; tarsi with sparse inner spines in female, two elongate tarsal spines extended as claws along with
elongate hair-like setae. Midlegs slightly shorter than hindlegs: femur longer than tibia, smooth; tibia with sparse
inner spines; tarsi subequal to tibia, with dense rows of inner spines; two arcuate claws; elongate hair-like setae
present between and around claws; pulvillus circular pad-like medially, biforked at margins as partially sclerotized
claw-like structures. Hindlegs slightly longer than midlegs: femur smooth; tibia longer than femur, with sparse
inner spines; tarsi subequal to tibia, heavily spined as in midlegs; claws and pulvilli as in midlegs.

Wings. Forewing length (center of mesothorax to wing apex) 36-40 mm (n=3). Male (average forewing length
38 mm, n=2) forewing triangular with straight distal margin; hindwing triangular with produced tornal lobe. Dorsal
surface. Forewing ground color dark blackish brown; cream-colored postdiscal band extending from costa to near
tornus, almost to vein 1A+2A, with relatively smooth edges; basal area dark brown, apical area blackish brown;
Hindwing ground color dark brown, becoming blackish brown in marginal area; cream-colored costal band extending
from wing base to apex. Ventral Surface. Forewing ground color cream, except for cell 1A + 2A which has gray
ground color and CuA, where cream color only enters anterior portion, about 1/3™ of cell; discal cell with dark spot
at base, followed by four dark brown transverse lines, distal 3% and 4™ are joined at costa; base of cell CuA,-CuA,
has a blackish brown spot, followed distally by a dark brown transverse line; slightly pale cream-colored postdiscal
band as on dorsal surface; postdiscal band bordered distally from vein M, to costa by dark brown line; distal of this
line two dark brown postdiscal lines, parallel to each other, extending respectively from costa to Rs and costa to
vein M,; four dark brown transverse submarginal lines, almost parallel to each other and margin, basal-most even in
width, extending from vein R, straight to M,, then curving facing margin to terminate in mid M,-CuA,, third from
margin even in width, extending from costa to vein M, faded at distal end, second from margin straight, extending
and broadening very slightly but continuously ending at mid M,-CuA,, and that closest to margin extending from
costa to cell CuA,-M;, broadening slightly between veins M; to CuA, where it ends; thin dark brown marginal
border, narrowing gradually from apex to tornus. Hindwing ground color cream; dark brown line bordering costa;
dark brown spot at base of humeral vein; seven dark brown transverse lines in cell Rs-Sc+R,, first starting slightly
above vein Sc+R, and ending slightly above vein Rs, second starting above vein Sc+R,, ending at Rs, third starting
from costa and ending before Rs, fourth and fifth and sixth and seventh joining at costal margin and ending midway
cell Sc+R,-Rs; dark brown line at base of discal cell extending to anal margin; 10 longitudinal dark brown lines
extending into wings from anal margin, first two entering and crossing discal cell, third reaching base of vein CuA,
and bending sharply towards tornus to meet eighth line from anal margin, fourth line extending to CuA, and then
bending sharply basally to run parallel to vein CuA, to meet seventh line from anal margin, 5" extending to vein
1 A+2A then bending sharply basally and again making a U-turn to run parallel to vein 1A+2A and end just before 4™
horizontal line, 6" extending to vein 1A+2A, 9" and 10* extending across posterior half of cell CuA.,, discal and post
discal area with total of seven transverse brown lines, first proximal, dark brown, extending midway of posterior
vein M,-M, to CuA,, second dark brown line arising midway from cell Rs and ending midway cell CuA,—CuA,,
remaining 5 brown lines all arising from Rs, tapering and converging in cell M;-CuA, and vanishing, 4™ and 5" from
distal end, joining at Rs vein, 5% has a blue pupil; black submarginal line starting at posterior end of cell Rs-M, and
ending at vein CuA,; thin marginal line dark brown starting midway Rs-M1 ending at tornus; two diffuse orange
elongated patches, on either side of distal vein CuA,, above having dark brown spot at base, lower one reaching
tornal spots; two partly fused black tornal spots in cell 1A+2A-Cu, with blue pupil in one nearest to CuA2; no hair
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pencils or scent gland. Adult female. Externally similar to male except slightly broader wings (forewing length=39
mm, n=1)

Abdomen. Both sexes. Abdomen 13 mm long (n=3), dorsal and lateral sides dark brown; ventral side cream-
colored with black longitudinal stripes on each side.

Genitalia. Adult male. Uncus slender, curved inward apically; costal margin of valva slightly depressed at
midpoint, terminating posteriorly in a small ventrally directed ‘beak’; clasper, arising from inner flap of costal
valva, sclerotized, ventrally directed, hooked; aedeagus heavily sclerotized, strongly curved at mid-point. Adult
female. Papillae anales sclerotized, with outward projected hairs, each semicircular, join to form narrow opening,
apophyses posteriores shorter than papillae anales; ductus bursae as long as abdomen, filamentous, corpus bursae
broadly oval, membranous, no signum, ductus seminalis arising from anterior region of ductus bursae, lamella post
vaginalis formed of two roughly triangular lateral plates fused around ostium bursae and with dorso-anterior corners
extending as rounded lobes inside posterior edge of seventh sternite.

Diagnosis. (Figs. 2 a—c). Ventral forewing with third dark brown submarginal line from distal margin of even
thickness throughout (unlike in C. dirce which is swollen posteriorly) and ending at vein M, or if it crosses vein M;,
it is faded and ends at middle of cell M;-CuA, (unlike C. annulata where the line reaches to the transverse band).
Ventral forewing with dark brown spot in cell M,-R5 small, of equal width to spot adjacent at costa in cell R,-R; (as
in C. annulata, whereas in C. dirce the distal spot is broader); dorsal forewing with distal edge relatively smooth
(as in C. annulata, whereas in C. dirce distal edge of cream band often “kinked” at vein M,); dorsal forewing with
pale band of even width throughout (as in C. annulata, whereas in C. dirce the band often narrows at the costa).
Specimens with the shorter third dark brown submarginal line on the ventral forewing, typical of C. cryptica, are
known from Costa Rica, Colombia (from Valle de Cauca), Venezuela (from Tachira), and eastern Ecuador (and
potentially other areas in the lowland Amazon); however, a single barcoded individual from eastern Ecuador (from
Yasuni Scientific Station) proved to be a form of C. annulata. Additional barcoding is needed to better determine
the range of variation in wing pattern within C. annulata, but, minimally, the diagnostic characters identified above
seem to be valid within the distribution of barcoded specimens of C. cryptica.

Etymology. Although Colobura are among the most common Neotropical butterflies, realizing the true
species diversity within this genus has proven challenging owing to cryptic morphological characters. The new
species C. cryptica sp. nov. is very similar to its congeners C. dirce and C. annulata in larval and particularly in
adult morphology, except for several subtle characters. The specific epithet is a feminine Latin adjective meaning
hidden or concealed, given in allusion to the cryptic identification features of this species.

Biology. Colobura cryptica occurs from sea level up to elevations of at least 1,350 m and perhaps as high as
1,800 m. In Venezuela, larvae are gregarious, typically found in clusters of around 30 individuals on the undersides
of leaves. AO observed one such batch on a Cecropia tree less than 4 m tall, growing in secondary growth within
mature humid premontane forest. The caterpillars exhibited highly synchronous development, molting and pupating
at the same time. Adult eclosion occurred within approximately 15 days of pupation. The pupae measured up to
40 mm in length (n=1) and resembled dried tree bark. They are cylindrical, tapering gradually from the head to the
cremaster, with the widest point (6.5 mm) at the thorax. The surface is pale brown, marked with irregular projections
and dark warts that enhance the bark-like appearance. Early instar larvae fed collectively and chewed through the
primary veins of the leaves, causing the blades to fold in a “closed umbrella” fashion. This behavior likely reduces
sap flow and may facilitate feeding or help circumvent plant defenses or provide the larvae with protection from
predation. Similar behavior has been observed in C. dirce (pers. obs.). In Venezuela, adults of C. cryptica are found
throughout the year. The holotype male of C. cryptica was attracted to rotting fish liquid on the ground beside a
wide, forested mountain river at 1:30 pm in Napo, Ecuador. Isidro Chacon (IC) used rotting fruit baits to attract and
collect adults in the Caribbean side of Costa Rica.

Distribution. Colobura cryptica occurs from Chiapas in eastern Mexico to Panama in Central America, and in
northwestern South America, west of the Andes in Colombia and Ecuador, and along the east Andean foothills from
Venezuela to southern Ecuador. Specimens with ventral wing patterns similar to the holotype of C. cryptica have
also been photographed at scattered localities in Amazonian Brazil and southern Peru (inaturalist.org), but to date
no barcoded specimens are available to confirm this distribution (see Diagnosis above) (Fig. 14).
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Key to species and subspecies identification in adults of Colobura

1. Ventral forewing with third dark brown submarginal line swollen in cells M;-M;; dark brown spot in cell M;-Rs, oval
shaped, broader than adjacent spot at costa in cell R,-R;; dorsal forewing with pale band often narrowing at costa. . . . . . 2

- Ventral forewing with third dark brown submarginal line not swollen in cells M,-M,; dark brown spot in cell M;-R; small,
of equal width to spot adjacent at costa in cell R,-R;; dorsal forewing with pale band of even width throughout. .. ... .. 3

2. Ventral wings do not have distinctly visible violet to UV reflectance; continental South America east of Andes . ........
...................................................................................... C. dirce dirce

- Ventral wings have very distinct violet to UV reflectance; Caribbean and locations west of Andes . . ... .C. dirce wolcotti
3. Ventral forewing with third dark brown submarginal line reaching cream-yellow transverse band. ......... C. annulata
- Ventral forewing with third dark brown submarginal line not reaching cream-yellow transverse band. . . ... .. C. cryptica

Key to species identification in larvae of Colobura

1. Body with cream-yellow rings at posterior edge of A, to A, segments. .. ..., C. annulata
- Body without cream-yellow rings between each abdominal segment. ... ......... ... it 2
2. Vertically elongate lateral cream-yellow spots at anterior edge of abdominal segments; head horns and thoracic scoli whitish

gray, remaining scoli pale yellow . .. ... .. ... C. dirce

- Abdominal segments entirely black, lacking cream-yellow lateral spots; head horns and all scoli deep yellow .. ........

Genitalic morphology

No consistent differences in the male and female genitalia among all four genetic clusters were found (Figs. 4-7).

Geographical distribution of congeners

Colobura dirce dirce. Distributed east of the Andes from Venezuela to Bolivia, Brazil, northeastern Argentina,
Paraguay, the Guianas and Trinidad (Fig. 11).

Colobura dirce wolcotti. Distributed from central Mexico to southwestern Ecuador, west of the Andes in
Colombia and Venezuela, and in the Greater Antilles (Fig. 12).

Colobura annulata. Distributed from Honduras to western Ecuador, Venezuela to Bolivia, Amazonian Brazil,
the Guianas, and Trinidad (Fig. 13).

UV reflectance study

Specimens of Colobura dirce dirce (n=13) and C. d. wolcotti (n=12) differed in mean peak reflectance. C. d. dirce
showed a peak at 362.2 nm (£7.88 SD), whereas C. d. wolcotti peaked at 390.6 nm (£12.38 SD) (Fig. 15a-b).
The latter also exhibited slightly higher UV reflectance intensity at its mean peak wavelength (30%) compared
to C. d. dirce (27%). The more pronounced violet shimmer in C. d. wolcotti visible to humans is a result of the
peak wavelength being closer to the violet edge of human vision (around 400 nm). However, a Dunn post hoc test
indicated no significant difference in peak wavelength between these two taxa (p=0.6901 > 0.01).

For C. annulata (n=7), the reflectance peak was 369.7 nm (6.3 SD) with around 27% reflectance, while
C. cryptica (n=4) peaked at 343.8 nm (£4.8 SD) with around 18% reflectance (Fig. 15¢—d). Across all species,
reflectance spectra displayed considerable intraspecific variation. Although most pairwise comparisons were not
significant, the Dunn post hoc test revealed a significant difference in mean peak wavelength between C. d. dirce
and C. cryptica (p-value=0.00627 <0.01, difference=18.4 nm).
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FIGURE 11. Distribution map of Colobura dirce dirce, stars represent the localities from where specimens were collected for
molecular analysis.

FIGURE 12. Distribution map of Colobura dirce wolcotti, stars represent the localities from where specimens were collected
for molecular analysis.

To further assess sympatric populations, we compared specimens from Napo, Ecuador, where C. cryptica (n=1),
C. d. dirce (n=1), and C. annulata (n=1) occur together. The spectra (Fig. 16) show clear separation in both peak
wavelength and percent reflectance: C. cryptica ~330 nm, C. annulata ~356 nm, and C. d. dirce ~359 nm, consistent
with broader patterns observed above.
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FIGURE 13. Distribution map of Colobura annulata, stars represent the localities from where specimens were collected for
molecular analysis.

FIGURE 14. Distribution map of Colobura cryptica sp. nov., stars represent the localities from where specimens were collected

for molecular analysis and blue star represent the holotype locality and question marks represent the possible distribution.

Discussion

Based on type localities, the western populations of Colobura dirce correspond to Colobura dirce wolcotti (type
locality: Puerto Rico) and the eastern populations to C. d. dirce (type locality: French Guiana). The absence of
sympatry among haplotypes within each cluster, their relatively low genetic divergence compared to that observed
among sympatric Colobura species, and the lack of consistent morphological differences, all support treating these
lineages as subspecies rather than distinct species. Colobura cryptica shows substantial genetic divergence and
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consistently forms a distinct clade in all phylogenetic analyses. Morphological traits further support its distinctiveness,
and its sympatry with C. annulata confirms that it should be recognized as a valid species.

a Spectral Reflectance of Colobura dirce dirce b Spectral Reflectance of Colobura dirce wolcotti
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FIGURE 15. Reflectance spectra of Colobura species, showing percent reflectance (y-axis) across wavelengths (x-axis, 300
to 700nm). The blue curve shows the mean reflectance for each species; the shaded ribbons indicate the standard deviation.
Dashed red vertical lines show the wavelength (between 300 to 400) at which the species exhibits maximum mean reflectance.
a. Colobura dirce dirce b. Colobura dirce wolcotti c. Colobura annulata and d. Colobura cryptica.

We did not detect any significant differences in genitalia morphology in either males or females, despite these
traits being the primary characters traditionally used to infer reproductive isolation in cryptic species (Tuxen, 1970;
Hosken & Stockley, 2004; Song & Bucheli, 2010; Masly, 2012). Moreover, none of the taxa possess hair pencils or
known androconial glands, suggesting that pheromonal cues are unlikely to play a major role in mate recognition
in Colobura. Instead, our UV reflectance analyses suggest a plausible alternative prezygotic isolation mechanism
(cf. Meyer-Rochow, 1991; Lukhtanov ef al. 2005; Imafuku, 2008 in lycaenids; Silberglied & Taylor, 1973; Allyn &
Downey, 1977 in pierids; Finkbeiner et al. 2017; Dell’ Aglio et al. 2018 in Heliconius).

The spectral properties of Colobura fall within the range of known butterfly visual sensitivity in UV region:
males of Heliconius erato (Linnaeus, 1758) (Amax=360 nm; McCulloch et al. 2016), Vanessa cardui (Linnaeus,
1758) (Amax=360 nm; Chen, 1987), Polygonia c-album (Linnaeus, 1758) (Amax=350 nm; Vanhoutte & Stavenga,
2005), and Danaus plexippus (Linnaeus, 1758) (Amax=340 nm; Stalleicken et al. 2006) (reviewed in Van der Kooi
et al. 2021). These Amax values are likely sufficient to serve as reliable cues for species recognition and mate
choice. The three species of Colobura exhibit distinct peak UV wavelengths. A statistically significant difference
of Amax=18 nm was detected between C. d. dirce and C. cryptica, despite the wide geographic range of specimens
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examined (Mexico to Brazil and Argentina), the inclusion of both sexes, and variation in specimen age. Effects of
age and environment on UV reflectance have been reported in other butterflies: Kemp (2006) in Colias eurytheme
Boisduval, 1852, Kemp and Macedonia (2006) in Hypolimnas bolina (Linnaeus, 1758), and Stella et al. (2018) in
Pieris napi (Linnaeus, 1758), and may have influenced our other comparisons among Colobura species. We also
found preliminary evidence for differences in UV reflectance among single specimens of C. d. dirce, C. annulata
and C. cryptica from eastern Ecuador, consistent with a possible role for this trait in maintaining reproductive
isolation. Whether these spectral traits remain stable across additional specimens, geography and seasons, or instead
vary locally, will require further sampling. Similar spectral differences have been observed in other butterflies;
for example, Piszter et al. (2021) demonstrated concordance between spectral properties and population genetic
structure in Polyommatus icarus (von Rottemburg, 1775), where eastern and western European populations differed
by Amax=20 nm. In our sympatric population from Napo, Ecuador, the divergence between C. cryptica (n=1) and
C. annulata (n=1) was even greater, with Amax differing by 25 nm.

Reflectance Spectra of Colobura Males (Napo, Ecuador)
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== Colobura_annulata == Colobura_cryptica == Colobura_dirce_dirce

FIGURE 16. Reflectance spectra of male Colobura species, showing percent reflectance (y-axis) across wavelengths (x-axis,
300 to 700nm) for species found in Napo, Ecuador. Red line shows reflectance spectra of Colobura annulata, green shows that
of Colobura dirce dirce and blue shows that of Colobura cryptica.

Data from bait-trapping experiments conducted by DeVries et al. (1999) and later reexamined by Willmott
et al. (2001) revealed significant differences in vertical stratification between Colobura dirce and C. annulata in
lowland primary forests of eastern Ecuador near Afiangu. Specifically, C. d. dirce tended to occupy the shaded
understory, whereas C. annulata was more frequently associated with the sunlit canopy. In contrast, Mena et al.
(2020) found no significant differences in vertical stratification between the two species in the Ecuadorian Chocd
rainforest in northern Ecuador. These conflicting results may reflect differences in methodological approaches, and
the absence of comparable data for C. cryptica further complicates interpretation. Nonetheless, the occurrence of
taxa with distinct spectral properties in habitats differing in light environment may facilitate species recognition
and mate selection. Although ecological data and behavioral experiments are needed to directly test this hypothesis,
the combined ecological, morphological, and optical evidence suggests that further investigation of the role of UV
reflectance in promoting reproductive isolation among sympatric Colobura species could be worthwhile.
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Conclusion

Our integrative analyses reveal that Colobura comprises four distinct lineages, including C. cryptica sp. nov., which
is genetically and morphologically distinct from its sympatric sister species C. annulata. A biogeographical split
in C. dirce populations across the Andes was documented, and the ranges of C. dirce wolcotti and C. dirce dirce
were redefined. Genome sequencing showed that the name C. d. wolcotti, previously applied to individuals from
the Caribbean Islands, should be expanded to also include populations from Central America and coastal Ecuador/
northern Colombia west of the Andes, whereas C. d. dirce occurs only east of the Andes. The eastern and western
populations of C. dirce are interpreted as subspecies, reflecting low genetic divergence and minor morphological
differences. UV reflectance patterns were found to differ among species and are likely to serve as visual cues for
species recognition and mate selection, potentially contributing to reproductive isolation. Combined with observed
ecological segregation, particularly vertical stratification in forest habitats, these findings highlight the role of
subtle morphological, spectral, and ecological traits in maintaining species boundaries and underscore the value of
integrative approaches in uncovering cryptic biodiversity in Neotropical butterflies.
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