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Abstract

Previous studies of butterfly diversification in the Neotropics have focused on
Amazonia and the tropical Andes, while southern regions of the continent have re-
ceived little attention. To address the gap in knowledge about the Lepidoptera of
temperate South America, we analysed over 3000 specimens representing nearly
500 species from Argentina for a segment of the mitochondrial cytochrome c oxidase
subunit | (COI) gene. Representing 42% of the country's butterfly fauna, collections
targeted species from the Atlantic and Andean forests, and biodiversity hotspots that
were previously connected but are now isolated. We assessed COI effectiveness for
species discrimination and identification and how its performance was affected by
geographic distances and taxon coverage. COI data also allowed to study patterns of
genetic variation across Argentina, particularly between populations in the Atlantic
and Andean forests. Our results show that COI discriminates species well, but that
identification success is reduced on average by ~20% as spatial and taxonomic cover-
age rises. We also found that levels of genetic variation are associated with species'
spatial distribution type, a pattern which might reflect differences in their dispersal
and colonization abilities. In particular, intraspecific distance between populations
in the Atlantic and Andean forests was significantly higher in species with disjunct
distributions than in those with a continuous range. All splits between lineages in
these forests dated to the Pleistocene, but divergence dates varied considerably, sug-
gesting that historical connections between the Atlantic and Andean forests have
differentially affected their shared butterfly fauna. Our study supports the fact that
large-scale assessments of mitochondrial DNA variation are a powerful tool for evo-

lutionary studies.
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1 | INTRODUCTION

The Neotropics is arguably the most biodiverse region in the world,
and unveiling how its remarkable species richness was generated
and sustained through time has attracted researchers for centuries
(Rull, 2020). During the Neogene and Quaternary, this region expe-
rienced dramatic landscape changes due to geotectonic events and
cyclic climatic oscillations which shaped the evolutionary history of
its biota (Cheng et al., 2013; Haffer, 1969; Hoorn et al., 2010; Ledo
& Colli, 2017; Lundberg et al., 1998). Butterflies are one of the most
conspicuous, widespread groups of animals in the Neotropics, with
a species richness that accounts for ~40% of the global diversity of
the group (~20,000 species; Lamas, 2004). This, in combination with
their close association to vegetation and high sensitivity to environ-
mental change, has made them a model group for the study of di-
versification patterns in the region (Bonebrake et al., 2010; Brower
& Garzén-Orduia, 2020; Ebel et al., 2015; Lamas, 2004). However,
most previous studies on Neotropical butterflies have examined
Amazonia or the tropical Andes (Blandin & Purser, 2013; Chazot
etal., 2016; Elias et al., 2009; Garzén-Ordufa et al., 2014; Penz et al.,
2015). By comparison, the butterfly fauna of temperate southern
South America has received little attention (New & Samways, 2014).

More than 1200 species of butterflies are known from Argentina
(Klimaitis et al., 2018), most in the Atlantic and Andean Forests
(Figure 1), two biodiversity hotspots and priority areas for conserva-
tion (Olson & Dinerstein, 2002). Extending along the Brazilian coast,
the Atlantic Forest reaches its southerly limit in Misiones province
in northeastern Argentina, while the Central Andean forests ex-
tend from Peru south into northwestern Argentina (Godoy-Burki
et al., 2014; Ribeiro et al., 2009). The Andean forests (and adjacent
Amazonia) are currently isolated from the Atlantic Forest by more
open and drier environments (Caatinga, Cerrado, Chaco) that extend
from northeastern Brazil to northern Argentina and are collectively
known as the open vegetation corridor (OVC). In Argentina in partic-
ular (Figure 1), the Atlantic and Andean forests are separated by the
xerophytic open forests and steppes of the Dry Chaco and by the
Humid Chaco, a complex mosaic of savannas, grasslands, wetlands
and gallery forests (Cabrera, 1976). Despite their current isolation,
the Atlantic and Andean forests have been cyclically and transiently
connected in the past (Ledo & Colli, 2017), promoting the inter-
change of their biota and creating a very interesting biogeographic
scenario for evolutionary studies. While previous studies have in-
vestigated how these connections affected the diversification his-
tory of diverse vertebrate lineages (Costa, 2003; Lavinia et al., 2019;
Prates et al., 2017; Trujillo-Arias et al., 2020), most invertebrate
groups, including butterflies, have been neglected.

Nearly two decades ago, Hebert et al., (2003) proposed that
the analysis of short, standardized segments of DNA, such as the
5' region of the mitochondrial cytochrome ¢ oxidase subunit | (COIl)
gene, would be effective in species discrimination. Termed DNA bar-
coding, many studies have now demonstrated the efficacy of this
approach across most metazoan lineages and its collateral value for
ecological and evolutionary analyses (Barreira et al., 2016; Dapporto

etal., 2019; Kress et al., 2015). Among insects, the order Lepidoptera
has received particular intensive study, work which has established
that COl is very effective for species discrimination and specimen
identification. As a result, DNA barcodes have been used for large-
scale assessments of cryptic diversity and geographic patterns of ge-
netic variation in Lepidoptera (Dinca et al., 2015; Gaytan et al., 2020;
Hausmann et al., 2013; Huemer et al., 2014; Lavinia et al., 2017a), as
well as to enable rapid diversity inventories and to delineate putative
species in poorly-known groups (Kekkonen & Hebert, 2014; Zenker
etal., 2016).

To address the gap in knowledge about the butterflies of tem-
perate South America, we generated over 1000 COI sequences for
more than 200 butterfly species from western Argentina with a
focus on the Andean forests (Figure 1). We first used these records
to test the effectiveness of DNA barcodes for species discrimina-
tion and identification within this region. We then combined these
sequences with those from the butterflies of eastern Argentina
(Lavinia et al., 2017a), mainly from the Atlantic Forest (Figure 1). This
merged data set (>3000 COI sequences from almost 500 species)
was used to assess the impact of increased spatial and taxonomic
coverage on the performance of DNA barcoding, and to evaluate the
spatial patterning of mitochondrial DNA variation across Argentina
with emphasis on the Atlantic and Andean forests.

2 | MATERIALS AND METHODS

2.1 | Sampling, laboratory protocols and data sets

A total of 1150 specimens representing 241 species and 155 genera
(Table 1; Tables S1 and S2) were collected using insect nets and fruit
bait traps between 2014 and 2016 in nine provinces of Argentina
(Figure 1). Since more than 99% of these specimens were collected
in northwestern Argentina (NWA: Catamarca, Jujuy, La Rioja, Salta,
Santiago del Estero and Tucuman provinces), including over 96%
from the Andean forests, we refer to them as the NWA data set.
All specimens were identified by ENB based on external morphol-
ogy and following Klimaitis et al., (2018), and are deposited in the
Museo Argentino de Ciencias Naturales “Bernardino Rivadavia”
(MACN). Nine specimens (0.78%) lacked a species assignment but
were identified to a generic level. DNA extraction and amplification
were performed at either the MACN or the Centre for Biodiversity
Genomics (CBG) following standard protocols (Ilvanova et al., 2006;
Kress & Erickson, 2012). A 658 bp region near the 5’ end of COIl was
amplified using either the primers LepF1 and LepR1 (Hebert et al.,
2004), or the primer cocktails C_LepFolF and C_LepFolR (Folmer
et al., 1994; Hebert et al., 2004). Amplicons were bidirectionally
sequenced at the CCDB and sequences were edited and aligned
using CodonCode Aligner (CodonCode Corporation) and MEGA 5.0
(Tamura et al., 2011). A sequence was not recovered from 120 speci-
mens (10.4%) and eight sequences were discarded because of low
quality (6) or contamination (2). As a result, the final NWA data set
included 1022 sequences from 146 genera and 213 species (Table 1;
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FIGURE 1 Sampling localities for the 1150 butterflies that compose the northwestern Argentina data set (NWA,; black squares), and for
the 2161 specimens from the northeastern Argentina data set (NEA; white triangles). Ecoregions relevant for the analyses are indicated by
different colours. The map in the lower right depicts the total number of specimens collected in each of 16 provinces: BA, Buenos Aires; CB,
Cdrdoba; CH, Chaco; CM, Catamarca; CR, Corrientes; ER, Entre Rios; FM, Formosa; JU, Jujuy; LR, La Rioja; MZ, Mendoza; MS, Misiones; SA,
Salta; SJ, San Juan; SL, San Luis; SE, Santiago del Estero; TC, Tucuman

TABLE 1 Numbers of individuals and

species analyzed for six butterfly families LTI

Specimens/species Sequencing success (%) for

from the northwestern Argentina (NWA) Family sampled sequenced specimens/species
data set Hesperiidae 359/88 322/79 89.7/89.8
Lycaenidae 70/35 50/27 71.4/77.1
Nymphalidae 475/75 433/71 91.1/94.6
Papilionidae 28/8 26/7 92.9/87.5
Pieridae 185/29 158/23 85.4/79.3
Riodinidae 33/6 33/6 100/100
Total 1150/241 1022/213 88.9/88.4

Note: Success in recovery of a COl sequence reflects the final data set used for the analyses.

Table S1). On average, 4.8 sequences were analysed per species
(range 1-21), with 156 species represented by more than one speci-
men. The 57 species represented by a single sequence (singletons)
accounted for 5.6% of the records and 27% of the species.

We previously assembled a database with 2020 sequences de-
rived from 417 butterfly species of Argentina (Lavinia et al., 2017a).

Since nearly 90% of these sequences derived from specimens col-
lected in northeastern Argentina (NEA: Chaco, Corrientes, Formosa
and Misiones provinces), including almost 60% from the Atlantic
Forest in Misiones province (Figure 1), we refer to them as the NEA
data set. In addition to separately analysing the NWA data set, we
compared it to and combined it with the NEA library to allow the
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analyses described below. Unless otherwise indicated, analyses in-
cluded all specimens from each database as long as they were suc-

cessfully sequenced and passed our quality filters.

2.2 | Genetic distances and gene trees

Only sequences longer than 500 bp and with less than 1% ambigu-
ous sites were included in the analyses. Uncorrected genetic dis-
tances (p-distances) and Kimura 2-parameter (K2P) divergences
(Kimura, 1980) were computed within and between species using
sPIDER (Brown et al., 2012) in R 3.5.2 (R Core Team, 2018). Because
results were almost identical for the two distance metrics and K2P
is the most common substitution model in DNA barcoding studies,
we only report the latter values. We then ascertained the distance
of each individual to its furthest conspecific and its closest noncon-
specific (i.e., nearest neighbour) to assess the presence/absence of
a barcode gap: a separation between maximum intraspecific and
minimum interspecific divergences that is key for species discrimina-
tion and identification. Singletons were considered distinguishable
from other species when they possessed an unique COIl sequence
that was separated from the nearest neighbour taxon in gene trees
(“Tree-Based ldentification” approach; Wilson et al., 2013).

A Neighbour-Joining (NJ) gene tree was generated on BOLD
(http://www.boldsystems.org; Ratnasingham & Hebert, 2007) using
the K2P distance model and the pairwise deletion option for missing
data. Node support values were computed in MEGA through 1000
bootstrap pseudoreplicates and printed on the NJ tree (Appendix
S1). We also built a maximum likelihood (ML) gene tree with RAXML
8.1.22 (Stamatakis, 2014) based on 100 independent ML tree
searches under the GTRGAMMA model of evolution, and 1000
rapid bootstrap pseudoreplicates for node support values. The lat-
ter were printed on the best-scoring ML tree (Appendix S2). While
inferring the phylogenetic relationships among species was beyond
the scope of our study, these trees were used to assess the distinc-
tiveness of singletons and to measure the support of terminal nodes

and intraspecific clades.

2.3 | Specimen identifications

We simulated a sequence-based identification process by treating
each sequence as an unknown specimen and querying it against the
COl library for NWA. A species name was assigned to each query
based on three criteria: Best Match (BM) and Best Close Match
(BCM) following Meier et al., (2006), and the BOLD Identification
Criterion (BIC) from BOLD's ID engine (Ratnasingham & Hebert,
2007). BM assigns a species name to the query according to its
closest match in the library irrespective of genetic divergence (ex-
cept when two or more species are equally distant to the query;
in that case the identification is considered as ambiguous). On
the other hand, BCM and BIC only assign a species name to the
query if its genetic divergence from the closest match is below a

set threshold. BCM considers only the closest match below the
threshold, while all sequences below the threshold are considered
under BIC. As a result, an identification made by BCM is correct
when the closest match below the threshold is from the same spe-
cies as the query, but incorrect when it is from another species, and
ambiguous when two or more species are equally distant from the
query. With BIC, the identification is correct when all sequences
below the threshold derive from the same species as the query,
but incorrect when they all correspond to another species, and am-
biguous when sequences from multiple species appear below the
threshold. Lastly, for both BCM and BIC, queries remain unidenti-
fied when there is no match below the threshold. All simulations
were carried out in SPIDER.

Four different thresholds were employed for BCM and BIC:
(i) the 95th percentile of all intraspecific distances (2.02%), (ii)
BOLD's ID engine threshold of 1%, (iii) the genetic distance (1.50%)
that minimized the sum of false positive and false negative identi-
fications, and (iv) the lowest value (1.64%) in a density plot of all
genetic distances which should correspond to the transition be-
tween intra- and interspecific distances. We used spiDEr to obtain
the latter two values with the functions “threshVal” and “localMin-
ima” respectively (Figures S1 and S2). Singletons remained in the
library as potential matches for other sequences but were not used
as queries. We performed all analyses using both K2P and uncor-
rected p-distances but only report the former since results were

almost identical.

2.4 | DNA barcode performance over large
geographic distances

To assess the influence of geographic distance on the performance
of DNA barcoding, we repeated the sequence-based identifica-
tion process but used the NEA data set as reference sequences to
identify individuals from NWA. Sampling localities from NWA and
NEA databases are separated by 956 km on average (range = 136-
1649 km), and the mean geographic distance between conspecifics
from different data sets is 933 km (range = 195-1646 km). A total of
1022 sequences representing 213 species from the NWA database
were queried against the NEA library using BLAST 2.10 (Altschul
et al,, 1990) on command line. A species name was assigned to
each query based on the same three criteria previously explained.
Regarding the thresholds for BCM and BIC, we used the BOLD's ID
engine threshold of 1% and those reported by Lavinia et al., (2017)
for the NEA library: 0.85% (“threshVal”), 1.39% (95th percentile of
intraspecific distances) and 2.06% (“localMinima”).

2.5 | Anexpanded COl library for the
butterflies of Argentina

We merged data from the NEA and NWA databases into a sin-
gle COI library (NEA + NWA) composed of 3042 sequences from
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FIGURE 2 Results from the sequence-based identification simulations based on 965 queried individuals from 156 species from the NWA
database. The total number of specimens (% in parenthesis) assigned to each of the four categories are shown for three identification criteria
(BM, Best Match; BCM, Best Close Match; BIC, BOLD ldentification Criterion) and four threshold values: 1.00% (BOLD's identification
threshold), 1.50% (“threshVal”), 1.64% (“localMinima”) and 2.02% (95th percentile of all intraspecific distances). Singletons were not used as
queries but remained as potential matches for other sequences. Note that the y-axis starts at 50%

495 species and 283 genera. On average, 6.15 sequences were
analysed per species (range 1-46) with 385 species represented by
two or more individuals. Singletons (110) represented 22% of the
species and 3.62% of the sequences. We recalculated all summary
statistics and simulated a sequence-based identification process for
this merged data set. Simulations employed the same three identi-
fication criteria and four sequence thresholds introduced above. All
threshold values other than BOLD's 1% were re-estimated for the
NEA + NWA database: 0.85% (“threshVal”), 1.12% (“localMinima”),
and 2.02% (95th percentile of intraspecific distances). Lastly, we
estimated new NJ and ML gene trees (Appendix S3 and 5S4 respec-
tively) for the NEA + NWA data set following the same procedures
described above.

2.6 | Spatial patterns of intra- and interspecific
variation across Argentina

We first compared levels of within and between species variation
for the three COl libraries: NEA, NWA, and NEA + NWA. We re-
peated these analyses for a subset of 135 species shared by NWA
and NEA databases, and also compared the degree of intraspe-
cific differentiation between versus within regions. Next, we fo-
cused on 85 of these 135 species that occur in both the Atlantic
(NEA) and Andean forests (NWA). Of these, 27 species have a
disjunct distribution between forests, while the other 58 possess
a more continuous range (Klimaitis et al., 2018). We compared the
level of intraspecific divergence between forest populations of
species with disjunct distributions versus those with continuous
distributions. We then examined in more detail a subset of spe-
cies with relatively high genetic differentiation between forests.
A species was included in this subset if it met one or both of the
following criteria: (a) maximum intraspecific divergence between

forests >0.98% (the average distance to the furthest conspecific
for NEA + NWA); (b) individuals from the Atlantic Forest and
the Andean forests were clustered into two or more distinct,
well-supported (bootstrap support values 280%) mitochondrial
lineages in the NEA + NWA gene trees, regardless of sequence
divergence between them and irrespective of their relationships
with conspecifics from other ecoregions. Lastly, we dated diver-
gence events between populations from the Atlantic and Andean
forests based on COIl sequence variation. We focused only on
species with a clear split between forests and applied both a slow
(2.3% sequence divergence per million years; Brower, 1994) and a
fast (3.36% sequence divergence per million years; Papadopoulou
et al., 2010) COIl molecular rate.

Statistical differences were assessed through Welch's F tests
followed by Games-Howell post hoc tests carried out in SPSS 25.0.

3 | RESULTS

3.1 | Genetic distances and gene trees

Mean intraspecific divergence among the 156 species (110 genera)
represented by two or more specimens (6.19 sequences per spe-
cies on average) was 0.29% (95% confidence interval [CI]: 0.20%-
0.37%). By contrast, the average interspecific distance among
123 pairs of congeneric species (106 species from 39 genera) was
7.24% (95% Cl: 6.38%-8.10%). More importantly, mean divergence
(7.56%, 95% Cl: 7.41%-7.70%) to the nearest neighbour species
was nearly 13x the average distance to the furthest conspecific
(0.60%, 95% Cl: 0.54%-0.66%). As a result, a barcode gap was pre-
sent for all species with multiple individuals except for Calycopis
sp. 1 and Urbanus pronta (Figure S3). The lowest interspecific dis-
tance registered was 0.15% between Calycopis sp. 1 and the single
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specimen of Calycopis caulonia, followed by 1.70% between Tegosa
sp. and Tegosa claudina. Except for C. caulonia, all singletons had a
unique COI sequence that distinguished them from their nearest
neighbour in the gene trees (Appendix S1 and S2). Distance to the
nearest neighbour averaged 7.50% (95% Cl: 6.89%-8.12%) among
singletons, with 96.5% (55 species) showing a minimum interspe-
cific divergence that was greater than the lower 5% of all conge-

neric distances (3.36%).

3.2 | Specimen identification simulations

BM generated 99.9% correct and 0.1% incorrect identifications
while identification success with BCM and BIC varied only slightly
depending on the threshold value employed (Figure 2; Table S3).
BCM with a threshold value between 1.5% and 2.02% produced
99.38% correct identifications, 0.10% incorrect identifications, and
0.52% unidentified queries (Figure 2; Table S3). With BOLD's ID en-
gine threshold of 1%, correct identifications decreased marginally
(98.96%) due to a higher incidence (0.93%) of unidentified queries.
Results with BIC were almost identical, the main differences being
a lack of incorrect identifications and the appearance of some am-
biguous calls (Figure 2; Table S3). Use of the “localMinima” (1.64%)
and “ThreshVal” (1.5%) thresholds to guide decisions returned
99.17% correct identifications, 0.31% ambiguous identifications,
and 0.52% unidentified queries. Adoption of BOLD's threshold (1%)
led to 98.76% correct identifications, reflecting the higher incidence
(0.93%) of unidentified queries while ambiguous calls remained the
same. Finally, when employing the 95th percentile of all intraspecific
distances (2.02%) as a threshold, correct identifications decreased
slightly (98.13%) because ambiguous assignments increased to
1.35%.

100%
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3.3 | DNA barcode performance over large
geographic distances

Based on the use of the NEA database as reference and the BM
criterion, most (98.11%) specimens from the NWA data set were
correctly identified while 1.73% were incorrect and 0.16% were am-
biguous (Figure 3). BCM and BIC generated identical results when
threshold values <1% were employed. With a threshold of 0.85%,
both methods produced 77.04% correct, 0.47% incorrect, and 0.16%
ambiguous identifications with 22.33% unidentified queries. Results
were very similar with a threshold of 1%, with only a slightly higher
percentage (77.99%) of correct identifications and slightly fewer
(21.38%) unidentified queries (Figure 3; Table S4). Identification
success with the BCM criterion increased at the highest thresh-
olds (1.39%, 2.06%) because the number of unidentified queries
decreased while the incidence of incorrect and ambiguous calls re-
mained the same (Figure 3; Table S4). When a threshold of 1.39%
was employed, BCM produced 84.28% correct identifications with
15.09% unidentified queries, while the use of a 2.06% threshold
raised the correct calls to 87.74% and decreased unidentified que-
ries to 11.64% (Figure 3; Tables S4 and S5). BIC showed a similar
pattern, but the increase in identification success was lower due to
a rise in the number of ambiguous identifications as thresholds in-
creased. Ambiguous calls reached 2.83% and 4.87% with the 1.39%
and 2.06% thresholds respectively, while the proportion of uniden-
tified queries was the same as with BCM (Tables S4 and S5). As a
result, BIC produced between 81.60% and 83.02% correct identifi-
cations with the 1.39% and 2.06% thresholds respectively (Figure 3;
Table S4).

We then queried 386 individuals from 78 species from the NWA
database that lacked a conspecific match in the NEA data set and

that were excluded from the previous sequence-based identification

= No identification
Ambiguous

= Incorrect

= Correct

Threshold

BIC

Identification criterion

FIGURE 3 Results from the sequence-based identification of specimens from the NWA database using the NEA data set as reference
library. Percentages are based on 636 queries for 135 species shared between the two databases (BM, Best Match; BCM, Best Close Match;
BIC, BOLD Identification Criterion). The four thresholds implemented correspond to BOLD's 1% and the three values reported by Lavinia

et al., (2017) for the NEA library: 0.85% (“threshVal”), 1.39% (95th percentile of all intraspecific distances) and 2.06% (“localMinima”). Note

that the y-axis starts at 50%
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procedure. Only a small number of specimens (3-13) were incor-
rectly identified with both BCM and BIC (Table S4). Involving just
four species (Hectarides lamarchei, Codatractus alcaeus, Tegosa sp. 1,
Hylephila ancora), these specimens were always assigned to a conge-
neric species.

When the identification process was repeated in the reverse di-
rection (i.e., querying sequences from the NEA library against that of

NWA), very similar results were obtained (Table Sé).

3.4 | A comprehensive COIl database for the
butterflies of Argentina

Based on the merged NWA+NEA library (Table 2), mean intraspecific
divergence was 0.43% (95% Cl: 0.35%-0.50%) among the 385 spe-
cies (222 genera) represented by two or more COI sequences (7.62
individuals per species on average). By comparison, average distance
among 518 congeneric species pairs (310 species in 99 genera) was
7.08% (95% Cl: 6.61%-7.55%). Mean divergence to the nearest
neighbour (6.55%, 95% Cl: 6.46%-6.64%) was nearly 7x the average
distance to the furthest conspecific (0.98%, 95% Cl: 0.94%-1.03%).
As a result, a barcode gap was present in 96.88% of the species rep-
resented by multiple individuals with only 12 species showing maxi-
mum intraspecific distances higher than the distance to their nearest
neighbour (Figure S4). Only 14 species were recovered as paraphyl-
eticin the NJ (Appendix S3) and/or ML (Appendix S4) gene trees, and
10 of them lacked a barcode gap. Singletons showed a similar pattern
as the mean divergence to their nearest neighbour was 6.90% (95%
Cl: 6.53%-7.26%), with 98% of the 108 species showing a minimum
interspecific divergence higher than the lower 5% of all congeneric
distances (3.13%). Consistently, all singletons were clearly distinct
from their nearest neighbour in the gene trees. Sequence-based
identification simulations delivered high identification success with
varied identification criteria and threshold values (Table S7). Correct
identifications ranged from 93.62% with BIC at the highest thresh-
old value (2.02%) to 99.45% with BM. BCM and BIC produced al-
ways the same percentage of no identifications, which decreased
from 2.01% at the lowest threshold (0.85%) to 0.95% at the highest
(2.02%). Correct identifications increased together with the thresh-
old value when BCM was employed, reaching 98.67% at the highest
threshold. By comparison, increasing the threshold value raised the
incidence of ambiguous identifications from 0.65% to 5.39% with
BIC. As a result, correct identifications with BIC decreased from
97.34% to 93.62% as the threshold increased (Table S7).

3.5 | Geographic patterns of intra- and
interspecific variation across northern Argentina

Genetic variation within and between species differed significantly
among the NEA, NWA, and NEA + NWA data sets (Table 3; Table
S8). Mean intraspecific divergence was higher in NEA + NWA than in
either NWA or NEA, but differences were only significant between
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the first two; no significant differences were found between NEA
and NWA. The pattern was clearer for the maximum intraspecific
distance which was significantly higher in NEA + NWA than in either
NEA or NWA, and also in NEA than in NWA (Figure 4a). No differ-
ences were found among data sets in the mean divergence among
congeneric species. However, minimum interspecific distance was
significantly lower in NEA + NWA than in either NEA or NWA, and
also in NEA than in NWA (Figure 4b).

The 135 species shared by the NEA and NWA databases showed
the same trend, but with sharper differences (Table 3; Tables S8 and
S9). Distance to the nearest neighbour was significantly lower in
NEA + NWA than in the individual data sets, as well as in NEA than
in NWA. Mean intraspecific distance for the species in NEA + NWA
was significantly higher than within NEA or NWA with no signifi-
cant differences between the latter. Maximum intraspecific distance
was significantly higher in NEA + NWA than in either individual li-
brary, and also in NEA than in NWA. At the same time, intraspe-
cific variation was significantly higher between than within regions.
Both mean and maximum distances between conspecifics from NEA
and NWA were significantly higher than those for NEA and NWA
(Figure 4c).

Among the 135 species shared by the NEA and NWA data sets
(Table S9), 85 occur in the currently isolated Atlantic Forest (NEA)
and Andean forests (NWA). Mean and maximum intraspecific diver-
gence values between forest populations were both significantly
higher for the 27 species with disjunct distributions than for the
58 species with a continuous range (Figure 4d, Table 3; Table S8).
Nearly 60% of species with disjunct distributions showed high ge-
netic differentiation between the Atlantic and Andean forests ver-
sus 47% for species with continuous ranges (Table 4). Both mean and
maximum intraspecific divergence between forests for this subset
of divergent species were also significantly higher among disjunctly
distributed taxa than among those with a continuous range (Table 3).

Finally, all splits between populations from the Atlantic Forest
and the Andean forests were dated to the Pleistocene (Table 4).
Populations of species with a disjunct distribution were estimated
to have diverged from 0.83 Ma (95% Cl: 0.53-1.13) to 1.21 Ma (95%
Cl: 0.78-1.65) depending on whether a fast or slow rate was ad-
opted, while those from species with continuous ranges appear to
have diverged from 0.46 Ma (95% Cl: 0.25-0.67) to 0.67 Ma (95%
Cl: 0.37-0.97).

4 | DISCUSSION

We assembled and analysed over 1000 COI sequences represent-
ing 213 butterfly species mainly from northwestern Argentina.
This library (NWA) was then combined with the one for the but-
terflies of northeastern Argentina (NEA), providing coverage for
42% of the butterfly fauna of the country (Klimaitis et al., 2018;
Lavinia et al., 2017a). We first examined the effectiveness of
DNA barcodes for discrimination and identification of the species
found in northwestern Argentina. We then analysed the insights
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TABLE 2 Summary of the individuals and species sampled and sequenced for the seven butterfly families present in Argentina

Species in Specimens/species Specimens/species Sequencing success (%) for Species

Family Argentina sampled sequenced specimens/species covered (%)
Hesperiidae 505 958/202 901/193 94.1/95.6 40.0
Lycaenidae 195 194/59 171/52 88.1/88.1 30.3
Nymphalidae 332 1522/182 1392/173 91.5/95.1 54.8
Papilionidae 34 95/16 89/14 93.7/87.5 47.1
Pieridae 72 383/36 333/29 86.9/80.6 50.0
Riodinidae 115 159/33 156/33 98.1/100 28.7
Hedylidae 1 - - - -

Total 1254 3311/528 3042/495 91.9/93.8 421

Note: Numbers are based on the NEA + NWA data set.

provided by the use of both libraries into both the effect of spatial
and taxonomic coverage on DNA barcoding performance, as well
as on the geographic patterns of genetic variation in butterflies
of subtropical South America, with an emphasis on the historical
relationship between the currently isolated Atlantic and Andean

forests.

4.1 | Species discrimination and identification
within NWA

Maximum intraspecific distance was lower than the minimum dis-
tance to the nearest neighbour for most species represented by
multiple individuals, while all singletons possessed a COIl sequence
distinct from those of any other species (Wilson et al., 2013). Hence,
COl was extremely effective in discriminating the butterfly species
found in northwestern Argentina. There were three exceptions:
Urbanus pronta, Calycopis sp. 1 and Calycopis caulonia. The first one
was paraphyletic in the NJ gene tree (monophyletic with node sup-
port <50% in the ML topology), with two specimens being more
closely related with Urbanus sp. 1 than to their other conspecifics.
The second case involved three specimens of Calycopis sp. 1 which
formed a cluster with low (56%) bootstrap support and possessed a
minimum interspecific distance of 0.15% to the singleton Calycopis
caulonia. It is worth noting that these cases involve taxa that could
only be identified to a generic level based on external morphol-
ogy and wing coloration patterns, suggesting that the incapacity
of DNA barcodes to discriminate these species could be actually a
consequence of taxonomic inaccuracy or limitations (Mutanen et al.,
2016). At the same time, COl might not be able to distinguish these
taxa. For instance, species assignments are certainly difficult in the
genus Calycopis, where taxa are not only hard to differentiate based
on morphology and male genitalia, but also mitochondrial variation
among species is minimal and inconsistent with morphology or sam-
pling localities (Cong et al., 2016; Duarte & Robbins, 2005; Lavinia
et al.,, 2017a).

Simulation tests showed that the current COI library is ex-
tremely effective in specimen identification with success exceed-
ing 98% irrespective of the identification criterion and divergence

threshold employed. There were almost no incorrect assignments
and a low frequency (<1%) of unidentified queries or ambiguous
calls (<1.5%). Best Match (BM) generated the highest percentage
of correct identifications (99.9%) with only one specimen being in-
correctly identified. Because this criterion assigns a species name
to each query regardless of its level of sequence divergence to its
closest match in the reference library, this reflects the near ab-
sence of problematic taxa in the NWA database. Best Close Match
(BCM) and BOLD Identification Criterion (BIC) approaches, which
incorporate sequence divergence thresholds, returned similarly
high percentages of correct identifications. Because higher thresh-
olds help to identify species with deeper intraspecific divergence
that otherwise will remain unidentified, correct identifications in-
creased as the threshold value raised. However, when the highest
threshold was coupled with BIC this effect was counteracted by
more ambiguous calls. Since higher thresholds may fall within the
overlap between intra- and interspecific distances, the probability
increases that closely related species will fall under the threshold
when larger values are implemented. This raises the frequency of
ambiguous identifications with BIC but not BCM, since only the
former considers all sequences under the threshold to assign a
species name to the query.

The identification success with the NWA database was only
slightly higher than that of the NEA library, which ranged from
95.6% to 99.42% (Lavinia et al., 2017a). Interestingly, Lavinia et al.,
(2017a) suggested that lower thresholds were more effective for
the butterflies of NEA, mainly because the incidence of ambigu-
ous identifications with BIC always increased with the threshold
value, decreasing identification success. This pattern was absent
for NWA as identification success with BIC only declined at the
highest threshold (2.02%). This difference reflects the fact that
minimum interspecific distances are lower and maximum intraspe-
cific distances higher among NEA than NWA butterflies, therefore
reducing the barcode gap and increasing identification ambiguity
in the former.

Our results emphasize that optimal sequence thresholds vary
depending on the properties of each library that will, in turn, be
impacted by geographic and taxonomic coverage. Additionally, pat-
terns of mitochondrial DNA variation within a set of species will



ATTINA €T AL

TABLE 3 Intra- and interspecific genetic distances (K2P, %) for different data sets

Genetic distance

Mean intraspecific

Maximum intraspecific

Mean interspecific

Minimum interspecific

Data set

NWA

NEA

NEA + NWA

NWA (shared)

NEA (shared)

NEA + NWA (shared)

NEA vs NWA (shared)

Atlantic vs Andean forests (disjunct)
Atlantic vs Andean forests (continuous)

Atlantic vs Andean forests (disjunct,
divergent)

Atlantic vs Andean forests (continuous,
divergent)

NWA

NEA

NEA + NWA

NWA (shared)

NEA (shared)

NEA + NWA (shared)

NEA vs NWA (shared)

Atlantic vs Andean forests (disjunct)
Atlantic vs Andean forests (continuous)

Atlantic vs Andean forests (disjunct,
divergent)

Atlantic vs Andean forests (continuous,
divergent)

NWA

NEA

NEA + NWA

NWA

NEA

NEA + NWA

NWA (shared)

NEA (shared)

NEA + NWA (shared)

Mean

0.29
0.31
0.43
0.33
0.35
0.71
1.02
1.65
0.78
2.64

1.40

0.60
0.69
0.98
0.71
0.84
1.36
1.16
1.73
1.05
2.62

1.60

7.24
7.18
7.08
7.56
6.91
6.55
7.35
6.89
6.41
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95% Confidence interval of the mean

Upper

Lower limit limit
0.20 0.37
0.24 0.39
0.35 0.5

0.21 0.44
0.25 0.45
0.55 0.86
0.78 1.26
1.01 2.30
0.51 1.04
1.88 3.40
0.92 1.88
0.54 0.66
0.65 0.74
0.94 1.03
0.63 0.78
0.77 0.91
1.29 1.43
1.10 1.23
1.51 1.95
0.96 1.13
2.36 2.88
1.48 1.72
6.38 8.10
6.64 7.71
6.61 7.55
7.41 7.70
6.81 7.01
6.46 6.64
7.16 7.55
6.74 7.05
6.28 6.54

Note: The mean distance together with its corresponding 95% confidence interval is reported in each case. Genetic distances within NEA, NWA and
NEA + NWA databases are shown for the complete data sets and for the 135 species shared by the NEA and NWA libraries. In the latter case, genetic
distances between conspecifics from different data sets (NEA vs NWA) are also shown. Intraspecific divergence values between populations from
the Atlantic and Andean forests are also calculated for 27 species with disjunct distributions and for 58 continuously distributed species, and for a
subset of species with high genetic differentiation between forests.

be shaped by the evolutionary forces that have shaped the genetic

diversity of that particular regional fauna (Bergsten et al., 2012;

Dapporto et al., 2019; Gaytan et al., 2020; Lavinia et al., 2017a).

As a result, optimal thresholds should be estimated independently

for each library with the recognition that these might change as the

database grows.

4.2
mitochondrial DNA variation

Spatial patterns of intra- and interspecific

Expanding the geographic and taxonomic sampling of COI libraries

can increase intraspecific variation due to phylogeographic struc-

ture and isolation by distance, and reduce interspecific divergence



B IVVAPIISRAL IO LECULAR ECOLOGY ATTINA o1 AL
RESOURCES
a b
( ) 1.1 ( ) 8.0
F, 005 = 64.34,p < 0.0001 F, 00 = 69.77, p < 0.0001
C
a
= ~~
10|
S &
& Y
=X $ 75t
~ N
«a 7]
8 09t g
g =
8 s
2 z
s
o FS b
= 08} 270}
3 3
g b 2
& 07¢ El c
g a g
= S 65} {
£ £
% =
S 06} £
= =
0.5 6.0
NWA NEA NEA + NWA NWA NEA NEA + NWA
(c) (d)
13 2.5
6? F) sy = 42:29,p < 0.0001 F 57~ 6.61,p=0.014
J - &
$ 12t d
= =
o o
211 s 20 F
B 2
2 3
Z 10t &
a N
5 wn
S b %
8 2 15t
2 09 F <
S =2
= S
'S5 08} a 2
(5] —
& é _
§ »n 1.0 F 1
g o7t g
=1
g g
= g
E o6t 5
%
< 2 e Mean
= 05 | S -
05 Tosucr
NWA NEA NEA vs. NWA Continuous Disjunct
Distribution
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as more closely related and disjunctly distributed taxa are encoun-
tered (Barco et al., 2016; Bergsten et al., 2012; Gaytan et al., 2020;
Marin et al., 2017; Virgilio et al., 2010). Consistently, we found that
the separation between intra- and interspecific variation narrows as
the spatial and taxonomic coverage rises across the three butterfly
assemblages analysed here.

The NWA library consists of over 1000 specimens separated on
average by 307 km and representing 213 species, while the NEA
database covers 417 species represented by more than 2000 se-
guences and a mean distance between sampling localities of 581 km.

The NEA + NWA library includes nearly 500 species represented
by more than 3000 specimens from localities separated by 719 km
on average, and with a mean distance of 956 km and a maximum
of 1649 km between localities in eastern and western Argentina.
As expected, the ratio between maximum intraspecific and min-
imum interspecific distances nearly doubled from 0.08 for the li-
brary with the smallest scale (NWA) to 0.15 for that with the largest
(NEA+NWA), with NEA showing an intermediate value (0.10).
Species with relatively high intraspecific variation were com-
paratively more common in the NEA library than in that of NWA.
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TABLE 4 Species with high genetic differentiation between the Atlantic (NEA) and the Andean (NWA) forests

Mean divergence (%K2P) Max divergence (%K2P)
Within Within Within Within Distinct
Distribution Atlantic Andean Between Atlantic Andean Between mitochondrial
Species between forests Forest forests forests Forest forests forests lineages
Actinote pellenea Continuous 0.12 0.99 1.66 0.30 2.33 217 NO
Battus polydamas Continuous 0.00 0.96 0.53 0.00 2.71 2.71 NO
Biblis hyperia Continuous 0.41 0.20 0.54 0.77 0.61 1.08 NO
Cymaenes gisca Continuous 0.08 0.24 0.21 0.15 1.23 1.08 NO
Dircenna dero* Continuous 0.07 0.15 0.42 0.30 0.15 0.61 YES
Eantis thraso* Continuous 0.00 0.10 1.89 0.00 0.31 2.01 YES
Emesis ocypore Continuous 0.23 0.18 0.81 0.47 0.30 1.10 NO
Emesis russula Continuous 0.00 0.00 1.08 0.00 0.00 1.10 NO
Eurema albula Continuous 0.00 1.15 0.83 0.00 2.33 2.01 NO
Eurema elathea Continuous 0.15 3.64 5.21 0.15 7.08 6.89 YES
Hamadryas Continuous 0.08 0.31 1.70 0.30 0.47 1.90 YES
epinome*
Heliconius erato Continuous 1.53 0.83 1.20 3.45 1.89 3.28 NO
Heliopetes libra* Continuous 0.00 0.04 0.46 0.00 0.16 0.62 YES
Heraclides astyalus ~ Continuous 0.61 0.42 0.64 1.23 0.62 1.23 NO
Hermeuptychia Continuous 0.00 0.00 0.31 0.00 0.00 0.32 YES
gisella*
Hypanartia lethe* Continuous 0.00 0.08 1.43 0.00 0.31 1.73 YES
Junonia genoveva Continuous 0.61 2.50 1.46 1.23 3.74 3.91 NO
Marpesia petreus Continuous 0.61 0.61 0.58 0.92 0.61 1.38 NO
Memphis moruus Continuous 0.00 0.00 4.25 0.00 0.00 4.25 YES
Ministrymon azia* Continuous 0.10 NA 1.75 0.15 NA 1.85 NO
Morpho helenor* Continuous 0.22 0.10 2.86 0.61 0.16 3.03 YES
Ortilia ithra Continuous 0.78 0.23 1.16 1.70 0.47 1.70 NO
Phoebis neocypris Continuous 0.11 1.07 0.70 0.46 2.87 3.04 NO
Pyrgus orcus Continuous 0.92 0.59 1.22 1.54 1.10 1.90 NO
Smyrna blomfildia Continuous 0.38 0.30 0.35 1.26 0.30 1.08 NO
Synapte silius™ Continuous 0.00 0.06 1.42 0.00 0.15 1.54 YES
Trina geometrina* Continuous 1.20 NA 3.15 2.51 NA 3.62 YES
Epargyreus socus Disjunct 4.63 NA 3.52 7.44 NA 6.41 NO
Epiphile orea* Disjunct NA NA 4.10 NA NA 4.10 YES
Haematera Disjunct 0.14 NA 3.70 0.63 NA 4.04 YES
pyrame*
Hamadryas Disjunct 0.33 0.00 0.74 0.46 0.00 0.79 NO
fornax*
Heliopetes alana Disjunct 0.07 0.54 0.76 0.15 0.92 1.08 NO
Leptophobia aripa* Disjunct 0.09 0.00 5.33 0.15 0.00 5.56 YES
Lychnuchoides Disjunct NA 0.15 1.56 NA 0.15 1.70 YES
ozias*
Mechanitis Disjunct 0.51 0.69 091 1.54 1.54 1.54 YES
lysimnia
Memphis acidalia Disjunct NA 0.00 3.14 NA 0.00 3.18 YES
Pseudopieris Disjunct 0.08 0.03 3.32 0.30 0.16 3.61 YES
nehemia*

(Continues)
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TABLE 4 (Continued)
Mean divergence (%K2P) Max divergence (%K2P)
Within Within Within Within Distinct
Distribution Atlantic Andean Between Atlantic Andean Between mitochondrial
Species between forests Forest forests forests Forest forests forests lineages
Siproeta epaphus* Disjunct 0.06 0.08 1.85 0.15 0.31 2.05 YES
Staphylus incisus™ Disjunct 0.00 0.41 3.82 0.00 0.46 4.09 YES
Strymon bubastus™ Disjunct NA NA 2.69 NA NA 2.69 YES
Taygetis ypthima* Disjunct 0.61 NA 3.17 0.61 NA 3.33 YES
Thyridia psidii* Disjunct 0.00 NA 0.46 0.00 NA 0.46 YES
Urbanus pronta Disjunct NA 3.14 3.14 NA 471 471 NO

Note: Distribution between forests and mean and absolute maximum intraspecific divergences (K2P, %) within and between forests are indicated for
each species. The last column indicates if individuals from the Atlantic Forest and the Andean forests were clustered into two or more distinct, well-
supported (bootstrap support values 280%) mitochondrial lineages in the gene trees based on the NEA + NWA data set. Asterisks indicate species

used to estimate divergence times between forests.

Even though this can be at least partially attributed to the larger geo-
graphic distances covered in the NEA database, it could also be as-
sociated with differences in landscape sampling within each region.
Butterflies in the NWA database were collected almost exclusively
in montane forests located on the east slope of the Southern Central
Andes in western Argentina. On the other hand, sampling covered a
more heterogeneous landscape for the NEA library (Figure 1), with
collection taking place across different ecoregions and physical bar-
riers from eastern Argentina such as the Parana-Paraguay River axis,
the largest subtropical fluvial system in South America (Kopuchian
et al.,, 2020). This, together with the fact that intraspecific varia-
tion was only weakly associated with geographic distances in NEA
(Lavinia et al., 2017a), suggests that not only larger geographic dis-
tances but also the sampling of ecologically and climatically distinct
habitats, alone or in combination with other evolutionary drivers,
could explain the higher intraspecific variation found in the NEA
data set (Gaytan et al., 2020; Kopuchian et al., 2020; Lavinia et al.,
2017a). Further studies are needed to elucidate whether differences
between NEA and NWA libraries are the consequence of different
sampling strategies, evidence of a genuine difference between re-
gions in the level of intraspecific variation in their butterfly fauna, or

a combination of both effects.

4.3 | DNA barcode performance over large
geographic distances

In order to assess the impact of large geographic distance on iden-
tification success, individuals from the NWA library were identified
using that of NEA as reference. BM produced the highest percent-
age of correct identifications, with only 12 out of 636 queries failing
to receive a correct species assignment. As a result, all NWA speci-
mens from 130 out of the 135 species shared between databases
were correctly identified using the NEA library. Identification suc-
cess decreased markedly with BCM and BIC. Correct identifications
dropped to between 77.04% and 87.74%, meaning that unequivocal

identifications could not be established for 24 to 40 species.
Identification success raised when larger threshold values were
used, as these allowed the identification of species with high in-
traspecific variation between NWA and NEA. However, with BIC
this positive effect was counterbalanced by a raise in the proportion
of ambiguous identifications as thresholds increased. On top of that,
74 NWA queries representing 22 species remained unidentified
even when the highest threshold (2.06%) was implemented. Genetic
distance between these unidentified individuals and their closest
conspecifics in NEA averaged 3.62% (95% Cl: 3.34%-3.91%), being
considerably larger than the highest threshold and significantly
higher (Welch's F = 469.90, p < .001) than the minimum distance to
their conspecifics in NWA (0.17%, 95% Cl: 0.03%-0.31%).

The great number of ambiguous calls and unidentified NWA
queries is a direct consequence of the effect of increased geo-
graphic and taxonomic sampling on intra- and interspecific varia-
tion. Maximum genetic distance was significantly higher (Welch's
F = 63.48, p < .001) between NWA queries and their conspecifics in
the NEA library (mean 1.24%, 95% Cl: 1.13%-1.34%), than to those
within the NWA data set (mean 0.71%, 95% Cl: 0.63%-0.78%). At
the same time, NWA individuals had a significantly smaller (Welch's
F = 87.26, p < .001) minimum interspecific distance when queried
against the NEA library (mean 6.06%, 95% Cl: 5.87%-6.25%) than
within the NWA database (mean 7.35%, 95% Cl: 7.16%-7.55%). This
resulted in the reduction of the barcode gap which, in turn, raised
identification ambiguity and diminished the effectiveness of COI for
species discrimination and identification.

A total of 386 individuals from 78 species from the NWA data-
base did not have a potential conspecific match in the NEA library.
When these specimens were included in the simulations, correct
identifications with BM plummeted to 61% as all of them were in-
correctly identified. This error was minimized with BCM and BIC,
which require query sequences to meet a set sequence divergence
threshold before they gain an assighment. As expected, between
96.63% and 99.22% of these NWA individuals remained unidentified
with these criteria. Interestingly, specimens in the NWA database
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of Heraclides lamarchei, which is absent in eastern Argentina, were
always erroneously identified as Heraclides hectorides (NEA library),
which is not found in western Argentina. Mean distance between
these allopatric taxa is 0.91% (range 0.77%-1.23%), being remark-
ably lower than the ~6% sequence divergence between each of
them and their corresponding nearest neighbour in NWA and NEA,
illustrating how more closely related species can be encountered
as the sampling scale increases (Barco et al., 2016; Bergsten et al.,
2012; Marin et al., 2017; Virgilio et al., 2010).

In conclusion, COIl sequences from one region in Argentina can
be used to correctly identify a large proportion of the butterfly
fauna from a distant locality in the country. That being said, identi-
fication success over large geographic distances is still considerably
lower than that obtained from either the regional NWA and NEA
(Lavinia et al., 2017a) libraries or the expanded NEA+NWA database
(see below). Finally, it is important to note that even though increas-
ing taxonomic and geographic sampling do affect the identification
performance of DNA barcodes, their capacity to discriminate spe-
cies should not be affected as long as minimum interspecific dis-
tances remain greater than maximum intraspecific ones (Hausmann
etal,, 2013; Huemer et al., 2014; Lukhtanov et al., 2009; Marin et al.,
2017).

4.4 | Historical relationship between South
American forests

The Atlantic Forest to the east and the Andean forests to the west
concentrate the majority of the butterfly diversity of Argentina.
Even though these forests are currently isolated by the open vegeta-
tion corridor (OVC, Figure 1), they have been connected in the past
(Ledo & Colli, 2017; Lundberg et al., 1998). Among the 135 species
of butterflies shared between NWA and NEA, 85 inhabit both the
Atlantic and Andean forests and 27 of these have a disjunct distri-
bution between them (Klimaitis et al., 2018). The remaining 58 spe-
cies have a comparatively more continuous range across northern
Argentina, occurring also in the relatively more open and drier en-
vironments of the Humid and Dry Chaco that separate the Atlantic
and Andean forests (Figure 1). Results show that intraspecific diver-
gence between forests is significantly higher among species with
disjunct distributions than for those with continuous ranges. Even
though the frequency of species with relatively high genetic differ-
entiation between forests was only slightly higher among those with
disjunct distributions, support for the mitochondrial lineages match-
ing the Atlantic and Andean forests was notably different between
the two groups. In 75% of the species with disjunct distributions,
individuals from these forests were clustered into two or more dis-
tinct, well-supported mitochondrial lineages (bootstrap support val-
ues between 80%-100%) in the NEA + NWA gene trees. In contrast,
less than 45% of the species with continuous ranges were clustered
in distinct, well-supported lineages (Table 4; Appendix S3 and S4).
The species' spatial distribution type has an impact on the level
of intraspecific genetic differentiation across northern Argentina
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in general, and between forest populations in particular. Our find-
ings are in agreement with those of a similar study on moths from
the southern European peninsulas (Gaytan et al., 2020), and con-
trast with the minimal to nonexistent association between dis-
tribution patterns and intraspecific divergence reported for the
Lepidoptera of Asia and northcentral Europe (Huemer et al., 2014,
2018), where current distributions seem to be the result of recent
range expansions after the last glacial maximum (i.e., within less than
15,000 years). On the contrary, the Iberian and Italian Peninsulas,
which were refugia during Pleistocene glaciations, host intraspecific
lineages that never spread north and eastwards after the retreat of
the ice sheets. Therefore, the undersampling of these peninsulas re-
sults in an underestimation of intraspecific genetic diversity more
marked than that expected by the sole reduction of the geographic
scale (Gaytan et al., 2020). Our results and those of Gaytan et al.,
(2020) reflect that the knowledge of species' distribution ranges as
well as their comprehensive sampling are key to better understand
spatial patterns of intraspecific variation and to increase DNA bar-
coding performance, as we discussed above.

All splits between Atlantic Forest and Andean forest popula-
tions reported here were dated to the last 2.5 million years, a time
period when these currently isolated forests experienced multiple
transient connections promoted by the cyclical climate changes of
the Quaternary (Lavinia et al., 2019; Trujillo-Arias et al., 2017, 2020;
Turchetto-Zolet et al., 2016; Zachos et al., 2001). Divergence times
estimated here support an older diversification history than that
of most Eurasian Lepidoptera (Huemer et al., 2014, 2018; but see
Gaytan et al., 2020), as most splits were estimated to have occurred
before the last glacial cycle (~0.1 Ma). This is consistent with pre-
vious studies that suggest that around 70% of sister species pairs
of Neotropical butterflies diverged along the Pleistocene (Brower &
Garzén-Ordufa, 2020; Garzén-Ordufia et al., 2014; Matos-Maravi,
2016). Since the Andean forests (and the adjacent Amazonia) have
been connected with the Atlantic Forest through different and not
mutually exclusive spatiotemporal routes throughout the Neogene
and Quaternary (Batalha-Filho et al., 2013; Lavinia et al., 2019; Prates
et al., 2016; Prates, Xue, et al., 2016; Trujillo-Arias et al., 2020), our
results do not reject the possibility of older diversification events
for the butterfly fauna of these forests, especially considering the
fact that here we focused on intraspecific splits instead of dating
speciation events or crown group ages (Blandin & Purser, 2013; Elias
et al., 2009).

The contrasting temporal patterns of divergence across the OVC
suggest that species with disjunct and continuous distributions be-
tween the Atlantic and Andean forests have been differentially af-
fected by the establishment of this environmental barrier and the
historical cycles of connection and disconnection between these
forests. At the same time, variation in the level of population diver-
gence between forests was also observed within each group of spe-
cies, indicating that current distribution patterns might be the result
of multiple diversification events promoted by past connections be-
tween these habitats. This is congruent with recent evidence that
shows that phylogeographical patterns shared among codistributed
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species separated by a common barrier cannot be explained by a
single vicariant or dispersal event. On the contrary, diversification
histories are idiosyncratic as species' responses to a common barrier,
such as the OVC, will depend greatly on the biological attributes of
each taxon (Kopuchian et al., 2020; Lavinia et al., 2019; Penz et al.,
2015; Prates, Rivera, et al., 2016; Prates, Xue, et al., 2016; Smith
et al.,, 2014). In particular, it has been shown that species traits asso-
ciated with dispersal and colonization abilities (e.g., habitat choice,
feeding generalism and other ecophysiological traits) can explain
variation in the levels of intraspecific divergence among butterfly
(Dapporto et al., 2019; Huemer et al., 2014; Penz et al., 2015) and
bird species (Burney & Brumfield, 2009; Harvey et al., 2017; Lavinia
etal., 2015, 2019). In this context, one possibility is that species with
disjunct distributions represent forest specialists for which the OVC
constitutes a more critical barrier to dispersal and gene flow than for
species with continuous ranges, which could in turn be classified as
more generalist. Future studies should assess the existence of bio-
logical differences that could account for the distinct spatial distri-
bution patterns of the species here analysed and, in turn, explain the

contrasting levels of intraspecific differentiation found among them.

4.5 | Areference library for the
butterflies of Argentina

A database with over 3000 COI sequences from nearly 500 butter-
fly species, ~40% of the fauna of Argentina (Klimaitis et al., 2018),
is now publicly available (https://doi.org/10.5883/DS-NEANWA). A
barcode gap was present in all but 12 of the species represented
by multiple individuals, and all singletons were distinguishable from
their nearest neighbour. Fourteen species were paraphyletic in
the gene trees based on the combined data set, but nearly 60% of
them were paraphyletic within the individual databases. As a con-
sequence, expanding both taxonomic and geographic coverage did
not greatly increase the incidence of paraphyletic or otherwise prob-
lematic taxa. This result contrasts with that reported for a group of
aquatic beetles where the frequency of nonmonophyletic species
increased significantly as the geographic scale expanded (Bergsten
etal., 2012).

Identification simulations showed that the current COI library
is very effective in identifying unknown specimens, despite the re-
duction of the barcode gap in the expanded database. However,
this reduction did increase identification uncertainty and reduced
identification success with BIC, as expected given its stringent na-
ture (Bergsten et al., 2012; Virgilio et al., 2010). As a result, the
expanded database performed on average slightly worse than the
local NEA and NWA libraries when this criterion was applied. By
contrast, the narrowed barcode gap had a null or negligible effect
on the more liberal BM and BCM criteria, which returned between
97.68% and 99.45% correct species assignments. These values are
similar to those derived from the NEA and NWA databases inde-
pendently, and considerably better than the ones obtained when
specimens from NWA were identified using reference sequences

from the geographically distant NEA. In the case of the latter,
identification success decreased between 11% and 22%, depend-
ing on the identification criterion and sequence threshold imple-
mented, in comparison to that obtained with the NWA, NEA and
NEA + NWA libraries. These results highlight the importance of
increasing the spatial and taxonomic coverage of DNA barcode ref-
erence libraries to better capture intra- and interspecific diversity
levels and to improve identification success, and of considering the
use of more regional databases for the identification of local fauna
when a large-scale library is not available (Bergsten et al., 2012;
Gaytan et al., 2020).

5 | CONCLUSION

By extending the DNA barcode coverage for the butterflies of
Argentina through the generation of over 1000 new COI sequences
from more than 200 species and the survey of western populations,
this study has provided new insights into butterfly diversification
patterns in the southern Neotropics. We showed that expanding the
geographic and taxonomic sampling increases maximum intraspe-
cific divergences and reduces distances to the closest heterospecific,
diminishing identification success, especially when strict identifica-
tion criteria are employed. Furthermore, our results evidenced that
patterns of mitochondrial variation are influenced by species' spatial
distribution type, probably reflecting biological differences that im-
pact their dispersal and colonization abilities. In particular, the pre-
sent results suggest that past connections between the currently
isolated Atlantic and Andean forests have differentially affected
their shared butterfly fauna, and that all diversification events be-
tween these environments took place in the Pleistocene. To our
knowledge, this constitutes the first multispecies assessment of the
historical relationship between these forests using butterfly spe-
cies as model organisms. Finally, our research supports the fact that,
even in the era of genomic data, large-scale analyses of mitochon-
drial DNA variation are still extremely useful for evolutionary stud-
ies, as they unveil spatial diversification patterns and highlight cases
that deserve further investigation (Barreira et al., 2016; Dapporto
et al,, 2019; Kress et al., 2015).
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