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Abstract The study of the evolutionary interrelationships
among the species encompassed in the Neotropical genus
Argia (Zygoptera: Coenagrionidae) has been neglected. The
goal of this study is to infer the phylogenetic relationships
among 36 species of Argia Rambur, 1842, using complemen-
tary data sets (i.e., larval morphology and mitochondrial
DNA). The morphological data set comprises 76% of the
larvae currently described for this genus and includes 97
morphological characters. From those, 47 characters have
not been previously used in taxonomic studies involving drag-
onflies’ larvae. This is the first cladistic study based on larvae
morphology for species within the suborder Zygoptera. Data
partitions were analyzed individually, as well as total evi-
dence, using parsimony and Bayesian inference as criteria
for optimal-tree selection. The results support the monophyly
of the North American species of Argia. This genus can be
identified by the combination of eight synapomorphies, four
of which are exclusively found in Argia. According to the
optimal trees, the individual data sets (i.e., morphology and
DNA sequences) have a high level of homoplasy, resulting in
soft polytomies and low support for several nodes. The
specific relationships of the terminal units differ between the

phylogenies; nonetheless, there is historical congruence
among them. Within Argia, five clades were consistently
recovered. Most of those clades have been identified, at least
in part, in previous phylogenetic and taxonomic studies.
Indubitably, the morphological characters from larvae have
historical signal useful for cladistic and taxonomic inference.
Therefore, it should be a priority to pay more attention to this
source of characters.
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Introduction

Within the order Odonata, Argia is the most diverse genus,
with 128 described species (Garrison and von Ellenrieder
2015; Schorr and Paulson 2016). This genus is distributed
exclusively in the New World, with Mexico as the country
with the largest number of described species (49 spp., corre-
sponding to 38.28% of the total species) (González-Soriano
and Novelo-Gutiérrez 2007, 2014), relative to the species
recorded for Central America (15 spp.), USA (32 spp.), Brazil
(29 spp.), and Colombia (22 spp.) (González-Soriano 2012).

Argia was described by Rambur in 1842 with only two
species: Argia impura and Argia obscura. The latter was sub-
sequently considered as a junior synonym of Agrion
fumipenne (Garrison et al. 2010). To date, some 150 names
of species have been proposed. From these, 128 could be
considered valid names (Garrison and von Ellenrieder 2015;
Schorr and Paulson 2016).

Garrison (1994) conducted a synopsis of the species within
the genus Argia for North America and the north of Mexico
and admitted 29 species. However, the species of Mexico,
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Central America, and South America need to be reviewed,
since several names that appear in the bibliography cannot
be associated with any species (Garrison et al. 2010).
Likewise, the lack of updated keys, the existence of descrip-
tions scattered in the bibliography and the lack of illustrations,
and the great diversity of species of Argia make the identifi-
cation of these species a complex task (Garrison et al. 2010).

On the other hand, the taxonomy of larvae is still
deficient, as only 36% (46 spp.) of the 128 recognized
species are known, with half of these having been
described over the past 10 years (Pérez-Gutiérrez and
Montes-Fontalvo 2011). Moreover, some of the descrip-
tions conducted in the first half of the twentieth century
lack detailed illustrations of the diagnostic traits, which
makes them difficult to interpret.

Phylogenetic studies including larvae

Within the order Odonata, the phylogenetic hypotheses have
been proposed based primarily on morphological traits of
adults (Westman et al. 2000; May 2002; Carle and Kjer
2002; von Ellenrieder 2002, 2013; Rehn 2003; O’Grady and
May 2003; Pessacq 2008; Yu and Bu 2011; Blanke et al.
2013) or exclusively on molecular information (Chippindale
et al. 1999; Misof et al. 2000; Artiss et al. 2001; Guan et al.
2013; Dijkstra et al. 2014; Kim et al. 2014), in a few cases on
the analysis of a combination of data sets (morphology of
adults + larvae + fossils + DNA sequences) (Baskinger et al.
2008; Bybee et al. 2008; Caesar and Wenzel 2009). However,
studies that explore new morphological traits of larvae (e.g.,
length and proportion between structures) are scarce.
Furthermore, the assessment of those characters in a phyloge-
netic contest to diagnose monophyletic clades is a novel
attempt. At the family level, the only works that can be
mentioned have been conducted with Aeschnidiidae
(Odonata: Anisoptera; Fleck et al. 2002), Petaluridae
(Odonata: Anisoptera; Fleck 2011), and Epiophlebiidae
(Odonata: Anisozygoptera; Blanke et al. 2015). Similarly,
studies based on the combination of larval morphology and
molecular information include those for Leucorrhinia
(Odonata: Libellulidae) (Hovmoller and Johansson 2002) and
Micromacromia (Odonata: Libellulidae) (Fleck et al. 2008).

Phylogenetic hypotheses based solely on traditional
taxonomic traits of larvae have not been proposed within the
suborder Zygoptera. However, Carle and Louton (1994),
Novelo-Gutiérrez (1995), Ware et al. (2007), Caesar and
Wenzel (2009), Ballare and Ware (2011), and Dijkstra et al.
(2014) stressed the importance of morphological exploration
of new traits and the use of the traditional taxonomic traits of
larvae, as a potential solid source of information to understand
the evolutionary relationships between the Odonata species
from a phylogenetic framework.

Phylogenetic studies that have included the genus Argia

A number of phylogenetic studies at the level of family, sub-
family, and other genera of the order Odonata have included
some species of the genus Argia. The location of these species
changed within the topologies of trees according to the traits
(i.e., morphological, molecular, or both) and the optimality
criteria used (i.e., parsimony, maximum likelihood, and
Bayesian inference) (Rehn 2003; Saux et al. 2003; Bybee
et al. 2008; Pessacq 2008; Yu and Bu 2011; von Ellenrieder
2013; Dijkstra et al. 2014).

In a research on the phylogenetical reassessment of the
Coenagrionidae subfamilies, O’Grady and May (2003) in-
cluded the species Argia sedula, Argia moesta, and Argia
bipunctulata in their analysis. As a result, in one of the trees
proposed, Argia was recovered as a polyphyletic group. In
another phylogenetic tree, Argia was a monophyletic group,
with A. bipunctulata as the basal clade, whereas A. sedula and
A. moesta were sister species.

Carle et al. (2008), in a phylogenetic study focused on the
superfamily Coenagrionoidea, included the species A. moesta
and Argia vivida. These were not recovered as sister species.
A. moesta appeared as a sister taxon of Neoneura
(Protoneuridae), newly integrated to the Coenagrionidae as
the subfamily Protoneurinae (Dijkstra et al. 2014).

In a study on the redefinition of the families in the suborder
Zygoptera, Dijkstra et al. (2014) included two species ofArgia
(i.e., Argia oculata and Argia sp.), which formed a monophy-
letic group and were the sister species of the generaNeoneura,
Epipleoneura, and Drepanoneura. However, the authors
found that the support values for some coenagrionid groups
were low and the phylogenetic relationships among them
changed if Argia was excluded. As a result, the authors sug-
gest conducting further phylogenetic studies on this genus and
other related genera.

The only preliminary Bayesian inference analysis focused
on molecular traits and some morphological features for the
species of Argia living in Northern Mexico was conducted by
Caesar and Wenzel (2009). These authors included in their
analyses nine morphological traits of adults of both sexes,
one trait of larvae, and sequences of the mitochondrial 16S
ribosomal RNA (rRNA) gene. These authors reported two
trees based on molecular information alone, which include
three polytomies. The combination of morphological and
molecular data improved the resolution in the topology of
the third proposed tree, which was the authors’ main phylo-
genetic hypothesis. In this phylogeny, the Argia species group
was recovered as monophyletic (Caesar and Wenzel 2009).
However, the clade formed by Argia nahuana, Argia alberta,
Argia leonorae, Argia agrioides, Argia hinei, Argia pallens,
Argia fumipennis, A. sedula, Argia pulla, and Argia rhoadsi
displayed a basal polytomy, suggesting that these data are
insufficient to understand how these species are interrelated.

410 Torres-Pachón M. et al.



These same authors contend that their findings illustrate the
importance of morphological data to supplement the molecu-
lar information for the genus Argia, thus warranting further
investigation given their likely information potential. They
mention that the Argia larvae remain poorly studied and that
larval traits are a potential source of phylogenetic information.
The above points to the need to investigate the morphology of
larvae while exploring morphological traits, aiming to
improve the resolution and support to clades where the
evolutionary interrelations of the species within the clade
remain unknown (Caesar and Wenzel 2009).

Accurate identification of arthropods is, without a doubt, a
major problem, especially for holometabola insects. This is a
consequence of the lack of studies that recognize morpholog-
ical characters useful to set species boundaries in ontogenetic
stages other than the adults. This is particularly crucial for taxa
like Odonata in which juvenal instars are often used as indi-
cators of environmental quality. Thus, the first objective of our
research is to shed light on the identification ofArgia larvae by
means of robust morphological characters. As a second objec-
tive, we will explore the phylogenetic relationships of a group
of 36 Argia species based on those larval morphological traits
and sequences of the 16S rRNA and cytochrome oxidase
subunit I mitochondrial genes.

Materials and methods

Examination of specimens

The larvae of 46 species were examined: 35 species of the
genus Argia and 11 species as an outgroup, with a total of
320 specimens examined. The following species were used
as an outgroup: Hetaerina americana and Hetaerina
vulnerata (Calopterygidae), Lestes alacer and Lestes alfonsoi
(Lestidae), Amphipteryx agrioides (Amphipterygidae), and
Enallagma civile, Enallagma novaehispaniae, Ischnura
denticollis, Ischnura ramburii, Telebasis digiticollis, and
Telebasis salva (Coenagrionidae). These species were includ-
ed following the criteria of Rehn (2003), Bybee et al. (2008),
Caesar and Wenzel (2009), and Dijkstra et al. (2014). The
species A. nahuana was not included within the morphologi-
cal analysis because we did not have access to larvae of this
species. Refer to the Online Resource 1 for a comprehensive
list of all the taxa examined.

The specimens selected belonged to the final instar (F0),
which was characterized by evident wing venation in the
pterothecae. When this was not available, F1 or F2 specimens
were used, as their morphological differences are not signifi-
cant with respect to instar F0. Males and females of all taxa
were examined. Structures’ length was recorded in
millimeters, and the terminology of Corbet (1953) was used
for the labium. The specimens studied were kindly loaned by

the following entomological collections: IEXA-INECOL
(Xalapa, Mexico), IORI (Gainesville, USA), and Dr. Natalia
von Ellenrieder (California, USA).

Codification of morphological traits

A total of 97 traits (Online Resource 2) were obtained, 57 of
which were qualitative and 40 quantitative. For the quantita-
tive traits, states were delimited based on Thiele’s (1993) and
Wiens’ (2001) formulas. Themissing characters that could not
be encoded for a lack of the structure in the specimen exam-
ined were entered with the symbol B?,^ while non-applicable
characters were encoded as B-^.

DNA extraction, amplification, and sequencing

We sequence the 16S rRNA gene in the BSistematica
Filogenetica^ laboratory at the Instituto de Ecología (Xalapa,
Mexico), while the cytochrome C oxidase subunit I (COI)
gene sequences were obtained by the BOLD Systems interna-
tional project laboratories. Muscle tissue was extracted from
the legs and abdomen of adult specimens preserved in acetone
and larval specimens preserved in 96% ethanol. DNA extrac-
tion was performed using the kit ZR Tissue & Insect DNA
MiniPrep (Zymo Research, California, USA) following the
manufacturer’s instructions. The genomic DNA was stored
in refrigerators at −20 °C. A 548-bp fragment of the 16S
rRNA gene was amplified using primers LR-J-12887 (5′-
CCGGTCTGAACTCAGATCACGT-3′) and LR-N-13398
(5′-CGCCTGTTTAACAAAAACAT-3′). For each of the
PCR reactions, a total volume of 30.7 μl was used, composed
of 16 μl double-distilled water (ddH2O), 3 μl buffer, 3 μl
dNTPs, 1.5 μl MgCl2, 3 μl of each primer, 0.2 μl TAQ, and
1 μl DNA. PCR conditions were as follows: 94 °C for 3 min,
followed by 30–40 cycles at 94 °C as the denaturing temper-
ature for 1 min, 30–50 °C as the annealing temperature for
1 min, 74 °C as the extension temperature for 2 min, and a
final extension at 72 °C for 5 min. The amplified PCR
products were visualized in 1% agarose gels stained with
ethidium bromide and purified with GeneJET PCR
Purification (Thermo Scientific, Lithuania, EU). The direct
sequencing was performed using the BigDye Terminator
v3.1 Cycle Sequencing Kit. Sequences were read in the ABI
PRISM® 310 Genetic Analyzer (Applied Biosystems) at
Instituto de Ecología, A.C.

To obtain the sequencing of the COI gene, two samples of
leg tissue for each of the Argia species and the outgroup
species were sent to the BOLD Systems international project
laboratories. The protocols of this project consisted in using a
plate on which 5 ml of the insect lysis buffer and 0.5 ml of
proteinase K were poured; afterwards, the tissue sample from
each specimen was immersed in this mixture and incubated at
56 °C for at least 6 h. The following DNA extraction steps
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were performed according to the protocol of the Canadian
Center for DNA Barcoding (CCDB) DNA Extraction
(Ivanova et al. 2006). A 680-bp fragment was amplified using
the primers LC-OR-1490 (5′-GGTCAACAAATCAT
AAAGATATTGG-3 ′) and HC-OR-2198 (5 ′-TAAA
CTTCAGGGTGACCAAAAAATCA-3′) (Folmer et al.
1994; Ivanova and Grainger 2006). For each reaction, a total
volume of 12.5 μl was used, made of 6.25 μl trehalose, 2 μl
ddH2O, 1.25 μl of 10× buffer, 0.625 μl MgCl2, 0.125 μl of
each primer, 0.0625 μl dNTPs, 0.06 μl polymerase, and 2 μl
of template DNA (Ivanova et al. 2006). The typical
amplification conditions for the COI gene include an initial
denaturation period at 94 °C for 1 min, 5 cycles at 94 °C for
30 s, annealing at 45–50 °C for 40 s, and an extension at 72 °C
for 1 min, followed by 30–35 cycles at 94 °C for 30 s, 51–
54 °C for 40 s, and 72 °C for 1 min, with a final extension at
72 °C for 10 min. Sequencing was carried out following the
protocol for the BigDye Terminator v3.1 Cycle Sequencing
kit, and the protocols for the Canadian Center for DNA
Barcoding (Ivanova and Grainger 2006).

In all cases, the PCR products were sequenced in
both directions, and the differences or ambiguities be-
tween the strings were resolved visually after examining
the electropherograms of each sequence using the soft-
ware Sequencher v5.0.1 (Gene Codes Corporation, Ann
Arbor, Michigan, USA). All nucleotide sequences were
blasted in GenBank in order to corroborate gene identity
and to compare them with homologous sequences of
other odonates.

Phylogenetic analysis

To assess the phylogenetic signal contained in each data set,
three alternative character matrices were used for the cladistic
analysis. The first was based on larval morphological traits
(Online Resource 3), the second was based on molecular
characters (i.e., 16S rRNA + COI sequences), whereas the
third was a total evidence matrix (i.e., larval morphology +
16S rRNA + COI).

For the morphology matrix, the main optimality criteria
used during the tree selection was maximum parsimony. The
reconstruction was performed using the program TNT v1.5
(Goloboff et al. 2008). To start, ten million random trees were
created and loaded in RAM. The tree space was searched
during the phylogenetic analyses by calling the implicit enu-
meration (ienum) command. The trees retainedwere subjected
to branch swapping with the tree bisection and reconnection
(TBR) algorithm. To recover the best tree, this analysis was
run separately ten times. All characters were considered unor-
dered and non-additive. The consistency index, retention
index, and tree length were calculated as tree descriptors.
When multiple equally parsimonious trees were obtained, a
majority rule consensus was computed to summarize the

phylogenetic signal. In all instances, the robustness of clades
was estimated by 1000 pseudoreplicates in a bootstrap test.
Character states were mapped on the most parsimonious tree
using the slow optimization command in Winclada (Nixon
2002) to infer character transformation and to recover group
synapomorphies.

Our molecular data set was supplemented with sequences
retrieved from GenBank. The final composition of the molec-
ular and total evidence matrices is shown in Online Resource
4. These two matrices were analyzed through Bayesian infer-
ence (BI) using a maximum likelihood criterion for selecting
the optimal trees. To reconstruct the BI trees, we used a gen-
eral model for character evolution for the morphology data.
Character state transformation was set to variable following a
gamma probability. The evolutionary model of each molecu-
lar partition as chosen by jModelTest v 2.0.2 (Guindon and
Gascuel 2003; Darriba et al. 2012) was used as prior (i.e.,
TPM1u + gamma + I, gamma shape = 0.485, invariant
sites = 0.396 for 16S rRNA; TrN + gamma + I, gamma
shape = 0.301, invariant sites = 0.461 for COI). To allow for
differences in the evolutionary characteristics of each parti-
tion, substitution models were set as unlinked. Tree space
was explored using MrBayes v. 3.2.2 (Ronquist et al. 2012).
For these data sets, two parallel Markov chain Monte Carlo
(MCMC) analyses were run simultaneously, each for a mini-
mum of 20 million generations, sampling every 1000 genera-
tions. A 25% burn-in value was set (Ronquist et al. 2012) to
only include trees after the -lnL values reached an asymptote.
Finally, a majority rule consensus tree was calculated, show-
ing nodes with a posterior probability (pp) higher than 0.5. All
trees were drawn using FigTree v 1.4.2 (Rambaud 2009).

Results

The phylogenetic hypotheses recovered in the various analy-
ses were consistent with one another. In general, the lack of
resolution within the internal group was responsible for most
differences observed between phylogenies. The maximum
parsimony analysis recovered 19 trees with a length of 579
steps (consistency index = 0.237; retention index = 0.562).
The consensus tree showed a polytomy at the base of the
genus Argia, resulting in an almost total lack of resolution that
prevented us from inferring the precise evolutionary relation-
ships between its species. A puzzling finding is that Argiawas
not recovered as a monophyletic group. Within the basal
polytomy, a clade formed by species of the genera
Enallagma, Ischnura, Lestes, and Telebasis was recovered.
Additionally, the bootstrap values for the few nodes recovered
were low (i.e., <50%). In order to reduce the phylogenetic
uncertainty resulting from the lack of resolution in the consen-
sus tree, the morphological matrix was reanalyzed by applying
implied weights (Goloboff 1993). The analysis was repeated
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by varying the concavity value (i.e., k = 2 to 6) in order to
obtain the trees that minimized homoplasia and maximized
the data fit. The best fit was achieved with k = 3
(fit = 47.001; rearrangements = 3,297,373), recovering only
two trees. The strict consensus tree (Fig. 1) shows the genus
Argia as a monophyletic group; however, the support for this
node was low (bootstrap <50%). Evenwhen the internal struc-
ture of the Argia clade is almost completely resolved, all its
nodes received poor bootstrap values (<80%). The most basal
species within the genus were A. alberta and Argia tibialis.
The clades that were consistent with the results recovered in
the molecular analyses are mentioned below. At the upper end
of the phylogeny, we recovered the Bcarlcooki^ clade (these
names are assigned only as reference, but they lack a strict
taxonomic identity), which showed the following evolution-
ary relationships (Argia carlcooki (Argia plana ((A. vivida,
Argia extranea) (Argia immunda, A. bipunctulata)))). The
Brhoadsi^ clade clustered the species (A. rhoadsi (A. pulla,
A. sedula)). The Bpercellulata^ clade shows a polytomy at its
base, grouping six species with the following historical struc-
ture (Argia percellulata (Argia cuprea, Argia tezpi) (Argia
joergenseni (Argia barretti, Argia harknessi))). The
Btarascana^ clade is formed by (Argia tarascana (Argia
munda, A. pallens)). Finally, the relationship of sister species
between Argia lugens and Argia funcki was recovered regard-
less of the weighting scheme applied, the taxa composition
used, or the optimality criterion selected.

The phylogenetic hypothesis exhibiting the lowest resolu-
tion was the one recovered based on the mitochondrial DNA
sequences only. The monophyly of the genus Argia received a
support value of pp = 0.87 (Fig. 2). Virtually, all the internal
group is collapsed in a large basal polytomy. Internally, the
only clades that maintained their phylogenetic identity were
rhoadsi and (A. lugens, A. funcki) with pp = 0.85 and 0.97,
respectively.

The BI analysis based on the total evidence (Fig. 3) sup-
ports the monophyly of the genus Argia (pp = 1), as well as the
monophyly of the species groups structured based onmorpho-
logical traits. The total-evidence phylogeny shows a higher
resolution level than the mitochondrial DNA phylogeny; how-
ever, the degree of phylogenetic uncertainty remains high,
with a large number of unresolved nodes. The basal position
of A. alberta and A. tibialis was corroborated. Both species
form a monophyletic group in these phylogenetic hypotheses;
however, the support for this node is practically negligible
(pp = 0.52). The next clade is formed by the sister species
A. lugens and A. funcki; this relationship is well supported
(pp = 1). The percellulata clade is supported only by a
pp = 0.62. Unlike the morphological phylogeny, here, the
species Argia oenea was recovered as part of this clade,
while the species A. tezpi was left out. The rhoadsi
clade is corroborated with a pp = 0.91, while the
tarascana clade yields a pp = 0.89. Finally, the carlcooki

clade keeps virtually the same phylogenetic relationships
recovered with the morphological data; however, the
total evidence suggests that A. nahuana should be part
of this group, being the basal species.

To recover the evolutionary history of the characters and
their states, these were mapped in the two phylogenetic trees
recovered in the parsimony analysis corrected by implied
weights. Figure 4 shows the evolutionary scenario inferred
from larval morphological characters based on one of these
trees. Given the phylogenetic uncertainty, we only report the
synapomorphies recovered for the stable clade groups. The
optimization of these synapomorphies is identical under both
phylogenetic scenarios. Of the 97 characters encompassed the
matrix of larval morphological traits, 48 had not been previ-
ously used to explore the phylogenetic relationships and/or set
taxonomic proposals in odonates (Online Resource 2). The
genus Argia can be recognized by the combination of eight
character states: (i) robust and long body shape [character 1:
state 1], (ii) absence of premental setae [31: 1], (iii) presence
of basidorsal setae in the prementum [35: 1], (iv) two ramifi-
cations in the palp [42: 2], (v) long and sharp apical palp
ramifications [43: 4], (vi) length of abdominal segments 9
and 10 that is 1.08 to 1.77 times larger than the length of male
gonapophysis [73: 0], (vii) epiproct with no lateral carina [91:
1], and (viii) tracheation of the epiproct not visible [94: 1]. The
relationship between A. lugens and A. funcki is supported by
the combination of six character states: (i) the second
flagellomere 0.76 times shorter to equal to the length of the
first flagellomere [18: 1], (ii) second flagellomere longer than
the pedicel [22: 0], (iii) 18 to 22 basidorsal setae in the
prementum [36: 2], (iv) length of the external edge of the palp
greater than the length of the movable hook [45: 1], (vi) length
of medium leg that is 2.54 to 2.83 times larger than the length
of the medium tibia [54: 0], and (vi) epiproct length that is
1.54 to 2.12 times greater than the maximum epiproct width
(excluding the tip) [95: 0]. The tarascana clade is supported by
the combination of five synapomorphies: (i) antennae are 9.78
to 12.94 times greater than the scape length [8: 2], (ii) pedicel
is 1.80 to 2.33 times greater than the scape length [9: 2], (iii)
second flagellomere is 2.14 to 2.82 times greater than the
scape length [11: 2], (iv) fourth flagellomere is 0.45 to
0.73 times shorter than the pedicel length [16: 1], and
(v) presence of an outer lateral carina in the paraprocts
[82: 0]. Three characters differentiate the species that
comprise the percellulata clade: (i) length of cephalic lobe
smaller than the eye length [6: 1], (ii) spatulate shape of
the male gonapophysis [71: 1], and (iii) the lateral
gonapophysis of the female is bluntly pointed [74: 1].
The rhoadsi clade can be distinguished by the following
characters: (i) pedicel is 1.80 to 2.33 times greater than
the scape length [9: 2] and (ii) long and acuminate
epiproct tip [89: 1]. Finally, the carlcooki clade is charac-
terized by the following combination of characters: (i)
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head width is 2.22 to 2.76 times greater than the antennae
length [5: 2], (ii) second flagellomere shorter than the
pedicel length [22: 1], (iii) third flagellomere shorter than
the scape length [23: 1], (iv) triquetral paraprocts present
[76: 1], and (v) triquetral epiprocts present [87: 4].

Discussion

The genus Argia appeared as a monophyletic group in the
three phylogenetic hypotheses proposed here, which is
consistent with the phylogenetic reassessment work for the
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Argia species of North American distribution performed by
Caesar and Wenzel (2009). Even when the specific evolution-
ary interrelationships of the species varied according to the
phylogenetic analysis matrix used, at least five species groups
were consistent. The phylogenetic uncertainty resulting from
the lack of resolution in the consensus trees is due to the high
level of homoplasy in the partition of both morphological and
molecular data sets. In spite of this, we believe that the present
analysis provides evidence of the use of non-molecular traits
to address taxonomic and phylogenetic issues in hemimetab-
olous insects such as the odonates.

The importance of the morphological traits of larvae

The analyses conducted agree that Argia is a natural evolu-
tionary group. The scenario on the evolution of morphological
characters of larvae recovers a combination of eight characters
for the node of this genus. Of these, the robust and long body
shape, the presence of basidorsal setae in the prementum,
labial palp with two ramifications, and the long and sharp
apical palp ramifications are character states unique to the
Argia species included in this study. Therefore, the recogni-
tion of any of these characteristics in odonate larvae would
indicate that they likely belong to the genus Argia. This type
of evidence is of the most importance to determine the taxo-
nomic identity of specimens where ontogenetic stages change

dramatically between larvae and adults. Character states
homologous to those observed in Argia have been described
in the traditional taxonomic works on larvae of species in the
families Amphipterygidae (Novelo-Gutiérrez 1995),
Calopterygidae (Zloty et al. 1993), Lestidae (Novelo-
Gutiérrez and González-Soriano 2003), and Coenagrionidae
(Novelo-Gutiérrez 2005). Both the new characters explored as
those historically used in taxonomic and phylogenetic studies
reflected a high degree of homoplasy within the tree (Fig. 4).
Therefore, our internal group fails to display unique characters
to allow the identification of individual clades. The only ex-
ceptions to the above were found in the carlcooki clade and for
the sister species A. funcki and A. lugens. Triquetral epiproct
occurs only in the species belonging to the carlcooki group; on
the other hand, the presence of 18 to 22 basidorsal setae in the
prementum of the larvae indicates that these should belong to
the species A. funcki or A. lugens. At the level of
autapomorphies in terminal groups, only three larvae species
may be differentiated based on diagnostic traits. The speci-
mens of A. alberta were the only one that showed a cephalic
lobe length equal to the eye length. A. barretti specimens were
the only one that showed the length of the outer edge of the
palp equal to the length of the movable hook, and the maxi-
mum width of the paraproct is equal to the maximum width of
the epiproct. Moreover, larvae with middle femur length
shorter than the hind femur length possibly belong to
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A. carlcooki. In any case, all Argia species used revealed clear
and unique combinations of larval morphological
autapomorphies that enable an easy identification to species
level (Fig. 4). As in the present study, the work of von
Ellenrieder (2002) and Rehn (2003) on other Odonata groups
demonstrates the importance of using morphological charac-
ters of larvae. Some of the clades included in their phyloge-
netic hypothesis were resolved and supported by unique syn-
apomorphies, which corresponded to traditional taxonomic
traits of larvae of Aeshnidae (von Ellenrieder 2002) and
Zygoptera (Rehn 2003).

Phylogenetic hypotheses

The results obtained from the various analyses undertaken
provide evidence of the monophyly of the genus Argia. On

the other hand, there is still great phylogenetic uncertainty
that, elucidating with certainty, restrains the detailed evolu-
tionary history of the species in this genus. However, it is
possible to recover general patterns of species associations,
which are consistent in both morphological and molecular
characters. The total-evidence BI shows a first cladogenesis
event where an ancestor separates and gives rise to a lineage
leading to A. alberta and A. tibialis. This evolutionary rela-
tionship is biogeographically consistent, since these two spe-
cies have a restricted distribution from Northern Mexico to
Canada. In spite of this, there are alternative hypotheses,
which do not agree with our findings. According to Caesar
and Wenzel (2009), A. tibialis should be more closely related
to Argia apicalis, A. tarascana, and A. tezpi, rather than with
A. alberta; this latter species, in turn, shares an immediate
common ancestor with A. nahuana and A. leonorae.
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The monophyletic group formed by A. funcki and
A. lugens is the most stable relationship, since it is re-
covered in all analyses irrespective of the criterion used
(Figs. 1, 2, 3, and 4). Similarly, these two species were
compared morphologically in the larval stage and pro-
posed as close by Novelo-Gutiérrez and Gómez-Anaya
(2006), who confirmed their assignment to the subgenus
Hyponeura Selys proposed by Gloyd (1968). Likewise,
Garrison (1994) concludes that adults of A. lugens and
A. funcki are very similar. In this case, our results con-
firm the hypothesis of Caesar and Wenzel (2009), where
A. funcki and A. lugens formed a node of evolutionary
sister species.

The association of species found for the percellulata
group [i.e. , (A. cuprea , A. oenea , (A. barretti ,
A. harknessi), (A. percellulata, A. joergenseni)); Fig. 3]
has been considered previously. Novelo-Gutiérrez (1992)
related A. harknessi to A. oenea because they share
similarities in the shape of the cerci in male larvae.
Garrison (1994), based on the morphology of the adults,
considered that A. cuprea shows considerable similari-
ties with A. oenea and A. barretti. However, the same
author found similarities between these three species
and other taxa such as Argia translata and A. tezpi;
these were not consistently grouped within our
percellulata clade but, nonetheless, were found as
evolutionarily close to this clade (Figs. 1 and 4). Von
Ellenrieder (2007) described the larva of A. joergenseni
and included it within the Argia species group of larvae,
characterized by a prominent ligula and one seta in
the palp, which associates it closely with A. translata.
Novelo-Gutiérrez (2008) related the larvae of A. barretti
to the larvae of A. harknessi and A. joergenseni, as the
three species share a strongly prominent ligula, labial
palp with one seta, femur with dark strips that are wider
than the intermediate pale spaces, spatulate shape of the
male gonapophysis, and pale antennal escape with the
rest of flagellomere of brown color. Caesar and Wenzel
(2009) conclude that there is a close evolutionary rela-
tionship between A. cuprea, and A. harknessi. More
recently, Novelo-Gutiérrez and Gómez-Anaya (2012)
mention that A. percellulata shows a great similarity to
A. barre t t i , A. harkness i , Argia insipida , and
A. joergenseni by sharing larval characters that include
abundant claviform setae on the middle of sternite 8,
male cerci globose, and bluntly pointed spatulate
gonapophyses in males, beset with claviform setae on
ventral border.

Similarly, the proximity of the species included in the
rhoadsi monophyletic group [i.e., (A. sedula (A. pulla,
A. rhoadsi)); Figs. 2 and 3] has been previously pro-
posed. Novelo-Gutiérrez (1992) recognized the relation-
ship between these three species characterized by a

slightly prominent ligula. A. pulla and A. rhoadsi share
a small body size, a short tapered male gonapophysis
with sharp and divergent tips and yellow gills with
irregular brown spots. In their analysis, Caesar and
Wenzel (2009) found that these three species share a
common immediate ancestor, as observed in our various
phylogenies (i.e., morphology, molecular, and total
evidence).

Even when the tarascana clade [A. tarascana, A. pallens,
and A. munda] is recovered in both the morphological (Fig. 1)
and the total evidence (Fig. 1) analyses, the identity of this
group is maintained primarily based on larval characters. The
molecular characters alone were not able to recover this group
in a statistically significant manner. For Novelo-Gutiérrez
(1992), A. tarascana is related to Argia anceps by having
three long palp setae, laminar gills with a similar arrangement
of spiny setae on the lateral surface of the carina, and tapered
gonapophysis in both males and females. According to this
author, A. munda is more closely related to Argia tonto by
displaying evenly colored antennae, two palpal setae, and a
male gonapophysis of tapered shape. Subsequently, Garrison
(1994) considered that the morphological similarity between
adults suggests that A. pallens should be closer to
A. agrioides, A. fumipennis, A. hinei, A. leonorae, and
A. nahuana, while A. munda should be related to A. vivida,
A. extranea, and A. plana. Despite the lack of historical sup-
port and the phylogenetic uncertainty contained in the DNA
sequences, the consistency observed in the larval morpholog-
ical data sets points to the need to conduct further in-depth
analyses to test the evolutionary identity of this lineage.

Last, at least some of the relationships found in the
carlcooki clade [(A. nahuana, A. carlcooki, (A. plana,
(A. vivida, A. extranea, (A. immunda + A. bipunctulata))));
Fig. 3] are supported by historical precedents. According to
Novelo-Gutiérrez (1992), the A. plana larva is close to
A. vivida by having a small and pubescent body, a nearly
straight rear margin of the head, antennae that are shorter
than the head, square prementum, a conical male
gonapophysis, and triquetral gills. Garrison (1994) related
the adults of A. plana, A. vivida, A. extranea, A. immunda,
and A. nahuana. In the taxonomic key by Westfall and May
(1996), the species A. extranea, A. vivida, A. bipunctulata, and
A. immunda were grouped by sharing the following morpho-
logical characters in the larval stage: a marginal fringe of stout
setae running at least three fourths the length of the ventral and
dorsal margins of the lateral gills, usually three setae in the
palp, femora of variable coloration but often distinctly dark,
and a very long lateral carina in each lateral gill, resulting in a
markedly chitinous appearance of gills in dorsal view. In the
hypothesis proposed by Caesar and Wenzel (2009), A. plana
shares a node as the evolutionary sister species of A. extranea;
likewise, A. vivida and A. extranea are recovered as evolution-
arily close species.
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Conclusion

The strong phylogenetic uncertainty caused by the high
homoplasy observed in both the morphological and the
molecular characters is an issue that is not unique to our
study. Rehn (2003) recovered a polytomy between the genus
Argia (Coenagrionidae), Pseudostigmatidae, and other
cenagrionid genera. Likewise, Dijkstra et al. (2014) reported
low support values of posterior probabilities in the phyloge-
netic relationships of the genus Argia with the other
coenagrionid genera included in their study. On the other
hand, the use of sequences of the COI and 16S rRNA genes,
together with morphological information, does resolve the
phylogenetic relationships for some odonate groups at various
taxonomic levels (Kambhampati and Charlton 1999; Misof
et al. 2000; Brown et al. 2000; Artiss et al. 2001; Misof
et al. 2001; Stoks and McPeek 2006; Kjer et al. 2006;
Kiyoshi and Sota 2006; Ware et al. 2007, 2009; Bybee et al.
2008; Damm et al. 2010; Lee et al. 2010; Lin et al. 2010). The
above supports the idea that total-evidence analyses should be
considered to be the primary basis for taxonomic and system-
atic decision-making.

This study is part of a continued effort to understand the
phylogenetic relationships within the genus Argia and other
odonate groups that have been relegated historically by the
specialists. We recommend, for future studies, to explore
critically the different methods to encode continuous charac-
ters and increase the number of specimens of each species
examined (Garcia-Cruz and Sosa 2006). Additionally, we pro-
pose that future phylogenetic studies include a greater number
of species of Argia in the adult stage, mainly those distributed
in South America, and include supplementary molecular
markers such as nuclear gene sequences within the total evi-
dence data sets.
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