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Abstract

Wing venation provides useful characters with which to classify extant and fossil insects. Recently, quantification of its shape
using landmarks has increased the potential of wing venation to distinguish taxa. However, the use of wing landmarks in phylo-
genetic analyses remains largely unexplored. Here, we tested landmark analysis under parsimony (LAUP) to include wing shape
data in a phylogenetic analysis of hornets and yellow jackets. Using 68 morphological characters, nine genes and wing land-
marks, we produced the first total-evidence phylogeny of Vespinae. We also tested the influence of LAUP parameters using sim-
ulated landmarks. Our data confirmed that optimization parameters, alignment method, landmark number and, under low
optimization parameters, the initial orientation of aligned shapes can influence LAUP results. Furthermore, single landmark
configurations never accurately reflected the topology used for data simulation, but results were significantly close when com-
pared to random topologies. Thus, wing landmark configurations were unreliable phylogenetic characters when treated indepen-
dently, but provided some useful insights when combined with other data. Our phylogeny corroborated the monophyly of most
groups proposed on the basis of morphology and showed the fossil Palaeovespa is distantly related to extant genera. Unstable
relationships among genera suggest that rapid radiations occurred in the early history of the Vespinae.
© The Willi Hennig Society 2015.

Introduction

Wing venation is one of the main characters used to
identify and to classify insects (Comstock and Need-
ham, 1899; Wheeler et al., 2001; Sharkey and Roy,
2002; Trautwein et al., 2012). As one of the best-
preserved structures in fossil insects, it is a crucial fea-
ture in understanding insect evolution (Grimaldi and
Engel, 2005; Nel et al., 2012). As such, it has been
widely used in phylogenetic analyses (e.g. Bybee et al.,
2008). Even in the phylogenomic era, it can still pro-
vide information for countless taxa, including those
for which no molecular data can be readily obtained,
such as rare species and fossils (Trautwein et al.,

2012). With the introduction of geometric morphomet-
rics (Rohlf and Marcus, 1993), the study of wing vena-
tion has been developed further. Wing shape,
quantified by landmarks at vein intersections, was
found to be distinct between numerous genera, species
and even isolated populations (e.g. Baylac et al., 2003;
Camara et al., 2006; Villemant et al., 2007). Wing
shape also presented a significant phylogenetic signal
in different groups, when compared to phylogenies
based on other characters (Klingenberg and Gidas-
zewski, 2010; Bai et al., 2011; Perrard et al., 2014).
However, landmark data of the wings have seldom
been used in phylogenetic analyses (but see Baracchi
et al., 2011; for use of UPGMA). In a case study of
the Drosophila melanogaster subgroup, Klingenberg
and Gidaszewski (2010) reported low homoplasy of
wing shapes based on landmark data. On the one
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hand, the topology recovered from morphometric data
was inconsistent with well-supported molecular phylo-
genies, suggesting that wing shape alone may be insuf-
ficient to estimate a reliable phylogeny (Klingenberg
and Gidaszewski, 2010). On the other hand, a simulta-
neous analysis of wing landmarks combined with other
characters may accentuate the phylogenetic signal of
wing shape while reducing the influence of its homo-
plasy on the results (Nixon and Carpenter, 1996).
The use of shape data to infer phylogenies has long

been debated (e.g. Bookstein, 1994; Rohlf, 1998;
Gonz�alez-Jos�e et al., 2008; Catalano et al., 2010;
Adams et al., 2011). The shape assessed by geometric
morphometrics is a spatial description of a structure
excluding information on size, location and orienta-
tion. Shape data are inherently continuous and multi-
variate, thus not easily compatible with most
phylogenetic frameworks designed for independent,
univariate, discrete characters (e.g. Bookstein, 1994;
Monteiro, 2000). Some attempts to treat geometric
morphometric data as phylogenetic characters have
been made (e.g. Zelditch et al., 1995; Caumul and
Polly, 2005; Gonz�alez-Jos�e et al., 2008) and heavily
criticized (Adams and Rosenberg, 1998; Monteiro,
2000; Adams et al., 2011). Recently, a new method of
“landmark analysis under parsimony” (here abbrevi-
ated as LAUP) has been proposed to treat landmark
configurations, a set of landmarks each defined by two
(2D) or three (3D) coordinates, as such in cladistic
analyses (Catalano et al., 2010; Goloboff and Cata-
lano, 2011). This method minimises landmark displace-
ments along the branches of a tree through
reconstruction of ancestral landmark locations, extend-
ing the application of parsimony to landmark configu-
ration data.
The LAUP method lies outside of the “Procrustes

paradigm”, currently used in most geometric morpho-
metric analyses (Zelditch et al., 2012; Adams et al.,
2013). Although Procrustes methods analyse the varia-
tion of all landmarks at once, LAUP is based on the
sum of individual landmark’s variation first analysed
separately. Geometric morphometrics relies on the
notion of a shape-space, a space describing all poten-
tial shapes defined by a same number of landmarks.
Procrustes distance is considered the natural metric of
this space, because it is invariant to the landmark dis-
placed and to the orientation of this displacement
(Bookstein, 1991). The analysed shapes are usually
superimposed using a Generalized Procrustes Analysis,
which is designed to minimize the Procrustes distances
between landmark configurations through a least-
squares approach. With this method, the variation of
each landmark is spread over the entire configuration:
the variation of a single landmark is thus meaningless,
making this alignment unsuitable for LAUP. Because

LAUP minimizes the landmark displacement along a
given tree, Catalano and Goloboff (2012) designed a
new kind of landmark superimposition based on this
same criterion. This parsimonious alignment takes the
topology into account and can occur simultaneously
with the tree search to optimize the alignment, and
thus the tree inference. The LAUP method presents
two main advantages over previous methods used to
infer phylogenies from landmark data: landmark con-
figurations are treated in an evolutionary context, in
which homologous changes are explicitly identified as
landmark displacements; and landmark characters can
be treated simultaneously with other types of charac-
ters during a tree search. In addition, landmark loca-
tions are treated as multivariate characters, so the
method should be independent from the coordinate
system, like other methods of shape analysis (Catalano
et al., 2010). For these reasons, LAUP was the most
relevant method to test the use of wing shape data in
phylogenetic analyses.
The use of wing landmarks in phylogenetic recon-

struction was tested on the subfamily Vespinae, which
includes hornets and yellow jackets. This subfamily of
social wasps is relatively small (70 extant species; see
Archer, 2012; Carpenter et al., 2015), thus enabling a
fairly comprehensive taxon sampling. The presence of
a phylogenetic signal in the wing shapes was already
confirmed in this group (Perrard et al., 2014). Finally,
several datasets of molecular and morphological char-
acters were available for many species (Carpenter and
Perera, 2006; Saito and Kojima, 2011; Perrard et al.,
2013; Lopez-Osorio et al., 2014). However, these previ-
ous phylogenetic studies had certain limitations: they
did not focus on the entire subfamily; genus-level rela-
tionships were poorly supported; and fossils were not
included. Therefore, further analysis of the phylogeny
of the group was necessary (Perrard et al., 2013;
Lopez-Osorio et al., 2014).
In this study, we analysed the potential of quan-

tification of the wing venation pattern as a phyloge-
netic character, using LAUP, to help resolve the
phylogeny of vespine wasps. Using a combined anal-
ysis of traditional morphological data and sequences
from nine genes, we produced a phylogenetic frame-
work to study the evolution of the subfamily.
Because LAUP is a new method that has not seen
much use, we first tested its sensitivity to several
parameters, using data simulated under a Brownian-
motion model with a known topology. We then
compared the phylogenetic information of the wing
landmarks to the results obtained from other types
of data. Finally, we tested whether the wing land-
marks improved or misled the phylogeny based on
morphology, compared to an analysis including tra-
ditional wing characters.
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Material and methods

Phylogeny

Phylogenetic relationships were inferred for 50
extant species of Vespinae. The outgroup consisted in
four species from Vespinae’s sister-subfamily, Polisti-
nae (Pickett and Carpenter, 2010): Polistes dominula
(Christ, 1791), Polistes dorsalis Fabricius, 1775, Polis-
tes fuscatus (Fabricius, 1793) and Polistes metricus
Say, 1831. The only fossil genus of the subfamily,
Palaeovespa Cockerell, 1906, was included in the
analysis. Due to preservation issues, the traditional
morphological characters and landmark data of
Palaeovespa were based on several fossil species. Mor-
phological characters were based on two fossils of
Palaeovespa socialis Poinar, 2005, from Baltic amber
(55.4–33.7 Myr old). Landmark data were measured
on the wings of four compression fossils from the
Florissant deposit (37–33.7 Myr), three Palaeovespa
gillettei Cockerell, 1906, and one Palaeovespa scudderi
Cockerell, 1906. These three species presented clear
characteristics of Palaeovespa and were thus consid-
ered as a monophyletic group and coded as a single,
composite taxon.
The molecular phylogeny was based on the nine

genes used in the two recent phylogenetic analyses of
Vespinae genera (Perrard et al., 2013; Lopez-Osorio
et al., 2014), with additional DNA sequences. Molecu-
lar data were also obtained for 18 previously unsam-
pled species. Ten of these species were pinned
specimens from natural history collections.
Protocols for extraction and amplification closely fol-

lowed the methods described by Lopez-Osorio et al.
(2014). Briefly, we extracted DNA from one leg and
one antenna of specimens preserved in alcohol using
the standard “DNeasy Blood & Tissue Kit” (Qiagen,
Valencia, CA, USA) protocol. We used a modified pro-
tocol designed for museum specimens to extract DNA
from the pinned samples (Crane, 2013). Gene fragments
were amplified using PCR with PuReTaq Ready-To-
Go beads (GE Healthcare, Pittsburgh, PA, USA) in a
total volume of 25 lL including primers (Supplemen-
tary material Table S1) and template DNA. Amplifica-
tion cycles were specific to the nine genes studied: 12S
ribosomal DNA (12S), 16S ribosomal DNA (16S),
cytochrome oxidase I (COI), cytochrome oxidase II
(COII), cytochrome b (Cytb), 28S ribosomal DNA
(28S), elongation factor 1 a F2 copy (EF1a), RNA
polymerase II (Pol II) and wingless (wg) (Table S2).
AMPures and CleanSEQ procedures were used for

DNA purification. Sanger sequencing was performed
on ABI PRISM machines. Sequence editing was per-
formed using Geneious 6 (Biomatters Ltd., Auckland,
New Zealand). Every sequence was checked for con-
tamination using BLAST searches.

Each gene was aligned separately using MAFFT
with the L-INS-i algorithm (Katoh et al., 2005). The
aligned sequences were concatenated into a mitochon-
drial dataset (12S, 16S, COI, COII, Cytb), a nuclear
dataset (28S, EF1a, Pol II, wg) and a combined data-
set (“All genes”).
The morphological matrix and morphometric data

were scored on specimens from seven different natural
history collections. A total of 72 morphological char-
acters were coded (Table S3), including four characters
related to the forewing venation (Fig. 1).
In order to compare the results from genetic data

with morphological and total evidence analyses in the
same framework, all datasets were analysed under par-
simony using TNT (Goloboff et al., 2008). Parsimony
analyses were conducted separately on each molecular
dataset and on the morphological matrix with tradi-
tional characters—with and without the four venation
characters—then on a matrix of combined molecular
and morphological data. Each analysis was performed
with the new technology search algorithms including
sectorial searches, parsimony ratchet, tree drifting and
tree fusing, default parameters except: 200 ratchet iter-
ations, upweighting percentage 8, downweighting 4; 50
cycles of drift; minimum length hit 25 times. Node
support was computed as GC-values from symmetric
resampling of 1000 replicates (group supported/contra-
dicted values; Goloboff et al., 2003). GC-values range
from �1 to +1 and are the differences in group fre-
quency between the group found in most parsimonious
trees and the most frequent contradictory group. Only
supported groups (support value above zero, scaled by
TNT 0-100) are shown.
Molecular datasets were also analysed using a

maximum-likelihood criterion with RAxML v.8.0.0

Fig. 1. Description of wing characters. Black circles indicate the
location of the 19 landmarks used to describe the venation pattern.
White marks indicate the four traditional morphological characters
of the forewing venation: 1, length of the prestigma; 2, length of the
first submarginal cell; 3, angle at the base of the second submarginal
cell; 4, length of the distal part of the base of the second sub-
marginal cell. A, anal vein; Cu1, cubital vein; Cu1a, first segment of
the cubital vein; Cu1b, second segment of the cubital vein; M, med-
ian vein; Pt, pterostigma; 1cu-a, first cross-vein between anal and
cubital veins; 1/2 m-cu, first and second cross-veins between cubital
and median veins. Scale bar, 2 mm.
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(Stamatakis, 2014) running on CIPRES (Miller et al.,
2010). Parameter estimation was based on each gene
partition. Models of nucleotide substitution were
selected using jModelTest 2 (Guindon and Gascuel,
2003; Darriba et al., 2012) according to the Akaike
Information Criterion corrected for sample size
(AICc).

Landmark analysis

Wing shape analysis. We measured the right forewing
of 1715 specimens from the 51 taxa of Vespinae and
four species of Polistes using the protocol for pinned
specimens described by Perrard et al. (2012) (Table 1).
Only worker wasps were included to avoid potential
biases linked to caste dimorphism. Four fossils of
Palaeovespa presenting complete forewing venation
were also measured. Forewing shape was assessed using
19 landmarks recorded with TPSDig2 software (Rohlf,
2010; Fig. 1). Landmarks of all the specimens were
superimposed using a generalized Procrustes analysis
(Dryden and Mardia, 1998). The mean wing shape was
computed from the aligned coordinates for each species.
The total wing variation was visualized using a principal
component analysis on the coordinates projected into
the linear tangent space (Rohlf, 1999). The taxonomic

signal of the wing shape was tested using canonical
variate analyses, with leave-one-out cross-validation, on
the scores of principal components with eigenvalues
higher than zero.

Landmark analysis under parsimony. Phylogenetic
analyses of these landmark data were performed using
LAUP as implemented in TNT (Catalano et al., 2010;
Goloboff and Catalano, 2011). Because the method is
computationally intensive, analyses were performed on
a cluster of seven 4-core CPUs. The runs were based
on a standard script enabling different levels of
thoroughness of LAUP through different parameters
(Catalano et al., 2015; scripts available from the
authors). These parameters included the number of
search replicates, the accuracy of the grids used to
reconstruct the ancestral landmark positions, the
number of nested grids used to refine the estimation of
the ancestral landmark position, the number of cells
covered by the nested grids during this refinement step
and the use of dynamic realignment. Dynamic
realignment is the realignment of the configurations
during the tree search in order to minimize landmark
displacements along the tree.
Because the accuracy of LAUP has a significant

computational cost, the influence of these parameters

Table 1
List of species measured for wing shape. N, sample size

Name N Name N

Dolichovespula albida (Sladen, 1918) 37 Vespa mocsaryana du Buysson, 1905 32
Dolichovespula arenaria (Fabricius, 1775) 54 Vespa multimaculata P�erez, 1910 34
Dolichovespula intermedia (Birula, 1930) 14 Vespa orientalis Linnaeus, 1771 38
Dolichovespula maculata (Linnaeus, 1763) 35 Vespa simillima Smith, 1868 30
Dolichovespula media (Retzius, 1783) 45 Vespa soror du Buysson, 1905 34
Dolichovespula norvegicoides (Sladen, 1918) 38 Vespa tropica (Linnaeus, 1758) 31
Dolichovespula pacifica (Birula, 1930) 12 Vespa velutina Lepeletier, 1836 50
Dolichovespula saxonica (Fabricius, 1793) 40 Vespa vivax Smith, 1870 17
Dolichovespula sylvestris (Scopoli, 1763) 38 Vespula acadica (Sladen, 1918) 31
Palaeovespa sp. 4 Vespula akrei Landolt, 2010 4
Polistes dorsalis (Fabricius, 1775) 10 Vespula alascensis (Packard, 1870) 34
Polistes dominula (Christ, 1791) 10 Vespula atropilosa (Sladen, 1918) 28
Polistes fuscatus (Fabricius, 1793) 10 Vespula consobrina (de Saussure, 1854) 42
Polistes metricus Say, 1831 10 Vespula flaviceps (Smith, 1870) 63
Provespa anomala (de Saussure, 1854) 49 Vespula flavopilosa Jacobson, 1978 33
Provespa barthelemyi (du Buysson, 1905) 31 Vespula germanica (Fabricius, 1793) 53
Provespa nocturna van der Vecht, 1935 31 Vespula intermedia (du Buysson, 1905) 21
Vespa affinis (Linnaeus, 1764) 35 Vespula kingdonwardi Archer, 1981 6
Vespa analis Fabricius, 1775 36 Vespula koreensis (Radoszkowski, 1887) 27
Vespa basalis Smith, 1852 30 Vespula maculifrons (du Buysson, 1905) 48
Vespa bellicosa de Saussure, 1854 32 Vespula orbata (du Buysson, 1905) 10
Vespa bicolor Fabricius, 1787 30 Vespula pensylvanica (de Saussure, 1857) 42
Vespa binghami du Buysson, 1905 29 Vespula rufa (Linnaeus, 1758) 31
Vespa crabro Linnaeus, 1758 50 Vespula shidai Ishikawa, Yamane & Wagner, 1980 28
Vespa ducalis Smith, 1852 33 Vespula squamosa (Drury, 1773) 39
Vespa fervida Smith, 1858 30
Vespa luctuosa de Saussure, 1854 29 Vespula vidua (de Saussure, 1854) 30
Vespa mandarinia Smith, 1852 30 Vespula vulgaris (Linnaeus, 1758) 47
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on the results was first tested using smaller, simulated
datasets with a known phylogeny. The influences of
the number of landmarks used, of the alignment
method and of orientation of shapes on the score and
topology of the resulting trees were similarly tested.
Each simulated dataset contained landmark configura-
tions defined by sets of two coordinates for 20 species.
The trees and associated landmark coordinates were
simulated using the function growTree from the caper
library (Orme, 2013; R Development Core Team,
2014). This function enables simulation of the evolu-
tion of multivariate continuous traits that fits a specific
variance-covariance matrix using a Brownian-motion
model of trait evolution. Simulations were run with no
extinction and stopped at the speciation of the 56th
species. In most cases, the variance-covariance matrix
used for each evolutionary step was the observed
covariance of the aligned landmark coordinates of the
55 wasp species aligned on the combined-analysis tree.
Because the variance-covariance matrix defines the
variation per step and not the final variation, these
two values may differ, depending on the running time
of the simulation. Here, this time was defined by the
speciation and extinction rates. In the absence of
extinction, the time, and thus the final shape variation,
increased with the decrease of the speciation rate. In
our case, the speciation rate producing a variation of
the 55 simulated shapes similar to that of the Vespinae
wing shapes was 0.7 (see Fig. S1). This similarity was
tested for each simulated dataset with Student’s t-tests
by comparing Procrustes distances between the 55 sim-
ulated shapes and between the 55 wing shapes of
wasps. Only simulated datasets presenting no signifi-
cant difference in shape variation from the real dataset
were selected. Out of the 55 simulated taxa, 19 species
were selected from one of the major clades, with one
outgroup from another clade. The best tree resulting
from LAUP was then compared to the tree used to
simulate the data by computing subtree pruning and
regrafting (SPR) distances between them through TNT
(Goloboff, 2008). Statistical tests were performed with
a significance level a of 0.05.
The influences of LAUP parameters and of the

superimposition methods were tested using 15 simu-
lated datasets. We tested the five levels of thorough-
ness of the original script with static alignment and
two of them with dynamic alignment (Table 2). Each
search was made using the original alignment of the
simulation and more classical alignments resulting
from a Procrustes or a Resistant Fit Theta-Rho super-
imposition. These alignments were applied after ran-
dom perturbation of the size, location and orientation
of each simulated configuration. The original align-
ment of simulated datasets reflected the direct result of
the evolution of the landmark locations. It was consid-
ered as the “true” alignment and used for the other

analyses of simulated datasets, without dynamic
realignment.
The influence of the orientation of the configuration

alignment on LAUP remained a concern, because the
grids used to estimate the ancestral landmark locations
are based on the coordinate system. To test this influ-
ence, we rotated seven simulated datasets 0, 30 and
60°, and computed 30 tree searches per rotation for
each dataset. Each tree search was performed with
four parameter settings (Table 2, settings 0–3) using
only one replicate. Trees from an identical dataset
analysed under the same LAUP parameters were com-
pared using pairwise SPR distances. Under the null
hypothesis of no influence of the alignment orientation
on LAUP results, SPR distances between trees from
differently orientated data should be equivalent to
SPR distances between trees from data with the same
orientation. The influence of alignment orientation was
tested with 10 000 replications of the SPR distances.
Because SPR distances between trees from a given
dataset were not independent, P-values of tests from a
given dataset under the four different parameters set-
tings were corrected with the Holm–Bonferroni
method (Holm, 1979).
The influence of the number of landmarks describing

a shape was tested on 30 datasets with 100 landmarks.
A variance–covariance matrix of equal and uncorre-
lated coordinate variation was used to simulate 15 of
these datasets. These uncorrelated coordinates guaran-
teed a linear relationship between the number of land-
marks and the dimensionality of the data. For the
other 15 simulated datasets, we used a random positive
definite matrix generated with R using the “genPosi-
tiveDefMat” function of the library “clusterGenera-
tion” (Qiu and Joe, 2015). This second matrix was
more likely to reflect a real variance–covariance matrix
of landmark data, which have unequal and partially
correlated variation among landmarks. Finally, we
analysed each dataset using 10–100 randomly selected
landmarks. This influence of the number of landmarks
was further tested by subsampling landmarks from the

Table 2
Parameters of the different accuracy levels of landmark analysis
under parsimony (LAUP) tested on simulated data. Replicate, num-
ber of tree search compared; Grid accuracy, number of cells of the
main grid used for the first ancestral state estimation; Nested grid,
number of nested grids used; Neighbour cells, level of neighbouring
cells covered by the nested grids

Setting Replicate
Grid
accuracy

Nested
grid

Neighbour
cells

0 1 5 9 5 0 –
1 1 5 9 5 1 2
2 5 6 9 6 2 1
3 5 8 9 8 4 2
4 5 10 9 10 8 2
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Vespinae landmark dataset and compared to the tree
combining morphological and molecular data. Fifteen
subsamples of 5, 10 and 15 landmarks were selected
from the final alignment of the total landmarks analy-
sis with realignment, and analysed with static align-
ment.

Vespinae phylogeny using LAUP. The landmark
data of the 55 species were first analysed on their own
using five replicates of searches with 8 9 8 grids and
four nested grids covering two levels of neighbour cells
around the landmark estimation. Landmark data were
also analysed combined with traditional morphological
characters – excluding those from wing venation. A
third analysis combined landmark data, traditional
morphological characters and molecular data. For this
last analysis and the resampling, due to computational
constraints, the parameters were reduced to 6 9 6 cell
grids, two nested grids covering one level of neighbour
cells. For the same reasons, and because these analyses
did not aim at testing the monophyly of Vespinae,
both combined analyses including landmark data were
performed with only one outgroup. Every analysis was
applied with dynamic realignment of the landmarks
(Catalano and Goloboff, 2012). A total of 130
pseudoreplicates per analysis were constructed to assess
the support values. For the analysis of landmarks alone,
support values were obtained using landmark
resampling as in Catalano et al. (2015) and nodes
with negative GC-values were collapsed. Landmark
resampling consisted of randomly modifying the weight
of individual landmarks in the character analysis. Each
landmark weight was either set to zero, unchanged or
doubled. In the combined analysis, the whole landmark
configuration was considered as a single character,
either upweighted, unchanged or deleted as for the other
characters.

Results

Phylogenetic framework

Mitochondrial dataset. The monophyly of the
subfamily and of the different genera was supported
by the five mitochondrial genes, both under parsimony
and likelihood analyses. Mitochondrial data suggested
the monophyly of hornets (Provespa + Vespa) and of
yellow jackets (Dolichovespula + Vespula), although
these clades were not strongly supported. However,
mitochondrial data readily supported the existence of
the three subgenera formerly recognized within
Vespula: Paravespula (Vespula s.str. + Rugovespula); as
well as within Dolichovespula: Dolichovespula s.str.
(Metavespula + Boreovespula). Within Vespula, a
vulgaris group clade was supported, as well as the pair

of New World species V. maculifrons + V. akrei, and a
pair of East Asian species V. flaviceps + V. shidai.
Vespula squamosa was sister-species to the remaining
Vespula s.str. species. Within the subgenus
Boreovespula, the pair of D. saxonica + D. pacifica
was strongly supported. Provespa barthelemyi
appeared in sister position to the two other Provespa
species. Finally, most of the deep relationships within
the genus Vespa were poorly supported. Many of the
previously observed Vespa species groups were
supported, such as the four species of the tropica
group, or the six species of the bicolor group (Perrard
et al., 2013). However, the clade of V. fervida and
V. luctuosa was not part of the bicolor group: they
were closer to V. analis instead. Also, the nocturnal
hornet V. binghami was placed as sister-species of the
European hornet V. crabro. Results under maximum-
likelihood criteria were similar to those under
maximum parsimony: they differed by nine SPR
changes that affected poorly supported nodes within
genera.

Nuclear dataset. Five species were absent from the
analysis due to poor quality DNA preventing the
sequencing of the nuclear genes: Dolichovespula
intermedia, Provespa nocturna, Vespa luctuosa, Vespula
flaviceps and Vespula kingdonwardi. Analysis of the four
nuclear genes for the 49 remaining species supported the
monophyly of the subfamily and of the four genera.
Overall, the tree was similar to the one based on
mitochondrial datasets, and subgenera were still
supported. However, Rugovespula was sister-group to
Paravespula, not to Vespula s.str. Under maximum
parsimony, the relationships among genera were
equivalent to those from mitochondrial data, although
with low support values. In addition many relationships
within genera were unresolved. Under maximum-
likelihood, the relationships among the genera were
different: Vespula (Dolichovespula (Provespa + Vespa)).
The Vespula clade also had a slightly lower bootstrap
frequency (93) in the maximum-likelihood analysis.
Finally, relationships between Vespa species groups
were different, with the bicolor group in sister position
to all of the other Vespa.

Combined molecular dataset. Under maximum
parsimony, the combined analysis (5479 nucleotides,
15.87% missing data) resulted in a tree with
Dolichovespula in sister position to the other Vespinae.
The topology was equivalent to the tree based on
mitochondrial data, except for the relationships among
Vespula subgenera, which followed those in the tree
based on nuclear data (G tree, Fig. 2). Under
maximum likelihood, the tree showed the same
relationships among genera as those in the tree based
on nuclear data (Fig. S2).
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Morphological phylogeny. The analysis of traditional
morphological characters resulted in 17 trees. The
consensus tree (M tree) supported the monophyly of the
subfamily and of the genera. The fossil genus appeared
as sister-group to extant genera. Yellow jackets were
monophyletic, but not hornets: Palaeovespa (Vespa
(Provespa (Vespula + Dolichovespula))). Species groups
of Vespa were supported by morphology, but the
relationships among groups were different than with
molecular data, with relatively low support. Yellow
jacket subgenera Dolichovespula s.str., Vespula s.str. and
Rugovespula were supported. Relationships between

Metavespula and Boreovespula were unresolved and
Paravespula appeared paraphyletic in terms of
Rugovespula. Relationships within Provespa corre-
sponded to the molecular analyses.
The four venation characters did not influence the

resulting topology but slightly changed the support
values.

Combined analysis. Analysis of molecular data and
traditional morphological characters combined
returned a single most parsimonious tree (M+G tree;
Fig. 3). Vespinae were found monophyletic and
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Fig. 2. Best tree based on combined sequences of four nuclear genes and five mitochondrial genes analysed under parsimony (G tree). Nodes
supports are GC-values. D., Dolichovespula; Pr., Provespa; V., Vespa; Vl., Vespula.
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Palaeovespa was still sister-group to extant species.
The relationships among genera showed low support.
Provespa was sister-genus of other genera and yellow
jackets were monophyletic. The monophyly of yellow
jacket subgenera was supported, with Rugovespula
closer to Paravespula than to Vespula s.str. Most
relationships within yellow jackets and within Provespa
were supported. Within Vespa, V. basalis was still
sister-species to the other Vespa and most species
groups of the G tree (Fig. 2) presented relatively high
support values.
The inclusion of the wing venation characters influ-

enced only the position of Provespa and Vespa,

making hornets monophyletic. Nonetheless, this node
had low support, like the other relationships between
genera in previous analyses.

Wing shape variation in Vespinae

The first principal component of the wing shape
variation of the 1715 Vespinae and Polistinae wings
explained 42.96% of the total wing shape variation
(Fig. 4). This axis described the difference between
Polistes and Vespa wings, mostly a change in the pres-
tigma and radial cell lengths. Vespula and Doli-
chovespula wings had intermediate scores on this axis.

Fig. 3. Best tree of combined traditional morphological data and gene sequences analysed under parsimony (M+G tree). Supports for nodes are
GC-values. Blocks indicate whether the nodes were also present and supported in the trees based on mitochondrial and nuclear sequences anal-
ysed separately and combined, and in the consensus tree of the 17 most parsimonious trees based on traditional morphological characters. D.,
Dolichovespula; Pr., Provespa; V., Vespa; Vl., Vespula.
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Two of the four Palaeovespa wings were close to Polis-
tes on this axis, whereas the others were closer to Ve-
spula wings. Provespa wings were also close to Polistes
wings on the first axis, but readily separated from
every other wing shape on the second axis. This sec-
ond principal component explained 22.82% of the
total wing shape variation.
Linear discriminant analyses confirmed the taxo-

nomic signal of the wing shape: 99.88% of the 1715
individuals were attributed to their right genus on the
basis of their wing shape, 92.89% to their right spe-
cies. These results further confirmed that the wing
shape described by landmarks at the vein intersections
might provide additional information in the classifica-
tion of Vespinae wasps.

Landmark analysis under parsimony

Influence of parameters and alignment. Parameters of
LAUP, the use of dynamic realignment and the initial
alignment had significant effects on the tree score
obtained (Table 3). Dynamic realignment and a higher
number of cells and nested grids improved the scores,
although changes were minimal when the number of
cells was above 6 9 6 and the number of nested grids
was above one (Fig. 5). There was no significant
interaction between the effects of realignment,
parameters and the initial alignments. Topologies were
different depending on the initial alignment,
optimization parameters and dynamic realignment.
However, these factors had no significant effect on the
SPR distance between the simulation tree and the tree
obtained using LAUP (Table 4, Fig. 5). Topologies
from LAUP were never identical to the topology used
to simulate the data. The SPR distance between the
two ranged from 4 to 12 with a mean distance of 7.89.
These results suggest that, when landmark change is
modelled as Brownian motion and set to produce a
variation equivalent to the wing variation found in
Vespinae, the wing shape—described by 19 landmarks
and analysed using LAUP—may not be sufficient to
retrace accurately the evolutionary history of 20
species. Despite this homoplasy, a significant signal
was present in the landmark data: the trees obtained
through LAUP were closer to the simulation topology
than 95% of 1000 random topologies.

Orientation of the configuration. At low parameter
levels, significant differences were observed between
the results of similarly and differently orientated
configurations, suggesting an effect of the choice of
coordinate referential on the result (Table 5, all trees;
Fig. 6). Depending on the dataset, some topologies
were only obtained under a certain rotation. However,
this effect disappeared with the increase of the

Fig. 4. Two first principal components of the shape space of the
wing venation of vespine wasps. Large dots are mean shapes of each
species. Small grey dots are individual shapes. Shape variation was
depicted between species means (black) and the average shape (grey).
Percentage values describe the amount of total shape variation of
the 1715 wings explained by each axis.

Table 3
Analysis of variance of three effects on the best scores of trees obtained using different parameters. Analyses were performed on 15 simulated
datasets of 20 landmark configurations using landmark analysis under parsimony (LAUP). Dynamic realignment (Real.), whether configurations
were realigned on the topologies during the tree search; Optimization parameters (Param.), number of cells and nested grids used for the search;
Initial alignment (Init. Align.), alignment of landmarks used (original alignment from the simulation, Generalized Procrustes Alignment or Resis-
tant Fit Thêta-Rho Alignment). Df, degrees of freedom. Sum sq, sum of squares. Mean sq, mean squares

Effect Df Sum sq Mean sq F P-value

Dynamic realignment 1 0.4912 0.4912 546.637 0
Optimization parameters 4 0.6528 0.1632 181.617 0
Initial alignment 2 0.0363 0.0181 20.172 0
Real. * Param. 1 0 0 0.033 0.856
Real. * Init. Align. 1 0.0012 0.0012 1.369 0.243
Param. * Init. Align. 8 0.0032 0.0004 0.442 0.895
Real. * Param. * Init. Align. 1 0 0 0.000 0.994
Residuals 266 0.2390 0.0009 – –
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optimization parameters. Furthermore, the influence of
rotation was buffered by the selection of one best tree
out of five iterations (Table 5, best trees; Fig. 6).

Number of landmarks. The number of landmarks
had an impact on the accuracy of the resulting
topology. This result was independent of the type of

Fig. 5. Influence of the alignment and of the parameters of landmark analysis under parsimony (LAUP) on the best tree score (dark grey, left)
and on the topology accuracy (light grey, right). Grey areas represent the distributions of each test values. White dots indicate the average value.
Black bars indicate the range of values between the first and the third quartiles. Scores were centred per simulation to be comparable between
the 15 simulated datasets. Topology accuracy was defined as the subtree pruning and regrafting (SPR) distance between the result of LAUP and
the corresponding tree used for the landmark simulation. Landmark analysis settings (number of search replicates, grid accuracy, number and
size of nested grids) are described in Table 2.

Table 4
Analysis of variance of three effects on the subtree pruning and regrafting (SPR) distances from trees used for landmark simulation to the corre-
sponding result of landmark analysis under parsimony (LAUP). Analyses were performed on 15 simulated datasets of 20 landmark configura-
tions using LAUP. Dynamic realignment (Real.), whether configurations were realigned on the topologies during the tree search; Optimization
parameters (Param.), number of cells and nested grids used for the search; Initial alignment (Init. Align.), alignment of landmarks used (original
alignment from the simulation, Generalized Procrustes Alignment or Resistant Fit Thêta-Rho Alignment). Df, degrees of freedom; Sum sq, sum
of squares; Mean sq; mean squares

Effect Df Sum sq Mean sq F P-value

Dynamic realignment 1 0.4 0.3932 0.183 0.669
Optimization parameters 4 8.7 2.1833 1.018 0.398
Initial alignment 2 3.9 1.9540 0.911 0.403
Real. * Param. 1 0.5 0.5378 0.251 0.617
Real. * Init. Align. 1 0.3 0.2743 0.128 0.721
Param. * Init. Align. 8 0.6 0.0744 0.035 1.000
Real. * Param. * Init. Align. 1 0.1 0.1333 0.062 0.803
Residuals 266 570.3 2.1439 – –

Table 5
Comparison of subtree pruning and regrafting (SPR) distances between trees from the analysis of similarly or differently orientated alignment of
shape data. Data are from seven simulated datasets of 20 landmark configurations rotated 0, 30 or 60°. Each dataset was analysed 30 times for
each parameter setting, for each rotation. SPR distances were computed between the 90 trees of each dataset analysed under a given parameter
setting. Grid accuracy, number of cells of the main grid used for the first ancestral state estimation; Nested grids, number of nested grids used;
Neighbour cells, level of neighbouring cells covered by the nested grids; Tree variation, comparison of trees from all iterations; Best tree varia-
tion, comparison of the best trees per five iterations; Fixed, average SPR distance between trees from identical data; Rotated, average SPR dis-
tance between trees from similar data, but differently orientated; N significant, number of datasets presenting significant difference in SPR
distances between trees of similarly or differently orientated data (maximum: 7). The probability was based on permutation tests with 10 000 per-
mutations, and corrected using the Holm–Bonferroni method for the four tests per dataset

Grid accuracy Nested grids Neighbour cells

Tree variation Best tree variation

Fixed Rotated N significant Fixed Rotated N significant

5 9 5 0 – 2.1786 3.8330 7 1.0444 1.2024 0
5 9 5 1 2 2.1367 2.9612 6 0.8667 0.9365 0
6 9 6 2 1 1.7974 1.8307 1 0.0635 0.6984 2
8 9 8 4 2 1.9712 1.9068 0 0.1143 0.1005 0
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variance–covariance matrix used to simulate the data.
The correlation between the congruence of LAUP
trees with the simulation topology and the number of
landmarks used to describe the shapes was significant
with both the identity variance–covariance matrix
(q = –0.40 � 0.13, t = –5.3234, P = 0) and the
random variance–covariance matrix (q = –0.48 � 0.12,
t = –6.577, P = 0). Furthermore, the confidence
intervals of these two correlation coefficients largely
overlapped: the type of variance–covariance matrix
used for data simulation had no significant influence
on the effect of the number of landmarks on LAUP
results. When randomly sampling 5, 10 or 15
landmarks from the 19 Vespinae wing landmarks, the
overall distance between the landmark trees and the
M+G tree increased with the decrease of landmarks.

Landmark-based phylogeny

The phylogenetic analysis of landmarks from the
wing venation returned three genera as monophyletic.
The analysis also recovered two Dolichovespula sub-
genera (Metavespula and Boreovespula) and two Ve-
spula subgenera (Rugovespula and Vespula s.str.). Four
other pairs of species congruent with previous analyses
were found within Vespula, Dolichovespula and Vespa.
However, the LAUP tree differed from previous analy-
ses in several respects: the genus Vespula was para-
phyletic, its species spread at the base of two clades
with either Dolichovespula or Vespa. Also, Provespa
was sister-genus to the remaining Vespinae, fossil
included. Finally, most relationships within Vespa
and Provespa were different. Landmark resampling

revealed 18 nodes as not supported, 17 of them incon-
gruent with previous results. It left the genus Vespula
unresolved instead of paraphyletic (L tree; Fig. 7). The
only node congruent with previous results that col-
lapsed due to landmark resampling was the mono-
phyly of the subgenus Vespula s.str.
When the morphological data were analysed with

the landmark data (M+L tree), four nodes absent
from the M tree were congruent with the M+G analy-
sis. However, landmark data also produced six new
relationships different from the M+G tree. These
nodes where found mostly in the previously unre-
solved Vespa bicolor species group and Paravespula
subgenus.
Comparison of the M+G tree with the trees of the

different analyses revealed the L tree as the most dif-
ferent (Table 6). When morphological data were com-
bined, the M+L tree was better resolved than the M
tree, but it required three more SPR changes to match
the trees based on genetic data.

Total evidence analysis

When combined with both morphological and
molecular data, landmark data induced seven changes
compared to the M+G tree (M+G+L tree; Fig. 8).
These changes were mostly located in the previously
unsupported parts of the tree: the relationships
between Vespa clades, within the Vespa bicolor group
and within the Paravespula subgenus. Out of the five
new nodes, four were incongruent with the results of
analyses including molecular data. Three other nodes
of M+G, congruent with molecular data, collapsed
when combined with landmark data. As a general
trend, support values were lower with the exception of
the monophyly of yellow jackets, as well as of Vespa
bellicosa + (V. bicolor + V. multimaculata).

Discussion

Evolution of the Vespinae

With 50 of the 70 existing species analysed, this
study is the largest phylogenetic analysis of the extant
Vespinae at the species level to date. It is also the first
total evidence analysis of the yellow jackets combining
morphological and molecular data, and the first phylo-
genetic analysis of this group including fossils. Our
analysis recovered the monophyly of the subfamily,
supported by ten traditional morphological synapo-
morphies. The main landmark synapomorphy was a
contraction of the anterior part of the wing: reduction
of the Cu1 segment between the vein M and the cross-
vein 1cu-a, a reduction of the anal vein and increase
of the length of the first cubital segment (Cu1a)

Fig. 6. Influence of the orientation of the configurations on the vari-
ation of results of landmark analysis under parsimony (LAUP). The
variation was assessed as the average subtree pruning and regrafting
(SPR) distances between trees from a same set of aligned configura-
tions rotated 0, 30 or 60°. Black, variation between sets of configura-
tions at a different angle. Grey, variation between sets of
configurations rotated at the same angle. Circles, variation estimated
without tree selection. Squares, variation estimated on the best trees
per five iterations.
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between the second cubital segment (Cu1b) and the
crossvein 2 m-cu (Fig. 9).
Our morphological analysis revealed the fossil genus

Palaeovespa as sister-group to extant Vespinae. Palaeo-

vespa comprises most of the known Vespinae fossils
and was found across the Northern hemisphere from
between 57.9 to 33.7 Ma (Nel and Auvray, 2006).
These fossils shared derived features with the Vespinae

Fig. 7. Resampled tree from the landmark analysis under parsimony (LAUP) analysis of venation patterns (L tree). Supports for nodes are
group frequencies from landmark resampling. Blocks indicate whether the nodes were also present and supported in the most parsimonious tree
from the analysis of combined traditional morphological characters and gene sequences (M+G tree). D., Dolichovespula; Pr., Provespa; V., Vespa;
Vl., Vespula.
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—such as the sharply angled first metasomal segment
—but they also retain some ancestral features includ-
ing the mandibles without elongated cutting edges,
and the short prestigma. Concerning the morphometric
analysis, Palaeovespa appeared in an intermediate
position between Polistes and Vespula in the shape
space (Fig. 4). Wing analyses suggested that Palaeove-
spa was more closely related to other Vespinae than to
the nocturnal wasps Provespa, but this result changed
when traditional and landmark characters were anal-
ysed jointly. Extant Vespinae appeared monophyletic,
supported by five morphological synapomorphies: the
elongated prestigma, the interantennal space well
defined, the clypeus dorsum bisinuate, the apex of the
clypeus emarginate in females and the mandibles with
an elongate cutting-edge. The main landmark synapo-
morphy of this group was a slight elongation of the
second submarginal cell (Fig. 9). Surprisingly, the
synapomorphy of the elongated prestigma was not vis-
ible in the landmark results. This can be explained by
the choice of landmarks: the selected landmarks did
not measure directly the actual length of the prestigma
but a distance between the prestigma and the pteros-
tigma. In Provespa, the elongated prestigma is com-
pensated by a very short pterostigma, a synapomorphy
of this genus. Thus, landmarks selected at the vein
intersections did not capture the main wing synapo-
morphy of extant Vespinae. The length of the pres-
tigma was not directly measured because the tip of the
prestigma is ill-defined; it can have different shapes
and was fused with the pterostigma in several wings.
These features prevented the rigorous measurement of
a landmark at this location.

Matsuura and Yamane (1990) suggested Southeast
Asia as the centre of origin of vespine wasps. Their
hypothesis relied on the assumption that Vespa was
sister-group to the other genera and that the diversity
of Vespa was higher there (van der Vecht, 1957). Con-
sidering that Palaeovespa fossils are found across the
entire Northern hemisphere, we cannot confirm this
hypothesis based on our results. Also, despite the
addition of new data, the relationships between
the extant genera remained unclear and weakly sup-
ported. The monophyly of Vespa + Provespa was sug-
gested by the three genetic analyses, whereas the
monophyly of the two yellow jacket genera was found
with mitochondrial genes and morphological data sepa-
rately and combined. Depending on the analysis, every
genus could be in sister position relative to the other
extant genera. Nonetheless, trees from genetic and mor-
phological data combined suggest a Provespa (Vespa
(Vespula + Dolichovespula)) relationship in the subfam-
ily. Because Provespa and most of the species of Vespa
are restricted to Southeast Asia (Fig. 8), this region
remains a suitable hypothesis for the location of the ori-
gin of extant Vespinae, under the hypothesis that the
centre of diversity reflects the centre of origin.
Our results also suggest at least nine events of

translocation between Eurasia and North America
among yellow jackets. Some of these transitions
occurred between closely related taxa and could be rel-
atively recent, such as the one between D. maculata
(America) and D. media (Eurasia), or between Vl. vul-
garis (Eurasia) and Vl. alascensis + Vl. flavopilosa
(America) or Vl. rufa (Eurasia) and Vl. intermedia
(America) (Carpenter and Kojima, 1997). Others may
be more ancient, such as the one between the subgen-
era Vespula s.str. and Rugovespula + Paravespula:
most Vespula s.str. are from America, whereas Ru-
govespula and most basal species of Paravespula are
from Asia (Fig. 8).
Yellow jackets appeared monophyletic in all com-

bined analyses (M+G, M+L and M+G+L), with five
morphological synapomorphies (no setae on the labial
palpus, pronotal carina reduced or absent, scutal
depression present, scutal lamella absent and male gen-
italia paramere base emarginate) and one landmark
synapomorphy (elongation of the distal part of the
marginal cell; Fig. 9). Within the genera, our results
concur with the previous analyses both on morpholog-
ical (Carpenter and Perera, 2006) and molecular data
(Lopez-Osorio et al., 2014). Adding Eurasian species
to the analysis also confirmed the monophyly of yel-
low jacket subgenera described on the basis of mor-
phology (Bl€uthgen, 1938, 1943; Archer, 1982).
Within Vespa, the addition of new molecular data

revealed two main discrepancies with the previous
analyses of this genus (Archer, 1994; Perrard et al.,
2013). First, the clade of V. fervida + V. luctuosa was

Table 6
Distances between the Vespinae phylogenies based on different data.
The number of collapsed nodes was used as a measurement of the
resolution of the tree. Distances between topologies were computed
as subtree pruning and regrafting (SPR) distances with 1000 repli-
cates using TNT. All genes, sequences of five mitochondrial genes
and four nuclear genes. Morphology, 68 traditional morphological
characters. Wing, four traditional morphological characters coded
on the wing venation. Landmarks, landmark analysis under parsi-
mony (LAUP) using 19 landmarks from the wing venation

Trees
Collapsed
nodes

Morphology +
All genes

All
genes

Morphology + All genes 0 – 4
All genes 1 4 –
Mitochondrial genes 2 4 3
Nuclear genes 11 8 10
Morphology 18 6 7
Wing 46 2 2
Landmarks 0 27 24
Landmarks resampled 18 19 18
Morphology + Wing 18 6 7
Morphology + Landmarks 0 15 17
Morphology + Landmarks
resampled

13 9 10
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distantly related to the bicolor species-group, to which
they were closely related based on morphological data.
Second, genetic data placed the nocturnal hornet
V. binghami in sister position to V. crabro. On the
basis of morphology, V. binghami appeared highly
divergent from the other Vespa species and was even
considered as a separate subgenus (Nyctovespa, van
der Vecht, 1959). In the light of these new molecular

data, V. binghami’s divergent morphology is likely the
result of recent changes, perhaps related to its sup-
posed nocturnal lifestyle. According to a recent study,
V. crabro’s ability to fly under dim twilight despite low
visual resolution was due to neural pooling, absent in
other wasps (Kelber et al., 2011). The authors inter-
preted this neural pooling as a preadaptation to a noc-
turnal habit. The common ancestor of V. binghami

Fig. 8. Best tree from combined traditional morphological data, gene sequences and venation landmarks analysed under parsimony (M+G+L
tree). Supports for nodes are GC-values. Blocks indicate whether the nodes were also present and supported in the trees based on mitochondrial
and nuclear sequences analysed separately and combined, in the consensus tree of the 17 most parsimonious trees based on traditional morpho-
logical characters, in the tree from landmark analysis under parsimony (LAUP) and in the two trees from the combined analysis of morphologi-
cal and molecular data, and from the combined analysis of morphological and landmark data. Terminal symbols mention the natural
distribution of each species. *, Species that are currently present outside their natural range due to human-induced introductions. **, Vespa ori-
entalis is also naturally present in North Africa. D., Dolichovespula; Pr., Provespa; V., Vespa; Vl., Vespula.
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and V. crabro likely shared this neural preadaptation
that turned into a complete morphological adaptation
to nocturnal flight in the former species. In order to
understand the evolution of nocturnal habits in the
genus, it would be interesting to assess the existence of
neural pooling in other hornet species, starting with
Vespa dybowskii Andr�e, 1884, considered to be the sis-
ter-species of V. crabro based on morphology (Archer,
1994; Perrard et al., 2013). The molecular data also
confirmed several relationships based on morphology
such as the clade of V. mocsaryana + V. affinis, or the
presence of the Sundaic species V. multimaculata and
V. bellicosa in the bicolor group. However, despite the
new data, relationships between the main clades of
Vespa remained unresolved, with low support and
unstable across the different analyses. Nevertheless,
the relationships within Provespa matched those previ-
ously found by Saito and Kojima (2011) with good
support. Overall, the new data confirmed most of the
clades inferred on the basis of morphology. The unre-
solved relationships between genera and between the
main clades of Vespa despite the use of different data
may suggest that these events occurred during rapid
radiations.
The oldest known Vespinae dates back to the late

Palaeocene (Nel and Auvray, 2006). The subfamily
could be more ancient because a Cretaceous fossil of a
nest from Utah (USA) could be related to vespine
wasps, although with no certainty (Wenzel, 1990).

Apart from Palaeovespa, seven fossil species were
described as Vespa and one as Provespa (Carpenter
and Kojima, 1997, Zhang et al., 1994). Of the seven
species of Vespa, the five we were able to see based on
photographs or original illustrations lacked diagnostic
features of Vespa in their venation. They probably
belong to Palaeovespa or to another vespine genus.
However, the approximate drawing of the venation in
the description of the fossil Provespa nobilis could be
consistent with its identification as Provespa. Unfortu-
nately, a high-resolution photograph or more accurate
illustrations would be required to confirm this identifi-
cation, or to code morphological characters for this
species. Thus, the absence of accurately identified fos-
sils of extant genera and the position of Palaeovespa
outside the clade of the extant Vespinae prevented any
dating of the internal nodes. The age of Palaeovespa
nonetheless suggests that its extinction and the radia-
tion of the extant genera may have taken place around
the time of the Eocene–Oligocene boundary event
(34 Myr; Archibald et al., 2014). This event was char-
acterized by a dramatic cooling of the climate. One of
the characteristics of the extant Vespinae is building
nests protected by an envelope, improving the nest’s
thermoregulation (Jones and Oldroyd, 2006; Martin,
2008). Unfortunately, this nest feature was not pre-
served in the only Cretaceous nest fossil (Wenzel,
1990). Also, no information has been found so far
about Palaeovespa’s nests, which may or may not have

Fig. 9. Landmark synapomorphies of the main clades of Vespinae. For each landmark configuration, grey points mark the landmark locations,
grey bars represent the veins and black bars indicate main landmark displacements from the ancestral shape of the direct parent node to the
illustrated shape.
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had this envelope. The cooling event is likely to have
had a lower impact on the extant Vespinae lineage, the
only group of social wasps from the Holarctic Region
to build nests with envelopes (Wenzel, 1998). As they
were likely affected less than other social wasps by
cooling climate episodes, they may have survived and
rapidly radiated through the ice age intermissions
across the Northern hemisphere.

Wing landmarks as a phylogenetic character

As expected, the coding of venation characters using
a combination of traditional characters and landmark
data resulted in strikingly different trees. If analysed
independently, the four traditional characters of the
wing venation barely supported the clades of Vespinae,
of the extant Vespinae, a clade excluding Palaeovespa
and Vespula, and the monophyly of Vespa and of Pro-
vespa (Fig. S3). The monophyly of Vespula was not
supported and Dolichovespula was paraphyletic. When
combined with other characters, these wing data had a
consistency index of 0.6. The four characters did not
affect the topology of the trees when analysed com-
bined with other data, except for the position of Pro-
vespa as sister-genus to Vespa in the M+G analysis.
On the one hand, the quantification of wing shape
using landmarks at the vein intersections provided
more information: its analysis supported the mono-
phyly of three genera as well as several species-groups
within these genera, including four of the six subgen-
era of yellow jackets (Fig. 7). On the other hand, it
did not capture all the information contained in the
wing, such as the length of the prestigma. In addition,
53% of the supported nodes were not congruent with
the combined analysis of traditional morphological
characters and molecular data, suggesting homoplasy
of the landmark characters. Such homoplasy of wing
venation characters is not entirely surprising, as it was
previously found in several groups (e.g. Pilgrim and
Von Dohlen, 2008; Blanke et al., 2013).
The quantification of wing venation pattern alone

was thus insufficient to reliably infer relationships
among insect taxa in our case, even with morphomet-
ric methods. This is in agreement with the results of
Klingenberg and Gidaszewski (2010). This result is
particularly important for groups in which few other
data are available, such as fossil insects. In our analy-
sis, the landmark data placed the fossil in a different
position than characters from other structures, coded
from better-preserved specimens. This position was
somewhat surprising considering that Palaeovespa
wing shapes appeared intermediate between Polistes
and yellow jackets in the shape space (Fig. 4). Tradi-
tional wing characters also supported a position of the
fossil congruent with the other characters. The incon-
gruent position of Palaeovespa using LAUP may not

be induced only by the fossil data, but also by the high
morphological divergence of the wings of an extant
taxon, Provespa. This venation divergence may be
related to morphological adaptations to its nocturnal
habits (Perrard et al., 2014). The wing is a functional
unit and its venation has a functional importance (e.g.
Mountcastle and Combes, 2013). It is therefore likely
integrated with the rest of the morphology and thus
indirectly influenced by morphological divergences or
adaptations, causing homoplasy. This homoplasy was
avoided when coding wing characters as discrete
because wing synapomorphies of extant Vespinae were
still distinguishable, even if deformed by the strong
divergence of Provespa. The wing venation is of major
importance for identifying fossils (Nel et al., 2012),
and geometric morphometrics can improve the resolu-
tion of these identifications (De Meulemeester et al.,
2012; Dehon et al., 2014). It may thus be tempting to
use landmark data to place a fossil in a phylogenetic
context; however, in the light of our results, using only
these data may be ill-advised.
Nevertheless, wing data could improve a phylogeny

even if they contain homoplasy. In a cladistic analysis,
the homology of a character is defined a priori as a
hypothesis—the primary homology—that is tested
against other data (Nixon and Carpenter, 2012). When
analysed with other data, the homoplasy of the wing
landmarks could be buffered by the information of
other data whereas its additional information may
help to improve the resolution of the tree on ambigu-
ous nodes. In our analysis, the landmark configuration
was coded as a single character, but this character had
an influence on the results even in the face of 68 mor-
phological characters or 5479 genetic base positions.
In the combined analysis of morphological and land-
mark characters, several changes occurred compared
to the M tree. Most of these changes were located at
the unresolved or poorly supported nodes of the M
tree, for which landmark data provided additional
information. Considering that the M+G tree was
already entirely resolved and was based on 5547 char-
acters, the addition of a single character could have
been expected to be negligible. However, landmark
data affected eight nodes with low support in the
M+G topology. The influence of adding landmark
data in a total evidence analysis was thus nontrivial.
Whether these changes were in the right direction is

a different question. In our case, the congruence of
wing landmarks with other data existed, but was
incomplete. In the M+L analysis, the resulting tree was
better resolved than the M tree. Adding landmarks
helped to collapse a relationship among genera that
was incongruent with combined analyses. It also sup-
ported the monophyly of several closely related species
that other morphological data did not distinguish.
However, only four of the ten new clades of M+L tree
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were congruent with trees based on datasets including
genetic data. In addition, the species-group tropica,
found with low support in most analyses, became
paraphyletic. In the total evidence analysis (M+G+L,
Fig. 8), most changes affected nodes that were poorly
supported, but previously found in independent analy-
ses. These nodes collapsed or became linked to land-
mark analyses only. This last result could be linked to
an over-resolution of the tree based on minimal, irrele-
vant landmark variation due to the continuous nature
of the data (Bardin et al., 2014). In summary, wing
landmarks may adduce more information than tradi-
tional morphological characters, but not always the
most relevant information. However, these discrepan-
cies between analyses are insufficient to disregard wing
landmarks as potential phylogenetic characters: in our
case, even the molecular datasets were not entirely
congruent with combined analyses (Table 6). For
example, nuclear data and M+L analyses resulted in
trees approximately as resolved as, and as congruent
with, the other combined analyses. In addition, the
total evidence analysis, coupled with the independent
analyses of each dataset, provided an integrated pic-
ture that is useful to understand the evolution of the
group and of the characters.

Landmark analysis under parsimony

Our analyses of empirical and simulated landmark
data provided new insights about the use of landmark
data in phylogenies.
First, under a Brownian motion model of the land-

mark evolution, LAUP produced trees different from
the topology used for data simulation. This result,
found with every simulated dataset, is nonetheless
restricted to the simulation settings tested in this study,
mostly based on our empirical data on wasp wings.
The Brownian motion model was considered here as
the neutral hypothesis of phenotype evolution: the
shapes randomly evolved according to a determined
covariance structure based on observed data. In nat-
ure, though, the evolution of the shape is more likely
to be influenced by external factors constraining phe-
notype evolution than pure drift (Blomberg et al.,
2003). In this context, the Brownian motion model
could even be considered as optimistic. These analyses
thus corroborate previous results that a single land-
mark configuration is unlikely to provide a reliable
phylogeny. Landmark characters should thus be com-
bined with other characters, either from other data or
landmarks from other morphological structures (Cata-
lano et al., 2015).
Second, there may be inherent homoplasy in LAUP

results due to an effect of over-resolution of the trees.
In its current implementation, LAUP produces a single
tree (or a determined number of trees, depending on

the number of iterations). The continuous nature of
the landmarks and the score computation makes it
unlikely that the algorithm will reach equivalent scores
with different topologies, so only the best topology is
selected. This process may lead to nodes supported by
minimal variation unlikely to reflect actual relation-
ships between taxa (Bardin et al., 2014). One of the
solutions to such problems may be to use resampling
methods (Catalano et al., 2015). In our analyses of
empirical data, most of the nodes that collapsed dur-
ing the resampling were incongruent with the results
based on other data. The estimation of node support
thus helped to detect these overestimated nodes and to
interpret them as not reflecting the relationships
among taxa.
One of the main concerns with using landmark coor-

dinates to produce phylogenetic characters is that
coordinates are inherently linked to a referential sys-
tem. Phylogenetic analyses are based on Manhattan
distances, thus presumably affected by the choice of
the referential system—an unwanted property when
analysing shapes (Rohlf, 1998). However, Catalano
et al. (2010) asserted that their method of spatial opti-
mization was invariant to these rotations. Our data
did not entirely support this statement: a rotation of
the alignment by 30 or 60° may have an impact on the
results of LAUP. This influence diminished and even-
tually disappeared with the increase of grid accuracy
and of iteration number. It was also different depend-
ing on the dataset analysed. In theory, the LAUP
method should be independent of the coordinate sys-
tem (Catalano et al., 2010). In practice, when working
at low parameter values, the use of finite grids based
on the coordinate axes for the ancestral landmark
reconstruction made LAUP sensitive to the orientation
of the shapes alignment. This could be a serious prob-
lem in the context of shape analysis. However, this
phenomenon is not related to the Manhattan metric of
phylogenetic searches, but to the discrete nature of the
grids used for the heuristic. It is also unlikely to occur
for the main changes well supported by landmark data
that are spread over several cells. Furthermore, the
influence of rotation on the result was limited: varia-
tion in topologies due to shape rotation was of same
order as the variation due to the heuristic nature of
the tree search, with shape not rotated. Improving the
accuracy of the grid enabled solving this problem of
orientation (Fig. 6). Selection of the best tree out of
several iterations of tree searches also helped, albeit
not completely. LAUP users should thus be careful in
interpreting their results at low parameter values, espe-
cially when using no replicate searches. The estimation
of node support may be another way to avoid the
result being influenced by the shape orientation.
Because the differences induced by the orientation
should affect weakly supported landmark variation,

A. Perrard et al. / Cladistics 0 (2015) 1–20 17



impacted nodes would likely collapse during resam-
pling. Finally, these results suggest that replicate
searches with rotation of the heuristic grid could be
used to improve the tree score at low computational
cost. Future studies should focus on a more formal
test of these last hypotheses.
The number of landmarks analysed also had an

impact on the accuracy of the inferences. More land-
marks tended to produce better inferences. However,
this trend was not absolute, neither in simulated data,
nor with empirical analyses; some of the wing analyses
based on 10 or 15 landmarks produced a tree closer to
the M+G tree than the L tree based on 19 landmarks.
No real trend was found in the subsamples of land-
marks providing better inferences, except for the
absence of the landmark at the intersection of Cu1
vein and 1cu-a crossvein. Some landmarks may thus
negatively affect the analysis, emphasizing the impor-
tance of landmark selection prior to the analysis. This
trend is thus not a justification for an artificial increase
of the number of landmarks to describe shapes.
Finally, we showed that the accuracy of LAUP

parameters has an influence on the resulting topology.
Considering that the topology was also impacted by
the alignment method, the dynamic superimposition is
a prerequisite to obtaining the best tree possible, as
this is the alignment consistent with the LAUP frame-
work. However, both the increase of LAUP parame-
ters and the dynamic realignment greatly increase
computational time (Catalano and Goloboff, 2012). In
our case, when treating more than 50 taxa with
dynamic alignment, the computational requirements
proved to be a practical limit to the method applica-
tion. Fortunately, one might expect these drawbacks
to be ameliorated over time.
In conclusion, although LAUP lies outside the para-

digm of geometric morphometrics, this method pro-
vides a way to use landmark data in a cladistic
context. The current implementation of the method
likely produces over-resolved trees, emphasizing the
necessity of resampling methods to collapse overesti-
mated nodes. Our data also suggested that LAUP
should be run preferably with grids of more than
6 9 6 cells, two nested grids and several iterations, in
order to avoid biases related to the orientation of the
shapes. Our results show that wing shape is not
entirely reliable as a phylogenetic character but can
provide insights in poorly resolved clades by enhancing
signals from other data. Using landmark data, tradi-
tional morphological characters and nine genes, we
produced the first total-evidence phylogeny of the ves-
pine wasps. Our results confirmed the monophyly of
most groups described on the basis of morphological
characters, and showed the fossil Palaeovespa as sister
to the extant Vespinae wasps. The difficulty of infer-
ring relationships among the main clades suggests

rapid evolutionary radiations in the early ages of the
Vespinae, potentially linked to climate cooling at the
Eocene–Oligocene boundary.
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Additional Supporting Information may be found in
the online version of this article:
Fig. S1. Influence of the speciation rate on the final

shape variation of simulated data. The final shape
variation was estimated by the average Procrustes dis-
tance between the 55 shapes of each simulation. The
variation at each speciation rate was estimated by 50
simulations. Empirical shape variation indicates the
average shape distance between wing shapes of the 55
species of social wasps. Circles indicate outliers.
Fig. S2. Maximum-likelihood tree based on parti-

tioned analysis of combined sequences of four nuclear
genes and five mitochondrial genes. Supports for nodes
are bootstrap values. D., Dolichovespula; Pr., Provespa;
V., Vespa; Vl., Vespula.
Fig. S3. Resampled tree from the analysis of the

four wing venation characters under parsimony. Sup-
ports for nodes are GC-values.
Table S1. Primer sequences.
Table S2. Amplification cycles used for the sequenc-

ing of the nine genes.
Table S3. Table of the 72 traditional morphological

characters. Characters and their states are listed at the
end of the table. Missing data are denoted by “?”.
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