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The progression rule principle is based on the relation between centers of
origin and basal forms, and the prediction that recently colonized areas are
where novelties commonly occur. Using this concept as the null hypothe-
sis, the aim of the present study was to test whether intuitive predictions
of this model are confirmed in the Neotropical paper wasps, a group fairly
studied through phylogenetic frameworks. The analyses consisted of a
careful review of the distribution of different wasps of the subfamily
Polistinae with available phylogenies and the association of this informa-
tion with colonization routes. This procedure allowed the determination of
a two-step colonization process in the Neotropical region based on the
progression rule principle, for which the round-trip hypothesis is pro-
posed. The first route (east to west) is seen in a small group of Polistes.
This route is rare but strengthens the arising of paper wasps in the
Americas in a Gondwanan scenario. The second route (west to east) is
remarkably repeated in several other lineages. Thus, the northwestern
Neotropics, mainly Amazon Forest, is proposed as the major center of
origins for living Neotropical Polistinae and the round-trip hypothesis
may explain both earlier and later colonization routes of the paper wasps
analyzed.

Introduction

“Within a continuous range of different species of a mono-
phyletic group, the transformation series of characters run
parallel with their progression in space”—Hennig’s (1966)
progression rule principle, as seen in Morrone & Crisci
(1995). This notion assumes that more geographically
displaced taxa in a lineage should exhibit more derived char-
acters, while those that remained nearer to the center of the
origin should exhibit basal traits.

At first glance, this concept may sound simplistic
due the natural idiosyncrasy of each taxon in the face
of environmental, ecological, and genetic constraints.

Centers of origin may be those in which apomorphic
traits are seen today as well and both explanations
may be true for different taxa. The substitution of a
certain form for another depends on how lineages
were formed, dispersed, and interacted with biotic
and abiotic environments (Brown & Lomolino 1998).
The progression rules, however, may be seen as a null
hypothesis for predictions on the distribution of clades
due to the inherent reasonability and possibility of
testing it through integrative phylogenetic and distribu-
tion models. Despite the controversy surrounding con-
cepts of center of origins and ancestral areas (Posadas
et al 2006), basing on the procedure of associating
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distribution and phylogeny, the reported phylogenetic
predictability registered for insular species (Rundell
et al 2004, Gillespie 2005, Parent et al 2008,
Rubinoff 2008) could also be tested and possibly con-
firmed for mainland taxa.

In this study, paper wasps (Hymenoptera: Polistinae)
were used to test whether the progression rule predic-
tions satisfactorily explain colonization routes in the
Neotropics. These interesting social insects have well-
established phylogenies of both high and low taxonom-
ic levels. Moreover, the distribution of the four tribes
(Polistini, Mischocyttarini, Ropalidiini, and Epiponini) is
mostly tropical, but biogeographic patterns within the
Neotropical region are not well known. Two distinct
hypotheses have been raised in biogeographical discus-
sions throughout the last century, i.e., the Beringian
and Gondwanan hypotheses (reviewed by Carvalho et al
2015), and the understanding of large-scale distribution
patterns regarding these wasps remains uncertain due
the few attempts at explaining such patterns. However,
fossil records, phylogenetics, and divergence times of-
fer evidence that strengthens the intuitive assumption
that polistines early colonized the Americas coming
from east (see Carvalho et al 2015). Distribution data
and high levels of endemism in the northwestern
Neotropics, however, generate a dilemma because this
area, especially the Amazon region, is apparently the
center of origin of several living lineages and not the
eastern coast of South America.

The aim of the present study was to test the fol-
lowing prediction, named as round-trip hypothesis: if
Polistinae reached the Neotropics by east in a
Gondwanan scenario, basal lineages should then be
present in east and the more derived groups in west,
following the predictions of the progression rule prin-
ciple. However, most of the basal lineages of the sub-
family are restricted to northwestern Neotropics, espe-
cially in Amazon Forest. Such groups likely followed a
second and more recent colonization wave from west
to east.

To test such a hypothesis, we reviewed the distribu-
tion of 104 Neotropical species belonging to eight gen-
era of Polistinae with available phylogenetic relation-
ships. Phylogenetic and distribution data were used to
propose colonization routes based on the progression
rule principle (Hennig 1966). We defend that early col-
onization of the Americas by paper wasps occurred in
a Gondwanan scenario (as proposed by Carpenter 1981,
1993, 1996 and reviewed by Carvalho et al 2015) and
that the Neotropical biogeography of Polistinae may be
explained in broad terms by a two-step colonization
process, as suggested by the proposed round-trip
hypothesis.

Material and Methods

Phylogenetic and distribution data (Table S1) on 104 species
belonging to Polistes Latreille, Mischocyttarus de Saussure,
and six genera of Epiponini were analyzed. For such, a review
was performed of the positioning of these species in recent
phylogenies and compared to distribution data found in
Richards (1978) as well as data from surveying studies. We
evaluated the occurrence of each species in the four regions
basing on surveying studies, which were previously arranged
in a table that served as database to build the Table S1. This
database can be provided by the authors upon request. The
information was then used to infer colonization routes (Fig 1)
according to the occurrence of each clade in themain biomes
of the Americas and contiguous phytophysiognomies (Fig 2).
Determination on which clades are basal, intermediate, or
derived follows Fig 1.

The predicted colonization routes for Polistinae in the
Neotropics were tested through integrated analyses of phy-
logeny and the distribution of basal, intermediate, and de-
rived groups within Polistes [phylogenies seen in Pickett et al
(2006) and Santos et al (2014)], Mischocyttarus (Silveira
2008), Angiopolybia Araujo (Andena et al 2007a),
Pseudopolybia de Saussure (Andena et al 2007b),
Chartergellus Bequaert (Andena 2007), Synoeca de
Saussure (Andena et al 2009a, Menezes et al 2015),
Epipona Latreille (Andena et al 2009b), and Apoica
Lepeletier (Pickett & Wenzel 2007).

More d iverse genera such as Po l i s tes and
Mischocyttarus are divided into several subgenera,
and the phylogenies of such groups follow this classifi-
cation. Moreover, many subgenera have more than
one monophyletic clade (e.g., Aphanilopterus). Thus,
the analyses were conducted for each subgenus and/
or lineage with well-resolved, non-polytomic, lineages
that allow associating phylogeny with a spatial
progression.

Relationships within Charterginus Fox (phylogeny
seen in Andena et al 2009c) were not evaluated due
the exclusivity of this genus to the Amazon Forest.
Relationships within Polybia Lepeletier were also not
evaluated, because Carpenter et al (2000) analyzed
phylogenetic relationships among subgenera and spe-
cies relationships are not completely resolved.
Relationships within Brachygastra Perty (Andena &
Carpenter 2012) did not demonstrate associations with
the progression rule principle. Although Pickett &
Carpenter (2010) cover significantly the within-genus
relationships discussed herein, we opted to use infor-
mation mostly from single taxon studies (e.g., Pickett
et al 2006, Andena et al 2007a, Silveira 2008), be-
cause of the amount of incongruences seen in the
former work in relation to the others, such as the
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positioning of Polistini as derived in relation to
Ropalidiini and Mischocyttarini as a sister group of
Epiponini. We decided not to reconstruct the phyloge-
nies and limited the discussion to previously published
results.

Results

Evaluating the distribution of several species of the three
Neotropical Polistinae tribes studied here, we found multiple
progression waves from northwestern Neotropics toward

Fig 1 Schematic example showing how associations between phylogenetics and distribution datawere used to infer expansion of distribution range of
a given lineage in the Neotropical forests. In this example, the taxon A is basal, B and C are intermediate, and the others are derived. This example
refers to the “west to east” route, in which basal taxa are in Amazon while derived taxa occupy only Atlantic Forest or they are widespread. This is the
more common pattern. The inverse pattern (i.e., Atlantic species in the basal positioning) is omitted from the scheme. Widespread distribution refers
to the occurrence in the Amazon and other biomes (including dry forests, such as savannah and/or caatinga).

Fig 2 Major regions considered in this study based on the distribution of taxa in the main biomes of the Americas and contiguous
phytophysiognomies. North and Central America (NCA): mostly composed of desert and xeric scrublands (north) and tropical and subtropical
rainforests (south); Northwestern Neotropics (NN): mostly rainforests; Central Neotropics (CN): composed by tropical savannas, grasslands, dry
forests, scrublands, and flooded grasslands (i.e., Pantanal); Southern + Eastern Neotropics (S+E): composed mostly of temperate grasslands and
woodlands (south) and rainforests and montane forests (east).
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east and a reverse pattern exclusive to a small group of genus
Polistes. Such comparisons are shown below.

Polistini

Polistes. Phylogenetic studies with Polistes establish the basal
positioning of Old World subgenera (Carpenter 1996, Zhu
et al 2000, Arévalo et al 2004, Pickett & Wenzel 2004,
Pickett et al 2006, Santos et al 2014), but have not entirely
resolved the relationships among derived New World
groups. Pickett et al (2006) carried out a meta-analysis using
both previously available and new data to propose a robust
phylogeny for this group. The study set Polistes sensu stricto
as the sister group of the New World subgenera, which are
arranged into five subgenera disposed in three main clades
(Aphanilopterus+ ((Palisotius+ Epicnemius) + (Onerarius+
Fuscopolistes))).

In the subgenus Aphanilopterus, three clades are separat-
ed and exhibit two phylogeny-distribution patterns. The
group that apparently tracked the colonization route from
eastern South America toward the Amazon, Central America,
and North America is represented by a clade in which Polistes
simillimus Zikán (eastern Brasil to Argentina) is determined as
basal (Table S1). This species is basal in the phylogeny pro-
posed by Santos et al (2014) as well. Also, in this clade,
Polistes crinitus (Felton) (three subspecies) belongs to a
Caribbean group, whereas Polistes exclamans Vierek (seven
subspecies) and Polistes instabilis de Saussure are found
from Costa Rica to the USA. The latter species compose de-
rived lineages (Pickett et al 2006, Santos et al 2014). The
phylogeny-distribution relationships of this clade reveal a
progression rule that supports a route from east to west
(Fig 3a), but this route is apparently very rare, as we only
found it in this lineage.

The relationships of a second clade reveal spatial
progression from North America toward eastern South
America (Fig 3b). This route is supported by the exclu-
sivity of the basal species Polistes goeldii Ducke,
Polistes apicalis de Saussure, Polistes annularis
(Linnaeus), and Polistes commanchus de Saussure in
the northwestern Neotropics and Nearctic Region and
the distribution of the more derived species Polistes
canadensis (Linnaeus) and Polistes lanio (Fabricius)
from the Nearctic region to eastern Brasil as well as
the exclusivity of Polistes cavapyta de Saussure in
southern South America (see phylogenetic relationships
in Pickett et al 2006, Santos et al 2014).

The clade composed by the subgenera Palisotius and
Epicnemius contains mostly widespread species that are
not very informative from the perspective of the pro-
gression rule principle. Onerarius and Fuscopolistes are
composed mainly of species from North and Central
America (NCA).

Mischocyttarini

Mischocyttarus. Silveira (2008) divided Mischocyttarus into
11 subgenera. This phylogeny set a basal node that separates
the genus into two major clades: the Clypeopolybia and
Mischocyttarus sensu stricto branch and a second branch
joining the remaining groups. Clypeopolybia exhibits
polytomies and is not very informative.Mischocyttarus sensu
stricto, however, contains Mischocyttarus acunai Alayo
(NCA), the northwestern speciesMischocyttarus tomentosus
Zikán and Mischocyttarus smithii (de Saussure), and the de-
rived Mischocyttarus drewseni de Saussure that is wide-
spread (see Table S1).

The second major branch has the subgenus
Monogynoecus as the most basal. A review of the distribu-
tion of species included in this subgenus reveals that eight of
the ten species are restricted to the northwestern
Neotropics. However, there is no progression of species re-
lationships in the phylogeny to allow the proposal of ances-
tral or more recent areas for this lineage. In contrast,
phylogeny-distribution inferences are evident in this branch
for the subgenera Kappa andOmega. All basal species includ-
ed in the phylogeny of both subgenera are those from the
northwestern and/or central Neotropics, whereas the more
derived species Mischocyttarus (Kappa) funerulus Zikán and
Mischocyttarus (Omega) buyssoni (Ducke) are only found in
the eastern Neotropics and discretely in central Brasil.

Epiponini

Angiopolybia. The phylogenetics of the mostly Amazonian
genus Angiopolybia (Andena et al 2007a) separates the
four species into two clades: [Angiopolybia obidensis
(Ducke) + Angiopo lyb ia paraens i s (Sp ino la ) ] +
[Angiopolybia pallens (Lepeletier) + Angiopolybia zischkai
Richards]. Angiopolybia pallens has the broadest distribu-
tion, which ranges from Panama to eastern South
America. This species has disjunct distribution between
Amazonia and Atlantic Forest, and Carvalho et al (2014)
and Carvalho (2014) proposed western lineages as basal
in relation to the Atlantic populations. The other three
species are exclusive to the northwestern Neotropics.

Pseudopolybia. Andena et al (2007b) presented phylogenetic
relationships among the four species of Pseudopolybia. This
genus is distributed in the Amazon region, central Brasil, and
the Atlantic Forest. Pseudopolybia langi Bequaert and
Pseudopolybia difficilis (Ducke) are endemic to the north-
western Neotropics, while Pseudopolybia vespiceps (de
Saussure) and Pseudopolybia compressa (de Saussure) are
the only species that occur in eastern South America. The
latter two species are more derived (Andena et al 2007b).
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Chartergellus. This small genus occurs from Costa Rica to
southern Brasil. Andena (2007) presented phylogenetic rela-
tionships among the eight species of this genus and the re-
sults point to Chartergellus zonatus Spinola + (Chartergellus
nigerrimus Richards + Chartergellus sanctus Richards) as the
more derived clade. Chartergellus zonatus occurs in both the
Amazon and Atlantic Forests and C. sanctus is endemic to the
eastern portion of South America (state of Espírito Santo,
Brasil). Chartergellus communis Richards and Chartergellus
atectus Richards also occur discretely in central Brasil and
NCA, respectively. All other species are restricted to the
northwestern Neotropics.

Synoeca. The genus Synoeca is composed of six species.
Synoeca virginea (Fabricius) and Synoeca chalibea de
Saussure are restricted to the northwestern rainforests.
Synoeca septentrionalis Richards shows a disjunct distribu-
tion in the northwestern and eastern rainforests (Menezes
et al 2011); however, populations from eastern rainforests
are a potential new species (Menezes et al 2015). Synoeca
surinama (Linnaeus) is easily found in Amazon and Atlantic
Forests and in the Brazilian savannah, mostly associated with
gallery forests. Synoeca cyanea (Fabricius), in turn, is endem-
ic to the eastern portion of South America.

The genus is focus of recent discussions concerning phy-
logenetic relationships and taxonomic characters (Andena
et al 2009a, Cely & Sarmiento 2011, Carpenter et al 2013).
Moreover, Menezes et al (2015) using molecular data
showed a new hypothesis regarding the phylogenetic rela-
tionships within the genus and proposed an Amazonian ori-
gin and three main dispersal events for the group. According
to this study, the genus is divided into two clades as follows:
((S. chalibea + S. virginea) + (S. cyanea + (S. surinama +

S. septentrionalis))). Two colonization routes are recorded
from Amazon to Atlantic Forest by S. cyanea and
S. surinama, indicating an early occupation of northwestern
Neotropics. The remarkable intraspecific variation of the
group observed by Cely & Sarmiento (2011), Menezes et al
(2011, 2015), and Carvalho (2014) shows the importance of
population studies with the genus.

Epipona. Andena et al (2009b) determined phylogenetic re-
lationships for the genus Epipona. The five species of this
genus are mostly Amazonian. However, Epipona tatua
(Cuvier) is also found in the Brazilian states of Bahia,
Espírito Santo, and São Paulo and Epipona media Cooper
has been sampled in the rainforests of Bahia (Menezes et al
2010); these two species are closely related (Andena et al
2009b). Epipona niger Brèthes, Epipona guerini (de
Saussure), and Epipona quadrituberculata (Gribodo) are en-
demic to the northwestern Neotropics.

Apoica. This genus has broad distribution in the Neotropics.
It is composed of ten species, and the only phylogenetic
study on this genus (Pickett & Wenzel 2007) did not resolve
entirely the relationships among the species. However,
Apoica (Deuterapoica) arborea de Saussure is stated as the
most basal species and only occurs in the northwestern
Neotropics and central Brasil. Four of the other nine species
have wide distribution and are found both in dry (savannah
and caatinga) and humid forests (Amazon and Atlantic for-
ests) of South America. Apoica pallens (Fabricius) and Apoica
thoracica du Buysson have the broadest occurrence in the
Atlantic Forest.

Because we assume that Polistinae colonized the
Americas in a Gondwanan scenario (Carpenter 1993,

Fig 3 Colonization routes of Polistinae in NewWorld as predicted by the round-trip hypothesis. a Early colonization “east to west” route, predicted as
a route used by ancestral and basal groups (e.g., Polistes); b late colonization “west to east” routes: 1, generalists and dry-adapted species; 2,
rainforest-dependent species: colonization occurred through former connections between Amazon and Atlantic forests; this route might explain
the current disjunct patterns seen in Angiopolybia pallens, for example. Shadowed areas roughly correspond to tropical, rainforests in b, forests.
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1996, Carvalho et al 2015), we present below more
evidence that supports the assumptions raised by the
round-trip hypothesis.

Discussion

Reaching the Neotropics

Carpenter (1996) indicated the present-day Indian Ocean
(Indomalayan region) as the best candidate for the emer-
gence of paper wasps (center of origin for Polistes). Two
alternative views may be drawn regarding the coloniza-
tion of the Neotropics considering the location of this
region in Asia since the Early Eocene (~50 million years
ago Rowley 1996) and the contiguous Gondwanan loca-
tion of India and Africa. Thus, polistine expansion to the
New World may have either fol lowed route 1 –

Indomalayan region → Eastern Asia → Beringia → New
World (Fig 4a) or route 2 – Indomalayan region → Africa
→ New World (Fig 4b).

Richards (1971) advocated the route 1 and stated that this
route was performed twice: firstly by an ancestral polistine
and secondly by Polistes. This would imply late colonization
of the Americas in the mid Tertiary, as Richards (1978) sug-
gested and, intuitively, the emergence of paper wasps in
South America via the Isthmus of Panama. This route was
accepted for a long time (Richards 1971, 1978, Reeve 1991) as
themore plausible in explaining colonization of the Neotropics
due the suggested origins of Vespidae in the Late Cretaceous
and social wasps in the Tertiary [see comments in Carpenter
(1996)], but the data are not sustained empirically.

On the other hand, the route 2 proposes that the
colonization process did not track over the Nearctic
region to reach the Neotropics. This route is associated
with an earlier origin of Polistinae and a vicariant event
that disrupted the South American/African biota during

a late stage of the Gondwana breakup (Carpenter
1993). This route is supported by findings on an
American fossil vespid from the Upper Cretaceous
(Brown 1941, Wenzel 1990) as well as component anal-
yses carried out by Carpenter (1993, 1996), phylogenet-
ic inferences (Carpenter 1991, Wenzel & Carpenter
1994) and supposed divergence times concerning the
origins of Polistinae (Ezenwa et al 1998) as defended
by Carvalho et al (2015). According to Santos et al
(2014), transoceanic dispersal of Polistes from
Southeast Asia to South America is also likely, but
the authors propose that “further analyses with
African species could lead to Africa as the ancestral
area for Polistes sensu stricto clade,” the sister group
of the New World Polistinae.

The route 2 also suggests early colonization of
southern and eastern South America and late coloniza-
tion of Central and North America. However, there are
no empirical assessments to validate these intuitive ob-
servations. To validate such a hypothesis (i.e., the aris-
ing of Polistinae in South American eastern coast), one
may argue that the diversity and high level of ende-
mism found in the Amazon Forest (Richards 1978) indi-
cates a contrary pattern. Moreover, the Amazon is the
probable center of origin of most paper wasps (e.g.,
Carvalho et al 2014, Menezes et al 2015). The round-
trip hypothesis is a proposal to explain such a dilemma
by proposing an earlier colonization route from east to
west in the Americas.

As the comparisons show, the predictions might ex-
plain the large-scale distribution patterns of these
wasps by two routes, an earlier from east to west
and a later and more common for living genera from
west to east. This hypothesis may be subsequently
tested by the use of other lines of evidence such as
phylogeny and phylogeography, as well as by studying
other clades.

Fig 4 The arising of Polistinae in the Neotropics explained by current biogeographical hypotheses. a Beringian hypothesis; 1 and 2 refer to two
Polistinae lineages that have independently reached the Neotropics. bGondwanan hypothesis. Shadowed areas refer to the probable centers of origin
of Polistinae in the Indomalayan region (see text for references).
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Biogeographical implications of the round-trip hypothesis

Biogeographic inferences using phylogenetic relationships
have not yet been made for most of the groups analyzed in
this study. We reviewed the distribution of each species with
available phylogenetic relationships and found that the basal
positioning of exclusively Amazonian species figures as a con-
stant topology in the phylogenies. Atlantic Forest species are
commonly more derived, which indicates recent colonization
of eastern South America (Fig 3b). However, a different and
rare progression rule was found in the basal genus Polistes
(Fig 3a), which indicates the opposite, maybe earlier, direc-
tion of colonization. The analyses of the distribution of sev-
eral species strengthened the round-trip hypothesis.

We are inclined to believe that current diversity was prob-
ably achieved during Cenozoic (Tertiary and Quaternary)
landscape changes, mainly due to climatic-vegetational
changes, as defended by Richards (1978), and that environ-
mental conditions during glacial and interglacial periods se-
lected different and efficient adaptive strategies for the es-
tablishment of most paper wasps in the Neotropics. The
Amazon and Atlantic forests may have sheltered many
forest-dwelling species during dry periods that scattered in
wet periods and occupied their recent distribution areas. On
the other hand, adaptations to live in both drier and colder
conditions (e.g., related to thermoregulation and nest build-
ing) likely were established and guided speciation in dry for-
ests as well as changes in river courses and micro-tectonic
events might have interfered in the current distribution of
species (see Carvalho et al 2015).

Disjunct distributions between the Amazon and
Atlantic forests are commonly recorded for some
polistines (Menezes et al 2010, 2011, 2015, Carvalho
et al 2014) and indicate that expansion through
rainforest corridors was used as routes by forest-
dwelling species before long-term glacial events (Fig 3b)
(see Batalha-Filho et al 2013). Generalists and dry-
adapted lineages, in turn, may have undergone several
speciation events in the Amazon region and had their
distribution ranges enhanced since the Middle Tertiary
at least, reaching the Brazilian savannah and caatinga,
for example.

Our inferences on the colonization of the Neotropics by
paper wasps through a two-step colonization process are
based on distribution data combined with morphological
andmolecular phylogenetics. Further analysesmay obviously
be undertaken to test these assumptions, and we encourage
such evaluations, especially based on phylogeographical ap-
proaches. These oncoming analyses will permit a more clear
understanding on the spatial relationships of basal and de-
rived lineages of taxa of interest such as Polistes
(Aphanilopterus) that putatively performed the route from
east to west and clades appointed in the route west to east.

In summary, the round-trip hypothesis states that each
monophyletic clade (be it genus, subgenus or group within
a subgenus) of Neotropical paper wasp has its own progres-
sion rule, with an early colonization wave from eastern South
America toward the west and multiple waves from the
Amazon Forest toward the east.

This hypothesis provides some possible tracks to infer the
origin of Polistinae in the Neotropics and at first this only
proves how the Polistinae occupied the Neotropical region,
mainly from “west to east” with some exception in Polistes.
The task of explaining how Polistinae arrived in the
Neotropics would require a more general analysis, such as
an approach based on time-calibrated molecular phylogeny.
This could help in the elucidation of the relationships be-
tween Epiponini and its sister group; if it is Mischocyttarini
or Ropalidiini, two tribes with completely different
distributions.

This first evaluation concerning the round-trip hypothesis
based on phylogeny and current distribution cannot be con-
sidered conclusive. We encourage further appraisals using
phylogeographic approaches, mainly within the group
Polistes (Aphanilopterus), to establishmore definitive conclu-
sions. Furthermore, particular analyses concerning species
widely distributed may clarify important issues on the colo-
nization routes used by Polistinae in the Neotropical region.
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