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ABSTRACT

We used a standard sampling protocol to measure elevational patterns of species richness and abundance of eusocial paper wasps (Hymenoptera: Vespidae) in Costa
Rica. The sample transect of six sites spanned approximately 2000 m in elevation from lowland to montane forest. Species accumulation curves and species richness
estimates both document a low elevation peak in paper wasp species richness at 50 and 300 m asl, with a decline in species richness at higher elevations. Comparison
of species composition among elevations revealed strong species turnover from a rich lowland fauna to a depauperate, but distinct, montane fauna. We also observed
a general trend toward a greater abundance of paper wasps at higher elevations, a pattern not usually observed in eusocial insects. Army ant species that prey on paper
wasps declined in abundance with elevation across the sample transect, a pattern that has been observed at other sites. We discuss the possibility that elevational
changes in predation pressure affect variation in paper wasp abundance and species richness. Eusocial paper wasp species employ one of two modes of colony founding,
independent and swarm founding. We found that the total abundance of individual swarm-founding wasps was higher at all elevations than the abundance of
independent-founding wasps, supporting previous suggestions that Neotropical swarm founders are more successful ecologically.
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A CENTRAL AIM IN ECOLOGY is to explain the heterogeneous dis-
tribution of species richness among different taxa and at different
geographical scales. Previous work focused heavily on latitudinal
gradients of species richness, but elevational patterns of diversity
are receiving increased attention (Rahbek 2005). In part, this inter-
est is motivated by evidence for directional changes in the abiotic
conditions of montane habitats (Pounds ez 2/ 1999, Lomolino
2001, Parmesan & Yohe 2003, McCain 2004, Colwell ez a/. 2008).
However, biotic factors such as interspecific interactions can also
influence patterns of species richness.

Measures of turnover in species composition among eleva-
tional zones can indicate how community structure changes with
bioticand abiotic environmental pressures (Shmida & Wilson 1985,
Condit ez al. 2002). Faunal turnover along elevational gradients
should be relatively rapid in the tropics (Janzen 1967, Ghalambor
et al. 2006). Tropical organisms are expected to have narrow eleva-
tional ranges because they are exposed to, and potentially adapted
to, relatively constant local environmental conditions (Janzen 1967,
Olson 1994). Insects have numerous advantages for testing patterns
and causes of elevational variation in community structure. Insect
communities can be thoroughly sampled within a relatively short
period of time (Erwin 1982, Gullan & Cranston 2000). Their small
body size (high surface area/volume ratio) makes them sensitive to
temperature and humidity variation (Deutsch ez a/. 2008), and their
potential for rapid adaptation to environmental change may con-
tribute to their high species richness (Janzen ez /. 1976, Gullan &
Cranston 2000, Rahbek 2005).

Received 14 January 2008; revision accepted 17 September 2008.
4 Corresponding author; e-mail: anjali2@u.washington.edu

© 2008 The Author(s)

Using a standard sampling protocol, we quantified changes in
species richness and species composition for eusocial paper wasps
(Hymenoptera: Vespidae: Polistinae) along a 1950-m elevational
gradient (the Barva Transect) in Costa Rica. Eusocial insects, par-
ticularly species of Hymenoptera (eusocial ants, bees, and wasps), are
excellent subjects for the analysis of geographic patterns of species
richness (Kaspari ez a/. 2000, Longino et /. 2002). Eusocial insects
are ecologically dominant in many terrestrial habitats (Erwin 1982,
Wilson 1990). Although vespid community ecology is poorly stud-
ied (Jeanne 1991), paper wasps are likely to influence many other
species in terrestrial tropical ecosystems. Paper wasps are predators
on insects and other arthropods (Wenzel 1998, Richter 2000). As
prey items, paper wasps represent an important food resource for
predators such as army ants and some insectivorous birds (Windsor
1976; Chadab 1979a, b; Strassmann 1981; Rettenmeyer ez a/. 1983;
Kumano & Kasuya 2006).

Social wasps are easily sampled because foragers depart from
and return to a central place (the nest), and because workers are
active in all seasons in most tropical ecosystems (O’Donnell 2000).
Paper wasp colonies have low mobility because their nests are sessile
and many species are philopatric when choosing nest sites (Wenzel
1991, 1998). This reduced mobility may cause paper wasps to
adapt to local climatic regimes (Wenzel 1991, Hozumi et al. 2005).
Since climate changes quickly with elevation, even at tropical lati-
tudes (Pounds ez /. 1999, Clark et al. 2000, Colwell ez 2l 2008),
wasp species may be restricted to narrow elevational ranges. There
is evidence that the montane paper wasp species assemblage at
Monteverde, Costa Rica is distinct from adjacent lower elevation
communities (O’Donnell 2000, O’Donnell & Joyce 2001). How-
ever, the elevational distributions of tropical paper wasp species, and
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patterns of turnover in species composition among elevations, are
largely unknown.

Ants, particularly army ants (Ecitoninae), are major preda-
tors on Neotropical paper wasps. Ants have affected the evolution
of paper wasp behavior, including colony founding, nest architec-
ture, and nest-site selection (Jeanne 1970, 1975; Chadab 1979a,
b; O’Donnell & Jeanne 1990; Bouwma et al. 2007). Predation
pressure on wasp brood by ants decreases strongly with increasing
latitude (Jeanne 1979) and probably decreases with increasing el-
evation as well. Army ant foraging activity declines with elevation
in Costa Rica (O’Donnell & Kumar 2006). Paper wasp colonies
are favored prey of some of the most common army ant species,
and many paper wasps show specific defensive responses to army
ants, suggesting that army ants are particularly important natural
enemies of social Vespidae (Chadab 1979a, b; Rettenmeyer ez al.
1983; Gotwald 1995). In this study we sampled the abundance
of aboveground army ants that could potentially prey on paper
wasp colonies along the sample transect. We asked whether army
ant abundance corresponds to elevational patterns of paper wasp
community structure.

There are two major grades of social structure based on
modes of colony founding in eusocial paper wasps: swarm founding
and independent founding. Independent-founding species initiate
colonies with a lone inseminated queen (Gadagkar 1991, Reeve
1991). In contrast, swarm-founding species initiate colonies with
a large number of workers accompanied by a smaller number of
queens (Jeanne 1991). In a review of individual and colony-density
data in the Neotropics, Jeanne (1991) posited that swarm-founding
paper wasps are ecologically more successful than independent-
founding species. Under the assumption that worker density of a
species reflects its relative contribution to local biomass, the relative
abundances of different species at a locality can be used to esti-
mate species differences in the ability to capture available energy,
which is an indicator of ecological success (Jeanne 1991). However,
no previous study of paper wasp density and diversity employed
a repeatable, systematic sampling protocol. In this study, we used
data collected by the Arthropods of La Selva project (Project ALAS,
heep://purl.ocle.org/alas) to test the assertion that swarm founders
are ecologically more successful than independent-founding species,
and to examine whether this pattern holds across elevations.

By analyzing the density and species richness of paper wasps
and their army ant predators at different elevations along an eleva-
tional transect, we answered the following questions: (1) How do
paper wasp species richness and abundance change with elevation?
Are species richness and abundance related? (2) What are the pat-
terns of elevational turnover of paper wasp species (beta-diversity)
among elevations? (3) How does social structure (independent- vs.
swarm-founding paper wasps) affect the above patterns? (4) Do
aboveground army ants vary in abundance over the elevational gra-
dient, such that they could affect observed patterns of paper wasp
community structure?

METHODS

STUDY AREA.—The ALAS project was a large-scale inventory of
Neotropical invertebrate species richness for which insects and other

arthropods were sampled at a range of elevations using standardized
protocols along a transect on the slopes of Barva Volcano (the
Barva Transect), located on the Caribbean slope of Costa Rica.
The transect extended from La Selva Biological Station, at 50 m
asl elevation (10°26' N, 83°59’ W) to a site near the peak of Barva
Volcano, at 2200 m asl (10°11’ N, 84°07" W), over a linear distance
of 35 km. The forested land along the transect has protected status,
forming the northwestern edge of Braulio Carrillo National Park.
Project ALAS carried out a program of quantitative sampling at six
different elevations along the transect, with one field site sampled
each year from 2001 to 2005, except for the La Selva site that was
sampled at the same time as the 300 m asl site in 2004 (see the Project
ALAS website, http://purl.oclc.org/alas for details). Sampling was
carried out each year from February to April (during the dry season).
Sampling consisted of three 2-wk expeditions separated by 2-wk
intervals (during which malaise traps continued to operate; see
below). Permanent members of the ALAS staff were present during
all expeditions and at least one parataxonomist was based in the
ALAS lab in La Selva for the entire sampling period.

SAMPLING METHODS.—Paper wasp samples were collected at six el-
evations: 50 m asl (2004), 300 m asl (2004), 500 m asl (2003),
1100 m asl (2001), 1500 m asl (2005), and 2000 m asl (2002).
Sites were randomized with respect to sampling year to avoid con-
founding effects of elevation and time. The sampling protocol was
similar for all years for two sampling methods, malaise and flight-
intercept traps, except for the 50 m asl site (2004), where half as
many malaise traps were run, but for the same length of time. Ad-
ditional sampling was conducted at La Selva (50 m) in 1993 and
1994, but the methodology was not standardized to the subsequent
years. Paper wasp species that were collected during 1993 and 1994
are noted in Table 1, but they were not included in the quantitative
analyses.

MALAISE TRAPS.— Twenty malaise traps were established during the
first two days of each year’s sampling period. The trapping sites were
in small clearings or treefall gaps. Ten of the traps were also used
as flight-intercept traps (described below). Samples were harvested
from the malaise traps at 2-wk intervals, five intervals for each
trap (10 wk total, five collections for each trap) for a total of 100
collections per elevation (20 traps x 5 samples). For La Selva (year
2004), 10 malaise traps were established and samples were harvested
from the malaise traps at 2-wk intervals, five intervals for each trap
(10 wk total, five samples for each trap) for a total of 50 samples (10
traps X 5 samples). For the statistical analyses of wasp abundance,
all data for each trap were combined, and each trap was treated as
a single independent sampling unit, for a total of 20 data points
at cach elevation. All insects in the traps were collected into 95
percent ethanol and transported to the ALAS laboratory at La Selva
Biological Station, where the ethanol was changed once and the
insects were placed in a freezer.

FLIGHT-INTERCEPT TRAPS.—Flight-intercept samples were taken by
placing 10 plastic trays with soapy water beneath the center pane of
each of 10 malaise traps. During each 2-wk expedition specimens
were collected from the trays and accumulated into 95 percent
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TABLE 1. Species and sampling elevations where each species was found. Species are ordered by the elevation of their lowest observed occurrence. Bold entries are

independent-founding paper wasp species. Entries marked with X are species that were found only at 50 m elevation in 1993 and 1994, but were not included

in the analyses due to the use of different sampling methods in those years. The values in the table cells are the proportion of traps in which each species was found,

by elevation.

Species 50 m 300 m 500 m 1100 m 1500 m 2000 m
Polybia bribri 0.2 0.6 0.45 0.85 0.15 0.75
Polybia raui raui (Bequart 1933) X 0.05 0.3 0.1
Agelaia areata (Say 1837) 0.2 0.3 0.3

Polybia diguetana buyssoni (Buysson 1905) X 0.05 0.1 0.2

Leipomeles dorsata (Fabricius) 0.1 0.4 0.15

Polybia nidulatrix (Bequart 1933) 0.1 0.3 0.55

Polybia scrobalis surinama (Richards 1970) X 0.05 0.05

Polybia selvana (Carpenter 2002) 0.1 0.2 0.2

Parachartergus apicalis (Fabricius 1804) X 0.05

Polybia occidentalis bohemani (Olivier 1791) X 0.05

Protopolybia exigua exigua (Saussure 1906) 0.1 0.05

Mischocyttarus melanarius (Cameron 1906) X 0.1

Agelaia cajennensis (Fabricius 1798) X

Agelaia centralis (Cameron 1907) 0.2

Agelaia melanopyga (Cooper 2000) X

Epipona niger (Brethes 1926) X

Mischocyttarus tolensis (Richards 1941) X

Synoeca chalybea (Saussure 1852) X

Polistes aterrimus (Saussure 1853) 0.05 0.05 0.05

Mischocyttarus nigroclavatus (Zikan 1949) 0.05 0.05 0.6

Polybia flavitincta (Fox 1898) 0.05 0.1 0.55

Angiopolybia zischkai (Richards 1978) 0.1 0.25

Polybia occidentalis nigratella (Olivier 1791) 0.2

Protopolybia exigua binominata (Saussure 1906) 0.3

Polybia aequatorialis tristis (Zavattari 1906) 0.4 0.2 0.6 1
Epipona guerini (Saussure 1854) 0.15 0.05 0.35
Agelaia angulicollis (Spinosa 1851) 0.15 0.05 0.15

Agelaia panamaensis (Cameron 1906) 0.1 0.95 0.95

Polybia barbouri (Bequart 1943) 0.1 0.35

Protopolybia wheeleri (Bequart 1944) 0.1 0.05

Apoica thoracica (Buysson 1906) 0.1

Mischo. carbonarius tibialis (Saussure 1854) 0.1

Polybia flavifrons hecuba (Smith 1857) 0.15

Polybia bistriata (Fabricius 1804) 0.1

Polybia emaciata (Lucas 1879) 0.1

Polybia simillima (Smith 1862) 0.1

Protopolybia picteti fulvotincta (Saussure 1854) 0.15

Synoeca septentrionalis (Richards 1978) 0.05

Agelaia xanthopus melanotica (Saussure 1854) 0.15 1 0.7
Apoica pallens (Fabricius 1804) 0.1 0.05

Agelaia yepocapa (Richards 1878) 1 0.45

Mischocyttarus nr. costaricensis (Richards 1945) 0.25

Total species observed per elevation 7 (18) 14 26 16 10 5

ethanol. One sample comprised two weeks of accumulated spec-

imens from one trap, for a total of 30 samples for each site (10

traps X 3 samples). For the statistical analyses of wasp abundance,

all data for each trap were combined, and each trap was treated as
a single independent sampling unit, for a total of 10 data points.
Paper wasp samples were transported to the ALAS laboratory at La
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Selva Biological Station where the ethanol was changed once and
the samples were placed in a freezer.

ARMY ANT ABUNDANCE.— We estimated abundance of aboveground
army ants across the ALAS elevational gradient from leaf litter
arthropod samples, following the ‘miniWinkler’ extraction method
(Fisher 1999). Straight-line transects, 250 m in length, were marked
with flags at 5-m intervals, yielding 50 individual sampling points
per transect. The compass orientation of transects was varied within
elevations. After a period of at least 24 h with no rain, a sample was
taken at each flagged spot on the transect. A 1-m? area was delimited,
and the litter and dead wood inside was minced with a machete.
Litter was sifted until all the litter in the plot was sifted or 2 L of
siftate was obtained, whichever came first. When there was more
than enough litter to produce 2 L of siftate, the different kinds of
litter in the plot (e.g., leaves on soil vs. litter from a rotten log) were
subsampled so that all were represented. The siftate was returned
to the base camp and hung in Winkler bags for 3 d. Arthropods
were collected directly into Whirlpac bags containing 95 percent
ethanol. The number of plot samples varied among elevations, from
150 (at the 300 and 1100 m asl sites) to 541 (at the 50 m asl site).
Leaf litter sampling was carried out in the same weeks as the paper
wasp sampling for all sites except the 50 m asl site. We report the
proportion of litter samples that contained army ant species that
are known to raid aboveground paper wasp nests as an indicator of
army ant density at each elevation.

SPECIES IDENTIFICATION.—Army ants were identified to species by
JTL. All paper wasp species from malaise and flight-intercept traps
were sent in 95 percent ethanol to the University of Washington
for identification and quantitative analysis by AK. To identify paper
wasps we examined each specimen at 10x or greater magnification
under a dissecting microscope with a fiber optic illuminator. We
consulted published keys (Richards 1978, Carpenter 2004), and
identifications were confirmed by J. Carpenter (J. Carpenter, pers.
comm.). We counted the number of individuals (abundance) of
each species in each sample.

DATA ANALYSIS OF SPECIES RICHNESS PATTERNS.—Species accumula-
tion curves were calculated for each elevation. We calculated Mao-
Tau sample-based rarefaction curves (Colwell ez al. 2004) using
EstimateS software (Colwell 2005, version 7.5). Because paper wasp
density was uneven among elevations, we followed the recommen-
dations of Gotelli and Colwell (2001) for species accumulation
curve analysis. We generated the x-axes (number of individuals) for
the species accumulation curve plots by multiplying sample number
by the average number of individuals per sample. This approach al-
lows sites with greatly varying density of individuals to be compared,
by plotting multiple curves on a common x-axis. In the species ac-
cumulation curve analyses, 2-wk malaise samples and 2-wk flight-
intercept samples were treated as independent sample units (this ap-
proach does not require statistically independent samples [Colwell
et al. 2004]), for a total of 130 samples per site (100 malaise + 30
flight intercept).

We also computed estimates of asymptotic local species rich-
ness for each elevation using the Abundance-based coverage estima-
tor (ACE) (Chao & Lee 1992) in EstimateS (Colwell 2005, version
7.5). ACE estimates total species richness at a location, including
an estimate of species that were present but not collected, based on
the observed number of species and the rate of occurrence of rare
species in the sample.

BETA DIVERSITY PATTERNS.— We analyzed the degree of species shar-
ing among wasp assemblages among elevations (an inverse measure
of turnover, or beta diversity). We used the abundance-based esti-
mate of the Chao—Jaccard similarity measure (Chao ez al. 2005),
computed using EstimateS (Colwell 2005, version 7.5). This statis-
tic is based on the probability that a wasp randomly drawn from
each of two samples will belong to a species that is shared between
the communities, adjusted for undetected, shared species (Chao
et al. 2005).

MODE OF COLONY FOUNDING AND ABUNDANCE DIFFERENCES.—We
used general linear models (GLM) implemented in SAS software
(version 9) to analyze the relationship of elevation with paper wasp
abundance and mode of colony founding. For this analysis we
analyzed the per-trap total individual abundances of paper wasps at
each elevation, testing for effects of mode (independent or swarm
founding) and elevation. Only the traps for which there was a
combination of malaise and flight-intercept sampling were used
(V= 10) in order to standardize sampling effort across elevations.

RESULTS

SPECIES COMPOSITION.—In all, 42 species of eusocial Vespidae from
11 genera were captured among the six elevations during standard-
ized sampling (Table 1). This total represents 40.3 percent of the
104 species known from Costa Rica (J. Carpenter, pers. comm.). Six
species were independent founding while 36 species were swarm-
founding wasps (Table 1). An additional 11 species of paper wasps
were collected at La Selva (50 m asl) in 1993 and 1994.

ELEVATIONAL PATTERNS OF ESTIMATED SPECIES RICHNESS.—Mao Tau
species accumulation curves revealed a low elevation species richness
peak spanning the 50-500 m asl elevations. At the three lowest
elevations, species richness was increasing rapidly with respect to
sampling effort (as measured by the number of individuals collected)
at the end of the study, suggesting that not all paper wasp species
at these elevations were collected during our sampling (Fig. 1A).
Species richness per sampling effort declined with elevation above
500 m asl, with the lowest species richness per effort at 2000 m as]
(Fig. 1A). The MaoTau species accumulation curves for the three
highest elevations (1100-2000 m asl) showed asymptotic trends,
suggesting that nearly all paper wasp species at these elevations
were captured during sampling (Fig. 1A). The ACE extrapolated
species richness estimates mirror the patterns of the MaoTau species
accumulation curves (Fig 1B).
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FIGURE 1. (A) MaoTau species accumulation curves showing expected species
richness versus sampling effort (number of individuals encountered). Malaise and
flight intercept trap captures were included in the analysis. A separate curve is
plotted for each sampling elevation. (B) Abundance-based coverage estimator
(ACE) estimates of asymptotic species richness, plotted against sampling ef-
fort (number of individuals encountered). A separate curve is plotted for each

sampling elevation.

SPECIES SHARING AMONG ELEVATIONS.—Paper wasp communities
showed elevational turnover in species composition. Only one
species was found at every elevation (Polybia bribri); an additional
species (P raui) spanned the entire elevational range of our sam-
pling, but was not detected at all sites. In general, sites that were
farther apart elevationally (and in map distance) were less similar
in species composition. The level of compositional similarity was
highest between the 1100 and 1500 m asl sites (0.90; Table 2) and
the 1500 and 2000 m asl sites (0.71; Table 2). Similarity was lowest
between 50 and 1500 m asl (0.004; Table 2) and between the 300
and 1500 m asl (0.006; Table 2). Considered together with the
species accumulation curve analyses, these patterns suggest a strong
turnover from a rich lowland fauna to a depauperate, but distinct,
montane fauna.

INDIVIDUAL ABUNDANCE, ELEVATION AND MODE OF COLONY
FOUNDATION.—A total of 85.7 percent of species and 98.3 percent
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TABLE 2.  Estimates of similarity in species composition and number of shared
species of paper wasps among all possible elevation pairs using the

Chao—Jaccard abundance-based similarity estimator.

(m asl) 50 300 500 1100 1500
300 0.551 -

500 0.591 0.558 -

1100 0.122 0.161 0.219 -

1500 0.004 0.006 0.196 0.896 -
2000 0.066 0.056 0.249 0.123 0.710

of individuals were swarm founders (Fig. 2). There were highly sig-
nificant main effects of both elevation and mode of colony founding
on the per-trap total individual abundances of wasps at each ele-
vation (Elevation: Fj 116 = 34.6, P < 0.0001; Mode of colony
founding: Fj 116 = 67.5, P < 0.0001; Fig. 2). Paper wasps were
more abundant overall at higher elevations and swarm-founding
wasps were more abundant than independent-founding wasps at
all elevations. There was a dramatic increase in individual paper
wasp abundance from 500 to 1100 m asl and above, particularly for
swarm founders (Fig. 2). Increased paper wasp abundance at higher
elevations was due mainly to the presence of one or two common
swarm-founding species at each site (Table 1). At 1100 m asl, the
most common species was Agelaia yepocapa (72.8% of all wasp in-
dividuals collected). At 1500 m asl, the two most common species
were A. xanthopus (66.3%) and A. panamaensis (21.3%), whereas
at 2000 m asl the most common species was Polybia aequatorialis

tristis (76.6%).

600

500 -

400 -
300
200 -
100 -
0 - | I i i i

50 300 500 1100 1500 2000
Elevation (asl)

Number of individuals collected

FIGURE 2. Total number of wasps collected at each elevation, all species and
traps combined. Vertical bars indicate swarm (black) and independent (white)
founders. Only traps that were a combination of malaise and flight - intercept

(N=10) were used for the analysis, to make all six elevations directly comparable.
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ELEVATION AND ARMY ANT ABUNDANCE.—Leaf litter sampling for
army ants was done at all six elevations, and army ants were collected
at all elevations except the 1500 m asl site. However, large-bodied
army ant species that raid by climbing into vegetation, and therefore
potentially prey upon paper wasp colonies, were restricted to two
of the lowland sites: three wasp-preying army ant colonies were
encountered at the 50 m asl site (0.275 colonies/50-plot transect)
and one was encountered at the 500 m asl site (0.20 colonies/50-plot
transect).

DISCUSSION

ELEVATIONAL PATTERNS OF PAPER WASP DENSITY AND SPECIES
RICHNESS.—Elevation had strong effects on paper wasp community
composition. Other eusocial insect taxa show elevational species
richness gradients (Wolda 1987, McCoy 1990, Sanders 2002,
Hodkinson 2005), and both mid-elevation and low elevation peaks
in species richness have been observed in insects (Lawton ez al.
1987, Wolda 1987, McCoy 1990, Rahbek 2005), including both
patterns for different insect taxa on the Barva Transect (Brehm ez a/.
2007, Colwell et al. 2008). For paper wasps, our analysis of species
accumulation curves strongly supported a low elevation (50-500 m
asl) peak in species richness. Our data further suggest that there is
a distinct, species poor community at higher elevations (> 500 m
asl). Species turnover at 500-1100 m asl was relatively rapid, with
relatively little turnover > 1100 m asl. Elevation also showed a
strong relationship with the abundance of paper wasp individuals,
which was significantly greater at higher elevations.

ABIOTIC FACTORS.—The interaction between high elevation
weather and paper wasp physiology may in part account for the
higher numbers of paper wasps caught at high elevations. For flying
terrestrial ectotherms, flight often requires that body temperature
be higher than ambient temperature (Chai & Srygley 1990). Many
high elevation paper wasps have dark colored bodies that may aid
in physiological adaptation to cool temperatures and limited in-
solation (O’Donnell 2000; A. Kumar, pers. obs.). However, it is
possible that at higher elevations, paper wasps were caught early in
the morning when their body temperatures were not at the opti-
mum for locomotion (Heinrich 1974) and their ability to avoid or
escape from the traps was reduced. This is a potential source of bias
in the sampling protocol that may have affected our estimates of in-
dividual paper wasp abundance. However, the fact that we recorded
much higher species richness based on substantially fewer individ-
uals at lower elevations than at higher elevations suggests that our
estimates of the magnitude of elevational gradients of paper wasp
species richness are conservative.

Year-to-year variation in wasp population densities might af-
fect both individual wasp density and species richness estimates.
Samples taken in 1993 and 1994 and in 2004 at the 50 m asl site
were consistent, both samples indicating high paper wasp species
richness and low abundance, although the data were not collected
in identical ways. Furthermore, because we randomized our ele-
vational sampling order among years, year-to-year variation would
serve as a source of random variation for this study, rather than

a source of bias. It is also possible that seasonality affects species
richness and abundance of wasps. Because the sampling was carried
out in the same months each year, however, the season of sampling
was consistent among years. Seasonality, particularly in precipita-
tion, can affect paper wasp colony life history (O’Donnell & Joyce
2001). However, between 1000 and 1600 m asl in Monteverde,
Costa Rica, there is little evidence that seasonality restricts either
nest initiation or colony development by swarm-founding species
(O’Donnell 2000). It is likely that since seasonality is less pro-
nounced in the wet tropics than the dry tropics or temperate zones,
paper wasp reproduction is relatively aseasonal, and many species
would be active throughout the entire year (O’Donnell 2000).

BIoTIC FACTORS.—The increase in abundance of preferred paper
wasp prey items at higher elevations may contribute to the higher
abundances of paper wasps at 1100 m asl and above. Paper wasps
primarily collect herbivorous insects, especially caterpillars, to feed
their larvae (Rabb 1960). Along the ALAS transect, species richness
of Lepidoptera (geometrid moths) showed a hump-shaped pattern
with a maximum between 500 and 2100 m asl, and the abundance
of lepidopteran individuals also showed an increase from 1070 to
2730 m asl, similar to the elevational pattern of density we have
documented in paper wasps (Brehm ez a/. 2007).

We suggest that elevational gradients in predation pressure may
also, in part, explain both low abundance and high species richness
at lower elevations. In our samples, and at other sites, army ant
predators of paper wasps decreased in abundance with elevation
(Kaspari & O’Donnell 2003, O’Donnell & Kumar 2006). High
rates of predation by army ants could be one factor promoting
low paper wasp density and high species richness at lower eleva-
tions. Many elements of paper wasp behavior suggest adaptations
to reduce predation by ants in general, and by army ants in particu-
lar, including nest-site selection, nest architecture, and nest defense
(Jeanne 1970, 1975; Carroll & Janzen 1973; Chadab 1979a, b;
O’Donnell & Jeanne 1990; Bouwma et a/. 2007). Vespid wasps are
favored prey of several species of Neotropical army ants (Carroll
& Janzen 1973, Chadab 1979b, Jeanne 1979, Rettenmeyer et al.
1983, O’Donnell & Jeanne 1990). Army ant presence and absence
may thus explain some of the variation in abundance that we docu-
mented, and could also be linked to species richness. Regular army
ant predation may regulate eusocial vespid populations, both by
reducing colony densities and by keeping colony size low, especially
at lower elevations (Forsyth 1978).

SWARM- AND INDEPENDENT-FOUNDER DENSITY DIFFERENCES.—In
the Neotropics, 315 species of independent-founding Polistinae
(58%) and 232 swarm founders (42%) are currently known (West-
Eberhard er al. 2006; J. Carpenter, pers. comm.). We observed a
much higher abundance of swarm-founding wasps. This pattern
held at both lower elevations, where species richness of swarm
founders was high, and at higher elevations, where one or two
species of swarm founders dominated. To the extent that nu-
merical abundance of workers correspond to biomass and energy
capture differences, the high swarm-founder abundance suggests
that swarm founding is an ecologically more successful behavioral



strategy. The evolution of swarm founding brought with it two ad-
vantages that could promote ecological success (Jeanne 1991). First,
queen mortality is reduced: swarm-founding workers are responsi-
ble for scouting nest sites, and the queens are protected within the
founding group. Second, the evolution of the swarm also allowed for
larger colony sizes. Because swarm founders typically have multiple
queens, the rate of egg laying and colony growth is rapid in com-
parison with independent-founding species. Larger swarm-founder
colony sizes and complex nests may also provide defense against
larval predators, including ants, in tropical forests (Wenzel 1991,
Smith ez al. 2001).

CONCLUSIONS.—We show that Neotropical paper wasp communi-
ties are structured with respect to elevation. Both abiotic and biotic
factors may contribute to elevational changes in paper wasp density
and species richness. Paper wasps exhibit moderate species rich-
ness (104 species known in Costa Rica: J. Carpenter, pers. comm.),
and they are taxonomically well characterized. Paper wasps are also
conspicuous and relatively easily sampled, making them a tractable
indicator taxon for analyzing climate-related changes in community
structure along elevational gradients.

The pattern of increased paper wasp abundance at higher ele-
vation may be due, in part, to changes in the regime of predators
that attack paper wasp colonies. Our findings indicate that army
ants deserve particular consideration as predators that may con-
tribute to reduced paper wasp density at lower elevations. Reduced
paper wasp abundance at lower elevations may be causally linked
to higher species richness in the lowlands because high predation
pressure is thought to promote prey species richness by preventing
competitive exclusion by dominant prey taxa (Paine 1966, Shurin
& Allen 2001). We therefore suggest that army ant predation is
one factor that may shape geographic and elevational patterns of
Neotropical paper wasp abundance and species richness.

A striking pattern in the ALAS data was the high abundance
of swarm founding relative to independent-founding paper wasps.
Swarm founders were captured at higher rates at all elevations.
In Costa Rica, total species richness of independent and swarm
founders is similar, and our species accumulation curves suggested
that richness of the independent-founding fauna was comparable
to, if not greater than, that of the swarm-founding fauna. However,
swarm founders were 88 times more abundant than independent
founders overall. Similar swarm-founder and independent-founder
density discrepancies were noted by Heithaus (1989) for workers
visiting flowers, and by Erwin (cited in Jeanne 1991) for canopy fog-
ging samples. These data suggest that Neotropical predators (and
prey) interacting with paper wasps are much more likely to face
swarm founders. The ALAS data set represents the first critical test of
Jeanne’s (1991) assertion that swarm founders are more ecologically
successful than independent founders. The fact that many inde-
pendent founders apparently mimic swarm founder models lends
credence to the notion of swarm-founder ecological dominance
(O’Donnell & Joyce 1999). Reasons for swarm-founder success are
not known, but the efficient division of labor and effective commu-
nication of swarm founders may bolster their colony productivity
(Smith ez al. 2001).
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