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Abstract The prospects for persistence of bees living in
fragmented landscapes is a topic of considerable interest

due to bees’ importance as pollinators of agricultural crops

and wild plants, coupled with the ubiquity of native habitat
loss and evidence that bees may be declining worldwide.

Population persistence in fragmented areas depends on

dispersal potential and maintenance of gene flow among
fragments of habitat. Here we used population genetic

techniques to characterize, for two equally abundant orchid

bee species that differ in their physiology and ecology,
levels of genetic differentiation among fragments of trop-

ical forest in southeastern Costa Rica in a *200 km2

landscape. We measured population differentiation with
/PT (an analogue to the traditional summary statistic Fst),

as well as two measures that may more accurately reflect

the level of differentiation when highly variable loci are
used: G’st and Dest. We also calculated pairwise genetic

distances among individuals and conducted Mantel tests to

test the correlation of genetic and geographic distance, for
each species. We found strong differences in genetic

structure between the species. Contrary to our expectations,
each measure of genetic structure revealed that the larger-

bodied species, Eulaema bombiformis, had higher levels of

differentiation than the smaller species, Euglossa champi-
oni. Furthermore, for Eulaema bombiformis there was a

significant positive correlation of genetic and geographic

distance while for Euglossa championi there was no signif-
icant positive correlation. Our results demonstrate that bee

species can have strikingly different levels of gene flow in

fragmented habitats, and that body size may not always act as
a useful proxy for dispersal, even in closely related taxa.

Keywords Orchid bee ! Euglossine ! Genetic
differentiation ! Landscape ! Dispersal ! Fragmentation

Introduction

Bees are important pollinators of agricultural crops and

wild plants, but there is growing concern over their

reported decline worldwide (Biesmeijer et al. 2006;
Goulson et al. 2008; Grixti et al. 2009; Kosior et al. 2007).

Habitat fragmentation has been implicated as a major dri-

ver of declines in bee abundance and species diversity
(Winfree et al. 2009), causing population declines by

changing the distribution of resources, and reducing

genetic connectivity among populations. The resulting
reduced population sizes and genetic diversity are of con-

servation concern because they may lead to increased
extinction risk in bees (Whitehorn et al. 2011) as in other

organisms (Taylor 2003).

Little is known about the prospects for persistence of
native bees living in fragmented tropical landscapes. Per-

sistence in fragmented landscapes depends upon dispersal

potential (Ewers and Didham 2006), which is crucial
because it maintains gene flow among fragments and can

prevent inbreeding within them. For most species of bees,

dispersal potential may be correlated to foraging distance,
particularly if male bees forage and subsequently mate

while in a different locality. However, little is known about

dispersal, foraging distances, or the timing of mating of
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most bee species in the tropics (Roubik 1989). This is of

concern both for bees and the plants they pollinate because
(1) nearly all rainforest trees are animal-pollinated (Bawa

1990; Ollerton et al. 2010); (2) pollen limitation is wide-

spread, occurring in more than two-thirds of taxa that have
been carefully studied worldwide (Burd 1994); and (3)

pollen limitation is more severe in the tropics than it is in

the temperate zone (Vamosi et al. 2006).
Euglossine bees (Hymenoptera: Apidae: Euglossini),

also called orchid bees, are a diverse group (approx. 200
species) of large-bodied bees important to the ecology of

New World tropical forests. Their ability to fly long dis-

tances is thought to make them particularly effective poll-
inators of a diverse group of tropical plants—including over

700 orchid species, in which conspecific individuals are

often dispersed far from one another (Roubik and Hanson
2004). They inhabit tropical and subtropical habitats, pri-

marily forests, and are thought to be particularly sensitive to

deforestation (Roubik and Hanson 2004). However, results
from previous investigations of the effect of fragmentation

on euglossines are inconsistent. Two studies conducted in

Brazil found no significant relationship between fragment
size and abundance or species diversity (Becker 1991; To-

nhasca et al. 2002a, b); in contrast, Powell and Powell

(1987) and Brosi (2009) found significant reductions in
euglossine abundance and diversity in smaller fragments.

However, results of Powell and Powell (1987) were likely

influenced by disturbance, as the study took place imme-
diately after an experimental deforestation event. Brosi

(2009) sampled three times as many fragments as the other

studies, and found a significant effect of forest fragment size
on euglossine abundance and a marginal effect on species

richness. While these results suggest that habitat fragmen-

tation may adversely affect orchid bee populations, more
data are needed to clarify if the observed reductions in

abundance and species diversity reflect smaller populations,

restricted movement among fragments, or lower prospects
for population persistence.

Molecular population genetic techniques have proved

useful in efforts to understand the extent to which habitat
fragmentation reduces the chances for persistence of resi-

dent pollinator populations (e.g., Darvill et al. 2006, 2010;

Goulson et al. 2011). This is because studies employing
molecular techniques may avoid some of the typical

problems associated with traditional methods of charac-

terizing dispersal or foraging behavior, such as the diffi-
culty of performing mark recapture studies or confounding

effects of ecological time lags in responses of populations

to fragmentation. Measures of genetic diversity are infor-
mative about the likelihood that a population will persist

through environmental changes (Taylor 2003), and mea-

sures of gene flow across a landscape provide information
about the movement of individuals over time.

A recent population genetic study of orchid bees in

Mexico sought to tease apart the influences of habitat
fragmentation and distance on genetic diversity and gene

flow (Zimmermann et al. 2011). These authors found low

levels of genetic differentiation between sites separated by
130 km of agricultural land, and no difference in levels of

differentiation between sites separated by forest or by

agricultural land. They concluded that either occasional
long distance dispersal is maintaining genetic similarity

between sites, or the fragmentation event was too recent for
the bees within sites to evolve genetic differences. A third

possibility is that the statistical estimators they used did not

adequately capture levels of genetic differentiation.
Population genetic studies have long relied on Gst and

Gst-like estimators, such as Fst, to describe population

differentiation and make conclusions about the conserva-
tion status of species. The values of these estimators are

proportional to the variance in allele frequencies among

populations, and they theoretically have a maximum value
of one. However, they are often close to zero even when

populations have non-overlapping sets of alleles (Jost

2008). This is because when heterozygosity is high, Gst is
rendered artificially low (Hedrick 2005; Jost 2008). To

address this problem, new statistics have been developed

that do not suffer from this downward bias: G’st (Hedrick
2005), and D (Jost 2008). D is particularly useful for

studies in which the goal is to measure the extent to which

populations are genetically different because it increases
monotonically with increasing genetic differentiation

among populations (Jost 2008). However, both G’st and D

depend heavily on mutation rate, so studies that seek to
quantify migration or describe the evolutionary history of a

population when mutation is high relative to migration

should use Fst or Gst (Whitlock 2011). In the current study
we sought to measure differentiation among populations,

and because there is often a large difference between the

Fst-like estimators and these new estimators (Heller and
Siegismund 2009), we employ these new measures of

population differentiation in our current study and compare

them to a traditional measure of population differentiation,
/PT, which is analogous to Fst.

We used microsatellite analysis to characterize genetic

structure and estimate levels of genetic differentiation in
two species of euglossine bees (Euglossa championi and

Eulaema bombiformis) collected in a highly deforested

landscape. The two species occur in approximately equal
numbers in the study landscape (Brosi 2009), but have very

different body sizes. Home range, which is closely related

to foraging range or dispersal distance, has been shown to
scale with body size for a variety of taxa, including fish

(Woolnough et al. 2009), and birds and mammals (Haskell

et al. 2002), and body size is correlated to foraging flight
range across a suite of bee species (Greenleaf et al. 2007).
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We therefore predicted (1) that the smaller species, E.
championi, would show more restricted gene flow than the
larger species, E. bombiformis, and also (2) that levels of

gene flow would be higher between closer sampling loca-

tions for both species.

Methods

Species and sampling

Eulaema bombiformis is a large orchid bee, averaging

about 983 mg (Darveau et al. 2005) and 28 mm long. It
ranges geographically from Honduras to Brazil and in

elevations from sea level to 1,700 m and pollinates orchids

in at least 11 genera (Roubik and Hanson 2004). Euglossa
championi is a smaller bee, averaging about 136 mg

(Darveau et al. 2005) and 13 mm long. It ranges from

Mexico to Ecuador at elevations up to 1,500 m, and pol-
linates orchids in at least eight genera (Roubik and Hanson

2004). We chose these species because they were two of

the most common sampled in Brosi (2009), which esti-
mated how orchid bee abundance and species richness

varied with landscape context. The samples were caught

using the chemical baits cineole and methyl salycilate in
nine sampling areas in southern Costa Rica between June

and September of 2004.

The sampling areas surround the Las Cruces Biological
Station (8"470N, 82"570W) in southern Costa Rica in forest

fragments separated by a matrix of small-scale agriculture,

pastureland, rural human settlements, and regrowth forest.
High levels of forest fragmentation began in the study area

primarily the 1960s and reduced forest cover to about 15%

of what it had been, though pollen records indicate a long
history of forest clearing, agriculture, and fire by indige-

nous peoples (Clement and Horn 2001). After sampling,

bees were pinned, identified to species following Roubik
and Hanson (2004), and brought back to the University of

Arizona’s genomics core facility for genetic analysis.

The bee specimens utilized were not originally sampled
for population genetic analysis, therefore individual sam-

pling locations were pooled into ‘‘sampling areas’’ to

obtain large enough sample sizes for population genetic
analyses that require that populations be defined in advance

(such as analysis of molecular variance, see below). Each

sampling area included 1–4 separate sampling locations in
patches of forest. Locations fell naturally into sampling

areas; those within the same area were separated from one

another a maximum of 2.5 km, and locations in different
areas were separated by at least 2.5 km, and were usually

separated by greater distances. Our sample includes 130

Eul. bombiformis from 9 sampling areas (comprised of a
total of 21 locations), and 124 Eug. championi from 7

sampling areas (comprised of a total of 17 locations). The

maximum distance by which two locations were separated
was 14 km (Fig. 1). We also conducted population genetic

analyses (see below) without pooling samples, and by

pooling them using different criteria for separation dis-
tances, and in all cases our results were qualitatively sim-

ilar and did not change our conclusions.

Molecular protocol

We extracted DNA from all samples using a standard

phenol–chloroform procedure (Sambrook et al. 1989).

Template DNA for PCR amplification was re-suspended in
a low-TE buffer (Tris pH 8.0, 10 mM, EDTA 0.1 mM).

We genotyped sampled orchid bees, all of which were

haploid males, using two separate primer sets, one devel-
oped for each genus. We genotyped Eul. bombiformis
males at 9 microsatellite loci: Eln2J, Eln5J, Eln7J, Eln10J,

Eln 12a, Eln 12b, Eln 12J, Eln18J, Eln19J (Souza et al.
2007); and genotyped the Eug. championi males at 10

microsatellite loci: Egc 17, Egc 18, Egc 24, Egc 26, Egc

30a, Egc 30b, Egc 35, Egc 37, Egc 51 (Souza et al. 2007),
and ann28 (Paxton et al. 2009). Forward primers were

labeled with fluorescent dyes (Applied Biosystems). These

loci are not linked in the species for which they were
developed (Souza et al. 2007; Paxton et al. 2009). We

optimized a PCR multiplex reaction for the 10 loci used to

amplify microsatellites in Eug. championi. The loci were
multiplexed together in 2 sets of 4 loci using the following

PCR procedure: 94" for 4 min, 35 cycles of 94" for 30 s,

58" for 30 s, 72" for 30 s, 72" for 6 min, and then 4" for
4 min. Egc 30a, Egc 30b, or Egc35 did not amplify well

and were not used in subsequent analyses We ran PCR

products on an ABI 3730 automated DNA sequencer
(Applied Biosystems) using fluorescent dyes, and analyzed

microsatellite lengths using GENEMAPPER software

(Applied Biosystems).

Genetic diversity

We conducted all population genetic analyses separately

for the two species. Within sampling areas we calculated

haploid genetic diversity (Div) as 1 -
P

pi
2, where pi is the

frequency of allele i. This is the probability that two

individuals will be genetically different at one locus;

because we were analyzing multiple loci simultaneously
we averaged this measure across all loci. We also calcu-

lated the actual (Na) and effective (Nef) number of alleles

(Kimura and Crow 1964) for each species. Nef is an
appropriate measure for comparison of genetic diversity

between samples in which the number and distribution of

allele frequencies differ. We calculated Div, Na, and Nef for
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individuals within each sampling area and across all areas

using the program GenAlEx (Peakall and Smouse 2006).

Genetic distance among individuals and isolation

by distance

We asked if genetic differentiation was greater among

individual bees that were sampled further apart. Using

Genalex, we estimated haploid genetic distance, HGD,
between all pairs of individuals (Huff et al. 1993). To

calculate HGD, alleles shared between two individuals

yield a distance of 1 and two alleles that are different yield
a distance of 0. Distances are summed over loci to give a

total distance between two individuals. We then calculated

the average HGD over all pairs of bees between every pair
of sampling locations to avoid pseudoreplication. We

evaluated isolation by distance (IBD) for each species by

conducting Mantel tests to test the correlation (rxy)
between HGD and the logarithm of geographic distances.

We tested for significance of correlation coefficients using

9,999 permutations.

Genetic differentiation among sampling areas

We estimated /PT over all sites and among all pairs of

sampling areas, for each species, using Genalex. We

excluded areas in which fewer than nine bees of a given

species were caught, yielding 6 areas for Eul. bombiformis
and 5 areas for Eug. championi. /PT is an analog to the
standard estimator of genetic differentiation Fst (Wright

1951), but /PT is appropriate for use with haploid data,

such as the male bees used in this study. For each pairwise
comparison, we calculated the probability that /PT was

significantly different from zero using 9,999 permutations.

We estimated the overall statistical significance of the
multiple comparisons among forest fragments by employ-

ing a Bonferroni-like method for revising significance due

to multiple comparisons (Benjamini and Yekutieli 2001;
hereafter the B-Y method). The B-Y method corrects for

increased type I error rate due to multiple comparisons

while also controlling the level of falsely rejected null
hypotheses (in our case, the null hypothesis was that /PT

between two fragments was zero). Thus, the B-Y method is

more appropriate for conservation genetic data than the
traditional Bonferroni method, in which falsely rejected

null hypotheses may lead to management practices based

on the incorrect conclusion that two populations are
genetically similar (Narum 2006).

To obtain an estimate of /PT over all sampling areas we

used the Analysis of Molecular Variance framework
(AMOVA; Excoffier et al. 1992), and tested for signifi-

cance using 9,999 permutations. We also estimated genetic

Fig. 1 Locations within sampling areas for each species. Filled
hexagons represent locations in which we caught only Eug. cham-
pioni, filled circles represent locations in which we caught both

species, and filled squares represent locations in which we caught
only Eul. Bombiformis. Open circles outline sampling areas
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differentiation over all areas using the estimators G’st

(Hedrick 2005) and Dest (Jost 2008). As discussed previ-
ously, these estimators may more accurately represent

differentiation among populations than Fst-like estimators

(including /PT), which depend on the level of genetic
variation of the loci used (Jost 2008). Additionally, because

of their independence from levels of variation among loci,

they are appropriate for comparisons between species in
which different sets of loci are used and/or levels of genetic

diversity among loci may differ (Hoehn et al. 2007; Jost
2008). To calculate G’st and Dest we used the online

genetic software program SMOGD (Crawford 2010), and

tested for significance using 1,000 permutations.

Results

We found moderate to high levels of genetic diversity and

low to moderate levels of genetic differentiation, depend-
ing on the species. Eulaema bombiformis, the larger spe-

cies, had higher levels of genetic diversity than Eug.
championi (Table 1). The two species also exhibited dif-
ferent patterns of isolation by distance. There was a sig-

nificant positive correlation between genetic distance and

the logarithm of geographic distance for Eul. bombiformis
(Mantel test rxy = 0.25; P \ 0.01; Fig. 2). In contrast,

there was no significant positive correlation of genetic and

geographic distance for Eug. championi (Mantel test
rxy = -0.2; P = 0.06; Fig. 3).

Levels of genetic differentiation differed strongly

between the species and estimators used to characterize
genetic structure (Table 2). For Eul. bombiformis the /PT

value over all sampling locations was low but significantly

different from zero (/PT = 0.01; P = 0.04). /PT values
among pairs of sampling locations averaged 0.01 ± 0.01

(SD) (range 0–0.03), and three (20%) of pairwise com-

parisons were significantly different from zero (P \ 0.05)
before correcting for multiple comparisons (Table 3). After

correcting for multiple comparisons using the B-Y cor-

rection, two /PT values were significant at the adjusted
significance level of a = 0.015, and this corresponded to

populations that were 9.1 and 5.7 km apart. For Eug.
championi the /PT value over all sampling locations was
not significantly different from zero (/PT = -0.019;

P = 0.99). /PT values among pairs of fragments averaged
0 and none were significant before or after correcting for

multiple comparisons (P [ 0.05 for all /PT values; B-Y

adjusted a = 0.018; Table 4).
Levels of genetic differentiation differed also across the

estimators used to characterize genetic structure. Unlike

/PT, G’st and Dest revealed relatively high differentiation
among populations for Eul. bombiformis, and low but

significant differentiation for Eug. championi. Over all

sampling areas, G’st with the associated 95% confidence
interval was 0.33 (0.28, 0.38), and Dest was 0.28 (0.24,

0.33) for Eul. bombiformis. G’st was 0.044 (0.039, 0.067),

and Dest was 0.031 (0.002, 0.007) for Eug. championi. This
pattern is consistent with the one found for /PT; for G’st

and Dest Eul. bombiformis showed much more genetic

structuring than Eug. championi (Table 2).

Discussion

We found contrasting levels of genetic differentiation over

a fragmented landscape for two orchid bee species. Sur-
prisingly, the larger species (Eul. bombiformis) showed

more genetic differentiation—indicating less gene flow—

than the smaller species (Eug. championi). Previous work
investigated the prospects for persistence of orchid bees in

Table 1 For sampling areas in
which we sampled more than
nine individuals, we show three
measures of within site genetic
diversity, haploid genetic
diversity (Div), the number of
alleles (Na), and the effective
number of alleles (Nef)

Species Site name n males Na ± SE Nef ± SE Div ± SE

Eul. bombiformis A 15 3.6 ± 0.53 2.7 ± 0.42 0.54 ± 0.08

Eul. bombiformis B 19 6.3 ± 0.53 4.6 ± 0.44 0.76 ± 0.03

Eul. bombiformis C 24 6.4 ± 0.92 4.5 ± 0.84 0.69 ± 0.07

Eul. bombiformis E 20 6.1 ± 0.51 4.4 ± 0.60 0.72 ± 0.06

Eul. bombiformis H 27 6.3 ± 0.60 4.4 ± 0.55 0.72 ± 0.07

Eul. bombiformis I 9 3.4 ± 0.41 2.9 ± 0.38 0.57 ± 0.084

Average – – 5.4 ± 0.41 3.9 ± 0.38 0.67 ± 0.028

Eug. championi A 26 3.71 ± 1.02 2.1 ± 0.62 0.31 ± 0.12

Eug. championi C 9 2.6 ± 0.69 2.1 ± 0.62 0.31 ± 0.12

Eug. championi D 42 4.6 ± 1.2 2.3 ± 0.74 0.35 ± 0.12

Eug. championi E 20 2.9 ± 0.8 2.0 ± 0.56 0.30 ± 0.13

Eug. championi H 20 3.1 ± 0.91 2.5 ± 0.81 0.33 ± 0.14

Average – – 3.37 ± 0.42 2.2 ± 0.29 0.32 ± 0.053
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fragmented landscapes by measuring abundance and spe-

cies diversity in forest fragments of different sizes, shapes,

or distances from one another (Becker 1991; Brosi 2009;
Powell and Powell 1987; Tonhasca et al. 2002a, b, 2003).

In only some cases were abundance and species diversity

significantly lower in smaller, more isolated fragments.

These conflicting results could be due to sample size dif-

ferences, location-specific effects of landscape on orchid
bees, or seasonal changes in bee abundance or species

diversity. Orchid bees likely have one or two generations

every year depending on the species and environmental
conditions. The results of this study likely reflect longer-

term population dynamics, possibly over decades, and

suggest that there are interspecific differences in dispersal
in fragmented landscapes. While we can draw inferences

about the effects of habitat fragmentation on these orchid

bee species, we could not determine from these data if the
levels of differentiation we found for each species are due

to fragmentation or if these reflect their natural dispersal

Fig. 2 Relationship between
the logarithm of geographic
distance and average genetic
differentiation estimated as
HGD between sampling
locations for Eul. Bombiformis
(R2 = 0.06; P \ 0.001)

Fig. 3 Relationship between
the logarithm of geographic
distance and average genetic
differentiation estimated as
HGD between sampling
locations for Eul. championi
(R2 = 0.04; P = 0.02)

Table 2 For each species, levels of differentiation over all sample
sites estimated as /PT, G’st, and Dest, with associated 95% confidence
intervals

Estimator Eul. Bombiformis Eug. championi

/PT 0.01 [0.004, 0.016] 0.000 [-0.019, 0.018]

G’st 0.33 [0.28, 0.38] 0.044 [0.039, 0.067]

Dest 0.28 [0.24, 0.33] 0.031 [0.02, 0.07]
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and foraging distances. Sampling in areas of continuous

forest and comparing levels of genetic differentiation to
those found in our study would be particularly informative

for understanding how orchid bees may alter their dispersal

or foraging behavior in fragmented areas.
The low levels of genetic differentiation found for Eug.

championi are consistent with previous population genetic

data on bees in the genus Euglossa. Zimmermann et al.
(2011) found low differentiation for eight species of Eu-
glossa between sites separated by over 130 km of agri-
cultural land, a much larger area than our study, in which

the furthest forest fragments were 14 km apart. This study

did not investigate levels of differentiation for any species
in the genus Eulaema, a genus in which bees tend to be

much larger. Our finding higher levels of differentiation for

Eul. bombiformis indicates that there may be genus-specific
differences in dispersal, but more work is needed to

understand the extent to which our results can be gen-

eralized to other species within Eulaema.
Interpreting values of genetic differentiation found for

different species, or from different sets of genetic markers,

is difficult because estimates often depend on the level of
variability of the loci. In our case we used two different

sets of genetic markers, and the variability of the loci in

each set differed somewhat; haploid genetic diversity was
0.67 for Eul. bombiformis and 0.32 for Eug. championi.
Therefore, to get a clear picture of differences between the

species, in addition to using the Fst-like estimator /PT, we
also calculated standardized measures of genetic differen-

tiation that are not dependent on the variability of the loci:

G’st and D. Using these estimators further supported our
finding based on /PT that genetic differentiation is higher

for Eul. bombiformis. Furthermore, theory predicts that

there should be an inverse relationship between genetic

diversity and Fst, assuming equal levels of actual allelic
differences (Jost 2008). Since genetic variability was

higher for Eul. bombiformis, we would expect that if levels

of allelic differences were the same between the species,
values of the Fst analog, /PT, should be lower for Eul.
bombiformis. Therefore, our finding higher /PT despite the

higher genetic variability provides further support that
levels of differentiation are higher in Eul. bombiformis.

The levels of genetic differentiation differed among the
estimators of genetic structure. Pairwise /PT values among

forest fragments were consistently low, but some pairs

were significant for Eul. bombiformis. By contrast, G’st
and Dest revealed moderately high and significant genetic

differentiation in Eul. bombiformis, and low but significant

differentiation for Eug. championi. G’st and Dest may be
better measures of genetic differentiation than widely used

Fst analogues such as /PT in studies such as this one

because they do not suffer from a downward bias when
within-population heterozygosity is high (Hedrick 2005;

Jost 2008; but see Whitlock 2011 for a discussion of the

utility of Fst-like estimators). This is often the case for
microsatellite markers, which were used in this study. Our

finding of moderately high and significant G’st and Dest

values demonstrate that the movement of bees among our
forest fragments was restricted, particularly for Eul.
bombiformis, but also Eug. championi to some extent.

It is surprising that the larger species showed higher
genetic differentiation among forest fragments than the

smaller species. These results are not consistent with our

predictions, which were based on body size differences
between the species. A significant positive relationship has

been shown between body size and homing or foraging

Table 3 Pairwise /PT values
among sampling areas for Eul.
bombiformis below diagonal,
P values for pairwise
comparisons above diagonal

A B C E H I

A – 0.024 0.013 0.106 0.015 0.159

B 0.026 – 0.350 0.460 0.450 0.446

C 0.024 0.002 – 0.457 0.175 0.452

E 0.013 0.000 0.000 – 0.131 0.470

H 0.022 0.000 0.004 0.006 – 0.461

I 0.019 0.000 0.000 0.000 0.000 0.000

Table 4 Pairwise /PT values
among sampling areas for Eug.
championi below diagonal,
P values for pairwise
comparisons above diagonal

A C D E H

A – 0.413 0.429 0.415 0.421

C 0.000 – 0.411 0.384 0.423

D 0.000 0.000 – 0.408 0.422

E 0.000 0.000 0.000 – 0.418

H 0.000 0.000 0.000 0.000 –
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distance, such that larger bees tend to travel greater dis-

tances (Greenleaf et al. 2007). This may be because they
have more flight power or because their larger body size

renders them more resistant to desiccation, as in other insect

species (Matzkin et al. 2009). However, this generalization
does not seem to hold for the orchid bees sampled in this

study, at least in terms of dispersal distance. Of many

possible explanations, this may be because Eug. championi
is less territorial, or is less susceptible to predation in open

areas. The iridescent coloration of many orchid bees,
including Eug. championi, may function as camouflage. In

contrast, Eul. bombiformis are predominately black and

especially given their large size may be more visible to
potential predators, such as birds, in open areas.

The levels of differentiation found among sampling

locations are generally consistent with conclusions based on
previous phylogeographic work on orchid bees. Some orchid

bee species bees in the genera Eufriesea and Euglossa had

identical mitochondrial haplotypes spanning the Andean
Cordillera (Dick et al. 2004), indicating they may be capable

of long-distance dispersal. In contrast, Dick et al. (2004)

found that Eul. bombiformis did show some genetic struc-
turing across the Andes, which is consistent with our finding

that gene flow may be more restricted for Eul. bombiformis.

Though orchid bees are capable of long distance flight, their
frequency of such travel is unknown. A female of the large

bodied orchid bee genus Eufriesea was documented to fly

23 km in a single day when she was taken from her nest and
released at that distance (Janzen 1971). Mark-recapture

studies of male orchid bees have shown that they sometimes

travel 2–4 km within a period of 1–3 months (Raw 1989;
Tonhasca et al. 2003), and recent data based on radio trans-

mitters show that the large-bodied Exaerate frontalis (at

about 25 mm long; slightly smaller than Eul. bombiformis)
can travel 5 km in a week, but that a larger degree of site

fidelity exists than might be expected for free-roaming male

bees (Wikelski et al. 2010). Our genetic data suggest that
orchid bees do not regularly fly tens of kilometers and then

mate—we found weak genetic structure within 14 km for

Eug. championi and moderate genetic structure for Eul.
bombiformis—but long distance dispersal may occur occa-

sionally. Furthermore, our study was conducted in a frag-

mented area; orchid bees living in continuous forest may
disperse or forage farther, though not necessarily.

Compared to other bees, orchid bees are thought to have

high dispersal potential. However, the degree to which
realized dispersal or foraging distances reflect dispersal

ability is unknown. Our results suggest that the mobility of

orchid bees differs strongly among species. Some orchid
bees may have high levels of gene flow compared to other

bees. An allodapine bee, Exoneura nigrescens (Hyme-

noptera: Apidae), showed a strong pattern of IBD over an
area of burn patches slightly larger than our study region in

southwestern Victoria, Australia (Stow et al. 2007). Also,

gene flow in some species of bumble bees (genus Bombus)
seems to be more restricted than we found in this study. A

series of studies from Scotland found contrasting patterns

of genetic structure for different species; significant and
moderately high genetic structure was found at distances

above 10 km in populations of the rare and declining

bumble bee species B. muscorum (Darvill et al. 2010;
h = 0.13), and B. sylvarum (Ellis et al. 2006; h = 0.084),

but not in the more common B. jonellus (Darvill et al.
2010; h = 0.034). Solitary bees also vary interspecifically

in the level of genetic differentiation found among loca-

tions. Exeler et al. (2008) found low differentiation among
groups of the solitary bee Andrena vaga from patches of

habitat in northern Germany that were \20 km apart but

strong IBD over hundreds of kilometers. However, Exeler
et al. (2010) found low differentiation over more than a

hundred kilometers among groups of a related solitary bee,

A. fuscipes. Thus, it seems that levels of genetic differen-
tiation among groups seem to vary among species both

within the orchid bees and for other bee groups. These

conclusions were based on analyses that used Fst. Stronger
differentiation would likely have been observed had G’st or

Dest been calculated for the data, as has been observed in

other studies that apply these new statistics to population
genetic data (Jost 2008).

Conclusions

Out results furthers our understanding of orchid bees’
prospects for persistence in fragmented landscapes. The two

species we used in the present study are two of the most

common in our sampling area (Brosi 2009). Despite simi-
larly large population sizes, we found a surprising contrast

in level of genetic differentiation between two orchid bee

species. Our results contradict previous conclusions about
body size and foraging or dispersal distances in bees and

other organisms; we found much higher differentiation in

the large bodied species. This suggest that caution should be
used (1) when using data on body size to draw conclusions

about dispersal distance; (2) when using data on abundance

to draw conclusions about the conservation status of a
species; and (3) that generalizing conservation status of a

community based on studies of just one species may be of

limited value. It is important that future studies investigate
how genetic differentiation varies with species-level traits

in order to comprehensively characterize how communities

respond to habitat fragmentation.
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