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Abstract

Oligolectic bees are specialists that collect pollen from one or a few closely related species of plants, while
polylectic bees are generalists that collect pollen from both related and unrelated species of plants. Because
of their more restricted range of floral hosts, it is expected that specialists persist in more isolated popu-
lations than do generalists. We present data on the population structure of two closely related bee species
sampled from a super abundant floral host in the southern Atacama Desert. Pairwise comparisons of
population subdivision over identical distances revealed that the specialist bee had significantly more
differentiated populations in comparison to the generalist. Further, populations of the specialist had sig-
nificantly less genetic variation, measured as observed and expected heterozgyosity, than those of the
generalist. Our data support the hypothesis of decreased gene flow among populations of the specialist bee
even at equivalent geographic distances. The resulting reductions in effective population size for specialists
make them particularly prone to extinction due to both demographic and genetic reasons. Our findings
have important implications for the conservation of bees and other specialist insects.

Introduction

Bees are integral and indispensable components of
almost all terrestrial ecosystems, and their global
conservation is of prime importance (Allen-
Wardell et al. 1998). Bees can be broadly classified
into two functional groups; oligolectic species
collect pollen from only one or a few closely re-
lated plant species (i.e. specialists), while polylectic
species collect pollen from many plant species (i.e.
generalists) (Cane and Sipes 2006). Oligolectic
bees make up a significant proportion of the
world’s bee fauna: 15–30% of all pollen collecting

bee species in temperate and subtropical regions,
and 43–60% in xeric environments (Minckley and
Roulston 2006), where bee species richness is
usually highest (Michener 2000). Understanding
the conservation biology of oligolectic bees is
therefore essential for attempting to maintain the
worldwide biodiversity of bees, and for conserving
specialized flower-pollinator mutualisms (Bond
1994; Kearns et al. 1998). Further, recently pos-
ited global declines of pollination services are
suggestive of large reductions in bee populations
(Kevan and Viana 2004), stressing the need for
understanding the conservation biology of these
ecologically and economically important pollina-
tors.�Deceased
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A recent survey of the conservation genetics of
pollinators (Packer and Owen 2001) highlighted
the paucity of pertinent data for oligolectic bees
and noted that comparative studies between oli-
golectic and polylectic species had never been
undertaken. Comparative data for specialists and
generalists are needed to clarify the role of spe-
cialization in increasing extinction risk, and for
testing hypotheses of the evolution of specializa-
tion. As a consequence of specialization, the
geographic distribution of oligolectic bees will be
limited by that of their floral host(s), while
polylectic bees should be able to maintain higher
levels of gene flow through areas in which the
host of a specialist species is absent. Thus, pop-
ulations of specialists are expected to be more
isolated than those of generalists (reviewed by
Futuyma and Moreno 1988). Isolation will result
in a reduction of gene flow between populations,
and a reduction in effective population size (Ne)
(Hedrick and Gilpin 1997; Whitlock and Barton
1997), ultimately resulting in reduced levels of
neutral genetic variation (Kimura 1983). If spe-
cialization results in isolation, then specialist
species should have reduced levels of neutral ge-
netic variation when compared to generalist spe-
cies. We recently tested this hypothesis by
comparing levels of genetic variation at allozyme
loci in five phylogenetically independent oligo-
lectic – polylectic species pairs (Packer et al.
2005). We found that specialist species had sig-
nificantly lower levels of genetic variation (mea-
sured as % polymorphic loci, average allelic
richness, and average expected heterozygosity)
than did generalists. Based on the magnitude of
the reduction of genetic variation in specialist
bees, we estimated that Ne of specialists averaged
nearly an order of magnitude lower than that of
generalists (Packer et al. 2005), supporting the
hypothesis of increased isolation in specialists.

In the only study of population structure of
oligolectic bees, Danforth et al. (2003) found sig-
nificant levels of population subdivision in Mac-
rotera (Macroteropsis) portalis (Andrenidae) in
mixed Chihuahuan desert habitats in Southeastern
Arizona, USA. Population differentiation in
M. portalis ranked in the highest 10% among 92
species of insects surveyed for that parameter
(Danforth et al. 2003). However, without com-
parative data from related generalist bees, it is
impossible to conclude whether the high popula-

tion subdivision in M. portalis is due to oligolecty
per se, patchiness of its xeric habitat, or some other
factor. Here we present an analysis of the popu-
lation structure of a closely related oligolectic –
polylectic species pair occurring in sympatry in the
southern Atacama Desert in Chile to test the
hypothesis of greater isolation between popula-
tions of specialists versus generalists.

The two species that we compare are from the
same subfamily, the Colletinae, of the family
Colletidae. Leioproctus rufiventris (Spinola) (Col-
letidae), is a specialist on Loasa tricolor Ker-Gawl
(Loasaceae), one of the most widespread and
abundant flowers in central Chile (Teillier et al.
1998). This bee is known from throughout the
range of its floral host: regions IV–VI (Packer
et al. 2005). Given that other species of Loasaceae
in this region are uncommon (Teillier et al. 1998),
and we have not observed L. rufiventris on them, it
seems very likely that this species is strictly
monolectic (following Cane and Sipes 2006). On
the other hand, Colletes seminitidus Spinola (Col-
letidae) is polylectic, occurring from Regions I–X,
beyond the range of Lo. tricolor. However,
C. seminitidus exhibits floral constancy upon Lo.
tricolor where this plant is common (i.e. females
mainly collect pollen only from Lo. tricolor, where
its bloom is abundant). However, in areas outside
the range of this plant, and in localities within its
distributional range where it is not found, such as
in urban areas, C. seminitidus can be found on a
wide range of alternative floral hosts. Such floral
constancy is common, if not typical, within pop-
ulations of generalist species (Minckley and
Roulston 2006). This allowed us to sample both
species on the same floral host from the same
localities, and to conduct pairwise comparisons of
genetic differentiation over identical distances,
removing the confounding effect of distance on
gene flow and levels of genetic differentiation
(Peterson and Denno 1998). Further, both species
are solitary ground nesting bees with similar body
sizes, expected to fall in the ‘‘moderately mobile’’
dispersal category of Peterson and Denno (1998)
based on average home range sizes for solitary
bees (Cane 2001). The phylogenetic and ecological
similarities between these two species should make
the degree of floral specialization the major influ-
ence upon any observed differences in estimates of
genetic differentiation between their respective
populations.
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Methods

Sampling

Bees were sampled on Lo. tricolor from five
localities within a 2-h period during peak flying
activity (between 12 and 3 pm) from September 25
to October 13 2002 (Table 1 and Figure 1). Bees
were killed by immersion in liquid nitrogen where
they remained until transportation from Chile to
York University (Toronto ON, Canada) on dry
ice. Upon arrival in Toronto, samples were stored
in an ultracold freezer at )80 �C until used for
electrophoresis. Voucher specimens for both spe-
cies are housed in the Packer collection at York
University, Toronto, Canada and the collection of
the Pontificia Universidad Católica de Valparaı́so,
Valparaı́so, Chile.

Allozyme electrophoresis

Both L. rufiventris and C. seminitidus, sampled
from Tongoy (Table 1) were previously assayed for
genetic variation at 33 and 29 allozyme loci
respectively (Packer et al. 2005). L. rufiventris was
polymorphic at Adenylate kinase (AK), Esterase
(EST, 2 loci), Hexokinase (HK), and Malate
dehydrogenase (MDH), while C. seminitidus was
polymorphic at Aldehyde dehydrogenase (ALD-
DH), Arginine kinase (ARK), Diaphorase (DIA),
EST, Fumarase (FUM), HK, MDH, and Malic
enzyme (ME). For analysis of population structure,
we assayed all additional samples of both species
for variation at these polymorphic loci. During the
screening process, we detected allelic variants for
ME in L. rufiventris – LR4, originally monomor-
phic at LR1. We scored ME for all L. rufiventris
samples, and included it in our analysis.

Data analyses

We examined population structure using Wright’s
F statistics (Wright 1951; Weir and Cockerham
1984), as implemented in FSTAT 2.9.3 (Goudet
1995). Significance of F statistics was estimated
using 1000 randomizations in FSTAT. Pairwise
FST between all population pairs was also esti-
mated using FSTAT. FST is a robust measure of
genetic differentiation (Whitlock and McCauley
1999; Neigel 2002) and we used it to compare
levels of genetic differentiation between popula-
tions of specialists and generalists.

By sampling both generalists and specialists at
exactly the same localities, we removed the con-
founding effect of distance from our analyses of
genetic differentiation (Peterson and Denno 1998;
Packer and Owen 2001). Although intraspecific
comparisons of pairwise FST values violates the
assumption of independence in standard para-
metric and nonparametric statistical tests, differ-
ences in pairwise FST estimates between the two
species over the same distances are statistically
independent (e.g. Felsenstein 1985). We used the
Wilcoxon matched-pairs signed-ranks method
(Zar 1999) to test the null hypothesis of zero
median difference between pairwise FST for L.
rufiventris and C. seminitidus (indicating no dif-
ference in levels of genetic differentiation over
identical distances), versus the alternative
hypothesis of a positive median difference (indi-
cating greater levels of genetic differentiation in L.
rufiventris over identical distances). We also
examined the extent of isolation by distance (IBD)
between the two species by regressing pairwise FST,
versus the logarithm of pairwise distance (D)
(Rousset 1997), using reduced major axis (RMA)
regression, the significance of which was tested

Table 1. Sampling localities and diploid sample sizes (n) for the generalist C. seminitidus, and the specialist L. rufiventris

Sampling locality C. seminitidus L. rufiventris

Sample name Size Sample name Size

Tongoy, 30�15.25¢ S 71�30.30¢ W CS1 32 LR1 26

Near Los Hornos, 29�39.32¢ S 71¢18.05¢ W CS2 32 LR2 31

Quebrada Seca, 30¢33.41¢ S 71¢26.52¢ W CS3 33 LR3 12

Parque Nacional Fray Jorge, 30�40.53¢ S 71�38.16¢ W CS4 33 LR4 26

Near Socos, 30�41.71¢ S 71�28.73¢ W CS5 33 LR5 19

All samples were obtained from Chile, Region IV.
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using a Mantel test (1000 randomizations) as
implemented in IBD 1.4 (Bohonak 2002).

We used t-tests to compare average observed
heterozygosity (Ho), and Nei’s unbiased expected
heterozygosity (Hexp) (Nei 1978), estimated using
POPGENE 1.32 (Yeh and Boyle 1997), between
subpopulations of L. rufiventris and C. seminitidus.
Under the infinite-allele model (IAM) of mutation
(Kimura and Crow 1964), the equilibrium het-
erozygosity, He is:

He ¼
4Neu

4Neuþ 1
ð1Þ

where u is the mutation rate. Solving for Ne yields:

Ne ¼ �
He

4uðHe � 1Þ ð2Þ

By assuming that mutation rates for protein cod-
ing loci are equal within the closely related
L. rufiventris and C. seminitidus (Kimura 1983, but
see Rodriguez-Trelles et al. 2001), the relative
reduction in Ne of the former in comparisons to
the latter can be represented as the following ratio:

Ne�o
Ne�p
¼ �He�oðHe�p � 1Þ
�He�pðHe�o � 1Þ ð3Þ

where the subscripts o and p refer to oligolectic
and polylectic parameters, respectively. We inves-
tigated the relative differences in Ne between
L. rufiventris and C. seminitidus by using equation

3 where He=Hexp as estimated for each species
and population. We did not perform statistical
analysis upon Ne estimates, and only presented
ratios as a simple means of showing the magnitude
of the difference in Ne between the specialist and
generalist bee.

Results

Allele frequencies for both species are presented in
Table 2. L. rufiventris had significantly lower
observed and expected heterozygosity than
C. seminitidus (Table 3. observed heterozygosity:
t=6.014, df=8, P<0.001; expected heterozygos-
ity: t=7.116, df=18, P<0.001). On average,
L. rufiventris populations exhibited an 83%
reduction in Ne when compared to those of
C. seminitidus (Table 3). Significant heterozygote
deficiencies, measured as FIS, were found in both
species (C. seminitidus: FIS=0.195; L. rufiventris:
FIS=0.230; P<0.001 for both tests).

Significant population subdivision was found
in both species (L. rufiventris: FST=0.68. C. sem-
initidus: FST=0.254; P<0.001 for both tests), with
the specialist having a global FST estimate more
than twice as large as that for the generalist spe-
cies. Estimates of pairwise FST between popula-
tions of the specialist were significantly higher than
those of the generalist when compared over similar
distances (Figure 2; Wilcoxon matched-pairs
signed-ranks test: W+=51, W)=4, n=10, one-
tailed P=0.0068). On average, this represented
more than a two fold increase (207%) in pairwise
FST of L. rufiventris over C. seminitidus. Both
species showed patterns of IBD that approached
statistical significance (Figure 3: for the specialist:
y=1.03x)1.21, r2=31%, P=0.094; for the gen-
eralist: y=0.42x)0.46, r2=18%, P=0.063), with
pairwise FST appearing to increase at a faster rate
over distance in the specialist versus the generalist
species. However, the lack of significance (at
a=0.05) of both IBD regressions render statistical
testing for difference in regression slopes mean-
ingless.

Discussion

Our findings show that populations of the spe-
cialist bee exhibited higher levels of genetic dif-
ferentiation in comparison to those of the

Figure 1. Map of Chile (Region IV) showing sampling loca-
tions for the generalist bee C. seminitidus (CS), and the spe-
cialist bee L. rufiventris (LR).
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Table 2. Allele frequencies, and diploid sample sizes, n, for C. seminitidus (CS) and L. rufiventris (LR) populations.

Locus CS1 CS2 CS3 CS4 CS5

ALDDH 1 0.969 0.859 0.939 0.939 1

2 0.031 0.141 0.061 0.061 0

n 32 32 33 33 33

ARK 1 0.726 0.667 0.015 0.000 0.061

2 0.274 0.333 0.985 1.000 0.939

n 31 15 33 33 33

DIA 1 0.859 0.969 0.879 0.97 0.833

2 0.141 0.031 0.121 0.03 0.167

n 32 32 33 33 33

EST 1 0.953 0.875 0.227 0.439 0

2 0.047 0.125 0.773 0.561 1

n 32 32 33 33 33

FUM 1 0 0 0 0 0.03

2 0.281 0.641 0.576 0.621 0.561

3 0.484 0.266 0.318 0.227 0.364

4 0.234 0.094 0.106 0.152 0.045

n 32 32 33 33 33

HK 1 0.016 0.161 0.061 0.091 0.061

2 0.984 0.645 0.848 0.364 0.939

3 0 0.194 0.061 0.379 0

4 0 0 0.03 0.167 0

n 32 31 33 33 33

MDH 1 0 0.031 0.152 0.106 0.045

2 0.125 0.25 0.091 0.152 0.273

3 0.875 0.719 0.758 0.742 0.682

n 32 32 33 33 33

ME 1 0 0 0.015 0 0.045

2 1 0.813 0.788 0.939 0.924

3 0 0.188 0.197 0.061 0.03

n 32 32 33 33 33

LR1 LR2 LR3 LR4 LR5

AK 1 0.981 1 0 0 0

2 0.019 0 1 0.962 1

3 0 0 0 0.038 0

n 26 31 12 26 19

EST-1 1 0.019 0 0.083 0 0

2 0.981 0.79 0.208 0.404 0

3 0 0.21 0.708 0.596 1

n 26 31 12 26 19

EST-2 1 0.038 0.032 0 0.038 0

2 0.962 0.968 1 0.962 1

n 26 31 12 26 19

HK 1 1 1 1 1 0.974

2 0 0 0 0 0.026

n 26 31 12 26 19

MDH 1 0.019 0.065 0 0 0

2 0 0 0.125 0 0.026

3 0.981 0.935 0.875 1 0.974

n 26 31 12 26 19

ME 1 0 0 0 0.038 0

2 1 1 1 0.962 1

n 26 31 12 26 19
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generalist bee. Although both species showed
significant population structure, most likely
attributable to the patchy nature of floral re-
sources in their xeric environment (e.g. Danforth
et al. 2003), populations of the specialist bee
showed higher levels of genetic differentiation
when compared to the generalist (Figure 2). Re-
duced levels of genetic differentiation between
populations of C. seminitidus, when compared
with L. rufiventris, most likely represent addi-
tional dispersal opportunities available to the
generalist through the utilization of other floral
hosts between populations of Lo. tricolor. The
significant reduction in Hexp, and Ho in popula-
tions of L. rufiventris versus those of C. seminiti-
dus are consistent with our earlier study
comparing levels of neutral genetic variation in
species pairs of oligolectic and polylectic bees
(Packer et al. 2005), supporting the hypothesis of

reduced Ne in specialists. Although IBD regres-
sions only approached statistical significance
(Figure 2), we attribute this to the low statistical
power for detecting IBD in our small dataset; a
minimum of 15 populations is usually needed to
detect significant IBD (Peterson and Denno
1998). Interestingly, both specialist and generalist
had significant FIS values as were found in M.
portalis (Danforth et al. 2003). This is surprising
given that a proportion of M. portalis males are
flightless and do not vacate their natal nest,
implying a potential to inbreed. It is not know
whether our studied species actively seek matings
with related individuals. It may be possible that
high FIS is a general phenomenon in solitary bee
populations, which tend to exist in patchy viscous
populations (Packer and Owen 2001), the effects
of which might be especially pronounced in al-
ready patchy xeric habitats.

Table 3. Observed (Ho) and expected heterozygosity (Hexp) in populations of the generalist C. seminitidus (CS) and the specialist
L. rufiventris (LR)

Sample Ho Hexp Sample Ho Hexp Ne�o=Ne�p (%)

CS1 0.1769 0.2088 LR1 0.0165 0.0273 11

CS2 0.2555 0.3401 LR2 0.0507 0.0747 16

CS3 0.2386 0.2839 LR3 0.0714 0.0994 28

CS4 0.2955 0.3027 LR4 0.0714 0.1025 26

CS5 0.1477 0.2072 LR5 0.0150 0.0150 6

Mean 0.2223 0.2685 0.0450 0.0638 17%

SD 0.0599 0.0589 0.0280 0.0406 10%

The effective population size of the specialist ðNe�o) is represented as a ratio to that of the generalist ðNe�p) for each locality.
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Figure 2. Difference in pairwise FST between populations of the specialist and the generalist (i.e. FST of specialist – FST of generalist)
compared over the same distances. Positive values indicate more genetic differentiation in specialists versus generalists, and vice versa.
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More pairwise comparisons of population
structure in closely related taxa would likely pro-
vide a clearer perspective on the possible conse-
quences of specialization on the population
genetics of specialist insects. Kelley et al. (2000)
found stronger patterns of genetic differentiation
in a specialist bark beetle versus its generalist sister
species, consistent with our findings. Kelley et al.
also found lower levels of genetic variation at
mitochondrial DNA in the specialist versus the
generalist. In a study of population structure dif-
ferences between two sister species of milkweed
beetles, Dobler and Farrell (1999) found stronger
levels of geographic structure in populations of the
generalist versus the specialist, however, this might
be explained by differences in dispersal abilities
between the two species, where the specialist was
more vagile. In a meta-analysis of 43 phytopha-
gous insects, Peterson and Denno (1998) showed
that diet breadth did not influence isolation by
distance patterns. However, the definition of
monophagous used by Peterson and Denno
(feeding on one plant genus) may not reflect strong
specialization (Kelley et al. 2000; Cane and Sipes,
2006), possibly biasing their conclusions. Peterson
and Denno’s (1998) results, although not statisti-

cally significant, indicated that a higher proportion
of monophagous insects exhibited significant IBD
patterns than polyphagous insects. This lack of
significance might be due to statistical noise in the
dataset generated from pooling data over many
taxa regardless of phylogenetic relationships
(Carpenter 1992), and through errors arising from
variable reporting of data inherent in meta-anal-
ysis methodologies (Lajeunesse and Forbes, 2003).

Our results shed some light on the pattern of
increased speciation rates in specialist lineages,
and the unusual biodiversity patterns of bees
worldwide. It is well documented that most spe-
cialist species are members of ancestrally specialist
lineages, both for animals in general (reviewed by
Futuyma and Moreno 1988) and in bees (Wcislo
and Cane 1996), and such lineages often specialize
on the same host (reviewed by Futuyma and
Moreno 1988; Sipes and Wolf 2001; Minckley and
Roulston 2006). If our findings, and those of
Kelley et al. (2000), prove to be the norm in spe-
cialist populations, then faster speciation in spe-
cialist lineages could simply be an artifact of rapid
evolution in small isolated populations (reviewed
by Barton and Charlesworth 1984; Howard 1993).
Rapid allopatric and/or allochronic speciation in
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Figure 3. Regression between pairwise genetic differentiation, measured as FST and pairwise distance (D) for populations of the
specialist and generalist bee.
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specialist lineages in patchy xeric habitats is con-
sistent with the finding that bees attain their
highest diversity in such environments (Linsley
1958), where a large proportion of the bee fauna is
oligolectic (Minckley and Roulston 2006), and
where specialization seems to confer the greatest
fitness benefits over generalization through better
host-synchrony (Minckley and Roulston 2006).

We would like to note that in, some aspects, the
effects of habitat fragmentation on bee populations
should be similar to those induced by diet special-
ization, as both specialization and fragmentation
promote population isolation. It is thus expected
that fragmented bee populations suffer from loss of
genetic variation and reduced Ne. High dispersal
abilities can counteract the effects of fragmenta-
tion, and it is sometimes presumed that, due to
their sometimes large foraging ranges, bees are
good dispersers and are thus tolerant of fragmen-
tation. Mixed findings on the effects of fragmen-
tation on bee populations (reviewed by Cane 2001),
help propagate this view. We would like to dispel
such presumptions on the following grounds. First,
foraging distances should not be taken to represent
dispersal ability, and more importantly gene flow
(for definitions of dispersal, migration, and gene
flow, see Loxdale and Lushai 1999). The fact that a
bee travels a specific distance per day while in the
process of foraging does not imply gene flow over
the same distance or even that nest sites average
similar distances apart from one generation to the
next. For example, orchid bees have very large
home ranges and are capable of flying long dis-
tances (Roubik 1989) but recent work has shown
that gene flow among their populations is restricted
(Zayed et al. 2004). Second, both theoretical
arguments (haplodiploidy, nest building, central
place foraging, philopatry), and empirical evidence
suggest reduced gene flow in bee populations when
compared to diploid insects (Packer and Owen
2001). Finally, since studies on the effects of frag-
mentation on bee populations have ignored genetic
aspects, processes of great consequence to the long
term sustainability of bee populations might have
gone unstudied (Zayed et al. 2004).

Specialization has been previously correlated
with extinction proneness (Bond 1994; Labandeira
et al. 2002; Koh et al. 2004). For example,
Kotiaho et al. (2005) found narrow diet special-
ization to be a common ecological characteristic of
threatened Finnish butterflies. In addition to their

susceptibility to extinction due to failed mutual-
isms (i.e. through the extinction of host plants,
Koh et al. 2004), our data suggest that specialist
bees are more prone to extinction than generalists,
for intrinsic reasons: They exist in more isolated
populations with lower Ne. Populations with small
effective sizes have a higher risk of extinction due
to both genetic and stochastic events than do lar-
ger populations (Frankham 1995; Frankham et al.
2002), and loss of genetic variation in small pop-
ulations reduces adaptability (Fisher 1930;
Frankham et al. 2002) and is correlated with
metapopulation extinction (Saccheri et al. 1998).
Further, loss of genetic diversity in haplodiploid
bees represents an additional threat as it increases
levels of diploid male production (Cook and
Crozier 1995; Zayed and Packer 2001; Zayed et al.
2004). Diploid males are either inviable or effec-
tively sterile, and their production increases the
genetic load and decreases reproductive fitness
(Cook and Crozier 1995), reduces effective breed-
ing population sizes (Zayed 2004), and dramati-
cally increases extinction risk (Zayed and Packer
2005). Specialist bees are thus expected to be more
extinction prone than generalist bees. This is cor-
roborated by the finding that habitat fragmenta-
tion dramatically affects ground nesting specialist
bees, but not generalists (Cane et al. cited in Cane
2001), indicative of higher extirpation rates for the
former. Similarly, specialization in diet (Goulson
et al. 2005), and habitat requirements (Williams
et al. 2005) have been linked to rarity and declines
in British bumblebees. Also, higher extinction
rates for specialist phytophagous insects during
the terminal Cretaceous event have been inferred
from the fossil record (Labandeira et al. 2002).
Specialist bees, representing a significant propor-
tion of the world’s bee fauna, are thus expected to
be more adversely affected by anthropogenically-
induced changes to their environments than are
generalist bees.
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