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Abstract Orchid bees (Hymenoptera, Apidae, Euglossini)

are important pollinators of many plant families in

Neotropical forests, habitats that have become increasingly

degraded and fragmented by agricultural practices. To

understand the extent to which loss of natural habitat and

isolation has affected the genetic diversity and diploid male

production (DMP) of two orchid bee species, Euglossa

dilemma and Euglossa viridissima, we collected and

genotyped 1686 males at five microsatellite loci and tested

for differences in allelic richness, heterozygosity and DMP

across three different types of land use (natural, agricultural

and urban) and between mainland and island populations in

the Yucatan Peninsula of Mexico. We also investigated the

impact of land use and geographic isolation on gene flow.

Euglossa dilemma and E. viridissima seemed to be par-

ticularly resilient to loss of natural habitat; in locations

with human impact, we did not find reduced genetic

diversity, and populations generally showed very little

population genetic structure. Only on islands did E.

dilemma show significantly reduced genetic diversity. Even

after accounting for putative null alleles, DMP was very

low (0.2–1.3%) across all sampling sites, including on

islands. We therefore suggest that DMP is an insensitive

measure of inbreeding and population decline in our two

study species.

Keywords Effective population size � Euglossa � Gene
flow � Habitat fragmentation � Inbreeding � Mexico �
Yucatan Peninsula

Introduction

It has been my experience that during the first 1 to

5 years after agricultural exploitation of a lowland

Neotropical site, the large solitary bees disappear or

become extremely rare […]. In much of lowland

Central America, it is currently impossible to study

the plant–insect interactions described here, owing to

habitat destruction (Janzen 1971).

Over the past 50 years human activities have changed

ecosystems more rapidly and extensively than at any

comparable period in our history, with more of 60% of the

world’s ecosystems already degraded (Millennium

Ecosystem Assessment 2005). Populations of species

inhabiting a shrinking and increasingly fragmented habitat,

such as tropical forests, are expected to decrease in size and

therefore in genetic diversity (Hanski 2011), making them

vulnerable to loss through not only demographic but also

genetic stochasticity. This may lead a local population into

a so-called extinction vortex (Gilpin and Soulé 1986),

where demographic and genetic factors reinforce each

other in a negative feedback loop to accelerate population

decline (see also Fahrig 2003; Franzén and Nilsson 2010).

If habitat loss causes fragmentation and alteration of the
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physical structure of the environment, it may also impair

free movement of individuals among habitat patches. This

has consequences for the conservation of a species by

reducing connectivity and gene flow among local demes,

contributing further to the reduction in population size and

to the erosion of genetic diversity of a species within

habitat patches (Pellet et al. 2007; Hanski 2011).

Like all Hymenoptera, bees are haplodiploid and char-

acterized by a sex determination system known as

arrhenotoky (Crozier and Pamilo 1996); females are usu-

ally produced from fertilized eggs and males from unfer-

tilized eggs. The genetic basis of sex determination has

been elucidated in Apis mellifera, where sex is determined

by a single locus (the sex determination locus csd; Beye

et al. 2003), but an analogous single locus complementary

sex determination (sl-CSD) system seems to be the

mechanism determining sex in most or all other bee species

(cf. Crozier 1971; Cook 1993; Paxton et al. 2000; van

Wilgenburg et al. 2006; Schmieder et al. 2012; Harpur

et al. 2013).

In species with sl-CSD, diploid individuals heterozy-

gous at the sex locus develop into females while diploid

individuals homozygous at the sex locus develop into

sterile or inviable males, so-called ‘diploid males’. As the

number of alleles at the sex locus decreases, the probability

of matched matings (mating between partners sharing the

same allele at the sex locus) increases and so does diploid

male production (DMP), further reducing both allelic

diversity at the sex locus and population size, potentially

leading to a diploid male (DM) extinction vortex (Zayed

and Packer 2005). On the one hand, bee species (and other

haplodiploids) with sl-CDS are theoretically predisposed to

a genetic load that might exacerbate the negative conse-

quences of inbreeding (e.g. Cook 1993; Cook and Crozier

1995; Zayed 2004, 2009). On the other hand, deleterious

recessive mutations at loci other than the sex locus might

be purged faster in the haploid sex of haplodiploid organ-

isms, leaving open the question of the extent to which

haplodiploid organisms like bees are more or less immune

to the negative effects of small population size and resul-

tant inbreeding (Crozier 1971; van Wilgenburg et al. 2006).

Euglossine bees (Hymenoptera, Apidae, Euglossini) are

endemic to the Neotropics, where they are important pol-

linators of many plant families, particularly orchids (hence

their common name, orchid bees), to which males are

attracted (Jansen 1971; Dressler 1982; Roubik and Hanson

2004). They were long thought to be particularly vulnera-

ble to inbreeding, as indicated by putatively high fre-

quencies of diploid males detected in several allozyme-

based conservation genetics studies (DMP: 12–100% in

Roubik et al. (1996); 13–56% in Zayed et al. (2004);

8–32% in López-Uribe et al. (2007); but only 1.9% in

Takahashi et al. (2001)). Technical artifacts might explain

why DMP was estimated to be high in former allozyme-

based studies (Souza et al. 2010). Those employing

microsatellites have reported a far low frequency of diploid

males (DMP: 1.05–5.88% in Souza et al. (2010); 0.56% in

Cerântola et al. (2011); 0.6% in Boff et al. (2014)). These

microsatellite-based studies suggest that populations of

orchid bees maintain high allelic diversity at the csd locus

and might therefore reflect a large effective population size

with considerable gene flow across suitable habitat (e.g.

Boff et al. 2014).

The world’s ca. 240 orchid bee species are regularly

encountered in Neotropical forests or forest fragments, from

which they acquire floral and nesting resources (e.g. Silveira

et al. 2015; Nemesio et al. 2015). Tropical forests are themost

widespread and amongst the most biodiverse ecosystems on

Earth, yet only 24% remains intact (Lewis et al. 2015). Indeed,

the Neotropics is undergoing intense economic development

(Lewis et al. 2015). This inevitably puts a strain on natural

resources, foremost on forests, which have been cut for timber

and for croplands (Lewis et al. 2015). Wholesale forest

clearance for cash crops has reduced the natural vegetation of

Mesoamerica to\30% of its original area since the onset of

the Green Revolution in the mid-1960s, which led to a change

from a swidden cultivation system, adopted by the Maya

already in pre-Columbian times, to permanent use of the land

(Gomez-Pompa et al. 1972; Laurance et al. 2014; Lewis et al.

2015). Intensification of the process of urbanization in

Yucatan followed in the 1970s and 1980s (Anonymous 2010).

The Maya Forest of Mesoamerica is often described as the

largest contiguous block of tropical forest North of the

Amazon. That status is jeopardized in the Yucatan Peninsula,

which is considered a ‘‘hot spot’’ of tropical deforestation and

biodiversity loss (Gómez-Pompa and Kaus 1999; Cincotta

and Engelman 2000; Turner et al. 2001). This region is of

particular importance owing to the Peninsula’s central role in

the Meso-American Biological Corridor (Rueda 2010).

Yet in northern Mesoamerica, microsatellite-based

genetic evidence suggests that the widespread orchid bee

Euglossa dilemma maintains large effective population

sizes (low DMP) and its populations are well connected

across agricultural sites (Zimmermann et al. 2011),

undoubtedly aided by long-distance male dispersal (Poko-

rny et al. 2015). Whether this is a general pattern for orchid

bees, and whether natural habitats nevertheless permit

higher population sizes of orchid bees than human-altered

landscapes, are still open questions. Recent genetic evi-

dence points to differences among orchid bee species in

their sensitivity to habitat fragmentation and loss (Gian-

garelli et al. 2015).

Here we studied the extent to which the degree of

fragment isolation, produced either by loss of natural

habitat (through agriculture or urbanization) or by a natural

barrier like the sea around islands, affected genetic
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diversity, DMP and the population genetic structure of two

orchid bee species of the Yucatan Peninsula of Mexico: E.

dilemma and E. viridissima, two well resolved taxa (Eltz

et al. 2008, 2011) widespread in Yucatan and typical orchid

bees of tropical regions. We examined differences in allelic

richness, heterozygosity and DMP across three different

types of site (natural, agricultural and urban) and between

mainland and island populations, and then investigated the

impact of land use and geographic separation on gene flow.

If human land use and isolation have an impact on the

population genetics of orchid bees, we predict lower allelic

richness, lower heterozygosity, higher DMP and more

constrained gene flow in human-altered habitats and on

islands.

Methods

Study species

Euglossa viridissima is a medium sized, metallic green

orchid bee distributed from Mexico to Costa Rica (Eltz

et al. 2008). Euglossa dilemma is a recently described

sympatric species (Eltz et al. 2011). Previously thought to

be a morphotype of E. viridissima (Eltz et al. 2008), it

differs from the latter in that the male generally has three

mandibular teeth instead of two (Eltz et al. 2008, 2011); it

has recently extended its distribution to Florida, where it

occurs without E. viridissima (Eltz et al. 2011). The two

species seem to have similar ecological needs. Both prefer

hotter and drier environments than other orchid bees and

are abundant in suburban parks and garden (Eltz et al.

2008, 2011), suggesting they might be able to cope with

degraded habitats. They are polylectic and overlap sub-

stantially in their pollen requirements, showing resource

partitioning only when pollen is very scarce (Villanueva-

Gutierrez et al. 2013). In sympatry, E. dilemma is more

common than E. viridissima (Eltz et al. 2008, 2011). Eu-

glossa viridissima is primitively eusocial (Cocom Pech

et al. 2008; May-Itzá et al. 2014), while the social beha-

viour of E. dilemma remains to be described.

Sampling

Sampling was performed across nine regions (Table 1,

Fig. 1), at each of which bees were collected from up to

four sites corresponding to a different land use or habitat

type within the surrounding 1 km of the point of sample

collection: ‘Natural’ (N) covered by at least 80% natural

forest, characterised by trees at least 10 m high and with no

evidence of recent human impact; ‘Disturbed’ (D), locali-

ties usually situated within an agricultural area with max-

imum 20% forest; ‘City’ (C), indicating an urban area, with

no natural area around it; and ‘Island’ (I), indicating

sampling on an offshore island (for regions by the coast).

Mean pairwise distances among sites within regions ranged

between 10.1 km (Oxkutzcab) and 114.2 km (Chiquilá)

(see Table S3).

In total, 1429 males of E. dilemma (ca. 60 males per

site) were collected using a standard sampling method

(synthetic odour baits; see Boff et al. 2014) from January to

May 2010, for a total number of 144 baiting hours (on

average 9.9 males/h; Table 1). For E. viridissima, 257

males (ca. 43 males per site, 1.8 males/h) were collected

from February to March 2010 (Table 1). The number of

males per hour did not differ among the four site types,

either for E. dilemma (Linear Model: df = 3; F = 0.415;

p = 0.744) or for E. viridissima (Linear Model: df = 3,

F = 1.049; p = 0.522). Bees were stored in ethanol (99%)

at ?4 �C until DNA extraction.

DNA extraction and amplification

DNA was extracted using a CHELEX� protocol (see Boff

et al. 2014 for details) from one front or middle leg. DNA

was stored at -20 �C until amplified at five microsatellite

loci (Table S1, Paxton et al. 2009; Souza et al. 2007) in 10

lL reaction volumes using a Biometra Thermocycler.

Individual mixes consisted of 1 lL template extract (ca.

10 ng DNA), 2 x PCR Buffer (Promega), 0.2 mM of each

dNTP, 0.2 lM each of the forward and reverse primer and

0. 5U Taq polymerase. Loci were multiplexed as permitted

by primer annealing temperature, fluorescent label of for-

ward primers (Table S1) and predicted PCR product sizes.

PCR products were resolved in a MegaBace 1000 autose-

quencer, scored with the program Fragment Profiler and

binned with the program TANDEM (Matschiner and Sal-

zburger 2009).

Genetic diversity

Allelic richness (AR) and expected heterozygosity (Hexp)

within each locality were used as measures of genetic

diversity. Allelic richness, a measure of genetic diversity

that takes into account sample size (El Mousadik and Petit

1996), was rarefied to a common sample size of 10 indi-

viduals per site for E. dilemma and of 12 individuals per

site for E. viridissima). Both were calculated using

microsatellite analyser (MSA 4.05, Dieringer and Schlöt-

terer 2003) by permuting 1000 times.

We tested the relationship between genetic diversity and

location type by fitting linear mixed models (LMM) with

the lmer function in the lme4 package (Bates et al. 2015)

for R (version 3.1.1). This allowed us to control for the

variability of the microsatellite loci employed by modelling

locus as a random effect, with allelic richness or expected
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heterozygosity as the response variables and land use as a

fixed factor (R code in Supplementary Materials). This may

be a more powerful approach to account for inter-locus

variability than, for example, ANCOVA because it takes

into account the full variance associated with each locus

instead of just the mean across sites, as in the ANCOVA

approach (Boff 2014). It also allowed us to quantify

explicitly the variance in allelic richness (or expected

heterozygosity) that could be ascribed to the variability of

the microsatellite loci employed (see results). To analyse

the main effect of site type, we used a likelihood ratio test

(LTR) by comparing the full model (factor site type

included) to a null model (factor site type excluded).

Subsequently we tested for differences in allelic richness

and expected heterozygosity among different locality types

by Tukey HSD post hoc comparisons using the R package

multcomp (Hothorn et al. 2008).

Genetic differentiation

We used GenAlEx (Peakall and Smouse 2006, 2012) to

estimate genetic differentiation as PhiPT and Phi0PT for

haploid data. Genetic differentiation was also estimated as

FST (calculated in GenAlEx by Nei’s formula for GST (Nei

1977), a multiallelic expansion of Wright’s FST (Meirmans

and Hedrick 2011)), G0
ST (Hedrick 2005) and Dest (Jost

Table 1 Description of the 9 regions (see Fig. 1) where sampling for this study was carried out

Region Region

code

Site name Site type Baiting

time (h)

E. dile

(n)

E. viri

(n)

Latitude Longitude

Cancun Can CancunNaturalArea_N_Cancun Natural 6 60 0 21�13043.1300N 86�48030.1600W
Cancun Can CancunInFrontIsland_D_Cancun Disturbed 4.5 22 0 21�14017.4400N 86�48023.2600W
Cancun Can Cancun_D_Cancun Disturbed 4.4 93 0 21� 6048.0000N 86�57021.7400W
Cancun Can Cancun_C_Cancun City 3.5 71 0 21�10054.5500N 86�48035.4000W
Cancun Can Mujeres_I_Cancun Island 3 33 0 21�1302.3200N 86�43025.2300W
Playa del

Carmen

Pla PlayaCarmen_D_PlayaCarmen Disturbed 3 35 0 20�36014.9500N 87� 7037.3100W

Playa del

Carmen

Pla Cozumel_I_PlayaCarmen Island 3 39 0 20�2607.8600N 86�59022.8200W

Chiquilá Chi Chiquilá_D_Chiquilá Disturbed 3 70 0 21�24029.0200N 87�20022.0000W
Ciudad

Carmen

Ciu ElQuemado_N_CiudadCarmen Natural 6 49 53 18�2906.8500N 91� 7034.0900W

Ciudad

Carmen

Ciu PlanAyala_D_CiudadCarmen Disturbed 4 54 38 18�46054.6500N 90�56025.2700W

Ciudad

Carmen

Ciu IslandCity_C&I_CiudadCarmen Island 5 0 28 18�39046.8200N 91�46012.4700W

Tizimin Tiz StaCruz_N_Tizimin Natural 3 95 0 21�20032.1200N 87�44056.3500W
Tizimin Tiz Sucopo_D_Tizimin Disturbed 4.5 78 0 21� 8059.1000N 88� 3051.1400W
Tizimin Tiz TiziminCity_C_Tizimin City 5.5 40 0 21� 8054.5900N 88� 9041.4400W
Chetumal Che Chetumal_N_Chetumal Natural 1.5 88 0 19�19046.9100N 88� 0048.9400W
Chetumal Che ChetumalZonaAgricola_D_Chetumal Disturbed 12 69 0 18�28047.0800N 88�37033.5100W
Chetumal Che ChetumalCity_C_Chetumal City 4 72 0 18�30010.4000N 88�19059.7500W
Merida Mer Tzacala_N_Merida Natural 15 48 46 20�4506.0200N 89�39055.8100W
Merida Mer Conkal_D_Merida Disturbed 11.5 59 43 21� 2040.3000N 89�29035.0100W
Merida Mer MeridaCity_C_Merida City 3.5 0 49 20�58030.0500N 89�39023.7300W
Campeche Cam Bethania_N_Campeche Natural 3 61 0 19�53034.5500N 90�20059.2800W
Campeche Cam China_D_Campeche Disturbed 3.5 63 0 19�45035.8200N 90�28056.1800W
Campeche Cam CampecheCity_C_Campeche City 9 67 0 19�49026.0100N 90�33030.9400W
Oxkutzcab Oxk Tabi_N_Oxkutzcab Natural 12 37 0 20�14059.0800N 89�32033.0900W
Oxkutzcab Oxk Yohtolin_D_Oxkutzcab Disturbed 8 62 0 20�15031.3700N 89�29018.4100W
Oxkutzcab Oxk OxkutzcabCity_C_Oxkutzcab City 2.5 64 0 20�18029.5900N 89�24050.9400W
Total 1429 257

For each site within a region where baits were set out, treatment (location type), number of baiting hours, number of collected males of Euglossa

dilemma and Euglossa viridissima, and geographic coordinates are indicated
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2008) from a diploidized data set. We assessed genetic

differentiation between each pair of sites with the program

GENODIVE (Meirmans and Van Tienderen 2004), whose

estimate of FST is equivalent to Weir and Cockerham’s

(1984) Theta. Significance for all estimators of genetic

differentiation was derived by permuting 1000 times across

samples.

AMOVA analyses were performed in GenAlEx to par-

tition the total molecular variance among the following

hierarchical levels (see Table 1): (1) among regions; (2)

among sampling sites within regions; (3) within sampling

sites.

To test for isolation by distance (IBD), we performed

Mantel tests as implemented in GENEPOP (1000 permu-

tations). We did this by correlating a matrix of pairwise

(between pairs of sampling sites, regardless of region) FST
(or FST/(1 - FST)) estimated in GENODIVE with the

corresponding matrix of pairwise geographic distances (in

km) (or log-transformed geographic distances). Partial

Mantel tests were also conducted in order to the test

whether pairwise genetic differentiation across sea to

islands was significantly higher than for pairs of mainland

sites. This was done by testing for a significant correlation

(through 1000 permutations) between a matrix of genetic

differentiation and a model matrix with 0 coding for pairs

of mainland sites and 1 coding for sites separated by sea,

while controlling for the influence of a matrix of geo-

graphic distances. Results, including significance, were

qualitatively the same when using MMRR (Wang 2013)

rather than Mantel tests (results not reported).

Diploid males

Individuals heterozygous at one or more loci were putative

diploid males and were re-amplified through single-plex

PCRs to confirm ploidy. When considering ploidy, we also

took into consideration the length of alleles in males pos-

sessing two alleles at a locus. If those two alleles varied in

length by only one repeat motif, the male could have been

hemizygous but mis-scored as heterozygous, possibly due

to slippage during PCR; we highlight these cases in ‘‘Re-

sults’’ section.

The power of detecting diploid males depends on the

number of the loci used and on locus heterozygosity. It can

be calculated as the probability of an individual to be

heterozygous at one or more loci:

Fig. 1 Map of Yucatan Peninsula in Mexico, indicating sites where

males of Euglossa dilemma and Euglossa viridissima were sampled.

The three letter codes refer to the regions to which sampling sites

belong (see Table 1). The four different symbols correspond to the

four site types considered in this study: dots natural, squares

disturbed, triangles city, stars island
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Phet ¼ 1�
YL

j¼1

XN

i¼1

x2i

 !

where xi is the frequency of allele i, summation is across

N alleles of a locus and multiplication is across L loci. This

assumes Hardy–Weinberg equilibrium (HWE). We could

not check for HWE because we lacked females (they are

not attracted to chemical baits), but even moderate levels of

inbreeding have only a small effect on Phet (Paxton et al.

2000). Assuming random mating and k different alleles at

the sex locus, the equilibrium frequency of each sex allele

(and the expected proportion of diploid males) is 1/k (Cook

and Crozier 1995). On the assumption of sl-CSD, we cal-

culated the expected number of sex alleles as the reciprocal

of the frequency of diploid males.

Results

Genetic diversity

The number of alleles per locus varied between 6 and 35 in

E. dilemma and between 4 and 22 in E. viridissima.

Expected heterozygosity across all sites and loci ranged

between 0.24 and 0.93 in E. dilemma and between 0.25 and

0.93 in E. viridissima (Tables S2a and S2b), reflecting the

considerable inherent inter-locus variability in genetic

diversity which we account for in subsequent analyses by

fitting LMMs.

LMM analyses showed that site type had an effect on

genetic diversity when measured as allelic richness in E.

dilemma (likelihood ratio test (LRT): v2 = 12.113,

d.f. = 3, p = 0.007, Fig. 2a). The variance accounted for

by site type alone (marginal R2 of the fixed factor land use;

Nakagawa and Schielzeth 2013) was 0.3%, while the

variance accounted for by marker variability (conditional

R2; Nakagawa and Schielzeth 2013) was 97.1%. This

highlights how inherent inter-locus variability in genetic

diversity could obscure any signal of genetic variability

related to environmental variables unless inherent inter-

locus variability is properly accounted for in statistical

analyses, for example by using LMMs. Results from Tukey

HSD post hoc tests for allelic richness in E. dilemma

revealed as significant all comparisons where the site type

‘Island’ was present (Island–City: z = -2.701, p = 0.033,

corresponding to a reduction of 12.8% in AR; Island–

Disturbed: z = -2.776, p = 0.027, corresponding to a

reduction of 12.3% in AR; Island - Natural: z = -3.521,

p = 0.002, corresponding to a reduction of 15.5% in AR),

suggesting that inhabiting an island reduced genetic

diversity of E. dilemma (measured as allelic richness) far

more than other types of human land use (City–Natural:

z = -0.963, p = 0.764, corresponding to a reduction of

AR in cities of 3.1%; Disturbed-Natural: z = -1.366,

p = 0.51161, corresponding to a reduction of AR in dis-

turbed areas of 3.6%). The two islands (Isla Mujeres in the

region Cancun, and Cozumel in the region PlayaCarmen;

Fig. 1) on which E. dilemma males were sampled did not

differ in their low allelic richness (Table S2a, Wilcoxon

signed rank test, p = 0.06) or in their low expected

heterozygosity (Table S2a, Wilcoxon signed rank test,

p = 0.82).

Locality type seemed not to have a significant impact on

the expected heterozygosity of E. dilemma (Fig. 2b; LRT:

v2 = 5.3828, d.f. = 3, p = 0.1458), or on either the allelic

richness or expected heterozygosity of E. viridissima (LRT

allelic richness: v2 = 1.2328; d.f. = 2, p = 0.5399; LRT

expected heterozygosity: v2 = 2.0019, d.f. = 2,

p = 0.3675; Fig. 2c, d).

Genetic differentiation

Global genetic differentiation (Table 2) was consistently

low across estimators, significantly different from zero in

E. dilemma (PhiPT = 0.058, FST = 0.080, G0
ST (Hedrick

2005) = 0.136, Dest (Jost 2008) = 0.080), but not in E.

viridissima (PhiPT = 0.002, FST = 0.022, G0
ST (Hedrick

2005) = -0.002, Dest (Jost 2008) = -0.001). Estimates of

pairwise FST in E. dilemma (Table S3) and E. viridissima

(Table S4) were not significantly different from zero after

Bonferroni correction (corrected threshold for significance

was p = 0.0002 for E. dilemma and p = 0.003 for E.

Fig. 2 Bar plots showing mean allelic richness (AR) and mean

expected heterozygosity (Hexp) for Euglossa dilemma and Euglossa

viridissima across the four site types: C city, D disturbed, I island,

N natural. Error bars represent standard errors (see Table S8 for

plotted values)
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viridissima). Consistent with these results, AMOVA

showed that most of the molecular variance was to be

found within sites, both for E. dilemma (94.0%, Table S5)

and for E. viridissima (99.6%, Table S6). Variance among

sites in E. dilemma (6%) could be partitioned into 4%

among sites within regions and into 2% among regions

(Table S5). The portion of variance among regions

amounted to 0.4% in E. viridissima (Table S6).

Isolation by distance

The correlation between genetic and geographic distance

was significant for E. dilemma (Mantel r = 0.115;

p = 0.034), but not for E. viridissima (Mantel r = 0.226;

p = 0.095). Partial Mantel tests revealed no effect of sea in

patterns of pairwise genetic differentiation, either for E.

dilemma (Mantel r = 0.117; p = 0.767) or for E. viridis-

sima (Mantel r = 0.222; p = 0.827).

Diploid males

The power of detecting diploid males (Phet) with 5 loci was

0.996 for E. dilemma and 0.997 for E. viridissima. We

therefore did not adjust DM frequencies for ‘genetic non-

detection’ errors that might otherwise arise through low

genetic marker variability.

Only three of the 1429 (0.21%) males of E. dilemma

were confirmed as diploid. Two of these males were

heterozygous at one locus (Egc18) and one was heterozy-

gous at two loci (Egc 18 and ann08, Table S7), which are

also the most variable loci (Table S1). For each heterozy-

gous genotype, the two alleles were more than one repeat

motif apart (Table S7). One diploid male was sampled on

an island (Cozumel in the region PlayaCarmen, Tables 1

and S7, Fig. 1), one in a disturbed zone in the region

Cancun (CancunInFrontIsland_D_Cancun, Tables 1 and

S7, Fig. 1) and the third in a locality classified as natural,

still in the region Cancun (CancunNaturalArea_N_Cancun,

Tables 1 and S6, Fig. 1). If we were to take into account

the maximum number of E. dilemma diploid males that we

might have missed because of null alleles (Table S1),

which we estimate to be 8.3 (see Supplementary Methods

for details on the calculations), the percentage of diploid

males in this species would rise to maximally 0.79%.

Three of the 257 (1.17%) genotyped males of E.

viridissima were also confirmed as diploid. For only one of

these three males did its two alleles (at locus ann08) differ

in length by more than one repeat motif (Table S7). This

male was sampled in the disturbed locality in the region

Merida (Conkal_D_Merida, Tables 1 and S7, Fig. 1). The

alleles of the heterozygous loci of the other two putative

males differed in length by just one repeat motif (Egc18,

ann24, Table S7), and therefore they could have arisen due

to slippage during PCR, resulting in mis-scoring. These

two males were both found at a locality in the region of

Ciudad del Carmen classified as ‘Natural’ (ElQue-

mado_N_CiudadCarmen, Tables 1 and S7, Fig. 1). We

nevertheless include them as putative diploid males. In the

case of E. viridissima, we estimated that the maximum

number of males that we might have missed because of null

alleles is 0.3 (see Supplementary Methods for details on the

calculations), which would bring the percentage of diploid

males in this species to maximally 1.28%.

Based on the observed diploid male frequencies, the

equilibrium effective number of sex alleles assuming sl-

CSD is 476.3 in E. dilemma and 85.7 in E. viridissima.

These two values drop to 126.5 and 77.9 when the maxi-

mum number of diploid males that we might have missed

because of null alleles is taken into account.

Discussion

In contrast to Jansen’s (1971) prediction, which forecast

the disappearance or drastic reduction of large-bodied

bees because of agriculture intensification, our population

genetic evidence suggests that these two mid-sized orchid

bees, E. viridissima and E. dilemma, were particularly

resilient to loss of natural habitat. In localities impacted

by humans, we found neither reduced genetic diversity

nor higher DM production; their populations showed

generally very low population genetic structure. Only on

islands did E. dilemma show significantly reduced genetic

diversity.

Table 2 Global values of genetic differentiation in E. dilemma and E. viridissima as estimated in GENALEX (Peakall and Smouse 2006, 2012)

PhiPT P FST P G0
ST
a P Dest

b P

Euglossa dilemma 0.058 0.010 0.080 0.001 0.136 0.001 0.080 0.001

Euglossa viridissima 0.002 0.323 0.022 0.480 -0.002 0.503 -0.001 0.503

a Hedrick (2005)
b Jost (2008)
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Genetic Diversity

The intensification of forest clearance on the Yucatan

Peninsula through agriculture and urban growth with con-

comitant habitat fragmentation seem to have had little

effect on neutral genetic diversity of the two sister species:

E. viridissima and E. dilemma, measured either as allelic

richness or expected heterozygosity. Inhabiting an island,

on the contrary, seemed to lower the allelic richness of E.

dilemma, but not expected heterozygosity. This might be

due to the fact that heterozygosity in multiple allele sys-

tems, bounded between 0 and 1, is a less sensitive measure

of genetic diversity than allelic richness, which has no

upper bound. No island effect was found for E. viridissima,

though we note that it was only sampled from one island

(IslandCity_I_CiudadCarmen, Table 1; Fig. 1) so our sta-

tistical power to detect an island effect in this species was

limited.

These results are consistent with those obtained by Boff

et al. (2014) in the orchid bee Euglossa cordata, whose

genetic diversity on islands decreased proportional to dis-

tance from the mainland. Our results are also in agreement

with a series of other studies on other bee species that

consistently show reduced genetic diversity on islands

(Ellis et al. 2006; Davis et al. 2010; Soro et al. 2010;

Goulson et al. 2011; Lozier et al. 2011). Patterns of genetic

diversity on islands are often determined by their distance

from a source population (usually a mainland population)

and by their size, with smaller islands likely to be associ-

ated with smaller Ne and greater genetic drift (Frankham

1995, 1997). We sampled E. dilemma males on two

islands: Isla Mujeres, a relatively small island (surface

area: ca. 5 km2) that is 6 km distant from the NE coast of

the Yucatan peninsula in the region of Cancun (Fig. 1); and

Cozumel, a much bigger island (surface area: 647 km2)

than Isla Mujeres (Fig. 1) and also further away from the

mainland (17 km), in the region of Playa del Carmen.

Despite their differences, they showed similar level of

allelic richness, leaving open the question of whether island

size, island isolation or both are responsible for the

observed reduced allelic richness in E. dilemma.

Generally, levels of genetic diversity of declining pop-

ulations are expected to be reduced when compared with

those of stable populations (Frankham 2003). This phe-

nomenon has been widely reported in bumblebees in Eur-

ope (Darvill et al. 2006; Ellis et al. 2006; Maebe et al.

2015). In North America the pattern is less clear (Lozier

2011, 2014); here genetic variation at RAD tag loci in the

declining Bombus pensylvanicus was found to be similar to

that in the stable Bombus impatiens (Lozier 2014), con-

tradicting previous findings that had demonstrated lower

microsatellite variation in declining bumble bees than in

stable congeners (Cameron et al. 2011; Lozier 2011). On

both continents, agricultural intensification, with its related

loss of habitats, nesting and foraging resources, seems to be

a major force driving bee decline (Brown and Paxton 2009;

Vanbergen 2013; Scheper et al. 2014; Goulson 2015; Koh

et al. 2016). Latin America is undergoing a similar process

of agriculture intensification (Barbier 2004), but our study

did not find significant loss of genetic diversity that might

indicate that either E. dilemma or E. viridissima is

declining because of human activity. They may adapt well

to human modified landscapes, or even benefit from some

degree of habitat disturbance and novel, temporary, habitat

features such as field margins and dry stone walls (Gómez-

Pompa and Kaus 1999). Alternatively, human activity may

be causing loss of genetic diversity, but we could not detect

it because our measurements are based on only 5 loci.

Indeed simulation studies have shown that genetic erosion

is a difficult phenomenon to detect, even with 20 loci

(Hoban et al. 2014). Nevertheless, we note that the 5 loci

we employed had enough power to detect a decline in

genetic diversity of 12.3% (between ‘Island’ and ‘Dis-

turbed’ site type). Therefore, if there is a decline in genetic

diversity on mainland sites due to human activity, it must

be smaller than 12%. The use of additional loci would

resolve this open question.

Genetic differentiation

A plethora of empirical studies has revealed habitat frag-

mentation to be important in increasing population struc-

ture in amphibians (Dufresnes and Perrin 2015), reptiles

(Tzika et al. 2008), birds (Martı́nez-Cruz et al. 2007;

Coulon et al. 2008), mammals (Farias et al. 2015;

Napolitano et al. 2015) and even insects (Ortego et al.

2010; Phillipsen and Lytle 2013). Because of their high

vagility, some birds and insects can nevertheless maintain

high gene flow despite habitat fragmentation (Bohonak

1999). This would explain why genetic differentiation

among populations of these organisms can be very low

even at very large spatial scales (Galbusera et al. 2004;

Oomen et al. 2011; Keller et al. 2013; Husemann et al.

2015; Jaffé et al. 2015; Landaverde-González et al. 2016;

Rosa et al. 2016; Suni 2016), as we found in our two orchid

bee species.

Euglossa dilemma exhibited modest genetic differenti-

ation that was independent of the degree of habitat frag-

mentation across which males were sampled on the

Yucatan Peninsula, as also observed for this species by

Zimmermann et al. (2011). What is surprising is that E.

viridissima showed no significant differentiation across the

Yucatan Peninsula and appears effectively panmictic,

despite being much less ubiquitous and less common than

its sister species E. dilemma.
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At least four reasons could explain why the two species

differed in their response to habitat fragmentation: (i) lack

of statistical power for the five microsatellite loci and

sample sizes we used; (ii) biased sampling if E. viridissima

males are not as attracted to chemical baits as much as E.

dilemma males; (iii) larger population sizes of E. viridis-

sima; and (iv) higher intrinsic dispersal ability of E.

viridissima across Yucatan’s characteristic heterogeneous

landscape mosaics which include forest fragments, crop-

lands (mostly Mayan milpa swidden agriculture), and

grassland. There is no indication for the first explanation

because microsatellites markers were as polymorphic in E.

viridissima as they were in E. dilemma, though lower

sample sizes (number of independent localities) could

account for differences we perceived between the species.

With respect to the second explanation, that E. viridissima

males were sampled at a total of 6 locations, including four

locations together with E. dilemma males (see Table 1),

indicates that they were attracted to the chemical baits we

employed (see also Eltz et al. 2011). Nevertheless, the two

species are known to be differentially attracted to odours

(Eltz et al. 2008) and have been suggested to be under

divergent selection on chemosensory traits (Brand et al.

2015). We cannot therefore exclude the possibility that E.

viridissima might have been under-sampled. Yet the two

species had similar genetic diversity, both in terms of

allelic richness and expected heterozygosity (Fig. 2;

Tables S2a, S2b); if used as a proxy for effective popula-

tion size, they suggest that the two species are not different

in Ne, thus rejecting our third explanation. In a recapture

experiment, males of E. viridissima were found to fly up to

95 km away from a marking station (Pokorny et al. 2015).

This supports their very high intrinsic dispersal ability, and

could also explain why E. viridissima showed no genetic

differentiation (our fourth explanation). Yet Pokorny et al.

(2015) also found E. dilemma males to fly 50 km away

from a marking station, suggesting that they are also good

disperser, as originally hypothesized by Janzen (1971) for

orchid bees in general.

It could also be that anthropogenic induced habitat

fragmentation is affecting the population connectivity of E.

dilemma and E. viridissma, but not enough time has

elapsed for the relatively insensitive FST metric to detect it

(Landguth et al. 2010). Indeed population genetic differ-

entiation estimates based on FST are indicative of historical

pattern of gene flow, not contemporary ones (Ewers and

Didham 2006; Landguth et al. 2010). Assuming two gen-

erations per year (May-Itzá et al. 2014), and dating major

human disturbance to the onset of the Green Revolution ca.

60 years ago, we can calculate the expected degree of

differentiation (FST) after t = 120 generations of drift

according to the formula FST = 1 - (1 - 2/3Ne)t (modi-

fied for haplodiploid species from Nei 1987, p. 359).

Theoretically, expected FST varies between 0.08 for an Ne

of 1,000 to FST = 0.001 for an Ne of 100,000, which are

indeed relatively low. These theoretical predictions suggest

we are unlikely to detect changes in connectivity brought

on by recent habitat fragmentation in our study species if

their population sizes have remained high.

Similarly, loss of genetic diversity can also be a slow

process (Jackson 2014). Therefore, it might be that, as for

genetic differentiation, the reason why we did not detect

differences in genetic diversity among site types varying in

land-use was not because habitat fragmentation and loss

does not affect genetic diversity, but because it does so

slowly. If this were the case, a potential long-term negative

effect of forest clearance for agriculture and urban devel-

opment on the genetic diversity of these two orchid bee

species cannot be excluded. The fact that there was an

‘island’ effect on the genetic diversity of E. dilemma

suggests that long-term isolation (ca. 120,000 years is the

estimated age of the islands around the Yucatan peninsula;

Szabo et al. 1978) can eventually lead to genetic erosion,

even for mobile species such as these orchid bees. Genetic

diversity has indeed recently been found to be reduced in

the island populations of another very mobile orchid bee

(Boff et al. 2014) and of a readily dispersing bumble bee

(Francisco et al. 2015). We note that the erosion of genetic

diversity we detected on islands for E. dilemma did not

translate in increased genetic differentiation between

islands and mainland (results from partial Mantel test was

not significant even for E. dilemma), which indicates that

genetic diversity may be, in the short/medium term, a more

sensitive index of population decline than population

differentiation.

Diploid males

The number of diploid males detected in this study was

extremely low, both for E. dilemma (3 out of 1429 males)

and E. viridissima (3 out of 257 males). If diploid males

have low viability, or are not attracted to scented baits, we

might have under-estimated their frequency. That we

detected some diploid males indicates, first, that they can

be viable and reach baits and, secondly, that they posses a

sex-determining mechanism based on CSD (van Wilgen-

burg 2006, p. 1449). We note that the low DM frequency is

of the same order of magnitude found in other orchid bee

species (Cerântola et al. 2011; Souza et al. 2010; Boff et al.

2014), suggesting that it is not an artifact of our study

species.

Diploid males are considered to have low fitness

because they are usually sterile or unviable (Cook and

Crozier 1995). Because they are produced in place of

valuable fertile daughters, populations of species with sl-

CSD are also expected to be under strong selection to
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reduce the costs of DMP (Gempe and Beye 2011), for

example by harbouring a high number of alleles at the CSD

locus (Yokoyama and Nei 1979). The widespread and

invasive ant Solenopsis invicta has been shown to have up

to 86 sex alleles (Ross et al. 1993) and Apis mellifera up to

87 (Lechner et al. 2014). Low DMP in a system of sl-CSD

can thus be explained if sex allele diversity is very high.

Yet, even after taking into account the number of diploid

males that we might have missed because of potential null

alleles, the number of sex alleles that we hypothesize to

explain the very low number of DMs in E. dilemma, 127, is

much higher than that empirically found for the honey bee

(87, Lechner et al. 2014) or theoretically expected in nat-

ural population in mutation-drift equilibrium (Yokoyama

and Nei 1979).

Other mechanisms that have been advocated to explain

low DMP include post-copulatory processes, such as biased

fertilization of eggs with compatible sperm (Paxton et al.

2000; van Wilenburg et al. 2006; Ruf et al. 2013), removal

of diploid male larvae, which reduces rearing costs, or

matched genome inactivation (see refs in van Wilenburg

et al. 2006). Another possible explanation for low DMP is a

sex-determination system based on two or more loci

(Crozier 1971). Evolving from sl-CSD to two-locus (2l-

CSD) or multilocus CSD could be another way to respond

to the high selection pressure imposed by the genetic load

of DMP associated with sl-CSD (Paxton et al. 2000; de

Boer et al. 2015). It could be a plausible explanation for the

low DMP in E. dilemma and E. viridissima. Controlled

crosses would be required to unravel the mode of sex

determination in our study species (Heimpel and de Boer

2008; Verhulst et al. 2010; van de Zande et al. 2014).

Because of the theoretical expectation of an increasing

number of diploid males in small populations of hap-

lodiploid species (Cook and Crozier 1995), DMP has been

suggested to be an indicator of population decline in bees

(Zayed et al. 2004; Zayed and Packer 2005). For DMP to

be used as an indicator of population decline, there is a

need to show that the mechanism of sex determination is

based on single locus CSD, as opposed to a multilocus

system. Yet even if sl-CSD is the mechanism of sex

determination, we nevertheless suggest that the frequency

of diploid males is unlikely to be a sensitive indicator of

population decline for many orchid bees; firstly, DMP is

not related to a decrease in genetic diversity of the orchid

bee E. cordata on islands (Boff et al. 2014) and, secondly

there is a growing body of evidence that DMP is generally

low, if not very low, in many (Souza et al. 2010; Zim-

mermenn et al. 2011; Boff et al. 2014), though not in all

(Giangarelli et al. 2015), orchid bee species.
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Euan JJG, BembÉ B (2011) Characterization of the orchid bee

Euglossa viridissima (Apidae: Euglossini) and a novel cryptic

sibling species, by morphological, chemical, and genetic char-

acters. Zool J Linn Soc 163:1064–1076. doi:10.1111/j.1096-

3642.2011.00740.x

Ewers RM, Didham RK (2006) Confounding factors in the detection

of species responses to habitat fragmentation. Biol Rev

81:117–142. doi:10.1017/s1464793105006949

Fahrig L (2003) Effects of habitat fragmentation on biodiversity.

Annu Rev Ecol Evol S 34:487–515. doi:10.1146/annurev.

ecolsys.34.011802.132419

Farias IP, Santos WG, Gordo M, Hrbek T (2015) Effects of forest

fragmentation on genetic diversity of the critically endangered

primate, the pied yamarin (Saguinus bicolor): implications for

conservation. J Hered 106:512–521. doi:10.1093/jhered/esv048

Francisco FO, Santiago LR, Mizusawa YM, Oldroyd BP, Arias MC

(2015) Genetic structure of island and mainland populations of a

Neotropical bumble bee species. J Insect Conserv 20:383–394.

doi:10.1007/s10841-016-9872-z

Frankham R (1995) Conservation genetics. Annu Rev Genet

29:305–327. doi:10.1146/annurev.ge.29.120195.001513

Frankham R (1997) Do island populations have less genetic variation

than mainland populations? Heredity 78:311–327

Frankham R (2003) Genetics and conservation biology. CR Biol

326:22–29. doi:10.1016/S1631-0691(03)00023-4

Franzén M, Nilsson SG (2010) Both population size and patch quality

affect local extinctions and colonizations. P R Soc Lond B

277:79–85

Galbusera P, Githiru M, Lens L, Matthysen E (2004) Genetic

equilibrium despite habitat fragmentation in an Afrotropical bird.

Mol Ecol 13:1409–1421. doi:10.1111/j.1365-294X.2004.02175.

x

Gempe T, Beye M (2011) Function and evolution of sex determina-

tion mechanisms, genes and pathways in insects. BioEssays

33:52–60. doi:10.1002/bies.201000043

Giangarelli D, Freiria G, Ferreira D, Aguiar WA, Penha RES et al

(2015) Orchid bees: a new assessment on the rarity of diploid

males in populations of this group of Neotropical pollinators.

Apidologie 46:606–617
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