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Abstract: Climate change and deforestation have figured among the main causes of the pollinators’ 

decline. Especially for bees, the resulting losses of genetic diversity might cause higher levels of 

nonviable diploid male production, compromising population survival. Herein we evaluate the 

impact of both climate change and genetic diversity on the present and future of the orchid bee 

Euglossa annectans Dressler, 1982. We estimated the frequency of diploid males in 359 individuals 

using eight microsatellite loci. We also build ecological niche models based on 71 occurrence points 

to project the environmental suitability over time from the past 21 Ka towards 2050 considering the 

IPCC – RCP 4.5 scenario. We confirmed a diploid male frequency in E. annectans 10-folds higher 

than any other report for orchid bee species. The niche models also indicate an average reduction of 

45.12% in suitable areas for the last 21 Ka and 36.34% up to 2050. Considering the species trend to 

diploid male production and the projected reduction of suitable area, we strongly recommend 

connecting and monitoring relictual populations as a strategy to increase the species potential 

distribution area. 
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1. Introduction 

Climate change has imposed a matrix of different impacts and challenges to pollinators[1] such 

as decupling plant-pollinator mutualism, shifts in phenology, and species range [1,2]. Since the 

climate is one of the most important factors of large-scale species distributions, climate change may 

trigger numerous unpredictable ecological consequences [3]. Several studies have shown that bee 

populations decline can be attributed to climate change [3,4], which is even acting by increasing the 

frequency of extreme events or gradually changing average conditions. Some recent extinctions 

events may have also been caused by such climatic fluctuations as those from the Last Glacial 

Maximum (LGM hereafter) to nowadays [5]. These changes are not negligible and coupled with 

habitat loss and fragmentation from the deforestation process might be catastrophic for forest-

dependent pollinators in the future [1,6]. 

Modern methods might guide species conservation and evaluate the effects of climate change 

on species distributions, such as ecological niche models (ENM). These ENMs statistical frameworks 

use species records and available predictor variables to calculate and project environmental 

suitability over space and time [7]. This information has been successfully used for determining 

pollinators’ species range in past, present and future scenarios with different conservation 

outcomings for pollinators, especially bees [2,8,9]. 
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Bees are haplodiploid arrhenotokous organisms in which the heterozygosity at the 

complementary sex-determination locus (CSD) is widely distributed as the genetic rule for female 

development [10]. Lower levels of genetic diversity might result in higher levels of diploid male 

production [11]. These diploid males are usually inviable or sterile [12] which decreases the 

population reproductive fitness, increases colony mortality, or decreases colony growth rates in social 

species [13]. Natural populations usually maintain sufficient alleles at the CSD locus to keep diploid 

males at irrelevant frequencies [13,14]. However, external pressures and environmental disturbances 

may cause significant changes to the mutation-drift equilibrium in a way that the population may 

become prone to diploid male extinction vortex [12,13].  

Despite such odds, the order Hymenoptera thrived as one of the most diversified insect 

groups[15]. Therefore, it is predictable that evolutionary mechanisms and strategies have been 

selected to mitigate the effects of diploid male production [16]. For instance, orchid bees (Apidae: 

Euglossini), a neotropical group about of 240 species [17], have evolved under a male-biased dispersal 

strategy [18] wherein males became able to fly astonishing distances [19] promoting gene flow. Such 

a dispersal ability can drastically reduce the influence of a small number of alleles in the diploid male 

production [20,21]. In fact, there is some support for low levels of diploid males in orchid bees [22,23], 

but a newer assessment says otherwise [24], highlighting that some species may be more prone to 

maintain higher rates of diploid male production, as in the case of E. annectans.  

Euglossa annectans is an orchid bee species endemic to the Brazilian Atlantic Forest (one of the 

most highly threatened hotspots in the world [25]) quite associated with the inland Seasonal 

Semideciduous Forests (SSF). This species is an important tropical pollinator related to at least 24 

Angiospermae families [26]. Just like other euglossine species, E. annectans is on the edge of the 

solitary-social behavior, nesting either alone or with more than one female [27] forming aggregates 

as large as 27 females and 259 cells for as long as five years [28]. Populations of E. annectans seem to 

be especially susceptible to diploid male production. Frequencies around 10% have been found for 

the species [24], considerably higher than any other record for orchid bees measured with 

microsatellite markers [22–24]. Microsatellites (simple sequence repeats) markers have been used as 

a stable proxy of diploid male production since it is based on polymerase chain reaction (PCR). 

Considering such concerns on both, the species and its environment, we evaluate herein the 

forecast climate change effects on the potential geographical distribution of the orchid bee E. 

annectans, as well as its diploid male production addressing multiple questions. At first, we ask 

whether are there populations under risk by either or both future shifts on climate suitable areas 

and/or high diploid male production? Second, will climatically suitable areas for E. annectans reduce 

or extend within the Atlantic Forest domain? Responding to such questions will help us to better 

understand the impacts of climate change on E. annectans in the forthcoming years as well as to plan 

conservation measurements. 

2. Experiments  

2.1. Bee sampling and occurrence data 

Twelve remnants at the southern Atlantic Forest were sampled to capture males from E. 

annectans covering about 280,000 km2 of the known species distribution. Males of orchid bees are 

attracted by synthetic scent baits; hence we used the following set: benzyl acetate, benzyl benzoate, 

beta-ionone, eucalyptol, eugenol, methyl cinnamate, methyl salicylate, and vanillin. Samplings were 

performed from December 2008 to March 2015 from 5 am to 4 pm. The additional occurrence data 

were extracted from the literature, the Zoology Museum of the Universidade Estadual de Londrina, 

and from the SpeciesLink database (Frantine-Silva, under review). Sampling points and occurrence 

points gathered from the literature are represented in Figure 1. 
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Figure 1. Map of occurrence and suitable areas for Euglossa annectans in Brazilian Atlantic Forest (AF). 

(a) Yellow dots represent known occurrences; green squares and numbers correspond to the sampling 

locations (see the text); dashed line AF original area; dark-greenish area represents current AF 

fragments; light green polygons depict legally protected areas. (b) AF fragments over current suitable 

areas; (c) suitable AF fragments over 2050 projection. Suitability (d-f) and occurrence maps (g-i) for 

Euglossa annectans; (a) and (d) Last Glacial Maximum; (b) and (e) Current; (c) and (f) 2050 projection. 

2.2. Climatic variables and Ecological Niche Models 

We used a set of 19 bioclimatic variables from three General Circulation Models (GCM) the 

CCSM4, the MPI-ESM, and the MIROC-ESM from the Worldclim repository (www.worldclim.org) 
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[29]. Variables were downloaded at 2.5 arcminutes and further cut between latitude 5 and -35, and 

longitude -73 and - 34 under the datum WGS84. Three different strategies were used to select climatic 

variables: i) all 19 bioclimatic variables; ii) a set of ecologically meaningful variables for orchid bees 

[8]; iii) a set of filtered variables through principal component analysis. The PCA strategy resulted in 

a set of 11 variables comprising 95% of the variation (in order of contribution: bio-10, 5, 14, 17, 1, 9, 

19, 3, 12, 15, and bio-4). We also excluded the variables bio-8 and bio-11 due to the high correlation 

with bio-10 and bio-9 (r2> 0.8; p <0.001). We evaluated the best strategy as the one with smaller values 

of Akaike information criterion corrected to small samples (AICc), the Bayesian information criterion 

(BIC), and higher log of probability (LogL) in the software ENMtools [30].  

The PCA strategy presented the best performance and was then selected to build the models. 

The models were built in the MaxEnt software v3.4.1 [31] following the program defaults, but 

removing duplicates, keeping 75% of occurrence for model training and 25% for cross-validation over 

10 replications. We used the AUC (area under the curve) to evaluate the models. The model was then 

projected to different points in time. The LGM (21 Ka) was considered to evaluate climatic stable 

areas since then. Likewise, a future scenario corresponding to the projection of a moderate 

representative cumulative pathway (RCP 4.5) was considered as a reasonable averaged expectation 

for the next couple of decades.  

 

2.2. Habitat loss and fragmentation analysis 

Occurrence maps were produced using thresholds of equal sensitivity and specificity [8]. 

Fragmentation indexes were then calculated for each climatic scenario using the PatchStat function of 

SDMTools in R [32]. This function calculates several patch indexes including size (pixels) area (m2), 

core area (pixels) and perimeter (pixels). To quantify the suitable areas for E. annectans covered by 

forested habitat, we analyzed forest formations from high-resolution classified data (Map-Biomas 

repository: www.mapbiomas.org; collection 5.0) [33]. We also quantified the proportion of habitats 

that are still available for E. annectans at the network protection for the existing Atlantic Forest 

according to the IUCN’s World Database (http://protectedplanet.net). 

 

2.3. Molecular detection of diploid males 

To assess the diploid male production, we genotyped eight microsatellite loci (Ann2, Ann3, 

Ann4, Ann6, Ann8, Ann24, Ann37, and Ann41; [34]) using the amplification via PCR as described by 

Penha et al. [35]. The statistics related to the production of diploid males (DMP) were accessed 

according to the protocol used by Boff et al. [23] and Giangarelli et al. [24]. We computed the 

probability to detect a heterozygous if diploid (Phet), the absolute number of diploid males (nDM), 

the relative frequency of diploid (fDM), and a 95% confidence interval for the fDM assuming a 

binomial distribution using the “binom” R package. Descriptive genetic diversity indexes were 

calculated in the GeneAlex software. 

3. Results  

3.1. Ecological niche models and habitat fragmentation 

Our niche model built from the 71 occurrence points presented a high value of AUC for both, 

training (0.979) and testing (0.976) procedures. Suitable areas have been changed considerably from 

LGM to current (CUR) scenarios, decreasing in both inland and coastal areas (Figure 1, d-e). Future 

(FUT) projection shows a trend to shift the suitability zone toward the south-east, near to the coastal 

line (Figure 1, f). Predicted distribution areas for E. annectans have been decreased since 21 Ka to 

nowadays (-45.12%; Figure 1, g-h) and will keep the trend (-36.34%) in the forthcoming years (Figure 

1, h-i). Considering the Atlantic Forest currently left, 62.71% of E. annectans distribution is covered by 

some fragment (Figure 1, b) and 52.43% is under some protected area. The forested suitable habitat 

may decrease about 17.76% up to 2050 (Figure 1, c). 
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Table 1. Fragmentation parameters estimated from binary occurrence maps for Euglossa annectans. 

Size, Core, and Perimeter are presented as the sum of the number of pixels. Area (km2) is an 

approximation based on the median pixel size at 2.5 arc-min between 0 and -40 latitudinal degrees 

(~17.015 Km2). LGM: last glacial maximum; CUR: current model; FUT: 2050 projection; AF : Atlantic 

Forest; patches: scenarios including the current fragmentation map. Protected Areas: areas under law 

protection. 

Scenario Size Area (Km2) Core Perimeter 

LGM 157451 2,980,430 142009 18216 

CUR 55330 1,047,355 43050 16608 

FUT 35223 599,320 24003 11466 

CUR patches 9590 181,532 563 93,542 

FUT patches 7887 149,265 353 75,991 

AF patches 15292 289,466 695 150,702 

Protected areas 5028 95,176 1514 24,199 

3.2. Diploid male production 

Three hundred ninety-eight genotyped males of E. annectans from the 12 surveyed localities 

resulted in 39 diploid males, a diploid male production frequency of 0.098 (95% C.I. 0.07 – 0.13 ). All 

locations, excepting one (S-2), showed diploid male frequencies between 0.057 (95% C.I. 0 – 0.19) and 

0.182 (95% C.I. 0.05 – 0.4). The probability of detecting a diploid male by heterozygosity in at least 

one locus (Phet) was always close to one, ranging between 0.9995 and 0.9999, confirming the high 

sensibility of the data set to detect the diploid males. The number of alleles, number of effective alleles, 

private alleles, and gene diversity are described in Table 2. 

Table 2. Diploid male production and descriptive genetic diversity index for 12 sampling locations of 

Euglossa annectans. S: sampling site (see Figure 1); n: number of genotyped males; DM number of 

detected diploid males; fDM frequency of diploid males; CI95%: 95% confidence interval for diploid 

males' frequency; Phet: probability to detect a diploid male if heterozygous at one locus; A: number 

of alleles, eA: effective number of alleles, p: number of privative alleles, H gene diversity. 

S n DM fDM CI95% Phet A sd eA sd p H sd 

1 40 6 0.150 0.04-0.27 0.9999 8.5 1.32 5.2 0.71 2 0.78 0.03 

2 9 - - - 0.9999 4.1 0.44 3.0 0.45 1 0.64 0.06 

3 22 4 0.182 0.05-0.40 0.9998 5.5 0.93 3.9 0.55 0 0.73 0.05 

4 11 2 0.182 0.03-0.60 0.9999 5.3 0.53 4.3 0.57 0 0.78 0.03 

5 46 6 0.125 0.06-0.30 0.9999 7.1 0.74 3.7 0.37 2 0.72 0.03 

6 60 4 0.067 0.02-0.16 0.9999 8.0 0.76 3.9 0.62 1 0.70 0.04 

7 35 1 0.029 0.00-0.15 0.9999 7.1 0.97 4.7 0.82 5 0.74 0.05 

8 26 3 0.115 0.02-0.30 0.9997 5.8 0.56 3.5 0.54 0 0.67 0.05 

9 40 6 0.150 0.06-0.30 0.9999 7.9 1.27 5.1 0.91 1 0.77 0.04 

10 35 2 0.057 0.00-0.19 0.9999 7.4 1.19 4.7 0.85 3 0.75 0.05 

11 60 4 0.067 0.02-0.16 0.9995 9.9 1.63 5.3 1.01 1 0.76 0.04 

12 14 1 0.077 0.01-0.33 0.9999 4.6 0.46 3.2 0.45 0 0.65 0.08 

Total 398 39 0.098 0.07-0.13 0.9999 13.7 5.62 4.2 0.20 - 0.73 0.01 

4. Discussion 

Climate change has become an important issue for the pollinator's conservation [1,3,36]. Herein, 

we accessed the effects of climate change on past, present, and future distribution of Euglossa 

annectans, as well as the diploid male production as a proxy for population decline [11]. Both 

approaches highlighted important insights about E. annectans future. We asked whether populations 
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would be at risk by climate change or by the increase of diploid male production. Our ENM showed 

a substantial reduction in climatically suitable areas at the western species distribution. Important 

natural reserves such as the Iguaçu National Park, State Park Morro do Diabo skip out of the suitable 

areas, leaving the coastal region as the main suitable area for the species. Although E. annectans has 

experienced a recent history of population reduction and expansion (Frantine-Silva et al., under 

review), it is worth noting that such fluctuations possibly never happened in an environment as 

fragmented as the current one in a such short time. Therefore, considering the ENM results, 

populations from the west seem to be more threatened than those at the coast. 

The diploid male frequency results suggest a slightly different picture. At first, our data 

confirmed that Euglossa annectans shown an expressive higher frequency of diploid males than the 

overall orchid bees. While the diploid male frequency for the other species fluctuates between 0.01 

and 0.02 [24,37], E. annectans shown values about ten times higher (fDM 0.098). As mentioned before, 

the heterozygosity required to trigger the feminizer cascade in bees implicates that low levels of 

genetic diversity on the CSD locus will result in an increment of diploid male production [11–13].  

This situation would lead to an extinction loop called “diploid male vortex” [13], typified by the 

increased extinction risk due to the diploid male production increasing. External pressures reduce 

the effective population size which increases the diploid male frequency, that further inhibits the 

population growth and decrease the CSD variability, resulting in more diploid males [17]. Although 

evolutionary mechanisms and strategies have been selected to avoid such a situation [19], in small 

and closed populations, the demographic and environmental stochasticity combined with increased 

drift and diploid male production would lead to the diploid male vortex. Despite the higher fDM 

documented for E. annectans, the observed values of the genetic diversity demonstrate levels 

equivalent to species with a low frequency of diploid males [22,23,35,37]. This fact would indicate 

some underlying adaptation to circumvent this issue, as a female-biased sexual proportion in the 

population or even some diploid male detection mechanism that avoids matting, but further studies 

should specifically address these questions.  

Concerning whether E. annectans populations are at risk due to the higher diploid male 

production, we must be careful. The diploid male frequency has been pointed out as a proxy of bee 

population decline [11]. However, seemly different frequencies might mean quite similar numbers of 

diploid males. For instance, the fDM from the two smaller samples analyzed are expressively 

different, but this difference represents a single diploid male observation. Nonetheless, the observed 

39 diploids in 398 genotyped males still considerably higher than the overall rate estimated for orchid 

bees (i.e., 5 in 1034 individuals) [37]. Therefore, the high diploid male production in E. annectans and 

the forthcoming habitat reduction raise a conservationist alert for this species. Altogether, 

considering the importance of the dispersal effectiveness to maintain populations at low levels of 

diploid male production [20,21], connecting the forested patches seems to be the most efficient 

strategy for conservation. 

5. Conclusions  

Climatic suitable areas for E. annectans demonstrate a remarkable retraction at the western 

current distribution, maintaining the observed trend from the LMG. In addition, the 10-fold higher 

diploid male frequency is confirmed here as an outstanding rate of diploid male production. Both 

findings have undeniable consequences for the species conservation.  
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