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Abstract
Bees are normally regarded as social insects that build hives and visit flowers to collect pollen to feed their offspring. However,
throughout their evolutionary history, several lineages have lost these characteristics, and have instead, become cleptoparasites,
depending on other bee species to raise their offspring. Since cleptoparasites depend on hosts to persist in a location, we could
expect that the geographic distribution of the later also influences the distribution the former, mainly in specialized forms of
parasitism. Moreover, we could also expect that cleptoparasites ecological niches would evolve to overlap with its respective
host(s). Here, we applied multivariate bioclimatic niche analyses and species distribution models to evaluate the effects of host-
cleptoparasite relationships on the distribution and ecological niche of Centris and Epiclopus from Chile. Based on our results,
considering the species’ distribution range and multivariate niche overlaps, we were able to (1) evaluate the specificity of
cleptoparasitism among host-parasite complexes and (2) infer the existence of still uncaptured relationships between the available
host and cleptoparasite species. With our results in hand, it is possible to start discussing and decreasing the so-called Eltonian
shortfall (lack of proper knowledge on the interactions each species maintains with others). Although not conclusive, these results
support the need for continuous sampling of bees and insect species in general, in order to allow the unveiling and better
description of their biological relationships.
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Introduction

Bees are normally regarded as social insects that build hives
and visit flowers to collect pollen to feed their offspring.

However, throughout their evolutionary history, several line-
ages have lost these characteristics, and have instead, become
cleptoparasites (Rozen 2000, 2001). Females of these species
lay their eggs in nests constructed by other bees, and once
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hatched, their offspring feed on the provisions stored in the
brood cells by the host species (Wcislo 1987). In many cases,
the cleptoparasite female or its larva—which possesses a mod-
ified strong mandible—eliminates the host’s offspring to
avoid further competition for the resources (Augusto and
Garófalo 2004; Hanson et al. 2006; Rozen and Garófalo
2001).

Such behavior has important ecological implications, as
cleptoparasites act as natural enemies of collecting bees, ulti-
mately controlling their populations (Sheffield et al. 2013)
and, in some cases, even affecting their distributions
(Giannini et al. 2013). These species are also good indicators
of an ecosystem’s health, representing the apex of bee com-
munities, because of their dependence on other species to have
their eggs laid. Therefore, cleptoparasites tend to occur only in
diversified communities and are the first guild to negatively
respond to environmental disturbances (Michener 2007;
Sheffield et al. 2013). Despite their ecological relevance, most
of the host-cleptoparasite relationships have been proposed
based solely on indirect evidence, such as synchronized flight
periods, similar floral or distribution records, or similarities in
coloration and pubescence patterns (see Vivallo 2014 and
references therein). Because most of this data is absent for
the majority of the species, it is difficult to identify or predict
potential host-cleptoparasite relationships.

Since cleptoparasites depend on hosts to persist in a loca-
tion, we could expect that the geographic distribution of the
later also influences the distribution the former, mainly in
specialized forms of parasitism. Moreover, we could also ex-
pect that cleptoparasite ecological niches would evolve to
overlap with its respective host(s). Because geographical and
environmental information is available for most species, this
approach can be a good first approximation to estimate poten-
tial host-cleptoparasite relationships (Giannini et al. 2013;
Nemésio and Silveira 2006).

The Neotropical region is especially diverse in
cleptoparasitic lineages, with most species belonging to
the Apidae family (Michener 2007; sensu Roig-Alsina
and Michener 1993). This region is also rich in oil-
collecting bees (Gaglianone et al. 2011), being Centris
Fabricius (Centridini) the most diversified genus in the
New World (Moure et al. 2007; Vivallo et al. 2016). In
spite or because of this high diversity of cleptoparasites
and potential hosts, some species specialized in parasitiz-
ing only few lineages of hosts. An example of this phe-
nomenon is observed among the Ericrocidini (Apidae),
whose species almost exclusively attack species of the
genus Centris (Michener 2007; Vivallo 2014). However,
while hosts were identified for some lineages of
Ericrocidini—like Epiclopus Spinola that apparently only
attack species of the subgenus Centris (Wagenknechtia)
Moure (Vivallo 2014)—there are still many genera among
Ericrocidini whose hosts are still unknown, such as

Ctenioschelus Romand, Eurytis Smith, and Hopliphora
Lepeletier (see Rocha-Filho et al. 2009).

Here, we applied multivariate bioclimatic niche analyses
(Broennimann et al. 2012) and species distribution models
to evaluate the effects of host-cleptoparasite relationships on
the distribution and ecological niche of Centris and Epiclopus
from Chile. Specifically, we calculated species pair-wise over-
laps in both geographic and climatic space to test if parasite or
host may exert effect on one another in known host-
cleptoparasite relationships. By comparing the overlaps of
the species in the spatial and geographic space, we could eval-
uate how these metrics vary among confirmed host-
cleptoparasite complex of Centris-Epiclopus behave and at-
tempt to infer undetected but possible host-cleptoparasite spe-
cies between other Centris-Epiclopus species in Chile. We
expected that known host-cleptoparasite complexes would
show higher overlap values on both geographic and climatic
space and that unknown but possible interactions would ex-
hibit similar metric values. In the same direction, we expected
that species showing improbable interactions would show low
values for these metrics.

Methods

Species’ occurrence dataset

The species used in this study correspond to those recognized
by Vivallo (2013) for Centris (Wagenknechtia): C. cineraria
Smith, C. escomeli Cockerell, C. moldenkei Toro and
Chiappa, C. muralis Burmeister, C. orellanai Ruiz,
C. rhodophthalma Pérez, and C. vardyorum Roig-Alsina.
According to this same author (Vivallo 2014), Epiclopus is
formed by the species E. gayi Spinola, E. ecphorus Vivallo,
E. lendlianus (Friese) and E. wagenknechti (Ruiz). In addi-
tion, C. chilensis (Spinola), and C. nigerrima (Spinola), be-
longing to the subgenera C. (Penthemisia) Moure and C.
(Paracentris) Cameron, respectively, were also included be-
cause they have similar distributions with some of the species
of Epiclopus, which allow inferring potential relationships
between them. All distribution records used in the present
analyses were obtained from taxonomic revisions of C.
(Wagenknechtia) (Vivallo 2013), Epiclopus (Vivallo 2014),
C. (Paracentris) (Vivallo et al. 2003; Zanella 2002), and C.
(Penthemisia) (Vivallo et al. 2003; Zanella 2002). The occur-
rences used for all species in this study may be observed in
Fig. S1. The species occurrence data are available for further
analyses upon request to the corresponding author.

Species distribution modeling

We performed a principal components analysis (PCA) on the
19 bioclimatic variables for the current conditions available in
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Worldclim (http://www.worldclim.org; Hijmans et al. 2005) to
reduce the variables into uncorrelated principal components
(PCs). We selected the first seven PCs (~ 98% of the raw
climatic variation) as environmental predictors to generate
species distribution models (SDMs) for the Centridini bees
considered in this study. Using few PCs instead of raw vari-
ables avoids statistical problems related to the collinearity
among predictors (Jiménez-Valverde et al. 2011), and de-
crease model overfitting (Beaumont et al. 2005).

To reduce the effect of geographical sampling bias, we
overlaid the species occurrences records on a square grid with
the same resolution as our environmental predictors (~ 4 ×
4 km) and retained only one random selected point per cell
for each species. To cross-validate the SDMs results, we ran-
domly divided each species thinned occurrences into 70–30%
training-testing subsets, in a total of 10 subsets per species.We
used two different presence only SDM methods, maximum
entropy (Elith et al. 2011; Phillips et al. 2006; Phillips and
Dudík 2008), and support vector machines (Schölkopf et al.
2001; Tax and Duin 2004), to produce the predictions for each
of the 10 training subsets of occurrences. We used the maxi-
mum entropy method implemented inMaxEnt version 3.3.3.k
(Phillips et al. 2006), and the SVM implemented in
openModeller Desktop (Muñoz et al. 2011). Maximum entro-
py is a machine-learning method based on presence-
background data that produces reliable distribution predic-
tions for target species, especially for those with small
amounts of occurrences (Hernandez et al. 2006; Pearson
et al. 2007). Support vector machine (SVM) is also a
machine-learning algorithm from the generalized linear clas-
sifiers that deals with minimization of structural risk and di-
mension and finds the reasonable alternatives between species
adaptability and complexity (Duan et al. 2014; Schölkopf
et al. 2001; Tax and Duin 2004). Using both methods simul-
taneously allows us to account for the method of uncertainty
on the resulting SDMs.

For MaxEnt, all default settings were activated except for
Bproduct features,^ Bthreshold features,^ Bhinge features,^
and Bauto features,^ the so-called MaxEnt LQ, which pro-
duces more reliable potential distribution ranges and those
obtained with all features enabled (Anderson and Gonzalez
2011; Elith et al. 2011; Souza and De Marco 2014). For
SVM, we considered the default settings of these algorithms
generally used in openModeller Desktop. Pseudo-absences
and background data were randomly generated throughout
the whole study’s extent in South America.

To transform the suitability maps into presence-absence
maps, we applied a threshold that balances both omission
and commission errors, maximizing sensibility + specificity
(Liu et al. 2005, 2011). We used the true skill statistics (TSS;
Allouche et al. 2006) on the 10 testing subsets to assess model
performance for each species. The TSS varies from − 1 to + 1,
where negative and near zero values representing predictions

that are no better than random, while + 1 represents a perfect
agreement between the known occurrences of the species and
the produced distributions. Acceptable models are those
above 0.5, while excellent values reach numbers higher than
0.7 (Gallien et al. 2012). Models with TSS lower than 0.5
were not considered in the final predictions for the species
potential distributions (9% of the 110 models produced with
MaxEnt were excluded and none was excluded for SVM).

Considering the occurrences subsets for each species and
both algorithms, we produced a total of 20 distributions for
each species, in a grand total of 220 distributions in the whole
study (10 training subset × 2 algorithms × 11 species). We
used a mean ensemble among the predictions generated with
the same algorithm to reduce the number of predictions for
two per species (Marmion et al. 2009). Later, given the inher-
ent variation among the models produced by different algo-
rithms, we summed these two predictions to generate the final
distribution for each species. Our final results are the predicted
distributions for all species, considering their host-
cleptoparasite relationships and also the predicted richness
for all cleptoparasite (genus Epiclopus) and host (genus
Centris) species.

Considering the final predictions for each species, its con-
firmed, and suspected cleptoparasites, we performed a spatial
overlap of their distributions in order to evaluate how intimate
could their relationships be. Therefore, to all prediction maps
we applied Schoener’s Dmetric (Schoener 1970). This metric
varies from 0 to 1, representing complete dissimilarity (D = 0)
or complete overlap (D = 1) between the compared species. In
our results, the spatial value of D is referred as Ds.

Ecological niche overlap

To assess the environmental niche similarities among each
complex of host and cleptoparasite species of seven
Centridini bees, we applied the analysis framework proposed
by Broennimann et al. (2012). This framework allows the
evaluation of the amount of niche overlap considering the
environmental conditions geographically available for each
species. To determine the background available conditions
for each species, we generated a buffer of ~ 100 km around
the occurrence records of each species. Using the defined
backgrounds, we extracted the 19 Wordclim bioclimatic vari-
ables for each species. After, we applied a PCA for all com-
bined background environmental conditions to generate an
environmental space (PCA-env in Broennimann et al.
(2012)). This environmental space was divided into a grid of
100 × 100 cells. For each species, we calculated the occur-
rence density within each cell of the environmental space grid.
Finally, we modeled the occurrence density using a smooth
kernel density function that considers the geographical condi-
tions available for each species (Broennimann et al. 2012).
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The species pair-wise niche overlap was calculated using
Schoener’s Dmetric between the modeled occurrence density
on the PCA environmental space (Broennimann et al. 2012;
Schoener 1970; Warren et al. 2008). We tested for the signif-
icance of D by calculating the niche equivalency and similar-
ity between the pairs of species (Broennimann et al. 2012).
The niche equivalency test generates random occurrence re-
cords (keeping the same number of original records) for both
species within their correspondent background. By the other
side, the niche similarity keeps one of the species with its
original occurrence records while generating random occur-
rence points for the other (host → cleptoparasite) and the
contrary (host ← cleptoparasite). In both tests, for each ran-
domization, a D value is calculated. We repeated the process
100 times to generate a null distribution for each of the tests.
Such distribution of null values was then compared to the
observed value to obtain a p value for the species equivalency
and similarity (the host → cleptoparasite direction), as pro-
posed by Warren et al. (2008). Here, since we were aiming to
evaluate the effects of the host species upon the cleptoparasite
ones, the effects of the cleptoparasites upon their hosts were
disregarded observed values significantly smaller than those
obtained with the null distributions suggesting that the species
pair occupies different environmental spaces in the considered

range. In contrast, positive significant values indicate a niche
more similar than expected by chance. In our results, all D
values obtained from the multivariate analyses are referred as
Dm. We applied this method using the ecospat package (Di
Cola et al. 2017) in R (R Development Core Team 2018) with
the code modifications used in Silva et al. (2016). The niche
comparisons were performed within the complexes of host-
cleptoparasite species of Centridini shown in Fig. 1. Species
with known host-cleptoparasite relationships were also
considered.

Results

Species distribution modeling

Our models had overall good predictive power, as evidenced
by the TSS values, always reaching values higher than 0.85
(Table 1). Considering the overall distribution of the species,
Centris muralis showed the widest range, while C. escomeli,
C. orellanai,C. rhodophthalma, Epiclopus wagenknechti, and
E. ecphorus showed the narrower ranges (Fig. 2; Table 2).
Centris cineraria, C. nigerrima, C. chilensis, E. gayi, and
E. lendlianus showed medium-sized ranges (Fig. 2; Table 2).

Fig. 1 Known host-cleptoparasite relationships between Centridine bees from both Epiclopus (cleptoparasites) and Centris (hosts) genera. Full lines
represent known host-cleptoparasite relationships, while the dashed lines represent relationships supposed by taxonomists.
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The individual MaxEnt’s and SVM’s individual predictions
may be found in Figs. S2 and S3. As expected, the potential
species richness pattern of both Centris and Epiclopus are
quite similar, with higher species richness just below the
Atacama Desert (Fig. 3).

Regarding the host-cleptoparasite complexes, the distribu-
tion of Epiclopus gayi, varied accordingly to the distribution
of its host, Centris cineraria. Their ranges showed a high
spatial overlap (Ds = 0.766). Still, it also showed a consider-
able overlap of that of C. nigerrima, a potential host for this
cleptoparasite species (Fig. 2), and a considerable spatial over-
lap (Ds = 0.599). The distribution of E. gayi does not seem to
be determined by other confirmed (C. rhodophthalma;
Ds = 0.234) and potential (C. escomeli; Ds = 0.148) hosts
(Fig. 2). The distribution of E. lendlianus also seems to be
mainly determined by the distribution of C. cineraria
(Ds = 0.661), and its potential host, C. nigerrima
(Ds = 0.769). However, the distribution of E. lendlianus does
not seem to be significantly affected by either of its confirmed
[i.e., C. orellanai (Ds = 0.106), C. rhodophthalma (Ds =
0.159)], or potential [i.e., C. escomeli (Ds = 0.138)] hosts.
Regarding E. wagenknechti, its distribution is mainly over-
lapped with that of C. rhodophthalma (Ds = 0.611), its con-
firmed host, but alsoC. chilensis (Ds = 0.259), a potential host
for this species.Centris muralis is likely to be the leastCentris
species parasitized by the Epiclopus species considered in this
study, since much of its distribution occurs away from the
predicted distribution of these cleptoparasites (Fig. 2). Also,
considering the spatial overlap of its distribution with that of
other cleptoparasites, all Ds values we obtained were lower
than 0.005. Finally, E. ecphorus, a cleptoparasite species with
unknown hosts described by science, may potentially parasit-
ize nests of practically all Centris bees modeled here, except
for C. muralis. Still, its distribution is very much overlapped
with that of C. rhodophthalma, a species predicted by special-
ists to be its host (Ds = 0.641). Therefore, the lack of precise

host-cleptoparasite relationships between both Centris and
Epiclopus species calls for the need to continuous field sur-
veys to properly describe which species parasitizes one anoth-
er. The predictions produced with both MaxEnt and SVM
may be observed separately in figures S2 and S3, respectively.

Multivariate environmental niche analyses

The PCA axes obtained in multivariate analyses captured
65.41% of the original climatic variation of our climatic var-
iables (Fig. S4A), being the first axis (35.24%) mainly related
to temperature variables and the second one (30.17%) to pre-
cipitation (Figures S4B and S4C). Considering the known/
expected host-cleptoparasite relationships of these bees
(Fig. 4; Table 2), it is possible to observe some congruent
patterns with the modeled distributions analyzed above. For
instance, although E. gayi, is known to parasitize C. cineraria
(Dm = 0.507 in Table 2), apparently, E. lendlianus, showed a
bigger multivariate overlap with this host species (Dm = 0.639;
Fig. 4; Table 2). This pattern was also observed in the potential
distribution ranges for both species (Fig. 2). This also seems to
happen in the relationship between E. lendlianus and
C. rhodophthalma: despite the apparent big overlap between
these two species (Dm = 0.256), E. wagenknechti seems to be a
potentially more effective cleptoparasite of C. rhodophthalma
(Dm = 0.406; Fig. 4; Table 2), given the high multivariate
overlap of both species. The narrow distribution ranges of
both C. rhodophthalma and E. wagenknechti (Fig. 2) also
seem to confirm this trend. ForC. orellanai, on the other hand,
E. lendlianus had a high overlap (Dm = 0.237).

Considering the multivariate climatic space and the expected
host-cleptoparasite relationships of these bees (Fig. 4; Table 2),
E. lendlianus seems to have a high climatic niche overlap with
C. nigerrima (Dm = 0.467), as well as E. gayi (Dm = 0.471). This
trend was also confirmed with the potential distribution for both
species (Fig. 2). For C. chilensis, the cleptoparasite with the

Table 1 Summary of the species
distribution models obtained for
both MaxEnt and SVM
algorithms. SD refers to standard
deviation. Range size is given in
number of 4-km grid-cell

Species MaxEnt SVM

TSS + SD Range size + SD TSS + SD Range size + SD

Epiclopus gayi 0.91 + 0.03 23,659.40 + 07,058.35 0.96 + 0.01 20,331.60 + 07,445.50

Epiclopus lendlianus 0.85 + 0.05 72,333.40 + 29,309.31 0.89+ 0.03 57,422.40 + 37,166.65

Epiclopus wagenknechti 0.99 + 0.00 08,395.80 + 03,673.16 0.99 + 0.00 02,742.20 + 00,610.62

Epiclopus ecphorus 0.99 + 0.00 07,521.90 + 02,408.09 0.99 + 0.00 04,246.00 + 01,511.27

Centris cineraria 0.86 + 0.02 64,503.70 + 33,687.39 0.92 + 0.01 38,762.80 + 17,441.11

Centris rhodophthalma 0.97 + 0.01 09,548.70 + 05,501.89 0.99 + 0.00 08,455.30 + 04,665.96

Centris nigerrima 0.67 + 0.05 57,629.50 + 20,623.52 0.92 + 0.02 36,153.00 + 12,752.60

Centris escomeli 0.98 + 0.42 13,241.00 + 02,489.94 0.98 + 0.00 15,109.80 + 05,990.26

Centris chilensis 0.97 + 0.01 20,581.70 + 05,397.21 0.98 + 0.00 16,524.80 + 04,481.24

Centris muralis 0.87 + 0.01 88,122.40 + 30,980.80 0.88 + 0.01 83,398.10 + 30,643.61

Centris orellanai 0.98 + 0.00 17,738.00 + 07,626.70 0.99 + 0.00 07,153.10 + 06,860.29
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biggest overlapwasE. lendlianus (Dm= 0.610), what also resem-
bles their overlapping potential distributions (Fig. 2). Still,E. gayi
also showed a big overlap with this host species (Dm= 0.599),
and its second expected cleptoparasite, E. wagenknechti, only
showed a small overlap (Dm = 0.332), when compared to these
two other cleptoparasite species (Fig. 4; Table 2). Therefore, for
both C. nigerrima and C. chilensis, E. gayi may also be a good
cleptoparasite (Dm= 0.599 and Dm = 0.471, respectively), which
is also observed with the overlapping potential distributions of
these species in Fig. 2 (Ds= 0.599 andDs= 0.545, respectively).
ForC. escomeli, bothE. gayi andE. lendlianus are believed to be
effective cleptoparasites, but E. gayi had a much higher climatic

overlap with C. escomeli (Dm = 0.221) than that observed with
E. lendlianus (Dm = 0.094), what was also confirmed in their
overlapping potential distributions (Ds = 0.138; Fig. 2).
Considering the species with completely unknown rela-
tionships, E. ecphorus showed a considerable overlap with
C. orellanai (Dm = 0.559; Ds = 0.159), C. rhodophthalma
(Dm = 0.451; Ds = 0.641), and C. chilensis (Dm = 0.307;
Ds = 0.257), a pattern also observed in their potential dis-
tributions (Fig. 2). Finally, it is probably that C. muralis is
not parasitized by any of the Epiclopus species, because its
spatial overlap was very low with all species, although it
overlaps the multivariate space occupied by other species,

Fig. 2 Potential distribution of Epiclopus and Centris bees considering
both MaxEnt and SVM algorithms. Full red lines represent known host-
cleptoparasite relationships, while the red dashed lines represent

relationships supposed by taxonomists. Yellow dashed lines are inferred
from the analyses performed in this manuscript. The line width represents
the observed Ds value
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but especially E. gayi (Dm = 0.329), E. wagenknechti
(Dm = 0.287), and E. ecphorus (Dm = 0.257).

Discussion

Here, we showed the potential distribution ranges for a set of
bee species composing known host-cleptoparasite complexes

and the general patterns while considering their multivariate
niche overlap. Specifically, we aimed to evaluate both the
spatial and multivariate overlap of both known and unknown
complexes of host-cleptoparasite bees using species distribu-
tion models and multivariate analyses. By performing such
analyses, we were able to test for the specificity of interactions
among host-cleptoparasite complexes already known to sci-
ence, but also to infer the possibility of the occurrence of new,

Table 2 Main results of the
multivariate analyses, considering
the direction host ➔
cleptoparasite, considering
Schoener’s D metric, and the
p values obtained using the
similarity test (I) of the climatic
niche of the species. Italic values
are statistically significant. Host
to host or cleptoparasite to
cleptoparasite comparisons were
not considered (filled with NA =
not analyzed)

E. ecphorus E. gayi E. lendlianus E. wagenknechti

D I D I D I D I

C. chilensis 0.307 0.139 0.599 0.050 0.611 0.079 0.332 0.089

C. cineraria 0.292 0.208 0.507 0.059 0.639 0.020 0.322 0.139

C. escomeli 0.176 0.079 0.221 0.030 0.094 0.495 0.274 0.129

C. muralis 0.257 0.030 0.329 0.079 0.223 0.129 0.287 0.109

C. nigerrima 0.212 0.069 0.471 0.010 0.467 0.020 0.213 0.109

C. orellanai 0.559 0.010 0.389 0.059 0.238 0.238 0.345 0.030

C. rhodophtalma 0.451 0.079 0.389 0.079 0.256 0.287 0.407 0.089

Fig. 3 Stacked modeled species richness for both host (Centris) and cleptoparasite (Epiclopus) bees

Inferring host-cleptoparasite complexes of South American Centridine bees (Hymenoptera: Apidae) using... 185



but-not-yet-described complexes of hosts and cleptoparasitic
bees. Our results indicate that some host-cleptoparasite com-
plexes are very specific (always performed by the same spe-
cies), while some of the complexes already described by ex-
perts may have missing interactions. Although bees’ life cycle
is generally well known, several specific features of the ma-
jority of the species are still unknown, especially regarding
their distribution (the Wallacean shortfall; Whittaker et al.
2005) and their interspecific relationships (the Eltonian
shortfall; Cardoso et al. 2011; Hortal et al. 2015).

Multivariate analyses and species distribution modeling are
being increasingly considered into natural history disciplines

for a better description of biodiversity patterns. For instance,
Wielstra et al. (2012), using the very same multivariate anal-
yses applied here allied with genetic data, were able to infer
the differentiation of a potentially new species. Raxworthy
et al. (2003), by considering the occurrences of known leaf-
tail gecko species fromMadagascar, with severe low sampling
biases and using species distribution models, were able to
identify suitable areas for a new species of the genera, which
was later effectively found and described. Silva et al. (2014),
by using multivariate analyses and species distribution
models, showed that sister bee species from the Amazon and
the Atlantic Forest occupy used different climatic features,

Fig. 4 Multivariate space used by all host and cleptoparasite species of
South American Centridine bees. The solid and the dashed lines illustrate,
respectively, 100% and 50% of the available (background) climate for
each considered species in its natural range. For the inset corresponding to
all species, the solid line represents 10% of the occurrence density and the

color shades correspond to the colors previously used for each one of the
species. Full red lines represent known host-cleptoparasite relationships,
while the red dashed lines represent relationships supposed by taxono-
mists. Yellow dashed lines are inferred from the analyses performed in
this manuscript. The line width represents the observed Dm value
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indicating niche shifting after both forests were separated in
the past. These methods may also be useful to better under-
stand competitive patterns of species as well, and may be
captured by such macroecological tools (Gutiérrez et al.
2014).

The study of relationships between cleptoparasites and
their hosts can only be carried out in taxonomically well-
known groups, preferably with recent, complete, detailed,
and updated revisions. The lack of knowledge of the real iden-
tity of the species (the Linnean shortfall; Whittaker et al.
2005), as well as the use of distribution records based on
misidentifications, lead to incorrect results and interpretations
or to imprecise relationships, contributing to the maintenance
of the Eltonian shortfall (the lack of knowledge on which
species interact with one another; Cardoso et al. 2011;
Hortal et al. 2015). These problems make difficult to discover
potential new associations between the groups studied or lead
to establish potential relationships between the wrong species.
The use of proven distribution records is also a key element,
because they allow, as well as the correct identification of the
species, to correctly propose potential relationships between
them. It also permits to check or reject those potential relation-
ships inferred from indirect data, or to propose totally new
relationships based on actual distribution records, for example
between cleptoparasites with unknown hosts or vice-versa.
Specifically to the case reported here, many known host-
cleptoparasite complexes were confirmed. For instance,
E. gayi and E. lendlianus are the main cleptoparasitic bees
among the group of 12 species we evaluated, being able to
parasitize together six of the seven Centris bees available.
Centris rhodophtalma and C. orellanai are probably the main
hosts for cleptoparasites, as identified here. For these two spe-
cies, while the first is known to be parasitized by three species,
the second is known to be parasitized by only one.
Nonetheless, while C. rhodophthalma is expected to be para-
sitized by only one additional bee (E. ecphorus), C. orellanai
is expected to be a parasite by two other bees (E. gayi and E.
ecphorus). It was also possible to observe that some interac-
tions already described in the literature may not be as strong as
previously expected, and may represent opportunistic interac-
tions, rather than strong species-specific relationships. For in-
stance, the parasitism of C. orellanai by E. lendlianus showed
small values of spatial and multivariate overlaps, although it is
a confirmed interaction. The same was also observed for
C. rhodophthalma when parasitized by E. gayi and
E. lendlianus. In this specific case, E. wagenknechti seems
to be the strongest cleptoparasite species.

The overlap measured usingmultivariate analysis generally
confirmed the results obtained with the SDM analysis. The
applied multivariate analysis considers the environmental
conditions that are geographically available for the species
to estimate its climatic niche (Broennimann et al. 2012). So,
the results from the multivariate analysis may indicate that

some species could have evolved more similar climatic niches
than those shown by the potential geographical overlap, main-
ly in situations where one species is geographically restricted
and the othe r has a broader d i s t r ibu t ion (e .g . ,
C. rhodophthalma × E. gayi). Centris muralis was the only
species that the multivariate analysis indicated niche overlaps
that were not shown by the SDM analysis. This species occurs
east of the Andes, and its potential distribution seems to be
restricted to that region, while the other evaluated species
occur west of the Andean mountains. Because SDMs only
consider observed environmental conditions used by the spe-
cies, the low geographical overlap may misleadingly indicate
that C. muralis have different climatic tolerances than the
others studied species. While the absence of geographical
overlap precludes cleptoparasite-host interactions, the multi-
variate analysis indicate that this is not due to different niche
evolution, but rather because of a geographical barrier (prob-
ably caused by the Andean mountains) or because of a poten-
tial biotic barrier (other species that occur at one side of the
Andes may impede the geographical overlap between
C. muralis and the other studied species). This means that if
such barriers were removed (e.g., by human accidental or
intentional introduction) or if geographical overlap is only
due to low sampling effort, C. muralis could potentially inter-
act with E. ecphorus, E. wagenknechti, and E. lendlianus as
indicated by the multivariate analysis.

Different components ranging from genetic background
and phenotypic plasticity, but also microhabitat, natural histo-
ry, ecological features, and geographic distribution are gener-
ally involved in the evolution of host-parasite complexes
(Adamson and Caira 1994; Little et al. 2006). For instance,
among primates, the geographic distribution of the species’
parasites is one of the main features determiningwhether hosts
share parasites or not (Cooper et al. 2012). Such host speci-
ficity variation may explain the results we obtained when con-
sidering both the spatial and multivariate overlaps (the Ds and
Dm values, respectively) when considering both known and
unknown complexes of host-cleptoparasite bees. In our spe-
cific case, high spatial and multivariate overlaps are good
indicatives of a potential interaction, nonetheless, we have
host-cleptoparasite species complexes that showed low Ds

and Dm values and still interact. For instance, E. gayi which
is known to parasitize C. rhodophthalma, reached low Ds and
Dm values with this species (Ds = 0.234 and Dm = 0.388), but
still parasitized this latter species. Despite these low values,
this species is able to parasitize C. rhodophthalma, but it may
not, or not so often, if C. cineraria, the species with which it
maintains the higher spatial and multivariate overlap values
(Ds = 0.766 and Dm = 0.507, respectively).

In the field, this observation is somewhat confirmed, as the
adults of C. rhodophthalma tend to have an explosive emer-
gency behavior. Females emerge from their brood cells, mate,
and build nests for the next generation in a relatively short
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period of time. Those activities are influenced by the
flowering of their host plants, for example of the genus
Adesmia (Fabaceae), and by the abiotic characteristics that
dominate the xeric areas where this species occurs (Vivallo
2013). This feature is not observed in C. cineraria, whose
populations gradually emerge during the spring from northern
Chile to southern South America, taking advantage of the
various trophic resources available that they exploit thanks
to their extreme polylectic condition (Vivallo 2013). In this
way, cleptoparasitic species that have C. rhodophthalma as
one of their hosts must act mainly as opportunistic and they
should attack so quickly and efficiently, given the brief period
of activity of the adults. On the other hand, cleptoparasites of
C. cineraria have a longer time to search and attack their
nests, thanks to the gradual emergence of adults along their
latitudinal distribution gradient. Still, critically thinking, being
unable to determine threshold overlap values on which we
could determine whether a parasitic interaction is occurring
or not is one of the flaws in our study.

Analyzing species interactions at large geographic scales
was always considered as a difficult task when compared to
the evaluation of how climatic variables affect species niche
and geographic ranges (Anderson 2017). This is especially
true if one realizes that the effect of species interactions on
species distributions is much more labile at large geographic
scales when compared to climatic/scenopoetic variables,
which are much more stable and predictable at such large
geographic scales. Nonetheless, coping species interactions
with large-scale macroecological (considering both Network
and Niche theories, respectively) is a hot topic in modern
ecology and biogeography, and several are the studies
attempting to address and integrate such theories (Araújo
and Rozenfeld 2014; Godoy et al. 2018). For instance, some
studies have already evaluated how mutualisms/parasitism
(Darwell et al. 2017; Giannini et al. 2013; Vasconcelos et al.
2017) and dominance by some species in real ecological com-
munities (Pellissier et al. 2010) may affect the projections of
species distribution ranges. Such questions are also very rele-
vant considering the on-going effects of how climate change
may soon affect real-world plant-pollinators communities
(Schleuning et al. 2016; Schweiger et al. 2012). Such ap-
proach is revealing itself as an important avenue for future
research evaluating how species interactions may change
in the space and time continuum, especially because it is
related to trophic relationships interacting species main-
tain (Trainor and Schmitz 2014). Still, further develop-
ments regarding such approaches are very useful, because
they are not only restricted to either to mutualistic or
antagonistic interactions and may be extended and devel-
oped towards the coverage of more broad-scale commu-
nity interactions in multi-trophic systems (Godoy et al.
2018). Although not conclusive, our results support the
need for continuous sampling of bees and insect species

in general, in order to allow the unveiling and better de-
scription of their biological relationships.
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