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 Based on our own empirical data and a literature review, we explore the possibility that biotic interactions, specifi cally 
competition, might be responsible for creating, and/or maintaining, geographic isolation. Ecological niche modeling was 
fi rst used to test whether the distributions of 2 species of Neotropical marsupials ( Marmosa robinsoni  and  M. xerophila ) 
fi t the predicted geographic pattern of competitive exclusion: one species predominates in areas environmentally suitable 
for both species along real contact zones. Secondly, we examined the connectivity among populations of each species, 
interpreted in the light of the niche models. Th e results show predominance of  M. xerophila  along its contact zone with 
 M. robinsoni  in the Pen í nsula de Paraguan á  in northwestern Venezuela. Th ere,  M. robinsoni  has an extremely restricted 
distribution despite climatic conditions suitable for both species across the peninsula and its isthmus. Th e latter two results 
suggest that  M. xerophila  may be responsible for the geographic isolation of the peninsular populations of  M. robinsoni  
with respect to other populations of the latter species in northwestern Venezuela .  Th ese results may represent an example 
of allopatry caused, or at least maintained, by competition. Our results and a review of numerous studies in which biotic 
interactions restrict species distributions (including at the continental scale) support a previously overlooked phenomenon: 
biotic interactions can isolate populations of a species. We propose 2 general mechanisms, intrusion and contraction, to 
classify allopatric conditions caused by various classes of biotic interactions. We present a necessary modifi cation of the 
concept of ecological vicariance to include biotic interactions as possible vicariant agents regardless of whether genetic 
diff erentiation occurs or not.   

    Despite ongoing debate about species concepts, most 
researchers agree that the origin of independent lineages 
under geographic isolation (    �    allopatry) constitutes the 
prevalent mode of animal speciation (Salomon 2001, 
Gavrilets 2003, Coyne and Orr 2004, de Queiroz 
2007, Sobel et   al. 2009, but see Berlocher and Feder 
2002, Fitzpatrick and Turelli 2006). Whether or not specia-
tion occurs, allopatry has implications for population-
level divergences by promoting the origin of lineages, or 
 ‘ evolutionary signifi cant units ’  (e.g. Holycross and Douglas 
2007). As perceived by most authors either explicitly or 
implicitly, the kinds of barriers that promote vicariance 
(hence lead to allopatry) are physical or climatic in nature 
(e.g. see defi nitions of  ‘ vicariance ’  and/or  ‘ vicariant agents ’  
in Futuyma 1998, Coyne and Orr 2004, Lomolino et   al. 
2006). Typical examples include mountain ranges, rivers, 
and marine transgressions for terrestrial organisms, or the 
emergence of land bridges bisecting bodies of water for 
aquatic species. Th e disappearance of suitable habitat as 

a consequence of climatic change can also act as a vicariant 
agent (Wiens 2004, Kozak and Wiens 2006). 

 Th ese traditional notions of vicariance do not consider 
the possibility that geographic isolation  –  and therefore 
allopatric speciation  –  could also be promoted by the emer-
gence and persistence of biotic interactions that act as barri-
ers to dispersal and gene fl ow. For example, such biotic 
interactions might include the presence of particularly eff ec-
tive predators or strong competitors, or the absence of 
important prey or essential mutualistic species. Indeed, 
biotic interactions commonly aff ect species ranges, for 
example causing parapatric ranges (contiguous but non-
overlapping; see Lomolino et   al. 2006, Peterson et   al. 2011, 
Wisz et   al. 2012 and references therein). In contrast, although 
the possibility that biotic interactions could create and/or 
maintain allopatry (rather than just parapatry) has been 
contemplated (Wiens 2004, Waters 2011; see Polechov á  
and Barton 2005 regarding sympatric and parapatric 
speciation), little empirical evidence exists to support the 
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idea (but see Jaeger 1971, Pellissier et   al. 2012). We address 
this possibility with regard to interspecifi c competition, 
specifi cally the principle of competitive exclusion  –  i.e. spe-
cies that are ecologically very similar will be unable to 
coexist due to exclusion of the inferior competitor 
(Gause 1934; see also Hutchinson 1959, Hardin 1960). 
Furthermore, we address whether competitive exclusion 
between two species (A and B) could cause the geographic 
separation of species A into two disjunct allopatric (not 
parapatric) populations of species A (A1 and A2), with 
species B present between the subpopulations, A1 and A2. 

 A battery of technological, methodological, and concep-
tual advances has empowered researchers to document 
the role of competition as an important evolutionary 
force. Empirical evidence demonstrates that interspecifi c 
competition is capable of driving phenotypic diversifi cation 
(Hone and Benton 2005, Moen and Wiens 2009), causing 
extinctions (Mooney and Cleland 2001, Banks et   al. 
2008), and shaping both species ’  distributional ranges 
(Bullock et   al. 2000, Leathwick and Austin 2001, Leathwick 
2002, Arif et   al. 2007, Wisz et   al. 2008; but see Giff ord 
and Kozak 2012) and the composition of communities 
(Cooper et   al. 2008, Kamilar and Ledogar 2011). 
Additionally, GIS-based ecological niche modeling (ENM; 
often termed species distribution modeling) allows for 
testing the geographic predictions of competitive exclusion 
and release (Anderson et   al. 2002; see also Brito and Crespo 
2002, Mart í nez-Freir í a et   al. 2008, Brito et   al. 2011). 

 Niche theory and the principle of competitive exclusion 
lead to the following predictions regarding the distributional 
patterns of a pair of species experiencing competitive 
exclusion (from Anderson et   al. 2002; see Material and 
methods for assumptions). Th e fi rst predictions concern 
areas of potential sympatry  –  i.e. those with environmental 
conditions suitable for both species. Specifi cally, they 
address the presence of the species along real contact zones, 
areas where the distributions of both species come into con-
tact. If consistent competitive exclusion of 1 species over the 
other does not occur, then localities of the 2 species should 
be present in approximately equal proportions in areas of 
potential sympatry along real contact zones. Alternatively, if 
consistent competitive exclusion does occur, then the supe-
rior competitor will predominate (in terms of the number of 
occupied localities) in areas of potential sympatry along real 
contact zones. Complementarily, if competitive release 
occurs, the inferior competitor will inhabit broader ecologi-
cal conditions (more like those characteristic of the superior 
competitor) in the absence of the other species, whereas 
the superior competitor would inhabit similar environmen-
tal conditions regardless of the presence or absence of 
the inferior competitor. In addition to considering these 
hypotheses, we compared prediction strengths (values of pre-
dicted suitability) between the models of each species to test 
if the particular species present is aff ected by relative envi-
ronmental suitability, within areas suitable for both species. 

 To test these hypotheses, the focal species pair must meet 
certain requirements (Anderson et   al. 2002). First, either 
prior studies or examination of localities should indicate that 
the species do not co-occur broadly in sympatry, but rather 
show parapatric distributions with narrow contact zones. 
Th is requirement implies that competition may exist and 

yield geographic manifestations in their occupied distribu-
tional areas. Second, one or more areas of potential sympatry 
along real contact zones must exist, providing some regions 
where competitive exclusion could occur. Th ird, localities 
for the putative inferior competitor should be known from 
geographic regions where the putative superior competitor 
is not present, providing some regions where competitive 
release could occur. In addition, it is desirable (but not 
required) that the focal species possess 2 characteristics 
commonly presented by species involved in strong com-
petition: morphological similarity (Gause 1934, MacArthur 
and Levins 1967, Abrams 1983 for a review, Juliano 
and Lawton 1990) and a close phylogenetic relationship 
(Burns and Strauss 2011, Violle et   al. 2011). 

 We assess whether the distributions of a pair of sister 
species of small Neotropical mouse opossums ( Marmosa 
xerophila  and  M. robinsoni ) fi t the predicted geographic pat-
terns expected under competitive exclusion. As is the case 
with other studies based on correlational approaches 
(Pellissier et   al. 2010), our methods cannot conclusively 
demonstrate competitive exclusion; however, they can 
generate specifi c directional hypotheses to be tested in exper-
imental fi eld and laboratory studies (Brown 1971, Murie 
1971, Th ompson and Fox 1993, LeBrun et   al. 2007). If 
corroborated, such a phenomenon would represent a rare 
example where a biotic interaction can be demonstrated to 
contribute to create and/or maintain geographic isolation. 
Th is possibility has implications for research regarding 
population-level divergence, and even speciation itself, as 
competition might represent a cryptic yet currently over-
looked factor driving genetic diff erentiation. Nevertheless, 
we do not aim to demonstrate genetic diff erentiation in any 
population of our focal species. Rather, this study tests 
whether the species ’  distributional patterns relative to envi-
ronmental suitability are congruent with the expectations 
under competitive exclusion and whether any such patterns 
are consistent with isolation of populations of either species. 
In addition to the implications of this possibility to popula-
tion divergence and speciation, it also holds relevance 
in landscape ecology, macroecology, conservation biology, 
and the eff ects of climatic changes on species distributions.   

 Material and methods  

 Focal species and requirements for tests 

  Marmosa robinsoni  and  M. xerophila  fulfi ll the requirements 
for testing the geographic predictions of competitive 
exclusion: parapatric ranges, overlapping environmental tol-
erances, and at least 1 known contact zone. As currently 
understood (Rossi et   al. 2010),  M. robinsoni  is found in 
Panama, Colombia, Venezuela, Trinidad and Tobago, and 
Grenada. Th e majority of known records of  M. robinsoni  
correspond to xeric shrublands, savannas, and deciduous 
forests, at elevations from sea level to ca 1200 m; however, 
the species has also been collected at a few localities with 
more mesic conditions, and up to 2000 m (Fig. 1; 
Supplementary material Appendix 1). Furthermore, it 
inhabits mesic habitat in the tiny, isolated Cerro Santa Ana, 
on the Pen í nsula de Paraguan á  in northern Venezuela, where 
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a gradient of thorn, deciduous, evergreen, and cloud forests 
occurs at low elevations (120 – 700 m; Anderson et   al. 2012). 
Th e distribution of  M. xerophila  is restricted to xeric 
shrublands in the lowlands of northeastern Colombia and 
northwestern Venezuela, at elevations from sea level to 
ca 350 m (Fig. 2; Anderson et   al. 2012). Th e distributional 
ranges of these species do not broadly overlap, with only 1 
narrow contact zone documented to date: on the Pen í nsula 
de Paraguan á  at the base of Cerro Santa Ana and its 
immediately surrounding lowlands (ca 80 – 120 m; Anderson 
et   al. 2012; see also Bisbal-E. 1990; Supplementary 
material Appendix 1). Th ere,  M. xerophila  is the only 
species present in the lowlands surrounding Cerro Santa 
Ana, where  M. robinsoni  exists. In addition, the 2 species 
are morphologically similar (Rossi et   al. 2010), and phyloge-
netic analyses have yielded evidence of a sister-taxon rela-
tionship between them (Guti é rrez et   al. 2010). Moreover, 
 M. robinsoni  and  M. xerophila  appear to overlap broadly 

with regard to feeding habits, climatic tolerances, and 
habitat use (Th ielen et   al. 1997, 2009, Alvizu and Aguilera 
1998, Zambrano 2001). Th ese characteristics make our 
focal species excellent candidates to test the geographic 
prediction of competitive exclusion. 

 Complementarily, this study system allows the test for 
competitive release for 1 species but not the other. To test 
the geographic prediction of competitive release, it is neces-
sary to identify biogeographic regions where the other 
species (putative competitor) is not present. Th erefore, 
conducting such a test for  Marmosa xerophila  is not possible. 
Th is is because the entire extent of the distributional range 
of  M. xerophila  is surrounded by and in close proximity 
to localities of  M. robinsoni . Conversely,  M. robinsoni  is 
indeed known from several regions in which  M. xerophila  is 
not present  –  likely due to historical factors  –  and, therefore, 
the predicted geographic pattern for competitive release of 
 M. robinsoni  can be tested.   

 Data sources 

 To model the species ’  abiotically suitable areas (based on 
climatic data; see Peterson et   al. 2011 for terminology 
regarding ecological niche modeling [ENM]), we used 
high-quality occurrence localities and climatic data interpo-
lated from weather stations. We gathered localities by using 
only information from voucher specimens with taxonomic 
identifi cations that derive either from our examination 
(specimens from our fi eldwork and in museums in Venezuela) 
or from a recent revisionary work (Rossi et   al. 2010, Guti é rrez 
et   al. 2011; Supplementary material Appendix 1). Several 
qualitative morphological traits permitted unambiguous 
taxonomic identifi cations of these species (Rossi et   al. 2010). 
We georeferenced all localities using information from col-
lectors ’  fi eld notes, specimen tags, and publications, and 
then consulting topographic maps, gazetteers, and other 
sources (see Supplementary material Appendix 1 for sources 
used for georeferencing each individual record). In addition 
to georeferencing localities corresponding to specimens that 

  Figure 1.     Spatially fi ltered localities of  Marmosa robinsoni  and study region used to calibrate models of its abiotically suitable areas. 
For each section of the study region, minimum convex polygons (thin lines) and their corresponding buff er (thick lines) are indicated 
(Material and methods). Shaded areas represent elevations    �    500 m.  

  Figure 2.     Spatially fi ltered localities of  Marmosa xerophila  and 
study region used to calibrate models of its abiotically suitable 
areas. Th e minimum convex polygon (thin line) and its corres-
ponding buff er (thick line) are indicated (Material and methods). 
Shaded areas represent elevations    �    500 m.  
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Peterson et   al. 2011, Anderson 2012) and using a set of 
simple operational rules. For each species, we created mini-
mum convex polygons surrounding major groups of 
localities, and then delimited regions for background 
selection by setting buff ers of 0.5 °  around each polygon. 
Extensive fi eldwork in numerous areas and biomes of 
southern Central America and northern South America 
over the last century (see Rossi et   al. 2010 and references 
therein) show that localities of  Marmosa robinsoni  are 
geographically distributed in 3 major groups. Consequently, 
the study region for this species was comprised of 3 sections: 
one enclosing localities from northeastern Colombia, 
northern Venezuela, and the islands of Trinidad, Tobago, 
and Grenada; another for localities from the upper valley of 
the R í o Magdalena in Colombia; and a third containing 
localities from Panama (Fig. 1). Only 1 polygon (and its 
corresponding buff er) was needed to create the study region 
of  M. xerophila  (Fig. 2).   

 Model calibration and evaluation 

 To model the species ’  abiotically suitable areas, we employed 
Maxent ver. 3.3.3h, which implements the maximum 
entropy method (Phillips et   al. 2006, Phillips and Dud í k 
2008). Th is presence-background modeling technique has 
performed well in comparisons with other such techniques 
(Elith et   al. 2006, Hernandez et   al. 2006, Wisz et   al. 
2008; see also Phillips 2008). When calibrating models for 
each species, Maxent sampled background data of environ-
mental variables only from the respective study region 
(i.e. within the minimum convex polygons and their respec-
tive buff ers) by use of a mask as a dummy variable. To 
produce the best possible models  –  i.e. those with optimal 
complexity, which implies the best approximation to 
reality with the least degree of overfi tting  –  we tuned model 
settings (Elith et   al. 2010, Anderson and Gonzalez 2011, 
Warren and Seifert 2011) using preliminary models of 
each species, and then making fi nal models using all locali-
ties (and the settings selected as optimal during the tuning 
process). Specifi cally, we varied feature classes and regulariza-
tion multipliers and selected the combination with the 
highest performance (Supplementary material Appendix 2). 

 We employed threshold-independent and threshold-
dependent measures to evaluate preliminary-model perfor-
mance according to 2 criteria: 1) the degree to which they 
avoided overfi tting and 2) their discriminatory power 
(Radosavljevic and Anderson 2013, Shcheglovitova and 
Anderson 2013; Supplementary material Appendix 2). 
Additionally, we assessed the statistical signifi cance of a 
subset of the preliminary models. Specifi cally, we did so for 
replicates that corresponded to the feature class and regular-
ization multiplier combination that yielded optimal perfor-
mance in the tuning experiments. Additionally, we visually 
inspected geographic projections of preliminary models 
made with those settings. Th en, to calibrate fi nal models, 
we used the settings identifi ed as optimal in the tuning 
exercises, now employing all of the fi ltered localities available 
for each species. Lastly, we examined the multivariate envi-
ronmental similarity surfaces produced by Maxent to deter-
mine whether in any areas the environmental variables were 
outside the range present in the calibration study regions 

we identifi ed, we also refi ned georeferences provided by 
Rossi et   al. (2010). Because georeferencing errors can misin-
form the algorithms used to create niche models, we dis-
carded localities whose estimated spatial errors exceeded 5 
km in mountainous areas with high topographic relief (ele-
vation  �    500 m) and 10 km in much more climatically 
homogeneous lowland areas (elevation    �    500 m). Because a 
maximum possible error of 5 km could potentially include a 
diversity of habitats in mountain areas, we used topographic 
and vegetation maps for the specifi c regions of interest 
and verifi ed that records with such possible errors were 
located in montane forest (a well-known habitat type for the 
species), and that none fell in unreported habitat types 
for the species (e.g. subp á ramo or p á ramo). Th e estimated 
errors of these few records (6 of 175 for  M. robinsoni ; none 
for  M. xerophila ) were more a linear distance through areas 
with similar elevations rather than a radius; therefore, we do 
not expect that these records provide a signal that would 
mislead model calibration despite the fact that the environ-
mental variables had a fi ner resolution [although with 
unquantifi ed error (Hijmans et   al. 2005, Anderson and 
Raza 2010, p. 1382)]. All other records had either smaller 
georreferencing errors or were located in lowlands with 
homogenous climatic conditions (e.g. the Venezuelan 
Llanos). Overall, our georeferencing yielded a dataset with 
smaller estimated errors than those typically used in ENM 
analyses (unpubl., Yesson et   al. 2007, see also Costello et   al. 
2013, pp. 2 – 3). 

 Because clusters of localities  –  typically resulting from 
more sampling in areas easily accessible to researchers 
(Reddy and D á valos 2003, Hortal et   al. 2008)  –  might create 
bias in environmental space, we spatially fi ltered localities of 
each species to obtain the maximum number that were at 
least 10 km apart (following Anderson and Raza 2010, Boria 
et   al. 2014). When multiple equally optimal solutions were 
possible for a given cluster of localities, we retained the 
combination of localities with the lowest possible total geo-
referencing error. Final (fi ltered) datasets contained 133 
unique localities for  M. robinsoni  and 10 unique localities for 
the geographically restricted  M. xerophila  (Supplementary 
material Appendix 1). Despite the latter having a low 
number of unique localities, these records cover the entire 
known distribution of  M. xerophila  (see Pearson et   al. 2007 
for building and evaluating models with few localities; see 
also Shcheglovitova and Anderson 2013; Supplementary 
material Appendix 2). 

 For the environmental data, we used 19 bioclimatic 
variables from WorldClim 1.4 (Hijmans et   al. 2005; 
 � http://biogeo.berkeley.edu/worldclim/worldclim.htm � , 
at 30 ′  ′  resolution; 0.93    �    0.93 km    �    0.86 km 2  at the 
equator). Th e bioclimatic variables employed are based on 
mean monthly climatic data and refl ect various aspects of 
temperature, precipitation, and seasonality. Th ey likely are 
important in determining species distributions and have 
been used for small non-volant mammals in the region 
(Anderson and Raza 2010, Anderson and Gonzalez 2011).   

 Study region 

 We selected study regions based on the principles from the 
literature (Anderson and Raza 2010, Barve et   al. 2011, 
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either species. In other words, we were conservative 
(and much more realistic) by calculating expected values 
based only on the numbers of known localities in the 
greater Maracaibo Basin (27 for  M. robinsoni  and 10 for 
 M. xerophila ). For the second approach, we examined 
localities in areas of potential sympatry surrounding the 
known contact zone in more detail, determining for 
each pixel which species had higher values of predicted 
suitability. Here, we expect that the species present is the 
one with the higher predicted value of suitability, regard-
less of whether the diff erence in prediction strengths is 
large or small (following Anderson and Mart í nez-Meyer 
2004). Th is expectation rests on 2 assumptions: the fi rst 
assumes that a putative superior competitor will exclude 
the other species from areas even minimally more suitable 
for the former; the second assumption implies that the 
models accurately characterize the abiotic abiotically 
suitable areas of each species. 

 We also tested for the geographic prediction of competi-
tive release for  Marmosa robinsoni  (test not possible for 
 M. xerophila ; see above). To do so, we inspected areas of 
potential sympatry far from the known contact zone between 
the species. Specifi cally, we searched such areas for the 
localities of  M. robinsoni  in areas more strongly predicted for 
 M. xerophila .    

 Results  

 Models and regions of potential sympatry 

 Given the known (documented) distributions of the 
species and available natural history information, the fi nal 
models provided reasonable predictions of abiotically 
suitable areas. Th e fi nal model of  Marmosa robinsoni  pre-
dicted extensive areas as suitable for the species (Fig. 3a). 
Strong predictions largely corresponded to regions harboring 
dry habitats, including xeric shrublands, savannas, and 
deciduous forests; however, a few areas with more mesic 
conditions were also predicted as suitable (e.g. lowland 
rainforest on the islands of Trinidad and Tobago). Th e 
fi nal model of  M. xerophila  predicted as suitable various 
regions harboring dry habitats, essentially xeric shrublands, 
with stronger predictions close to the coastline (Fig. 3b). 

 Once overlapped, the models indicated potential 
sympatry in several regions (Fig. 3c). Th ese regions are the 
northern extreme of the Pen í nsula de La Guajira in north-
eastern Colombia; extensive areas of the Estado Falc ó n 
in northwestern Venezuela, including most of the Pen í nsula 
de Paraguan á ; the Pen í nsula de Araya in northeastern 
Venezuela; and the islands of Aruba, Cura ç ao, Bonaire, 
Margarita, Tobago, St Lucia, Barbados, and some smaller 
islands nearby. For  Marmosa robinsoni , examination of 
the multivariate environmental similarity surface and the 
map showing the degree of clamping indicated the lack 
of areas where environmental variables were outside the 
range present in the calibration region (not shown). For 
 M. xerophila , the multivariate environmental similarity sur-
face showed a few variables with values outside the range 
present in the calibration data, but the degree of clamping 
was minimal (not shown).   

(Elith et   al. 2010). If so, we examined the map (produced by 
Maxent )  showing the degree of  ‘ clamping ’   –  i.e. constraining 
feature values to remain within the range in the calibration 
data; see Anderson and Raza 2010, Elith et   al. 2011, 
Anderson 2013  –  to determine if this situation had a strong 
eff ect on the model predictions.   

 Tests of competitive exclusion and release 

 We projected the fi nal model for each species onto geo-
graphic space to identify their respective abiotically suitable 
areas as well as areas of potential sympatry. Th ese projections 
were made onto the rectangular region (extent 10 – 13 ° N 
and 60 – 76 ° W) that included the northcentral and north-
eastern portion of the known range of  Marmosa robinsoni  
and the entire range of  M. xerophila . To identify areas 
of potential sympatry within this region, we then superim-
posed the binary predictions of both models, using the 
same thresholding rule as in the model evaluations. 

 We analyzed the proportions of species localities in areas 
of potential sympatry along their known contact zone, 
directly testing the geographic patterns predicted under 
competitive exclusion (Anderson et   al. 2002). To do so, 
we used localities in the Pen í nsula de Paraguan á  and the 
isthmus connecting it to the  ‘ mainland ’ , areas that surround 
the known contact zone. We tested for the patterns expected 
for competitive exclusion under 2 approaches: fi rst, 1 species 
consistently predominates (using binary maps of suitable 
vs unsuitable environmental conditions) in terms of the 
number of unique localities; second, each species predomi-
nates wherever environments are more suitable for it than 
for its putative competitor (considering maps of suitability 
for each species). In the fi rst approach, if neither species 
consistently excludes the other, localities of the 2 should be 
present in approximately equal proportions in areas of 
potential sympatry along their real contact zone. Th is 
approach rests on 2 assumptions: a) the 2 species have 
identical requirements and preferences with regard to 
resources in the study region; b) both species are equally 
likely to be captured, if present, by the sampling methods 
used. Given their close phylogenetic relationship and simi-
lar morphologies, our focal species are likely to have highly 
similar requirements and preferences regarding resources in 
the study region (see Introduction). Also, based on known 
natural history information (Handley 1976, Th ielen et   al. 
1997, Alvizu and Aguilera 1998, Zambrano 2001, Rossi 
et   al. 2010, Anderson et   al. 2012), the latter assumption 
seems reasonable for our focal species. Deviations from 
expected values generated from overall proportions of fi l-
tered localities were determined using 2-tailed tests (exact 
binomial probability). However, we made an improvement 
to the method proposed by Anderson et   al. (2002) that 
allowed us to avoid bias towards the most broadly distrib-
uted species. To do so, rather than using all records in all 
areas of potential sympatry (some of which are not acces-
sible for  M. xerophila ), we calculated the expected values of 
locality records based only on the number of records of 
each species in the greater Maracaibo Basin (Fig. 3c). Th is 
region is accessible for both of the two species  –  i.e. no 
prominent geographic barriers there prevent dispersal of 
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  Figure 3.     Results of ecological niche models, shown in northcentral South America and adjacent Caribbean islands: (a) fi nal Maxent 
model of abiotically suitable areas for  Marmosa robinsoni ; (b) fi nal Maxent model of abiotically suitable areas for  M. xerophila , and 
(c) areas of potential sympatry for both species. Abiotically suitable areas (given the 10th percentile threshold; Supplementary material 
Appendix 2) are indicated with shades of gray; increasingly stronger predictions are indicated with progressively darker shades. Areas 
of potential sympatry are those where suitable environmental conditions exist for both species. Th e dashed line in (b) indicates the 
approximate limits of the greater Maracaibo Basin within this study region; the Basin is limited to the west by the Serran í a de Perij á , to the 
north by the coastline, and to the south by the Cordillera de M é rida (not shown). Black circles represent localities of  M. robinsoni ; white 
circles represent localities of  M. xerophila .  

 Tests for competitive exclusion and release 

  Marmosa xerophila  predominated in areas of potential 
sympatry along its known contact zone with  M. robinsoni  
(Fig. 3c; Supplementary material Appendix 1). Given 
their frequency overall in the greater Maracaibo Basin, the 
number of occurrences expected by chance on the 
Pen í nsula de Paraguan á  was 5 for  M. robinsoni  and 2 for 
 M. xerophila . However, the observed localities on the 
peninsula  –  2 for  M. robinsoni  and 5 for  M. xerophila  –   
deviated signifi cantly from the theoretical expectation 
(binomial probability, p     �      0.016). 

 On the Pen í nsula de Paraguan á , in areas of potential 
sympatry surrounding the known contact zone, localities of 
each species fell in either areas (pixels) more strongly pre-
dicted for that same species or extremely close to them 
(i.e. in adjacent pixels; see below).  Marmosa xerophila  was 
more strongly predicted throughout most of the Pen í nsula 
de Paraguan á , whereas  M. robinsoni  was more strongly 
predicted in only 2 areas of the peninsula: the Cerro Santa 
Ana and the Fila de Monte Cano (Fig. 4). All 5 peninsular 
localities of  M. xerophila  fell in areas more strongly predicted 

for that species. Th e 2 peninsular localities of  M. robinsoni  
corresponded to sites barely more suitable for  M. xerophila  
(at Fila de Monte Cano, locality 101; and Cerro Santa Ana, 
locality 100; Supplementary material Appendix 1; Fig. 4; 
Supplementary material Appendix 3, Fig. A7). However, 
the 2 records fell in pixels adjacent to 1 or more pixels 
more strongly predicted for  M. robinsoni . In the case of the 
record from Fila de Monte Cano, this exceptional locality 
corresponds to a tiny area of gallery forest habitat along a 
stream (J. Ochoa-G. in litt.), a case of local conditions 
not refl ected in the climatic variables employed here 
(Soley-Guardia et al. in press; see Austin and Van Niel 2011). 
In the case of the record in the lower part of Cerro Santa 
Ana, the presence of this species in the Cerro Santa Ana has 
been demonstrated with numerous records at various eleva-
tions (Anderson et   al. 2012) that indeed fall in areas more 
strongly predicted for that species, but these records were 
excluded from the model calibration process because of the 
fi ltering procedure that we accomplished to reduce the eff ects 
of sampling bias (Material and methods). 

 Th ese results suggest that  Marmosa xerophila  may be 
a superior competitor to  M. robinsoni  in most of the areas 
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strong evidence for competitive release. In regions far from 
the range of  M. xerophila , few localities of  M. robinsoni  
exist in regions of potential sympatry. However, none of 
those sites was more strongly predicted for  M. xerophila  
(a strict test of the hypothesis of competitive release). 
Nevertheless,  M. robinsoni  is commonly found in highly 
xeric habitats (typical of  M. xerophila ) in regions where 
 M. xerophila  is absent (Fig. 5), but overall it occupies 
more mesic conditions in regions where  M. xerophila  
also occurs (Fig. 4; Supplementary material Appendix 3, 
Fig. A7).    

 Discussion  

 Competitive exclusion and allopatry 

 Th e results suggest that competition may maintain (and 
may even have created) allopatric conditions among 
populations of  Marmosa   robinsoni  on the Pen í nsula de 
Paraguan á  and those on the adjacent mainland. If so, to our 
knowledge this study documents 1 of only 2 cases of such a 
phenomenon in the literature (Jaeger 1971). Nevertheless, 
we clarify that a similar phenomenon, competition main-
taining interspecifi c parapatric ranges, is well documented 
in the literature (Lomolino et   al. 2006, Peterson et   al. 
2011, Wisz et   al. 2012 and references therein). Th e statisti-
cally signifi cant predominance of localities of  M. xerophila  
in areas of potential sympatry along its known contact 
zone with  M. robinsoni  is congruent with the prediction 
of competitive exclusion. Furthermore, it suggests that 
 M. xerophila  may be a superior competitor in most areas 
suitable for both. Th e latter is consistent with a previous 
study that provided support to the hypothesis that geograph-
ically restricted species of small mammals are competitively 
dominant over related widespread species (Glazier and 
Eckert 2002). However, in the 2  Marmosa  studied here, the 
outcome of the competition (i.e. which species becomes 
excluded) appears to depend on the relative suitability of 
environmental conditions at each site. Each species seems to 
be a superior competitor at sites more strongly predicted as 
suitable for that species. 

 Specifi cally, close examination of the Pen í nsula de 
Paraguan á  revealed the striking existence of small areas 
more strongly predicted for  Marmosa robinsoni  embedded 
within a matrix of sites with more suitable conditions for 
(and occupied by)  M. xerophila  (Fig. 4; Supplementary 
material Appendix 3, Fig. A7). Th ese  ‘ islands ’  more favorable 
for  M. robinsoni  corresponded to the Cerro de Santa Ana 
and the Fila de Monte Cano, each of which harbors localities 
of  M. robinsoni . Th e possibility that competition may 
maintain (and possibly may even have created) allopatric 
conditions for populations of  M.   robinsoni  is supported 
by 3 observations: 1) the models identifi ed suitable condi-
tions for both species in the peninsula, the adjacent main-
land, and the isthmus connecting the 2; 2) in geographic 
regions where  M. xerophila  is absent,  M. robinsoni  is com-
monly found in xeric habitat, perhaps as a result of competi-
tive release; 3) in the relatively well-sampled Pen í nsula de 
Paraguan á  (where both species are present),  M. xerophila  is 
always present in sites more strongly predicted suitable for it, 

  Figure 4.     Areas of potential sympatry for  Marmosa robinsoni  and 
 M. xerophila  in northern Estado Falc ó n (Venezuela) showing 
areas more strongly predicted for each species. (a) Occurrence 
records of focal species. Black circles represent localities of 
 M. robinsoni ; white circles represent localities of  M. xerophila . 
(b) Pixels more strongly predicted suitable for either species: 
pixels in which the species that had higher suitability values was 
 M. robinsoni  are indicated with black shading, whereas pixels in 
which the species with higher suitability values was  M. xerophila  
are indicated with grey shading. Notice the two geographic 
features more strongly predicted for, and occupied by  M. robinsoni  
(Cerro de Santa Ana and Fila de Monte Cano) in the Pen í nsula 
de Paraguan á . Populations of  M. robinsoni  present at these geo-
graphic features are isolated from areas with similar environmental 
conditions on the adjacent mainland by areas more strongly pre-
dicted for, and occupied by,  M. xerophila .  

that are suitable for both species in the Pen í nsula de 
Paraguan á . In fact, areas on the peninsula suitable for and 
occupied by  M. robinsoni  appear to be disjunct from popula-
tions found in suitable areas on the mainland not because 
intervening regions harbor unsuitable climatic conditions, 
but rather because they constitute environments even more 
suitable for and occupied by  M. xerophila . In contrast, 
the models (and available locality records) did not provide 
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  Figure 5.     Examples of Venezuelan regions with suitable conditions for both of the focal species but occupied by  Marmosa robinsoni . Th e 
fi rst three represent xeric landscapes in areas far from the documented distribution of  M. xerophila . Th e last constitutes a more mesic 
area along the documented zone of contact with  M. xerophila . (a) Pen í nsula de Macanao, Isla de Margarita (Estado Nueva Esparta; 
photo by Jes ú s Molinari). (b) Near Lagunillas (Estado M é rida; photo by Pascual Soriano). (c) Near the southern versant of the Serran í a 
de San Luis (Estado Falc ó n; photo by Robert Anderson). (d) Cerro Santa Ana, Pen í nsula de Paraguan á  and adjacent lowlands (Estado 
Falc ó n; photo by Robert Anderson). At the fi rst three sites (in biogeographic regions where  M. xerophila  is not present),  M. robinsoni  is 
commonly found in xerophytic shrublands. In contrast, on the Pen í nsula de Paraguan á ,  M. robinsoni  occurs predominately in the more 
mesic habitat in Cerro Santa Ana, likely due to exclusion from the xeric lowlands by  M. xerophila .  

whereas  M. robinsoni  is restricted to more mesic areas on 
Cerro Santa Ana and the Fila de Monte Cano.   

 Revisiting the concept of ecological vicariance 

 Th e possibility of allopatry driven by a biotic interaction 
could have strong implications for studies of population dif-
ferentiation and even speciation, as similar cases might be 
taxonomically and geographically widespread (see below). 
Th is invites a reconsideration of the mechanisms that lead to 
ecological vicariance. As conceived by most authors, ecologi-
cal vicariance is currently understood as the result of intrinsic 
organismal response to large-scale ecological variation, via 
the fragmentation of a single population into areas divided 
by ecologically, but not physically, unsuitable habitat (Pyron 
and Burbrink 2010; see also Haff er 1969, 1997, 2008, 
Vuilleumier 1971, Cracraft and Prum 1988, Hardy and 
Linder 2005, Escudero et   al. 2009). Whereas this mecha-
nism indeed leads to geographic isolation (Moritz et   al. 
2000, Wiens 2004, Kozak and Wiens 2006, Waltari et   al. 
2007), we argue that limiting the notion of ecological vicari-
ance only to those cases in which large-scale habitat-related 
changes have occurred excludes the possibility that impor-
tant (likely local-scale; Peterson et   al. 2011) biotic inter-
actions might also isolate populations in the absence of 
physical or habitat-related barriers. In fact, we argue that 
biotic interactions are capable of creating and maintaining 
geographic isolation at a local scale (i.e. at particular sites), 
and also likely across a larger geographic extent (e.g. along 

extensive portions of their distributions). Th is redefi nition of 
ecological vicariance should not be confused with the term 
soft vicariance, which applies to cases in which isolation is 
incomplete, regardless of whether the implied barrier is 
physical, climatic or, as suggested in the present study 
(see below), driven by a biotic interaction (Fransen 2007, 
see also Fransen 2002, Hickerson and Meyer 2008; not 
Pyron and Burbrink 2010). 

 Th e possibility that biotic interactions could create or 
maintain allopatry is indirectly, but unequivocally supported 
by results of numerous studies that have shown that such 
interactions can aff ect species ’  distributions even at a large 
geographic scale (see Wisz et   al. 2012 for a review). Studies 
have documented that local interspecifi c competition 
between plant species can lead to extirpation of populations 
at a large scale (Bullock et   al. 2000, Leathwick and Austin 
2001). Similarly, some displacements of animal species 
have been shown to occur as a result of either the invasion 
or the introduction of superior competitors (Reitz and 
Trumble 2002, Bertolino 2008). Competition has also been 
implicated in maintaining parapatric range boundaries at a 
large scale (Anderson et   al. 2002, Lomolino et   al. 2006, 
Peterson et   al. 2011, Pasch et   al. 2013), possibly being a par-
ticularly important phenomenon in suture zones (Swenson 
2006, Sacks et   al. 2011)  –  i.e. in areas of contact between 
recently joined biotas (Remington 1968). Futhermore, a 
number of studies on aquatic organisms have documented 
the existence of phylogenetic divergences between parapatri-
cally distributed taxa, even in cases in which the implied taxa 
have remained parapatrically distributed for long periods of 
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time and in the face of high dispersal potential (Waters 2011 
and references therein). According to Waters (2011), this 
likely is explained by a density-dependent competitive eff ect, 
in which dispersing individuals represent a tiny minority 
relative to the resident population, and might be selected 
against because of their rarity. 

 Other negative biotic interactions  –  parasitism and 
predation  –  also are capable of aff ecting species ’  distributions 
either by themselves or in interplay with competition. 
One example of the latter is the parasite-mediated competi-
tion between  Anolis  lizards in the island of St Maarten 
(Schall 1992). In addition, it is well known that the distribu-
tions of parasites and predators can be modifi ed  –  reduced, 
expanded, or fragmented  –  by virtue of changes in the 
distributions of their hosts and prey (Anderson 1972, 
Case et   al. 2005, Holt and Barfi eld 2009, Kelehear et   al. 
2012). Inversely, the distributions of prey and hosts can be 
severely constrained by the presence of generalist predators 
and parasites (Grinnell 1917, Holt 1997, Alexander et   al. 
2007; but see Holt et   al. 2011). 

 Positive interactions, be they mutualism or facilitation, 
can also aff ect species distributions, as the range of the 
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  Figure 6.     Schematic view of the classes of mechanisms by which biotic interactions can lead to allopatry. Species A experiences division of 
its original range as a consequence of its interaction with species B, and its resulting distributional areas are allopatric. Range intrusion: the 
intrusion of species B into the range of species A causes the disappearance of species A in the area newly occupied by species B; the driving 
biotic interactions include competitive exclusion (species A being an inferior competitor to species B), predation (species A being the prey 
of species B, a generalist and highly eff ective predator of species A), and parasitism (species A being the host of species B, a generalist and 
lethal parasite). Range contraction: the contraction of the range of species B causes the concomitant reduction of the range of species A, 
which becomes divided; the driving biotic interactions include predation (species B being the prey of species A, a predator specialized 
on species B), parasitism (species B being the host of species A, a specialized parasite), commensalism (species B being the benefactor of 
species A, a specialized commensalist), mutualism (species B being an obligate mutualist of species A). Each mechanism follows the same 
progression. Stage 1: before the biotic interaction had a disruptive eff ect on the range of species A; stage 2: biotic interaction divides the 
range of species A; stage 3: allopatry in species A resulting from the interaction between the two species. For simplicity, the term predation 
in this fi gure includes phytophagy.  

benefi ciary species might be modifed as a consequence of 
changes in the range of benefactor species (Bertness and 
Callaway 1994, Bond 1994, Choler et   al. 2001, Bruno et   al. 
2003, Pauw and Bond 2011, le Roux et   al. 2012). For 
example, species-specifi c facilitation among epiphytes and 
trees suggests that epiphyte distributions can be strongly 
infl uenced by tree distributions (Callaway et   al. 2002). 
Similarly, for lycaenid butterfl ies that have mutualistic inter-
actions with ants, mutualistic relationships not only can 
aff ect species distributions, but also promote allopatry 
(Pellissier et   al. 2012). Finally, paleontological evidence also 
suggests that biotic interactions have shaped species ranges at 
a large scale in the past, and for long periods of time (see 
Wisz et   al. 2012 and references therein). In summary, a 
plethora of cases in which biotic interactions aff ect species 
distributions  –  at spatial scales from local to continental  –  
have been documented; hence, the idea that such intere-
actions could create and/or maintain allopatry should be seen 
as likely to be taxonomically and geographically widespread. 

 Two major classes of mechanisms explain how biotic 
interactions can lead to allopatry. In the fi rst, which we term 
intrusion, the arrival of a species (e.g. invasive species) into 
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