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ABSTRACT

Aim We introduce and evaluate the potential effect of spatially marginal locali-

ties (specifically those protruding into unsuitable regions), in overestimating

species niches and distributions when using ecological niche models (ENMs).

Location North-western South America.

Methods We built an ENM for the Caribbean spiny pocket mouse (Heteromys

anomalus) using MaxEnt and climatic variables. This species typically inhabits

extensive tropical forests but can also range into drier habitats through patches

of mesic vegetation. We ranked occurrence records according to the suitability

value they received, and retrieved habitat information from collectors’ field

notes and the literature to determine whether those receiving lower values cor-

respond to spatially marginal localities protruding into unsuitable regions. We

then built a model excluding a subset of such localities and compared its geo-

graphic and environmental prediction with that of the original model.

Results Models differed substantially in their estimates of suitability. The ori-

ginal model resulted in an overly extensive prediction, considering as suitable

hot and dry regions dominated by xerophytic vegetation. Records receiving the

lowest suitability values in this model corresponded mainly to captures in

patches of mesic forest surrounded by thorn scrub or savannas. The model cal-

ibrated without such records restricted suitability mostly to regions character-

ized by the typical habitat of the species.

Main conclusions When it is not possible to use variables that are more

proximal or have finer resolutions, we recommend building complementary

models that, together, can provide a more realistic estimate of the species’

niche and corresponding geographic distribution. Jointly interpreting these

models, researchers may better differentiate between areas harbouring typical

habitat and those where the species can be found only if locally favourable con-

ditions exist. Such a distinction is of relevance for a wide range of applications

relying on inferences obtained from ENMs.

Keywords

Distribution, ecological niche model, environmentally marginal, Heteromys

anomalus, MAXENT, mosaic, north-western South America, range, spatially

marginal, species distribution model.

INTRODUCTION

Understanding species niches and their associated geographic

distributions has long been a major interest in biology (e.g.

Grinnell, 1917; Hutchinson, 1957; Brown, 1984), providing

insights into the natural history of taxa and, more impor-

tantly, underpinning ecological, biogeographical and evolu-

tionary studies (Sagarin et al., 2006). Accordingly,

researchers have developed methods that associate species

occurrence records with digital environmental data (Guisan
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& Zimmermann, 2000; Peterson et al., 2011). Several names

have been given to these methods, but we refer to them as

ecological niche models (ENMs), emphasizing their underly-

ing niche assumption (Peterson et al., 2011; Anderson, 2012;

Warren, 2012).

Most correlative ENMs [e.g. Genetic Algorithm for Rule-

set Prediction (GARP), generalized linear models (GLMs),

Multivariate Adaptive Regression Splines (MARS), maximum

entropy (MaxEnt)], are generated by contrasting the envi-

ronmental conditions where a species occurs with either (1)

the conditions where it is absent or undocumented (pres-

ence/absence or presence/pseudo-absence), or (2) the condi-

tions corresponding to a random sample of the study region

(presence/background; Peterson et al., 2011, p. 102). Accord-

ing to how closely they match the modelled relationships

(i.e. the niche), cells within a gridded output surface are then

assigned a relative value of suitability for the species (Peter-

son et al., 2011, pp. 51, 97). However, the quality of result-

ing ENMs depends on that of the input data (Lozier et al.,

2009; Warren, 2012), as well as adherence to general and

species-specific assumptions (Peterson et al., 2011; Anderson,

2013).

One of the most important assumptions when building

ENMs is that occurrence records represent source rather

than sink habitat (Phillips et al., 2006; Warren, 2012). Sink

habitats harbour environmental conditions that do not cor-

respond to the species’ fundamental niche (Pulliam, 1988,

2000), hence their incorporation exaggerates niche breadth

and potential geographic distributions. Inclusion of records

representing sink habitat can be avoided by excluding obvi-

ous outliers from model calibration (e.g. Mateo et al.,

2013). However, inclusion of sink habitat in the model

might also occur inadvertently owing to issues regarding

variable choice and resolution, particularly along the mar-

gins of species distributions. This can occur even when

records represent true sources, meaning that simply remov-

ing outliers may be insufficient. We first outline the nature

of this issue and then introduce a novel approach to address

it. In so doing, we call attention to a more cautious and

realistic use of ENMs and propose a way to improve these

valuable tools.

Environmentally versus spatially marginal localities

Virtually all species experience a variety of environments

across their range, causing unequal abundances throughout,

as some of the conditions more closely approach the opti-

mum for the species than others (Whittaker, 1956; Brown,

1984; Brown et al., 1995; Guo et al., 2005). In the absence of

highly negative biotic interactors (and lacking strong dis-

persal constraints), species should usually be most abundant

in areas that exhibit optimal environmental conditions (i.e.

most suitable habitat). Concomitantly, the species should

decline in number the further conditions depart from this

optimum, until it cannot persist (references above). Extirpa-

tion occurs due to limits in the physiological tolerances of

the focal species (regarding survival and/or reproduction), in

those of its positive biotic interactors (e.g. resources, facilita-

tors), or both (Gaston, 2003). We refer to localities (or habi-

tat) harbouring conditions along the margins of the species’

niche (i.e. barely satisfying abiotic and/or general biotic

requirements) as environmentally marginal (Fig. 1a).

In these instances, environmentally marginal conditions

are thought to cause the limits to species distributions

(but see Wisz et al., 2013). As such, these conditions are

bound to be found along (i.e. create) the spatial margins

of species ranges (Gaston, 2003). For this reason, we refer

to environmentally marginal localities also as spatially mar-

ginal. However, while we expect environmentally marginal

localities to always be spatially marginal, the converse will

not necessarily be true. Instead, this will depend on how

gradual or sharp the decline in habitat suitability is (e.g.

Lomolino et al., 2006, p. 77). Moreover, spatially (and

potentially environmentally) marginal localities should not

be considered to occur only on the margins of the species’

overall range as is generally implied (especially by the

‘abundant centre’ or ‘central–marginal’ hypothesis; e.g.

Hengeveld & Haeck, 1982; Sagarin & Gaines, 2002).

Instead, these localities should occur along every margin of

each area occupied by a deme or population, including

‘internal’ margins surrounding unsuitable conditions within

the local range (Fig. 1b; see also Brown et al., 1996; Guo

et al., 2005).

The problem of spatially marginal localities

in practice

Inclusion of sink habitat in the model becomes more likely

at spatial margins for two main reasons. First, these margins

represent contact zones between source and sink habitat,

making discrimination conceptually and empirically challeng-

ing (Kawecki, 2008). Second, even if spatial margins repre-

sent source habitat, at coarse resolutions (or when lacking

information on proximal variables; Austin, 2002) they might

provide an environmental signal characterizing the surround-

ing sink habitat instead. It is this latter issue that we explore

in the present study.

Environmental variables used in ENM have a resolution

corresponding to summaries of values across space and time

(e.g. 1 km2 cells representing mean annual precipitation).

This results in a diversity of local conditions represented by

a single value (e.g. mean or median). For this reason, local

environments allowing persistence at a given site might not

be accurately represented by the variables examined (Fig. 1c).

This is likely to be exacerbated when values are obtained by

interpolation over large distances (e.g. Hijmans et al., 2005).

Such data reality may not pose a serious problem near the

core of a deme’s distribution, because even though local

environments might be omitted, the predominant environ-

mental conditions still characterize source habitat. However,

it can become a serious issue at spatial margins, where suit-

able habitat transitions to unsuitable. In this way, records
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from such margins might result in incorporation of environ-

mental values characterizing the surrounding sink habitat,

hence overestimating the species’ niche and the correspond-

ing geographic areas suitable for it (Fig. 1c). This possibility

becomes more likely when suitable habitat protrudes exten-

sively into unsuitable areas (either as contiguous strips or

disjunct patches), increasing contact between sources and

sinks. We refer to localities representing such conditions as

protruding spatially marginal (PSM).

Objectives

We explore the effects that a particular case of spatially mar-

ginal localities might have in correlative ENMs: that in which

suitable habitat protrudes into sink habitat (PSM localities).

We focus on a forest-dwelling rodent that can inhabit small

areas of gallery forest in otherwise unsuitable matrices of sav-

annas or xerophytic thorn scrub: the Caribbean spiny pocket

mouse, Heteromys anomalus (Thompson, 1815) (Rodentia:

Heteromyidae). As an example, we use MaxEnt, a presence-

background modelling method (Phillips et al., 2006) com-

monly applied to infer species niches and their distributions,

and limit our analyses to abiotic predictor variables. How-

ever, the approach we use can be applied to any other mod-

elling method, including presence–absence ones (Guisan &

Zimmermann, 2000), models of species occupied distribu-

tional areas (species distribution models sensu stricto; Peter-

son et al., 2011, p. 41; Anderson, 2012), and models that

explicitly incorporate biotic factors (e.g. Lira-Noriega et al.,

2013).

Specifically, we used the following approach. We first built

an ENM using an extensive dataset of occurrence records,

which we then ranked according to the suitability value they

received. We identified the set of records with lowest values

(environmentally marginal according to the model) and

retrieved descriptive habitat information from field notes

and relevant literature to determine whether they corre-

sponded to PSM localities. Finally, we built a second model

excluding from the calibration process records representing

PSM localities, and compared its prediction with that of the

original model. We predict that: (1) records receiving a low

suitability value will correspond to PSM localities, consisting

of natural mosaics where the species’ typical mesic habitat

intermixes with those characterizing hot and dry regions; (2)

at PSM localities, the species was captured within local

patches of mesic habitat; and (3) if PSM localities actually

provide the model with a misleading environmental signal

(one typically characterizing sinks), a model made with such

localities will overestimate the environmental conditions typ-

ically inhabited by the species (compared with a model made

without them) – i.e. in this case the former will consider as

suitable extensive hot and dry regions typically characterized

by non-mesic vegetation where the species has not been cap-

tured despite extensive sampling in the region (Handley,

1976; Anderson et al., 2012).

Figure 1 Hypothetical fundamental niche of a species and its
projection in geography, showing differences between

environmental and spatialmarginality, as well as the potential

effect of the latter in correlative ecological niche models. (a) Two-
dimensional fundamental niche, with suitability declining from

the dark centre to the pale environmentally marginal conditions.
(b) Projection of the niche shown in panel (a) onto geographic

space, with progressively darker areas denoting increasingly
higher-quality source habitat and sinks shown in white. The

outline roughly indicates the geographic range of the species. Even
though the fundamental niche has a defined shape, its

representation in geography is subject to the configuration of the
landscape. In this way, highly suitable conditions may exist along

spatial margins of the species’ distribution and even protrude into
the surrounding sink habitat. (c) Close up of the local range of the

deme enclosed by the dashed rectangle in panel (b). Grids indicate
two different resolutions at which environmental values are

summarized to model the species’ niche. Symbols represent
hypothetical occurrences for the species. Circles indicate records

that provide accurate information regarding the species’ niche at
both resolutions. Stars indicate records that result in exaggeration

of the niche at one or both resolutions (due to summarizing of
environmental values). This issue may arise in any heterogeneous

area. However, note that records in heterogeneous areas near the
core of the local range (certain circles) will still provide values that

correctly reflect the species’ overall niche breadth (albeit
potentially affecting modelled response curves). In contrast,

records found at heterogeneous spatial margins can result in
incorporation of environmental values characterizing sink habitat.

All spatially marginal localities can suffer from this issue; however,
those protruding into sink habitat are much more likely to do so

because of their smaller extent and higher contact with sinks.
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MATERIALS AND METHODS

Occurrence records, environmental variables

and study region

The Caribbean spiny pocket mouse, Heteromys anomalus, is

found in north-western South America, where it is associated

with tropical evergreen and deciduous forests existing at c.

0–1600 m a.s.l. However, it is also known to range into drier

regions (e.g. characterized by savannas and thorn scrub)

through gallery forests (Handley, 1976; Anderson, 2003;

Anderson & Guti�errez, 2009), making it an appropriate can-

didate for this study. Occurrence records were obtained from

the literature (previously verified by taxonomic experts and

georeferenced with a precision similar to the resolution of

the environmental data). To reduce the potential for spuri-

ous environmental correlations due to sampling bias (Hortal

et al., 2008; Veloz, 2009), the 215 unique occurrence records

were spatially filtered, yielding a final total of 126 records

(details in Appendix S1 in Supporting Information).

For environmental data, we used the bioclimatic variables

available from the WorldClim project at a 30 arc-second res-

olution (c. 1 km2 at the equator; Hijmans et al., 2005). These

variables provide climatic information that is likely to be rel-

evant for this species at the scale employed (Luoto et al.,

2007; Peterson et al., 2011, p. 89), and have proven success-

ful in modelling the distribution of other Neotropical

rodents (e.g. Anderson & Raza, 2010). However, their rela-

tively coarse resolution makes them vulnerable to the poten-

tial issues associated with PSM localities. As we are

interested in building a predictive rather than an explanatory

model (Ara�ujo & Guisan, 2006), we used the complete set of

19 bioclimatic variables aiming to maximize predictive accu-

racy under a machine learning approach (Breiman, 2001).

Even though these variables can suffer from correlation, we

take advantage of MaxEnt’s regularization to reduce unnec-

essary dimensionality resulting in overly complex models

(see Elith et al., 2011), while avoiding subjective a priori

decisions regarding variable choice and relevance. Specifi-

cally, we carried spatially independent evaluations for preli-

minary models varying in the complexity allowed, reducing

the likelihood of overfitting to noise or bias (see ‘Model cali-

bration’ below and Appendix S1).

We constrained our models to a study region that encom-

passed the occurrence records but avoided inclusion of large

areas where the species might not be present as a result of

unsuitable biotic contexts or dispersal limitations. Specifically,

we defined it as a rectangle encompassing the 126 filtered

records, delimited by the nearest even 0.5° that was at least 20
km away from the most peripheral record in each cardinal

direction (Appendix S1). This is more likely to yield response

curves unbiased by factors not explicitly incorporated into the

model, producing a more realistic approximation of the spe-

cies’ existing fundamental niche, and corresponding abiotically

suitable area within the study region (Anderson & Raza, 2010;

Barve et al., 2011; Anderson, 2013).

Model calibration

We generated models using MaxEnt 3.3.1 (Phillips et al.,

2006). This program has performed well in comparisons of

modelling techniques that do not require recorded absences

and allows fitting of complex responses (Elith et al., 2006,

2011). To approximate optimal model complexity (affecting

both dimensionality and flexibility of the modelled

responses), we conducted tuning experiments. These con-

sisted of preliminary models evaluated using spatially inde-

pendent subsets (Radosavljevic & Anderson, 2014; Appendix

S1). After determining settings resulting in best predictive

performance (Table S1 in Appendix S1), we built a model

using all 126 filtered records.

Identification of protruding spatially marginal

localities

To identify records corresponding to PSM localities, we used

a two-step process. The first consisted of identifying records

considered environmentally marginal by the original Max-

Ent model. We ranked the 126 occurrence records according

to the logistic prediction value they each received (Phillips &

Dud�ık, 2008; Elith et al., 2011). We then plotted logistic pre-

diction value versus rank, investigating changes in slope or

presence of gaps potentially denoting major changes in envi-

ronmental quality.

For the second step, we gathered descriptive habitat

information for a subset of records spanning the lower-suit-

ability end of the plot, using collectors’ field notes and pub-

lished literature (Appendix S1). We also used vegetation

maps (PdVSA, 1992; IGAC, 2003) to clarify insufficient or

ambiguous descriptions (e.g. if the information pertained

only to the specific trapping site but did not describe the

surrounding habitat). We then classified each examined

record into two broad categories: (1) extensive tropical for-

ests (prior to human intervention) that should not suffer

from issues of spatial marginality with the variables

employed; or (2) natural mosaics of mesic and xeric habitat

denoting PSM localities (where strips or patches of tropical

forests exist within savannas or thorn scrub). Whenever

possible, we also secured habitat information specific to the

trapline (transect) where the species was captured within

the mosaic.

Testing predictions

We tested prediction 1 – records receiving low suitability

values correspond to PSM localities – in several ways. First,

we visually assessed whether records corresponding to locali-

ties characterized by natural mosaics (i.e. PSM localities)

did indeed receive low suitability values. Then, we tested

whether the suitability values assigned to these mosaics were

overall lower than those assigned to extensive forests by per-

forming a Mann–Whitney U-test (one-tailed hypothesis).

Test statistics were calculated using a spreadsheet (Microsoft
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Excel� 2007), and critical values were obtained from Zar

(1999; pp. App89–App100). Additionally, to gain more

insight into the environmental characteristics shared by

PSM localities, we plotted all 126 occurrence records in the

environmental space defined by the two variables most

important to the model (i.e. resulting in higher gain during

internal iterations of model calibration). Because this repre-

sents an ad hoc analysis (the modelling framework was not

aimed at understanding variable contribution), we also plot-

ted records in the environmental space defined by the two

principal components of a principal components analysis

(PCA) of climatic variability within the study region

(Appendix S1).

Regarding prediction 2 – at PSM localities, the species was

captured within local patches of mesic habitat – the number

of records for which we were able to find trapline habitat

information was very small, precluding the application of

statistical analyses. For this reason, we limit the test of this

prediction to inspection of the observed findings.

To test prediction 3 – PSM localities provide the model

with a misleading environmental signal, resulting in a model

that overestimates the environmental conditions typically

inhabited by the species, compared with a model built with-

out them – we calibrated an additional model excluding a

subset of PSM localities. As a conservative approach, we only

excluded those PSM localities receiving suitability values

lower than that assigned to the least-suitable record repre-

senting an extensive forest. For standardization purposes and

ease of comparison, this model was built using the same set-

tings as the original model (see Appendix S1 for a model

built with optimal settings for this reduced dataset and

resulting in qualitatively equivalent conclusions). We then

compared the predictions of the two models with each other

and with vegetation maps of the region (PdVSA, 1992;

IGAC, 2003). To facilitate interpretation, we converted the

continuous suitability surfaces of both models into binary

predictions of suitable versus unsuitable areas. To do so, we

used the lowest presence thresholding rule (= minimum

training presence of MaxEnt), where the lowest suitability

score assigned to an occurrence record is considered as the

minimum value denoting suitability. However, to avoid over-

simplification, we also applied the 10th percentile thresh-

olding rule (= 10 percentile training omission of MaxEnt),

which uses the lowest value assigned to any of the 90% of

the records with highest scores to denote suitability (Pearson

et al., 2007). Differences in continuous outputs are shown in

Appendix S1. To assess the potential effect of differing sam-

ple sizes when comparing both models, we also compare

their predictions with those of 100 models built by randomly

withholding the same number of records excluded in the sec-

ond model (Appendix S1). Finally, we compared the envi-

ronmental space considered as suitable by the models built

with and without the subset of PSM localities. To do this,

we plotted the corresponding estimated abiotically suitable

areas on the first two principal components of the PCA

(Appendix S1).

RESULTS

Identification of protruding spatially marginal

localities and their natural history

By plotting occurrence records according to their suitability

and obtaining habitat descriptions for the lowest-ranking

ones, we detected that several of them represented PSM

localities. We were able to obtain general habitat information

for 42 of the 54 records analysed. Of these, 28 correspond to

originally extensive evergreen or deciduous forests, and 14

correspond to natural mosaics (PSM localities) characterized

by patches of forests intermixed with savannas and/or xero-

phytic thorn scrub (Appendix S2).

Testing predictions

In agreement with the first prediction, most of the lowest-

ranking records corresponded to PSM localities (Fig. 2). Spe-

cifically, the least-suitable extensive forest corresponded to

rank 16, below which all records corresponded to either nat-

ural mosaics (10), or localities for which we could not

retrieve descriptive habitat information (5) but located

within the same vegetational zone where most of the mosaics

were found (savannas of the llanos; PdVSA, 1992). Records

with ranks 17–21 corresponded to either mosaics or exten-

sive forests, whereas higher ranks corresponded almost

Figure 2 Occurrence records of Heteromys anomalus in north-

western South America, ranked according to the logistic
prediction values given by the original MaxEnt model. Higher

ranks denote more-suitable environments. Inset shows ranking
of all 126 records, with arrow pointing to strongest gap in

suitability at the lower end of the graph (used to choose the set
of records analysed; Appendix S1). The dashed rectangle

encompasses the 54 lowest-ranking records for which we aimed
to gather descriptive habitat information (detailed in main

figure). Notice predominance of natural mosaics (i.e. protruding
spatially marginal localities; triangles) at the lower end of the

plot and that of extensive forests (squares) at higher suitability
values. Records below the lowest-ranking extensive forest

(dashed line) correspond to those excluded from the calibration
of the second model.
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entirely to extensive forests (including those spanning the

major gap in suitability; Appendices S1 & S2). Overall, suit-

ability values assigned to natural mosaics were significantly

lower than those assigned to extensive forests (U = 359,

n1 = 14, n2 = 28, P < 0.0005). When visualized in environ-

mental space, most records considered to represent PSM

localities clearly differed from the rest (Fig. 3, and Fig. S1 in

Appendix S1).

Confirming the second prediction, seven of the eight

records representing PSM localities for which we secured

trapline information corresponded to captures within the

local patches of mesic forest (Appendix S2). At least in two

instances, collectors also sampled the habitats surrounding

the mesic forests. August (1984) sampled dry ‘m�edano’ habi-

tat (characterized by xerophytic trees and shrubs), as well as

seasonally flooded savannas, but only captured Heteromys

anomalus within deciduous gallery forests, where flooding

during the wet season is not extensive. Soriano & Clulow

(1988) sampled seasonally flooded and non-flooded savan-

nas, but only captured H. anomalus within gallery forests.

The only instance where the species was not captured in a

forest patch corresponded to a record along hedge-like bor-

ders of ‘mayas’ (terrestrial bromeliads) and thorny scrub

along trails (Osgood, 1912). While we are not able to statisti-

cally evaluate these results, they suggest that within such

mosaics, H. anomalus utilizes the portion that most closely

resembles its typical mesic habitat.

In accordance with the third prediction, the model built

with all records was unrealistically overpredictive when com-

pared with that built excluding the 15 lowest-ranking records

considered to represent PSM localities (Fig. 4, and Fig. S2 in

Appendix S1). Overall, the model built with all records was

much more permissive in its estimate of suitability, consider-

ing 91% of the study region as suitable at the lowest thresh-

old (in contrast to 71% by the model built excluding PSM

localities; Table S2 in Appendix S1). These differences stem

from the fact that whereas both models considered regions

characterized by mesic habitat as suitable, the one made with

all records also considered suitable hot and dry regions typi-

cally exhibiting non-mesic habitat. These regions include

much of the coastal lowlands of north-western Colombia

and Venezuela, as well as the extensive llanos of central Ven-

ezuela (Fig. 4a). They are characterized either by xerophytic

thorn scrub and littoral vegetation (coastal lowlands), or by

extensive savannas (llanos; PdVSA, 1992; IGAC, 2003). While

several of these areas were still considered as suitable even at

the stricter threshold, the model built without the subset of

PSM localities considered most such areas unsuitable under

the lenient threshold (Fig. 4b). The overpredictive nature of

the original model remained even when applying a thres-

holding rule corresponding to the number of PSM localities

excluded from the second model (c. 12%, not shown). Mod-

els built by randomly removing the same number of records

excluded in the second model were as overpredictive as the

model built with all records (Fig. 4c, and Fig. S3 in Appen-

dix S1). When comparing the estimated abiotically suitable

areas in environmental space, it is clear that the model built

with all records considers a broader range of environmental

conditions as suitable for the species (i.e. a broader niche),

specifically those characterizing warmer drier areas (Fig. S1).

The possibility that such an environmental signal is the result

of georeferencing errors seems unlikely, as these were small

for almost all excluded PSM localities, and relevant variables

showed little variability around them (Appendix S1).

DISCUSSION

Protruding spatially marginal localities and

their effects on ecological niche models

As expected, Heteromys anomalus has been collected at locali-

ties consisting of vast expanses of its typical mesic habitat

(Handley, 1976; Anderson & Guti�errez, 2009) as well as at

localities where such habitat protrudes into drier regions

(PSM localities), especially through riparian strips of gallery

forest (Appendix S2). Localities characterized by the typical

habitat of the species were given a strong prediction value by

the model, whereas PSM localities generally received a much

lower value. Although striking and statistically significant,

this pattern was not perfect. This could simply reflect the

challenging task of obtaining a model that perfectly discrimi-

nates among records of differing environmental quality. At

least two other alternatives exist. First, the environmental

Figure 3 Two-dimensional environmental characterization of

occurrence records of Heteromys anomalus in north-western
South America. The environmental variables correspond to

those contributing the most to model gain during internal
iterations of the original MaxEnt model. Note how records

excluded from the calibration of the second MaxEnt model
(hollow symbols) differ from those that were included in the

calibration of both models (solid symbols). Excluded records
denote a similarly dry environmental space, characterized by the

highest temperatures and lowest precipitation during the most
extreme months.

Journal of Biogeography 41, 1390–1401
ª 2014 John Wiley & Sons Ltd

1395

Effect of marginal localities in modelling niches and distributions



transition might be gradual along the region where higher

ranking PSM localities were found. Second, extensive forests

with lower suitability might markedly differ from the rest of

forested localities in important environmental aspects.

Detailed ecological studies would be necessary to deter-

mine unequivocally whether this species only utilizes the

mesic portion of the mosaic of habitats characterizing PSM

localities. However, to our knowledge the species has never

(a)

(b)

(c)

(d)

Figure 4 Abiotically suitable area for Heteromys anomalus in north-western South America modelled with MaxEnt using different
subsets of occurrence records. (a) Results of the original model, calibrated with all records. (b) Results of the model calibrated without

the 15 records that ranked the lowest in panel (a), considered to represent protruding spatially marginal (PSM) localities. (c) One of
100 control models built by randomly excluding the same number of records as in panel (b) to control for sample size effects (see

Appendix S1). In panels (a)–(c), lime green indicates suitable areas at the 10th percentile threshold, whereas yellow denotes additional
areas suitable only under the lowest presence threshold. (d) Superimposition of models shown in panels (a) and (b). Greens indicate

areas considered as suitable by the model made excluding PSM localities (dark green specifies suitability at the 10th percentile threshold;
light green at the lowest presence threshold). Orange portrays additional areas considered as suitable only by the model made using all

records (under the lowest presence threshold). Symbols indicate records used to build the models, specifying the habitat present at those
analysed in the present study. Hollow symbols correspond to the PSM localities excluded in panel (b). Arrows indicate several

noteworthy regions whose suitability depends upon the occurrence dataset used in calibration (left to right: coastal lowlands of north-western
Colombia; Venezuelan llanos; and Depresi�on de Unare). These regions are characterized either by xerophytic thorn scrub or extensive

savannas, and they are considered unsuitable (or suitable only at the lowest threshold) by the model built excluding PSM localities.
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been captured in homogeneous expanses of savannas or

thorn scrub despite extensive sampling of small non-volant

mammals in the region likely to detect its presence in such

habitat (Handley, 1976; Rossi et al., 2010; Anderson et al.,

2012; but see Utrera et al., 2000, for captures in savannas

associated with agriculture). For these reasons, we consider

that these mosaics are mostly (or only) suitable for the spe-

cies because of the patches of mesic habitat they harbour.

In the same manner, high resolution climatic data or

proximal variables (e.g. wetness rather than precipitation;

Austin, 2002) would be necessary to determine whether the

patches of forest in PSM localities are truly environmentally

marginal (as suggested by the original model). When visual-

ized in the environmental space defined by the coarse cli-

matic information included in the model, most PSM

localities appear as unusually hot and seasonally dry (Fig. 3).

However, it is possible that local environmental conditions

within mesic patches at such localities approximate those of

extensive forests. If so, in reality, these localities would be

spatially but not environmentally marginal. In any case, with

the coarse climatic variables used, the model made including

PSM localities (but not that excluding them) considered

extensive regions characterized by hot and dry conditions as

suitable, regardless of whether they include patches of mesic

habitat. For this reason, we consider that environmentally

marginal or not, with the currently employed variables, these

small patches of forest within a drier matrix provide the

model with environmental values that correspond instead to

the predominant surrounding sink habitat – where the spe-

cies is not known to persist.

The strong collective signal provided by PSM localities is

clear when comparing the prediction of the model built

excluding a subset of these localities with that of models

built excluding the same number of records but in a random

manner. The overpredictive nature of the latter models indi-

cates that rather than a mere sample size effect, the narrower

prediction of the model built excluding PSM localities results

from a reduction in the range of environmental values con-

sidered part of the niche (Fig. 3, Fig. S1). Simply applying a

thresholding rule that accounts for the amount of records in

the dataset representing PSM localities does not lead to the

same result, as such records were still used to model the

niche. Thus, without a finer resolution or inclusion of proxi-

mal variables, PSM localities will most likely lead to a sub-

stantial exaggeration of the species’ existing fundamental

niche and the area abiotically suitable for it within the study

region (Fig. 4, Fig. S1).

We acknowledge that with current information it is not

possible to ascertain whether hot xeric regions are unsuitable

for Heteromys anomalus strictly because of their abiotic con-

ditions (i.e. warmer and drier, as assumed in the present

study), the lack of appropriate biotic contexts (e.g. constant

seed productivity), or both. If hot xeric regions were unsuit-

able strictly because of inappropriate biotic contexts, this

would imply that the abiotic tolerances estimated when

including all records are not unrealistically broad, but rather

are biotically distorted (Anderson, 2013). Indeed, physiologi-

cal experiments often reveal tolerances to temperatures

higher than those present in the habitats that species occupy

in nature (and thus higher than those inferred via ENMs;

Ara�ujo et al., 2013). However, we find this possibility unli-

kely in the present study, as tolerance towards higher tem-

peratures strongly depends upon water availability, and

living within hot and xeric conditions requires complex

behavioural and physiological adaptations typically not pres-

ent in species found in mesic areas (Bartholomew, 1963).

Therefore, we consider that inclusion of PSM localities in

ENMs can overestimate tolerances for at least certain axes of

the species’ niche. Moreover, the abiotic conditions charac-

terized by PSM localities consistently correlate with vast

expanses of unsuitable habitat throughout the study region

(i.e. extensive thorn scrub and savannas). We consider that a

model deeming such extensive areas of unsuitable habitat as

suitable definitely represents an overestimation of the areas

the species could potentially inhabit.

Implications and proposed approach

While the scope of this study was limited to a single species

and specific type of spatial marginality (mesic habitat

protruding into hot and dry regions), given the wealth of

species dependent upon patches of locally suitable habitat at

spatial margins in general (Gaston, 2003), this issue is likely

to be of broad relevance to the field of correlative ENM.

However, its pervasiveness and intensity will depend upon

the idiosyncrasies of the study system and modelling

approach. For example, rare (or hard to survey) species are

difficult to encounter even in optimal habitat, making detec-

tion in PSM localities still more unlikely and thus less of a

concern. Detection probabilities can also be lower at PSM

localities for abundant species if local conditions cause highly

dynamic population patterns (e.g. Yackulic et al., 2013).

Finally, the specific effect of PSM localities will probably

depend upon the environmental dimensionality of the study

and modelling algorithm used. As the issue pertains to data

documenting species presences, it should be of concern to

other modelling techniques, including those relying on

pseudo-absences or real absence data. However, the magni-

tude of the effect will differ according to the particularities

of the technique; for instance, algorithms vary in their sensi-

tivity towards environmental ‘outliers’ (Olden et al., 2008).

Overall, we predict that the issue presented in this study

will be of relevance in systems where: (1) the species depends

upon patches of particular habitat in parts of its range; (2)

these patches are not detected by the environmental variables

used; and (3) such patches are scarce at least in certain parts

of the range. Considering together models made including

and excluding PSM localities would represent a fruitful

approach in such instances. For example, superimposition of

the prediction from the model made excluding PSM locali-

ties on top of that of the model calibrated with all records

provides a better understanding of what modelled suitability
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implies in different areas (Fig. 4d). Areas predicted as suit-

able by the model made excluding PSM localities represent

those likely to harbour the typical habitat of the species.

Complementarily, areas predicted as suitable only by the

model made with all records indicate regions characterized

by unsuitable habitat but where the species might exist

within suitable patches if the appropriate local environmental

conditions are present. Such a joint interpretation provides a

more realistic depiction of the abiotically suitable area and

potential patterns of population connectivity.

The approach of jointly interpreting ENMs made with and

without PSM localities is likely to hold relevance in several

areas of ecology and evolutionary biology. For example,

ENMs are commonly used to infer past refugia and potential

patterns of population connectivity tested with genetic data

(e.g. Galbreath et al., 2011; Lorenzen et al., 2011). Jointly

considering models depicting the effect of PSM localities,

researchers could obtain more realistic inferences of past

demographic scenarios, discriminating between the most rel-

evant refugia, and areas that could have harboured suitable

conditions, potentially acting as corridors. ENMs are also

used to study niche evolution and speciation (e.g. Kozak &

Wiens, 2006; McCormack et al., 2010). However, overesti-

mating species niches and distributions when unwittingly

including PSM localities might result in biased conclusions

regarding niche similarity and geographic connectivity.

This approach can also aid researchers using ENMs to

address more practical applications. For example, joint pre-

dictions can help conservation biologists pinpoint areas har-

bouring a species’ typical habitat, avoiding investment in

regions where suitable conditions will rarely be met. Simi-

larly, accurately discriminating these two sorts of areas can

be crucial when assessing risks associated with invasive spe-

cies or spreading zoonotic diseases (higher in the species’

typical habitat; Sax & Brown, 2000; Peterson, 2006).

Future directions: sources, sinks and spatial margins

The approach implemented in this study demonstrates how

by inspecting the modelling output, researchers can uncover

the presence of PSM localities and identify those most prob-

lematic in a system. However, multiple alternative

approaches can be employed for this goal. For instance, PSM

localities might be uncovered by applying techniques used to

identify outliers (e.g. Mahalanobis distances with respect to

the centroid of the data; Mateo et al., 2013), as well as by

comparison of records in multidimensional space (PCA; e.g.

Petitpierre et al., 2012).

Additionally, this study focused specifically on the effect of

PSM localities in ENMs. However, the role of spatially mar-

ginal localities in general remains to be tested, not only within

this sub-discipline, but within broader biological fields. Much

empirical research is still needed to elucidate the ecological

and evolutionary roles of populations existing at such localities

(Kawecki, 2008). For instance, certain localities can function

either as sources or sinks (e.g. ‘leaky sinks’ of Holt & Gaines,

1992), contingent upon stochastic factors (Jansen & Yoshim-

ura, 1998; Gonzalez & Holt, 2002; Guo et al., 2005). Such fac-

tors might be especially important at spatially marginal

localities, where potentially lower-quality environmental con-

ditions or smaller areal extents can result in lower carrying

capacities (Holt et al., 2005). However, even localities acting as

sinks can have important demographic consequences, includ-

ing inflationary effects on abundance of adjacent sources, buf-

fering of perturbations within sources, and even constituting

metapopulations on their own (Roy et al., 2005; Matthews &

Gonzalez, 2007; and references above).

Finally, spatially marginal localities probably allow species

to extract novel resources from unsuitable habitats. Such

resources will usually be unavailable to a species except

where unsuitable habitats intermix with those that the spe-

cies is adapted to, bolstering its persistence in a given area.

More broadly, the ability of a species to make partial use of

sink habitat could be considered an additional aspect of its

niche (sink fishing). This capacity will influence for how long

(and consequently over what distances) the species can

endure unfavourable conditions. Such issues also hold rele-

vance for movement across sink habitats and colonization of

suitable patches. Overall, we hope that this contribution not

only highlights the relevance of spatially marginal localities

for many practical applications, but also fosters theoretical

and empirical advances regarding the study of geographic

distributions.
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