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related Antirrhinum majus subspecies

A. Khimoun • J. Cornuault • M. Burrus • B. Pujol • C. Thebaud •

C. Andalo

Received: 6 January 2012 / Accepted: 23 April 2012
� Springer Science+Business Media B.V. 2012

Abstract Using a species distribution model, we reconstructed the environmental niches

of Antirrhinum majus pseudomajus and Antirrhinum majus striatum, two closely related

species with parapatric distributions. We tested whether retention of ancestral environ-

mental niche (i.e. niche conservatism) or adaptation to different ecological conditions (i.e.

niche divergence) could explain the maintenance of their non-overlapping geographic

ranges. We found that the environmental niche of A. m. pseudomajus is almost twice as

large as that of A. m. striatum, with substantial overlap indicating that A. m. pseudomajus
and A. m. striatum should co-occur frequently within the geographic range of A. m.
striatum. By analysing contact zones where both subspecies are geographically close, we

found that the presence of one subspecies instead of the other was significantly influenced

by particular combinations of climatic factors. Since independent genetic evidence indi-

cates that the two subspecies have experienced phases of range overlap at or near contact

zones over the course of their evolutionary history, we propose that ecological niche

displacement might be an important factor in explaining the absence of current range

overlap between A. majus subspecies.

Keywords Antirrhinum majus � Parapatry � Niche modeling � Niche divergence �
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Introduction

Parapatry (i.e. geographically separated ranges abutting along common boundaries) is

widespread among closely related species of plants and animals (Anderson and Evensen

1978; King 1993). Yet, it often remains a challenge to identify the mechanisms that prevent

range overlap between parapatric species. It has long been hypothesized that parapatric

distributions may be associated with spatial changes in environmental factors, species

interactions in areas of contact, or dispersal limitation even in the absence of physical

barriers (Bull 1991). When environmental factors produce spatial segregation, parapatric

distributions are often found to match sharp or gradual environmental transitions (e.g.

temperature, precipitation). In such cases of ecotonal changes, closely related species may

be specifically adapted to the environmental conditions defining their respective habitats

across their parapatric boundary. If so, geographic isolation of the two species may be

maintained through local adaptation, which could drive divergence, reproductive isolation,

and ultimately speciation between parapatric incipient species (Dobzhansky 1951; Funk

1998; Schluter 2001; Rundle and Nosil 2005; Schluter 2009). Under such an ecological

divergence scenario, parapatric species should occupy different environmental niches both

in regions where they are found to be completely isolated from each other (i.e. allopatry)

and in regions where they are found in contact on each side of their common boundary (i.e.

contact zone).

Competitive exclusion between closely related species is thought to prevent range

overlap and therefore shape instances of parapatric distributions (Hutchinson 1953; Connor

and Bowers 1987). This is expected when species have diverged when isolated geo-

graphically (i.e. allopatry) but retained the same environmental niche (Peterson et al. 1999;

Wiens 2004; Wiens and Graham 2005). Under such an allopatric divergence scenario, both

species should conserve their ancestral environmental niche in allopatry albeit they

diverged (i.e. niche conservatism). However, when they meet secondarily after range

expansion, ecological character displacement may occur in the area of sympatry, which

could result in a partitioning of their environmental niche on each side of their common

boundary (Ricklefs 2010). Thus, if competition plays a role in the parapatric distributions

of closely related species, one might expect greater differences in environmental niches in

sympatry than in allopatry (Brown and Wilson 1956; Dayan and Simberloff 2005).

In addition to niche divergence and competition, dispersal limitation has also the

potential to shape parapatric distributions (Garcia-Ramos et al. 2000). This is because

limited dispersal can prevent range overlap between geographically isolated populations of

closely related species, thereby maintaining them distributed in parapatry. As a conse-

quence, niche differences between species might be observed that are caused by envi-

ronmental differences associated to their separated distribution ranges, due to spatial

autocorrelation in environmental variables between the regions over which the species are

distributed, rather than actual niche divergence between species (McCormack et al. 2010).

Species distribution models (SDMs) provide a powerful tool to investigate the role of

environmental conditions in shaping spatial patterns of biodiversity (Cicero 2004; Guisan

and Thuiller 2005; Elith et al. 2006). Because they can predict habitat suitability in un-

sampled areas and help to track species range shift in response to climate change (Wiens

et al. 2009), SDMs are extensively used in the context of biodiversity inventories and

conservation planning (Kremen et al. 2008). More recently, SDMs have been used in

another context at the interface of ecology and evolutionary biology, to assess environ-

mental niche differentiation among species (Kozak et al. 2008; Warren et al. 2008) and

explore divergence mechanisms at the origin of species formation (titmice, Cicero 2004;
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dendrobatid frogs, Graham et al. 2004; wild tomatoes, Nakazato et al. 2008; Mexican jays,

McCormack et al. 2010).

In this study, we investigated the role of environmental conditions in the maintenance of

geographic isolation between two subspecies of snapdragon plants, Antirrhinum majus
pseudomajus and Antirrhinum majus striatum, by conducting an analysis of the geographic

distribution of their environmental niche. Our aim was to examine whether niche diver-

gence may explain parapatric distributions in this system, and infer indirectly from our

results whether ecological processes might also be involved. A. majus provides an ideal

study system to assess niche differentiation in a species divergence context since the two

subspecies used in this study are endemic to the Pyrenean mountains and surrounding

Mediterranean plains. However, while they both cover a large range of environmental

conditions, their geographic distribution remains parapatric throughout their range.

Materials and methods

Study system

Antirrhinum majus (Scrophulariaceae) is an herbaceous short-lived perennial plant char-

acterised by a patchy distribution centred over the Pyrenees, between north-eastern Spain

and south-western France. The geographic range of A. m. striatum is surrounded by the

range of A. m. pseudomajus (Fig. 1), which do not overlap. A. m. striatum and A. m.
pseudomajus come into contact at the margins of their ranges. In the contact zones between

Fig. 1 Sampled localities and predicted potential niches of A. m. pseudomajus and A. m. striatum. Black
symbols represent allopatric populations and white symbols represent introgressed populations of the contact
zones. Squares and triangles represent respectively A. m. pseudomajus and A. m. striatum populations. Blue and
orange regions represent the potential niches of A. m. pseudomajus and A. m. striatum respectively, as predicted
using only allopatric populations. Areas of niche overlap are represented in green. (Color figure online)
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those two subspecies, introgressive hybridization occurs and local replacement of A. m.
pseudomajus by A. m. striatum is observed in the west part of the contact zone and

conversely in the east part (Khimoun et al. 2011).

Environmental data

A total of 31 environmental variables were used to construct the SDMs: 15 climatic

variables (including annual trends, seasonality, extreme climatic parameters; Hijmans et al.

2005), eight soil variables and four vegetation variables (Table 1). Previous studies have

shown that vegetation indices could improve niche models when used in combination with

climatic variables (Buermann et al. 2008). In particular, we used the mean normalized

difference vegetation index (NDVI, average of the monthly NDVI values) that measures

the density of vegetation and is therefore a good proxy of biotic competitive environment

(Nakazato et al. 2008).

Environmental niche modeling

Antirrhinum majus occurrence records

We first characterized the environmental niches of A. m. pseudomajus and A. m. striatum
from allopatric populations, where interspecific interactions do not operate. Genetic

analyses of chloroplast and nuclear genes revealed the absence of genetic introgression

between these populations (Khimoun et al. 2011), indicating that they have remained in

allopatry for a long time. Consequently, we considered that the two subspecies niches

cannot differ as a result of inter-specific competition when only these allopatric popula-

tions are taken into account. In total, we used occurrence data of 26 A. m. pseudomajus
populations and 9 A. m. striatum populations. The small number of A. m. striatum allo-

patric populations is inherent to the system since A. m. striatum has a spatially restricted

range compared to A. m. pseudomajus.

Preliminary models

The MaxEnt approach (Phillips et al. 2006) was used to predict each subspecies occurrence

outside its sampled range. This method is appropriate for presence-only species records

and has been shown to perform well in comparison with alternative approaches (Elith et al.

2006). We did not perform an a priori procedure of variable selection and we included the

31 environmental variables to construct the models. We used default values for the con-

vergence threshold (10-5) and the minimum number of iterations (500). Following Phillips

et al. (2006), we constructed five types of model that included different features: (1) only

linear features (raw environmental variables); (2) linear and quadratic features (including

the square of environmental variables); (3) linear, quadratic and product features (adding

the products of pairs of environmental variables); (4) threshold features (using binary

thresholds on environmental variables) and (5) hinge features (like a linear feature but

constant beyond a threshold). The suitability scores obtained from the five models were

then averaged to give a single model called the average model. It has been previously

shown that the averaging of different model predictions (ensemble modeling) should

outperform single model predictions, even when some of the models perform badly

(Grenouillet et al. 2010).
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Average prediction assessment and decision threshold

Model predictive performance is generally assessed by randomly dividing occurrence data

into training (75 %) and testing (25 %) datasets (Fielding and Bell 1997; Araujo et al. 2005).

However, this approach is not appropriate with limited occurrence records because the

training dataset may be too small to calibrate the model correctly. Instead, we used a jack

knife procedure thought to perform well with relatively small datasets (Pearson et al. 2007).

This approach consists in alternately removing each locality from the training dataset, and

calibrating the model with the N - 1 remaining localities. For each of the N constructed

models, MaxEnt suitability scores were converted into presence/absence (Pearson et al. 2004)

by using the ‘‘lowest training presence score’’ as a decision threshold. Model predictive

performance was then evaluated as the model’s capacity to successfully predict presence at

the left-out localities, taking into account the estimated prevalence (i.e. the proportion of the

study area occupied by the subspecies). This procedure was carried out as described in

Pearson et al. (2007), except that in our study, both successes and failures were weighted by

prevalence. Thus, failures to predict an observed presence when the species is present in most

of the study area (high prevalence) receive a high penalty in our analyses. This procedure has

been implemented in a script (available upon author’s request) used with R software (R

Development Core Team 2008). Further details on this test are provided in the supplementary

online material (see supplementary online material, Appendix 1).

Tests for environmental niche divergence between the two subspecies

Niche identity

This procedure allowed us to test whether there was a difference between the two subspecies’

niches, regardless of the environmental conditions available in their respective backgrounds.

Niche overlap was quantified using the Schoener’s D metric (Schoener 1968). Significance was

assessed using randomization tests which consisted in creating a series of SDMs from ran-

domized datasets of occurrences (pseudoreplicates) and computing the Schoener’s D metric for

each pseudoreplicate. This procedure permitted to build a null hypothesis that we compared

with the observed D values (Warren et al. 2008). We used MaxEnt in batch mode to construct

the SDMs from 1,000 pseudoreplicates following the procedure described above, i.e. using

ensemble modeling. We then used the R software (R Development Core Team 2008) to average

the predictions of these models and compute the significance of the Schoener’s D metric.

Background test

Because differences in environmental niches can be due to spatial autocorrelation, the

background test (see Warren et al. 2008) was performed to assess whether the potential

environmental niches of A. m. pseudomajus and A. m. striatum were more similar or

divergent than would be expected given the environmental conditions available in the

regions they occupy (i.e. their backgrounds). For this procedure, pseudoreplicates were

generated through randomization of the occurrence locations of one subspecies by ran-

domly sampling the same number of points within its background. The test was carried out

in both directions (randomization of A. m. pseudomajus and A. m. striatum occurrences).

The background test is two-tailed because the observed values of the Schoener’s D metric

can be greater (niche conservatism) or lower (niche divergence) than the null hypothesis.

We also adapted this test to average modeling. Both niche identity and niche background
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tests are described in more detail in the supplementary online material (see supplementary

online material, Appendix 2).

Test for niche divergence between the two subspecies in contact zones

First, we produced a graphical representation of the set of environmental variables that

were suitable for each subspecies, both when they were in contact and in allopatry. To this

aim, we conducted a Principal Component Analysis on environmental variables for int-

rogressed populations of the contact zones and non-introgressed allopatric populations.

Second, we tested if A. m. pseudomajus and A. m. striatum occupy different niches in

sympatry and focussed on genetically introgressed populations at or near contact zones

(n = 5 for A. m. striatum and n = 6 for A. m. pseudomajus; (see Khimoun et al. 2011).

Since introgression reveals evolutionary interactions between subspecies during phases of

geographic contact (Khimoun et al. 2011), we considered that the absence of current

records for one or the other subspecies in the area of introgression might therefore reflect

the influence of biotic and/or abiotic factors rather than dispersal limitation. We performed

a logistic regression with quasi-binomial error to analyze the effect of climatic variables on

presence/absence data of the two subspecies throughout the introgression area. Environ-

mental variables were standardized to mean 0 and unit variance and summarized into

principal coordinates to avoid multicollinearity between climatic, soil and vegetation

variables. Because differences in environmental conditions generally increased with geo-

graphic distance, residuals were considered to be spatially autocorrelated. Autocorrelation

was assumed to decrease exponentially with geographic distance. All statistical analyses

were performed using R software (R Development Core Team 2008).

Results

Environmental niches

The average models predicted occurrences at the test localities better than chance (P \ 0.001

for A. m. pseudomajus and A. m. striatum models). The SDM built with A. m. striatum
allopatric populations yielded a projected distribution restricted to the Pyrenees Mountains

and surrounding valleys whereas the SDM built with A. m. pseudomajus allopatric popula-

tions predicted that its range should extend beyond the Pyrenees to the Mediterranean coast

and surrounding plains (Fig. 1). The environmental niche of A. m. pseudomajus is almost

twice as large as that of A. m. striatum (prevalence of 0.47 and 0.26, respectively). The

predicted overlap of the two subspecies distributions is 0.19 (Schoener’s D). This overlap

reveals that environmental conditions should be suitable for the establishment of both sub-

species over a large area within the actual range of A. m. striatum (Fig. 1). In particular, both

subspecies should be present at every sampled locality of the contact zones. Thus, based on

the distribution of environmental conditions that are suitable for both subspecies, A. m.
pseudomajus and A. m. striatum are expected to be frequently found in sympatry (Fig. 1).

Niche divergence in allopatry

The niche identity test indicated that the current niche overlap between the two Antir-
rhinum subspecies is significantly lower than expected by chance, when considering
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allopatric populations only (P = 0.05; see Fig. 2). The background test, which takes into

account background differences in environmental conditions, indicated divergence

between the potential niches of A. m. striatum and A. m. pseudomajus when the occurrence

randomisation procedure was applied for A. m. striatum (P = 0.02 for Schoener’s D

metric). Such divergence was not found when the randomisation procedure was applied to

A. m. pseudomajus (P = 0.56 for Schoener’s D metric; see Fig. 3). Because the observed

difference between subspecies niches was greater than the expected difference under the

hypothesis that A. m. striatum was randomly distributed within its background, our results

imply that A. m. striatum occurs in a part of its environmental background where condi-

tions are particularly dissimilar to the environmental niche of A. m. pseudomajus.

Niche divergence in contact zones

The first three principal components from the PCA explained 75 % of the total variance

(47, 18 and 10 % for PC1, PC2 and PC3, respectively). PC1 was mostly correlated with

annual mean temperatures, extreme values of temperature and precipitation, PC2 was

correlated with variables describing temperature variation, and PC3 was correlated with

soil structure, soil nutrient and water availability. Vegetation variables were poorly cor-

related to the first three PCA axes (see supplementary online material, Appendix 3).

According to the logistic regression analysis, the presence of one subspecies instead of the

other was significantly affected by all pairwise interactions between PC1, PC2 and PC3

(Table 2). The association of higher precipitation with lower temperatures, higher thermal

amplitudes and wetter, more compact and nutrient-deprived soils significantly increased

the probability of observing A. m. striatum instead of A. m. pseudomajus (Fig. 4). Although

the two subspecies were expected to co-occur in contact zones on the basis of environ-

mental factors, they show significant ecological niche divergence throughout the area of

Fig. 2 Niche identity test of A. m. pseudomajus and A. m. striatum. The histograms represent the null
distributions of niche overlap values from 1,000 pseudoreplicates. The arrow indicates the observed value of
the potential niche overlap of A. m. pseudomajus and A. m. striatum
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introgression. Moreover, the contact zone populations of the two subspecies were found in

a subset of the environmental niche which only partly overlapped the environmental niche

of allopatric populations.

Discussion

Geographic segregation is not predicted by environmental niche modelling

Niche models based on environmental factors indicate that the predicted geographic range

of both subspecies is larger than their actual range, with both subspecies occupying only

partly the geographic range where environmental conditions are suitable for their estab-

lishment (Fig. 1). They also show that the geographic range of A. m. pseudomajus should

be larger than the predicted range of A. m. striatum and include part of it on the basis of

Fig. 3 Test of niche divergence between A. m. pseudomajus and A. m. striatum (background test). The blue
histogram represents the null hypothesis when occurrences of A. m. pseudomajus are randomized within its
background and the yellow histogram represents the null hypothesis when occurrences of A. m. striatum are
randomized within its background. The arrow indicates the observed overlap values between A. m.
pseudomajus and A. m. striatum. (Color figure online)

Table 2 Results of the GLM
analysing the effects of environ-
mental variables on the distribu-
tion of A. m. pseudomajus and A.
m. striatum in contact zones

Variables Estimates SE df P

PC1 -2.75 0.20 1 \0.001

PC2 -15.52 0.03 1 \0.001

PC3 38.03 0.06 1 \0.001

PC1 9 PC2 -0.48 0.18 1 \0.001

PC1 9 PC3 0.81 0.02 1 \0.001

PC2 9 PC3 -1.67 0.04 1 \0.001
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their predicted environmental niches (Fig. 1). Thus, on the basis of environmental con-

ditions alone, A. m. pseudomajus and A. m. striatum should co-occur frequently within the

A. m. striatum geographic range. Such co-occurrence is however not observed in nature.

Even in localities where populations bear the signature of gene exchange between sub-

species, populations of the two subspecies remain geographically separated. The predicted

co-occurence of the two subspecies in the area of introgression and over most of A. m.
striatum range could be due to the poor resolution of the environmental grids used for

calibrating the models and/or the small number of occurrence records. Although the

number of A. m. striatum populations that we used is relatively small, these populations

cover the entire geographic range of the subspecies. Furthermore, the model predictive

performances were good, suggesting that the set of environmental variables considered (31

variables) is sufficient for correctly representing both subspecies niches. This suggests that

factors besides environmental factors, such as dispersal limitation and biotic interactions,

could have important effects in explaining the absence of range overlap between taxa

where they may share similar environmental requirements (Sillero 2011).

Dispersal limitation can prevent organisms from colonizing an area of suitable habitat

in its entirety (Holt 2003). This seems likely in Antirrhinum since seeds are mostly

dispersed over short distances from maternal plants, even though their small size and

weight (\15 mg) may allow occasional long-distance dispersal (Andalo et al. 2010).

While dispersal limitation might therefore explain the global pattern of subspecies

geographic segregation, it can hardly explain the complete absence of sympatry where

the two subspecies were once geographically close enough to exchange genes (Khimoun

et al. 2011). Thus, it is possible that biotic interactions (e.g. competition, predation or

parasitism), possibly in interaction with environmental factors, prevent the two subspe-

cies from occupying the whole common area that is suitable to their establishment

(Miller 1967).

Fig. 4 3-D-display of introgressed and allopatric A. m. pseudomajus and A. m. striatum populations along
principal components 1, 2 and 3. Blue and yellow spheres represent allopatric populations of A. m.
pseudomajus and A. m. striatum respectively. Black spheres represent A. m. pseudomajus introgressed
populations and grey spheres represent introgressed A. m. striatum populations. (Color figure online)
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Niche divergence in contact zones

In contact zones, the presence of one or the other subspecies was correlated with envi-

ronmental conditions. Our results suggest that A. m. striatum populations are ecologically

distinct from A. m. pseudomajus populations wherever they could occur in sympatry (see

Fig. 4). Evidence for recent gene flow among subspecies populations in the contact zones

suggests that differences in the environmental niche cannot be explained by dispersal

limitation (Khimoun et al. 2011). Expansion processes might generate a geographically

structured distribution of genetically introgressed populations (Currat et al. 2008). Under

such scenario, the fact that A. m. striatum invaded the previous range of A. m. pseudomajus
in the west part of the contact zone whereas A. m. pseudomajus reciprocally invaded A. m.
striatum range in the east part of the contact zone could therefore be related to neutral

demographic processes (Khimoun et al. 2011). However, our results show that such

replacement is highly correlated to environmental conditions (Fig. 4). Thus, it seems

possible that adaptation of each subspecies to different local conditions could explain the

local asymmetry of subspecies replacement in the area of introgression. The two sub-

species parapatric distribution could then reflect differential abilities to survive and

reproduce in varying local environmental conditions. It is also possible that, depending

upon environmental conditions, one subspecies has a superior ability over the other one to

take up and/or use water and nutrient resources when they become available in a com-

petitive environment. Although we do not have direct evidence to support this hypothesis,

the observed pattern of niche displacement between the two subspecies in contact zones

compared to allopatry suggests that competition between subspecies may be a major factor

explaining why A. m. pseudomajus and A. m. striatum are prevented from occupying their

entire potential niche, thereby maintaining their parapatric distributions.

To conclude, our results revealed that environmental factors alone could not be

responsible for Antirrhinum subspecies parapatric distributions. We found that differences

in environmental niches between subspecies in areas of contact were greater than expected

by chance and related to possible differences in resource use, in particular water and soil

nutrients that are often limiting in Mediterranean mountains. Thus, we argue that range

overlap might be prevented in our study system by ecological niche displacement driven by

competition, recognizing that more comprehensive geographic sampling and a functional

characterization of differences in resource use between subspecies are required before any

firm conclusion can be reached (Losos 2000).
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