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ABSTRACT

Aim In the face of global environmental change, identifying the factors that

shape the ecological niches of species and understanding the mechanisms

behind them can help to draft effective conservation plans. The differences in

the ecological factors that shape species distributions may then help to high-

light differences between closely related taxa. We investigate the applicability of

ecological niche modelling and the comparison of species distributions in

ecological niche space to detect areas with priority for biodiversity conservation

and to analyse differences in the ecological niche spaces used by closely related

taxa.

Location United States of America, Mexico and Central America.

Methods We apply ordination and ecological niche modelling techniques to

assess the main environmental drivers of the distribution of Mexican white

pines (Pinus: Pinaceae). Furthermore, we assess the similarities and differences

of the ecological niches occupied by closely related taxa. We analyse whether

Mexican white pines occupy similar or equivalent ecological niches.

Results All the studied taxa presented different responses to the environmental

factors, resulting in a unique combination of niche conditions. Our stacked

habitat suitability maps highlighted regions in southern Mexico and northern

Central America as highly suitable for most species and thus with high conser-

vation value. By quantitatively assessing the niche overlap, similarity and equiv-

alency of Mexican white pines, our results prove that the distribution of one

species cannot be implied by the distribution of another, even if these taxa are

considered closely related.

Main conclusions The fact that each Mexican white pine is constrained by a

unique set of environmental conditions, and thus, their non-equivalence of

ecological niches has direct implications for conservation as this highlights the

inadequacy of one-fits all type of conservation measure.

Keywords

Conifers, conservation, forest, niche comparison, pinus, species distribution

models.

INTRODUCTION

The conservatism of ecological niches (sensu Grinnell, 1917)

has become an issue of concern given the expected impacts

of climate change on biodiversity (Thomas et al., 2004; Chen

et al., 2011; Ara�ujo et al., 2013). This has prompted the

development of new tools to assess how the ecological niche

of species can shrink/contract, expand or persist, in environ-

mental and geographic space, anticipating the effects of glo-

bal climate change (Warren et al., 2010; Peterson, 2011;

Broennimann et al., 2012). Understanding how the ecological

niche of species will change can be used to implement or

guide conservation actions, especially in biodiversity-rich

areas (Guisan et al., 2013).
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Species groups that are highly diverse and present a varied

set of ecological adaptations along an environmental gradient

may be of importance for understanding ecological niche dif-

ferences and to prepare mitigation actions against global

change impacts. Theplant family Pinaceae (Farjon, 2008)

includes 11 genera and 228 species around the world and

has a centre of diversity in North and Central America. The

genus Pinus has its centre of diversity in Mexico with 49 of

the 120 recognized species inhabiting habitats from alpine

tree line elevations to lowland sea level (Gernandt & P�erez-

de la Rosa, 2014). Particularly, the taxa in the subgenus Stro-

bus, commonly known as the Mexican white pines, are

highly important on a global scale because the ecological

processes in which they are involved (e.g. carbon sequestra-

tion, soil nutrient retention and cycling, ecosystem structure)

and because of their provision of ecosystem services in the

form of wood, resin and pulp (Richardson, 1998). Moreover,

this subgenus contains taxa that have been classified as ‘clo-

sely related’ (Bruederle et al., 2001). There is no general

agreement on the taxonomic status of some Mexican white

pines, even after recent morphological and phylogenetic

studies (Price et al., 1998; Castro-F�elix et al., 2008; Tomback

& Achuff, 2010). For instance, Pinus strobiformis and Pinus

ayacahuite were formerly classified as the same species

(Perry, 1991; Farjon & Styles, 1997; Bruederle et al., 2001).

This highlights the ongoing problems with cryptic species,

problems that are not unique to taxonomy but also to bioge-

ography and conservation studies (Bickford et al., 2007;

Pfenninger & Schwenk, 2007).

The development of ecological niche models (ENMs;

Sober�on & Nakamura, 2009), also referred to as species distri-

bution models (Guisan & Thuiller, 2005; Ara�ujo & Peterson,

2012), has facilitated the extraction of ecological niche charac-

teristics that can assist taxonomic delineations and biodiversity

conservation (Raxworthy et al., 2007; Blair et al., 2013).

In this study, we analyse how the species-specific responses

to environmental factors and the differences between distri-

butions in ecological niche space can aid future species con-

servation plans and in the ongoing debate on differentiation

between closely related taxa of the subgenus Strobus. To this

end, we use ENM and ordination techniques to characterize

the ecological niches of Mexican white pine taxa and to

quantify similarities between them. First, we identify the

main environmental variables that constraint their distribu-

tions. We then use the information on their environmental

constraints to generate a ‘global’ habitat suitability map for

Mexican white pines to highlight hotspots of habitat suitabil-

ity to inform conservation planning. We also assess whether

different Mexican white pine taxa share the same ecological

niche space. Finally, we discuss how differences in the distri-

bution of ecological niche spaces and the species-specific

responses to environmental factors may inform conservation

plans. Following the niche conservatisms assumption (e.g.

Kozak & Wiens, 2006; R€odder & L€otters, 2009), we would

expect more genetically closely related species to share

more of their environmental niche space, resulting in high

ecological niche space overlap, high similarity and high spa-

tial overlap. Meanwhile with niche divergence as a speciation

mechanism, we would expect the ecological niches of closely

related species to differ significantly (Rice et al., 2003; Jakob

et al., 2010). Due to the similarities in morphological and

physiological characteristics between the Mexican white

pines, we expect their ecological niches to be similar. How-

ever, due to the different adaptations to different environ-

ments, we expect ecological niches to be non-equivalent.

METHODS

Study area and species data

The study area includes the native distribution of Mexican

white pines, extending from the southern United States of

America (USA) into Central America (Perry, 1991), and cov-

ers approximately 15 million km2, comprising a wide variety

of biomes, with an elevation gradient ranging from sea level

to more than 5450 masl.

We selected five Mexican white pine taxa (genus Pinus, sub-

genus Strobus, section Strobus, subsection Strobi. Little and

Critchfield, 1969): P. strobiformis Engelm, P. ayacahuite

Ehrenb. ex Schltdl., P. ayacahuite var. veitchii (Roezl) Shaw,

Pinus lambertiana Dougl., P. strobus var. chiapensis

(Mart�ınez). We were not able to include P. flexilis var. reflexa

Engelm because of the low number of available sample loca-

tions (< 5). Except for P. lambertiana, all white pine taxa in

our study have their main geographic distribution in Mexico.

The current distributions of P. strobiformis and P. lambertiana

extend further north into the USA, while Pinus strobusvar.chi-

apensis and P. ayacahuite extend further south into Central

America. We obtained species presence data from the Univer-

sity of Guadalajara Herbarium (IBUG, 2013), the National

Commission for the Knowledge and Use of Biodiversity

(CONABIO, 2013), the Global Biodiversity Information Facil-

ity (GBIF, 2013) and the Conifers database (Farjon, 2013a)

collected during the last 30 years. After removing duplicates

and screening for incomplete meta-information, we obtained

a total of 593 presence records for the five pine taxa (Table 1).

Environmental data

We selected environmental data related to different eco-phys-

iological constraints of the pine taxa. We obtained annual

trends in extreme limiting conditions related to precipitation

and temperature from WorldClim (Hijmans et al., 2005).

The selected variables presented Pearson’s correlation ≤ 0.70

(Dormann et al., 2013) and had a resolution of 1 km2

(Table 2). We included the mean temperature of coldest

quarter (°C) and isothermality (the quotient of mean diurnal

and annual temperature ranges), given the reported different

preferences in temperature of the taxa in the genus Pinus

(Perry, 1991; Farjon & Styles, 1997). These climatic variables

relate to temperature extremes, which are one of the main

constraints to the distribution of vegetation (van Zonneveld
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et al., 2009; Linares & Tiscar, 2010). We included the annual

precipitation (mm) and precipitation seasonality (mm), as

these variables have been shown to directly influence the

development and survival of pine taxa (S�aenz-Romero et al.,

2006; S�anchez-Salguero et al., 2012). We also included topo-

graphic and soil characteristics, namely elevation (masl),

slope (degrees), soil pH and percentage carbon content (%

weight) (FAO et al., 2012; INEGI, 2014). The soil character-

istics may facilitate or limit the growth of different pine taxa

(Galindo-Jaimes et al., 2002). Elevation was included as dif-

ferent pine taxa tend to be found at different elevation

ranges (Gernandt & P�erez-de la Rosa, 2014). We also

included solar radiation (kW/m2) (CCAFS, 2014), and the

Normalized Difference Vegetation Index (NDVI) as an aver-

age for the 1980–2010 period (IRI, 2013) which has been

shown to increase the accuracy of model predictions for veg-

etation mapping (Papes� et al., 2012; Rocchini, 2013). In our

study, NDVI is used to help in the delimitation of the actual

distribution of vegetation.

Ecological niche modelling

To analyse the spatial distribution of Mexican white pines

and identify key environmental variables that constrain the

species distributions, we used ENMs. Based on a previous

study (Aguirre-Guti�errez et al., 2013), we selected maximum

entropy modelling as implemented in MaxEnt (Phillips et al.,

2006). We used the autofeatures settings and the logistic out-

put format in MaxEnt because these options have proven to

be appropriate for extensive multispecies studies (Phillips &

Dudik, 2008). We used the target group approach, as sug-

gested by Mateo et al. (2010) and Elith et al.(2011), when

extracting background points for MaxEnt as it has performed

with higher accuracy than other methods (i.e. random selec-

tion). In this approach, the collection localities where other

Mexican white pine species have been found but where the

species being modelled was not present where used as back-

ground locations. As suggested by Elith et al.(2011), this

approach provides also the advantage of accounting for pos-

sible records selection biases. We used the null model

approach of Raes & ter Steege (2007) to test the significance

of our model predictions. The null model approach tests the

area under the curve (AUC) value of the receiver-operating

characteristic of the species niche model against a null distri-

bution of 99 repetitions. The null distribution was generated

from the sample localities of the target group. Added advan-

tage of testing against a null model is that all collection

localities can be used for model calibration.

Table 1 Ecological niche models evaluation by their AUC and null model results

Pinus species n AUC* Null model AUC Niche breadth Area predicted suitable (1000 km2)†

P. ayacahuite 239 0.85 0.72 0.0382 193

P. ayacahuite var. veitchii 18 0.95 0.87 0.0194 61

P. strobiformis 144 0.93 0.77 0.0671 362

P. strobus var. chiapensis 88 0.88 0.79 0.0673 543

P. lambertiana 103 0.98 0.79 0.0590 439

n, number of sample locations used for modelling the species distributions.

*All models have a significantly higher AUC value when compared to their null distribution (P < 0.01) based on 99 repetitions (only the highest

null model score presented).
†The area predicted as suitable corresponds to the ENMs projections of habitat suitability in geographic extent for each of the species after con-

verting to presence/absence binary maps.

Table 2 Percentage of variable contribution to the model construction, derived from the permutation importance analysis from

MaxEnt. Top three ranking variables printed in bold. The results represented the drop in AUC after the values from the focus variable

are permuted and the model is re-evaluated and compared with the original model. This drop is standardized and converted to

percentage contribution. For each Pinus taxon, the three variables with the highest contributions are presented in bold

Variable P. ayacahuite P. ayacahuite var. veitchii P. strobiformis P. strobus var. chiapensis P. lambertiana

Isothermality 39.3 1.3 4.8 28.2 16.9

Mean temperature of coldest quarter 2.2 0.4 2.4 16.3 7.0

Annual precipitation 7.2 0.1 2.5 21.0 0.5

Precipitation seasonality 8.1 66.2 3.9 13.6 28.5

Elevation 35.8 28.1 49.0 13.3 2.2

NDVI 2.9 2.8 6.7 2.5 0.8

Slope 0.6 0.2 2.8 2.3 1.1

Solar radiation 0.3 0.0 24.8 1.1 40.0

Soil total organic carbon 1.5 0.2 0.3 1.4 1.7

Soil pH 1.9 0.8 2.9 0.3 1.3
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The models of Mexican white pines were projected on the

study area to identify suitable habitats for their distribution

and conservation. To assess the importance of the different

environmental variables in our models, we used the permu-

tation importance values rendered by MaxEnt and their eco-

logical response curves (Phillips & Dudik, 2008).

Calculating niche characteristics: breadth, overlap,

equivalency and similarity

We calculated ecological niche characteristics to assess the

degree of shared environmental niche space between Mexican

white pines. We obtained the niche breadth of each species

(i.e. the amount of ecological niche space available to the dif-

ferent pine species) by applying the Levins’ inverse concentra-

tion metric (Levins, 1968). The niche breadth ranges from 0,

when all but one grid cell has non-zero suitability, to 1 when

all the grid cells in the study area are equally suitable (Mandle

et al., 2010). Therefore, species with a wider environmental

distribution render higher niche breadth values.

The assessment of niche overlap allows quantifying the

niche shared by the Mexican white pines. In this study, niche

overlap between pairs of Mexican white pines was computed

by means of the Schoener’s D statistic directly from ecologi-

cal niche space (Schoener, 1968; Warren et al., 2008). The

value of D ranges between 0, when two species have no over-

lap in the environmental space, and 1 when two species

share the same environmental space.

We used the niche equivalence test to assess whether the

ecological niches of pairs of Mexican white pines are signifi-

cantly different from each other and if the two niche spaces

are interchangeable. We performed the niche equivalence test

by comparing the niche overlap values (D) of pairs of Mexi-

can white pines to a null distribution of 100 overlap values.

We determined non-equivalence of ecological niches if the

niche overlap value of the species being compared was signif-

icantly lower than the overlap values from the null distribu-

tion (P ≤ 0.05).

The test for niche equivalence is conservative as it only

assesses if the two species are identical in their niche space

by using their exact locations and does not consider the sur-

rounding space. Therefore, we also performed a niche simi-

larity test, which assesses if the ecological niches of any pair

of species are more different than expected by chance,

accounting for the differences in the surrounding environ-

mental conditions in the geographic areas where both species

are distributed (Warren et al., 2010). A significant difference

from the niche similarity test would not only indicate differ-

ences in the environmental niche space the two species

occupy, but also that these differences are not due to the

environmental conditions that are geographically available.

To extract the ecological niche space occupied by each

Mexican white pine species and to quantify niche overlap,

equivalence and similarity, we used an ordination technique

that applies kernel smoothers to the species presences in envi-

ronmental space for the selection, combination and weighting

of environmental variables (Broennimann et al., 2012). We

specified a division of the environmental space into a grid of

100 9 100 cells, in which each cell corresponds to a unique

vector of the available environmental conditions in the study

area. The number of occurrences per species can be bias and

not represent the total distribution of the species in environ-

mental space; this might result in an underestimation of their

density in some of the cells and overestimation in others.

Because of this possibility of over- and underestimations, a

kernel density function is applied for the smoothing density

of occurrences for each of the cells in environmental space,

thus obtaining a better indication of the environmental con-

ditions suitable for each species. Further details about the ker-

nel density estimator and its parameters can be found in

Broennimann et al. (2012). We implemented this approach

by means of a principal component analysis that is calibrated

on the entire environmental space present in the study area

(hereafter referred to as ‘PCA-ent’). All analyses were per-

formed in the R platform (R Development Core Team, 2014).

RESULTS

Responses to environmental gradients

The distributions of Mexican white pines are underpinned

by their different responses to the environment (Fig. 1;

Table 2). The distributions of all Mexican white pines were

mainly constrained by a combination of isothermality, pre-

cipitation seasonality, elevation and solar radiation. Highly

suitable areas for P. ayacahuite were found at high elevations

(� 2000 m) and high isothermality (� 0.95), both of these

variables being the most important predictors of its distribu-

tion. For P. ayacahuite var. Veitchii, the suitability increased

along with both, precipitation seasonality and elevation. The

distribution of P. strobiformis was mainly constrained by ele-

vation and, to a lesser extent by solar radiation (Table 3). Pi-

nus strobiformis showed an optimum suitability at altitudes

between 2500 and 3000 m and at radiation of around

15 kW m�2. Isothermality was an important environmental

factor constraining the distribution of P. strobus var. chiapen-

sis, with highest suitability at values of � 0.90. Annual pre-

cipitation was also a main constraint for the distribution of

P. strobus var. chiapensis, with suitability sharply increasing

at initial increments of precipitation. Finally, P. lambertiana

was mainly constrained by the solar radiation and precipita-

tion seasonality, areas with radiation around 13–14 kW m�2

and with a variation in precipitation of � 60 mm showing

highest suitability. Unlike expected, none of the Mexican

white pines were strongly constrained by soil factors. Most

of the pine taxa had responses to soil variables that rarely

overpassed suitability estimates of 0.5.

White pines distribution and hotspots

We developed ecological niche models for each of the five

Mexican white pine taxa (Fig. 2). Although, P. aycahuite var.
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Figure 1 The ecological response curves for each of Mexican white pine. The response curves are based on the ENMs. Response curves

show the ranges in environmental conditions that are more favourable for the distribution of the species. The x-axis of the variables

represents their ranges for the complete study area, while the y-axis represents the predicted suitability of the focus variable when all of

the other variables are set to their average. In Table 2, we highlight the three most relevant variables for each species.
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Table 3 Ecological niche comparisons for the Mexican white pines. Niche overlap values are presented for the comparisons of niche

similarity and equivalency of species a with species b. All of the comparisons between the Mexican white pines highlight the non-

equivalency of their ecological niches

Pinus species

Niche overlap (D)

Niche similarity

Niche equivalencya b a?b b?a

P. ayacahuite P. ayacahuite var. veitchii 0.124 ns ns Different*

P. strobiformis 0.353 ns similar* Different*

P. strobus var. chiapensis 0.554 Similar* similar* Different*

P. lambertiana 0.022 ns ns Different*

P. ayacahuite var. veitchii P. strobiformis 0.429 Similar* similar* Different*

P. strobus var. chiapensis 0.058 ns ns Different*

P. lambertiana 0.045 ns ns Different*

P. strobiformis P. strobus var. chiapensis 0.248 Similar* ns Different*

P. lambertiana 0.167 ns ns Different*

P. strobus var. chiapensis P. lambertiana 0.035 ns ns Different*

ns, not significantly different.

For the niche similarity test, none of the pairwise comparison rendered species that differed significantly.

*The ecological niches are significantly (P < 0.05) more similar or different than expected by random.

(a) (b) (c)

(d) (e) (f)

Figure 2 22Distribution models for the five Mexican white pines representing the areas in geographic space with high environmental

suitability. Panel (a) presents the results from an ensemble of the five niche models, highlighting regions of shared habitat suitability.

Value of 0 indicates an area that is not suitable and 5 and area with high habitat suitability for the five Mexican white pine taxa. For

panels (b) to (f) the blue colour represents the areas that have high habitat suitability after applying the 10% presence threshold criteria

to the models’ suitability scores, for example, 10% of the most extreme presence observations in environmental niche space are forced

outside the predicted presence area because they may represent errors in the ‘presence’ recordings or outliers in the environmental space

(Tinoco et al., 2009) 6. Black dots represent the sample/presence locations.
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veitchii was modelled using only 18 presence records, the null

model protocol we applied suggests that our results are sig-

nificantly better than expected by a random model. In fact,

all our ENMs performed significantly better than expected by

chance alone (P < 0.01; Table 1).’Stacking’ of the five distri-

bution models resulted in a map model with centres of high

environmental suitability for Mexican white pines (Fig. 2a).

Centres of high suitability were located on the Mexican

transvolcanic belt and on the mountain chain connecting

southern Mexico and Guatemala. Additional hotspots were

found on the Mexican occidental and south-eastern moun-

tain chains, and on the central-southern areas of Mexico,

with only a narrow area in northern Mexico highlighted as

highly suitable for most taxa (Fig. 2a).

Ecological niche properties

The analysis of ecological niche properties rendered a PCA-

ent with the first axis mainly loaded by isothermality, solar

radiation and average temperature of coldest quarter,

explaining 32.3% of the total variation in environmental

conditions for the taxa in the study area (Fig. 3). The second

axis explained about 28% of the variation and was loaded by

soil pH, annual precipitation, elevation and NDVI variables.

Niche breadth and overlap

The results from the niche breadth assessment showed a high

variation in environmental suitability for Mexican white

pines (Table 1). The highest niche breadth that we found

was 0.0673 for P. strobus var. chiapensis, which also presented

the broadest distribution of suitable habitat (see ‘Area pre-

dicted suitable’ in Table 1). The niche breadth for P. strobi-

formis was also similarly high (0.0671); however, this species

had a narrower distribution of suitable habitat than P. stro-

bus var. chiapensis. Pinus lambertiana presented a niche

breadth smaller than that of P. strobus var. chiapensis, while,

the niche breadth of P. ayacahuite was almost half of that of

P. strobiformis (Table 1). Pinus ayacahuite var. veitchii, exhib-

ited both the narrowest distribution of suitable habitat and

the lowest niche breadth—three times smaller than that of

the P. strobus var. chiapensis (Table 1).

Niche overlap results suggest a great variability in the

environmental space inhabited by the different Mexican

Figure 3 Ecological niche of the five analysed Mexican white pines in environmental space produced by the principal component

analysis method (PCA-ent). The PCA-ent results represent the niche of the species in the two main axes with the environmental

conditions of the complete study area. For each species, the grey-to-black shading represents the grid cell density of the species’

occurrences (black being the highest density). The first dashed line represents the 50% of the available environment and the solid line

represents the 100%. The last panel presents the contribution of variables for loading the main PCA-ent axes and the percentage of

inertia explained by axes one and two.
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white pines (Table 3; Fig. 3). Some species, such as P. aya-

cahuite and P. lambertiana, occupy considerably different

environmental niches. Even closely related taxa such as

P. ayacahuite and its variety P. ayacahuite var. veitchii, also

differed in their occupied niche space (Fig. 3; Table 3). All

niche overlap values are presented in Table 3.

Niche equivalency and similarity

For all possible pairwise comparisons between Mexican white

pines, the null hypothesis of the niche equivalency test was

rejected (Table 3). On the other hand, in our analysis of

niche similarity, the null hypothesis held for all pairs of Mex-

ican white pines (‘Niche similarity’ in Table 3). For some

pairs of Mexican white pines, the niche similarities were

higher than expected by chance, for example, P. ayacahuite

with P. strobus var. chiapensis, and P. ayacahuite var. veitchii

with P. strobiformis. The environmental niches of P. ayacahu-

ite and P. strobus var. chiapensis were not statistically differ-

ent (P > 0.05), exhibiting 55% of geographic overlap

(Table 3). Other pairs of pine taxa shared niche spaces that

were more similar than expected by chance, but only in one

direction, e.g., P. strobiformis with P. ayacahuite, and

P. strobiformis with P. strobus var. chiapensis. This suggests

that the ecological niche of P. strobiformis was more similar

than expected by chance to the one of P. ayacahuite but not

vice versa. The same is true for P. strobiformis, whose ecolog-

ical niche was more similar to the one of P. strobus var. chi-

apensis but not vice versa. Combined with our results from

niche equivalency, our findings highlight how the ecological

niches of the Mexican white pine species although similar,

are not identical.

DISCUSSION

We have identified the environmental constraints for the dis-

tribution of Mexican white pines by applying state-of-the-art

ecological niche modelling and ordination techniques. The

identification of the main environmental constrains of the

present distribution of species is key for current conservation

actions and when investigating the impacts of future climate

change on biodiversity. The wide distribution of Mexican

white pines in the American continent underlines the variety

of environmental conditions to which they are adapted and

also may reflect on the physiological differences between

them. This is particularly important as the physiology of pine

trees may limit their distribution across environmental gradi-

ents, however, more physiologically oriented models (see Pre-

ntice et al., 1992; Pearson & Dawson, 2003) should be applied

to test this for the Mexican white pines. Moreover, we

observed that the variables reflecting climate-extreme charac-

teristics play an important role when investigating current

species distributions, as found in our variable importance

analysis, and may also render insights when investigating

future species distributions responses to climate change and

future conservation actions (Zimmermann et al., 2009).

The environment shaping the distribution of

Mexican white pines

The environmental factors shaping the distribution of the

Mexican white pines varied considerably. The two more

northerly distributed pine species, P. strobiformis and P. lam-

bertiana, were highly constrained by solar radiation and tem-

perature (Table 3). This is as expected, for these species as

they inhabit the northernmost regions of the distribution of

Mexican white pines, where low-temperatures winters last

long and where access to light and heat are some of the main

constrains for the survival and distribution of plant species

(Maravilla et al., 2004; Weiss et al., 2004).

Isothermality is the quotient of the differences between the

daily and annual temperature ranges. Presence at high values

of isothermality may indicate that the species prefers areas

where the differences in daily temperature across the day and

night are than those across the year. The importance of iso-

thermality for the distribution of different Mexican white

pines shown in our models is supported by the great varia-

tion in daily and seasonal temperatures found across their

distributional range (e.g., the mountain range in the state of

Chihuahua Mexico in comparison with central and southern

Mexico). In the northern areas, where P. strobiformis and

part of P. lambertiana have their main distribution, the daily

temperatures fluctuations appear to be smaller than the great

variation in temperature observed across the year, meanwhile

southern Mexico and Central America regions (where P. aya-

cahuite and P. strobus var. chiapensis are mainly distributed)

present higher daily temperature variation in comparison

with that found across the year (Maravilla et al., 2004; Weiss

et al., 2004).

The potential distribution of Mexican white pines

obtained from our ENMs is in accordance with previously

outlined ranges (Perry et al., 1998), rendering the added

value of been spatial explicit models and of delineating the

differences in ecological niche space conditions that shape

the species distribution. Our results build upon previous

knowledge, improving the differentiation of the ecological

niche ranges and highlighting the different habitats for each

Mexican white pine. Specifically, areas where P. ayacahuite

(Fig. 2b) and P. strobus var. chiapensis (Fig. 2d) are both

found are of particular importance as the latter is considered

endangered under the IUCN (International Union for Con-

servation of Nature) Red List categories and the populations

of the former are declining (Thomas & Farjon, 2013). We

have shown a wider environmental niche space for P. strobus

var. chiapensis than for other species (Fig. 3). The popula-

tions of P. strobus var. chiapensis have decreased in the past

years (Thomas & Farjon, 2013). Some of the main threats

identified for P. strobus var. chiapensis are high deforestation

rates, land conversion to agriculture, the introduction of exo-

tic species (e.g. Casuarinaequisetifolia L. and Cupressuslusita-

nica Miller), and the fragmentation of populations (del

Castillo et al., 2009; Thomas & Farjon, 2013). Our results

highlight opportunities for the re-introduction and imple-
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mentation of new management plans for P. strobus var. chi-

apensis in areas with high habitat suitability (Fig. 2d). The

ENM of P. strobiformis indicates a centre of distribution in

north-western Mexico and south-west of the USA and high-

light areas from which not presence records have been col-

lected (Fig. 2c). These areas present opportunities to cross-

reference our assessments on ecological niche modelling for

this species.

Pine species with wide spatial distribution and large

niche breadth, such as P. strobiformis and P. strobus var.

chiapensis (Table 1; Figs. 2c and d), may better endure

some effects from climatic changes (Thomas, 2011). How-

ever, although they are widely distributed this might not

safeguard them from direct anthropogenic impacts as

deforestation (e.g. Barsimantov & Navia Antezana, 2012;

Vidal et al., 2014). Our projections of habitat suitability

for P. strobiformis showed a geographical overlap with

P. ayacahuite var. veitchii in the transvolcanic belt of cen-

tral Mexico (Figs. 2c and e). This is not surprising as this

region has been classified as a centre of diversity of the

genus in Mexico and is where the major geographic divi-

sions between the P. ayacahuite, its variety veitchii and

P. strobiformis occur (Perry, 1991; Gernandt & P�erez-de la

Rosa, 2014). This highlights the importance of the trans-

volcanic belt as an area of high potential for biodiversity

conservation (Fig. 2).

The only white pine species whose range did not overlap

with other white pines was P. lambertiana, (Fig. 2f). For

P. lambertiana, suitable habitat was also projected in small

locations where it has not been previously recorded in south-

ern USA (Fig. 2f). For P. lambertiana, these areas might not

yet been populated because of the long distance to the main

distributional range in California (Kinloch & Dulitz, 1990),

or given any restricting biological interactions and

environmental or anthropogenic barriers (Pearson & Daw-

son, 2003; Keith et al., 2011).

The highlighted suitability hotspots areas (Fig. 2a) are of

singular importance as it has been shown that most species

of the genus Pinus in Mexico are not adequately protected

by the currently proposed network of natural protected areas

(Aguirre-Guti�errez & Duivenvoorden, 2010).This is corrobo-

rated by our results that show that from a total area of

9,85,568 km2 predicted as suitable at least for one white pine

species only 12% is inside declared/official protected areas

(Fig. 4). Furthermore, from the 49,717 km2 predicted as

highly suitable for most Mexican white pine species only

10,966 km2 are currently under protection (Fig. 4). The

highlighted hotspots regions are crucial to delimitate net-

works of protected areas and safeguard the centre of diversity

of the Mexican white pines.

The niche overlap, equivalency and similarity

Given the wide variation in environmental conditions where

white pines species occur, it is perhaps not surprising that

niche overlap between Mexican white pines was low. The

low niche overlap values between P. ayacahuite and P. lam-

bertiana, and between the latter and P. Strobus var. chiapen-

sis, are also reflected on their different environmental

constrains (Farjon et al., 1997; Richardson, 1998).

In our analysis, we show how the ecological niches of

Mexican white pines are not interchangeable: our assessment

of niche equivalency rejected the null hypothesis that the

ecological niches of all species pairs are equivalent. This

shows why it is not accurate to imply niche characteristics

for one species based on the niche of another—even for

these considered ‘closely related’ pine species. The niche sim-

ilarity results suggest that Mexican white pines share more

Figure 4 Location of the suitable areas

for Mexican white pines. We focus on

Mexico and Central America because

most of the suitable areas are found in

this region. Blue areas represent areas

that are suitable for at least one or two

of the Mexican white pine species. In

purple, we present the areas suitable for

three or more of Mexican white pine

species. The areas delineated with black

lines represent the official network of

protected areas (IUCN & UNEP-WCMC,

2014).
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characteristics of their environmental niche spaces than ran-

domly expected. Together, the findings above are not contra-

dictory but suggest a tight link between these pine species,

which share environmental niche spaces, thus corroborating

they are closely related but still different taxa. The observed

similarities in ecological niche space between Mexican white

pines suggest that they have similar environmental constrains

but that a different set of variables within this environmental

niche space restrict their distribution. Further taxonomic

analyses that take information on ecological niche similarity

and equivalency into account, as well as morphological and

molecular information, are needed to generate a comprehen-

sive classification scheme for the Mexican white pines.

Implications for a broader context

The differences in environmental constrains shown in our

study offers insights on the ecological niches of Mexican

white pines as well as on individual impacts that on-going

changes in climatic conditions may likely have on them. This

is an important issue as an increase in temperature from 1.8

to 4.0 °C, and a reduction in precipitation up to 20% are

expected in the ‘worst case’ climate change scenario for the

regions of Central America to northern Mexico (Solomon

et al., 2007). Changes in climatic conditions will have a

direct effect on the distribution of the Mexican white pines

whose ranges are strongly constrained by temperature and

precipitation (Gomez-Mendoza & Arriaga, 2007; Chen et al.,

2011). Nonetheless, to comprehensively assess the impacts of

climate change, ENMs need to consider not only climatic

information of the future conditions but also integrate the

species dispersal mechanisms, crucial biological interactions

and barriers for dispersion.

Information on niche breadth has direct implications in

planning conservation actions, as widely distributed species

might be less vulnerable to localized anthropogenic exploita-

tion (Bellard et al., 2012; Mantyka-pringle et al., 2012). Con-

servation actions for the Mexican white pines can include

protection of current forest stands, re-introduction of species

in deforested/disturbed areas and increasing the connectivity

between forested patches of pine populations. Furthermore,

considering the effects of habitat fragmentation and land use

change on forest biodiversity is pivotal as these pressures can

have delayed and long-term negative impacts (extinction debt,

Tilman et al., 1994) that need to be accounted for if conserva-

tion plans are to be successful (Gonzalez, 2013). Particularly,

the narrow distribution of P. ayacahuite var. veitchii is likely at

risk given logging actions and the intense urban activities that

are expanding into the trans-volcanic belt area (Farjon,

2013b). There are few protected areas along or close to the

Mexican transvolcanic belt, though most of them are small

and scattered (Fig. 4). Some of the main protected areas are

the ‘Zempoala - La Bufa’ national park, the ‘Sierra de Manant-

lan’ and the ‘Monarch butterfly’ reserve. These reserves repre-

sent important areas that can act as reservoirs of pines

diversity, however, even in the Monarch butterfly reserve that

has high protection status, current logging actions and land

conversion continue their negative impact on biodiversity

(Navarrete et al., 2011). Still, protected areas and social aware-

ness seem to be a main asset for the conservation of biodiver-

sity and particularly of the Mexican white pines.

CONCLUSIONS

The significant differences in ecological niche spaces that we

have shown also reflect the reported taxonomic divisions

among Mexican white pines (Syring et al., 2007; del Castillo

et al., 2009). Differences in environmental constrains of the

different Mexican white pine species are also reflected on the

niche similarity, overlap and equivalency results. Based on

these differences, our results support the taxonomic division

between the P. ayacahuite–P. strobiformis complex.

Several drivers of declines of pine species around the

world have been discussed in recent work (Richardson et al.,

2007) 7, and Mexican white pines are among the most threa-

tened of pine taxa. Deforestation for agriculture and wood

extraction are key drivers of the alarming decline of taxa in

this group (i.e. Richardson et al., 2007; Navarrete et al.,

2011; Vidal et al., 2014) and thus of their unique genetic

diversity (Farjon et al., 1997). Reduced genetic diversity will

reduce the ability of these pines to respond to changing envi-

ronmental conditions, making it imperative to protect

remaining populations. Current and future conservation

actions, not only for the Mexican white pines but also for

other taxa, could benefit from insights derived from knowl-

edge of the role of environmental variables in shaping the

ecological niche of focus species. In this context, effective

conservation actions must take into account intrinsic

requirements of different species and the main environmen-

tal drivers that shape their distributions. Different conserva-

tion interventions may be required even for closely related

taxa (e.g. Pinus ayacahuite and the veitchii variety). Insights

from this study should be useful for improving the on-going

conservation actions to mitigate the declining trends in the

populations of Mexican white pines by directing re-introduc-

tions and guiding the establishment of effective networks of

protected areas.

ACKNOWLEDGEMENTS

This research was supported by a grant to J.A.G. from the

Mexican National Council for Science and Technology,

CONACyT (ref. 310005); H.M.S.C thank the Netherlands

Organization for Scientific Research (NWO) for funding

during this research (Innovational Research Incentives

Scheme, VIDI); A.V.A. was supported by the SEP-CONA-

CYT (33129-B) and PIFI (2013-UDG-CA-44 and 23) grants;

N.R. was supported by the Netherlands Research Council

NWO-ALW with grant 819.01.014. We are thankful to Prof.

D. M. Richardson and three anonymous referees for their

constructive comments and insightful suggestions that

improved our manuscript.

10 Diversity and Distributions, 1–13, ª 2014 John Wiley & Sons Ltd

J. Aguirre-Guti�errez et al.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56



REFERENCES

Aguirre-Guti�errez, J. & Duivenvoorden, J.F. (2010) Can we

expect to protect threatened species in protected areas? A

case study of the genus Pinus in Mexico. Revista Mexicana

de Biodiversidad, 81, 875–882.

Aguirre-Guti�errez, J., Carvalheiro, L.G., Polce, C., van Loon,

E.E., Raes, N., Reemer, M. & Biesmeijer, J.C. (2013) Fit-

for-purpose: species distribution model performance

depends on evaluation criteria - Dutch Hoverflies as a case

study. PLoS ONE, 8, e63708.

Ara�ujo, M.B. & Peterson, A.T. (2012) Uses and misuses of

bioclimatic envelope modeling. Ecology, 93, 1527–1539.

Ara�ujo, M.B., Ferri-Y�a~nez, F., Bozinovic, F., Marquet, P.A.,

Valladares, F. & Chown, S.L. (2013) Heat freezes niche

evolution. Ecology Letters, 16, 1206–1219.

Barsimantov, J. & Navia Antezana, J. (2012) Forest cover

change and land tenure change in Mexico’s avocado

region: is community forestry related to reduced

deforestation for high value crops? Applied Geography, 32,

844–853.

Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W. &

Courchamp, F. (2012) Impacts of climate change on the

future of biodiversity. Ecology Letters, 15, 365–377.

Bickford, D., Lohman, D.J., Sodhi, N.S., Ng, P.K., Meier, R.,

Winker, K., Ingram, K.K. & Das, I. (2007) Cryptic species

as a window on diversity and conservation. Trends in Ecol-

ogy & Evolution, 22, 148–155.

Blair, M.E., Sterling, E.J., Dusch, M., Raxworthy, C.J. & Pear-

son, R.G. (2013) Ecological divergence and speciation

between lemur (Eulemur) sister species in Madagascar.

Journal of Evolutionary Biology, 26, 1790–1801.

Broennimann, O., Fitzpatrick, M.C., Pearman, P.B., Petitpi-

erre, B., Pellissier, L., Yoccoz, N.G., Thuiller, W., Fortin,

M., Randin, C., Zimmermann, N.E., Graham, C.H. & Gui-

san, A. (2012) Measuring ecological niche overlap from

occurrence and spatial environmental data. Global Ecology

and Biogeography, 21, 481–497.

Bruederle, L.P., Rogers, D.I., Krutovskii, K.V. & Politov,

D.V. (2001) Population genetics and evolutionary implica-

tions. Whitebark pine communities: ecology and restoration

(ed. by D.F. Tomback, S.F. Arno and R.E. Keane), pp.

137–153. Island Press, Washington, DC.

del Castillo, R.F., Argueta, S.T. & S�aenz-Romero, C. (2009)

Pinus chiapensis, a keystone species: genetics, ecology, and

conservation. Forest Ecology and Management, 257, 2201–

2208.

Castro-F�elix, P., P�erez de la Rosa, J.A., Amado Vargas, G.,

Vel�asquez Maga~na, S., Santerre, A., L�opez-Dellamary Toral,

F. & Villalobos-Ar�ambula, A.R. (2008) Genetic relation-

ships among Mexican white pines (Pinus, Pinaceae) based

on RAPD markers. Biochemical Systematics and Ecology, 36,

523–530.

CCAFS (2014) Climate Change Agriculture and Food Secu-

rity. Available at: http://www.ccafs-climate.org/data/

(accessed xx June 2014).8

Chen, I., Hill, J.K., Ohlem€uller, R., Roy, D.B. & Thomas,

C.D. (2011) Rapid range shifts of species associated with

high levels of climate warming. Science, 333, 1024–1026.

CONABIO (2013) Comisi�on Nacional para el Uso y Conoc-

imiento de la Biodiversidad. Available at: http://www.cona

bio.gob.mx/remib/doctos/remibnodosdb.html? (accessed xx

June 2013). 9

Dormann, C.F., Elith, J., Bacher, S., Buchmann, C., Carl, G.,

Carr�e, G., Marqu�ez, J.R.G., Gruber, B., Lafourcade, B.,

Leit~ao, P.J., M€unkem€uller, T., McClean, C., Osborne, P.E.,

Reineking, B., Schr€oder, B., Skidmore, A.K., Zurell, D. &

Lautenbach, S. (2013) Collinearity: a review of methods to

deal with it and a simulation study evaluating their perfor-

mance. Ecography, 36, 27–46.

Elith, J., Phillips, S.J., Hastie, T., Dud�ık, M., Chee, Y.E. &

Yates, C.J. (2011) A statistical explanation of MaxEnt for

ecologists. Diversity and Distributions, 17, 43–57.

FAO, IIASA, ISRIC, ISSCAS & JRC. (2012) Harmonized

world soil database (version 1.2). FAO, Rome, Italy and

IIASA, Laxenburg, Austria.

Farjon, A. (2008) A natural history of conifers. Timber Press,

London, UK.

Farjon, A. (2013a) Honorary Research Associate Herbarium,

Library, Arts & Archives. The conifers database. Royal

Botanic Gardens, Kew. Available at: www.http://herbaria.

plants.ox.ac.uk/bol/conifers. (accessed xx October 2013). 10

Farjon, A. (2013b) Pinus ayacahuite var. veitchii. In: IUCN

2013. IUCN Red List of Threatened Species. Version

2013.1. Cambridge, UK. Available at: http://www.iucnred

list.org/details/summary/35759/0 (accessed xx October

2013). 11

Farjon, A. & Styles, B.T. (1997) Pinus (Pinaceae). New York

Botanical Garden Press, ?????. 12

Farjon, A., deP�erez la Rosa, J.A. & Styles, B.T. (1997) Gu�ıa

de campo de los pinos de M�exico y Am�erica Central. Royal

Botanic Gardens, Kew, Kew, UK.

Galindo-Jaimes, L., Gonz�alez-Espinosa, M., Quintana-Ascen-

cio, P. & Garc�ıa-Barrios, L. (2002) Tree composition and

structure in disturbed stands with varying dominance by

Pinus spp. in the highlands of Chiapas, Mexico. Plant Ecol-

ogy, 162, 259–272.

GBIF (2013) Global Biodiversity Information Facility. Avail-

able at: www.gbif.org (accessed xx June 2013).

Gernandt, D.S. & P�erez-de la Rosa, J.A. (2014) Biodiversity

of Pinophyta (conifers) in Mexico. Revista Mexicana de

Biodiversidad, 85, 123–133.

Gomez-Mendoza, L. & Arriaga, L. (2007) Modeling the effect

of climate change on the distribution of oak and pine spe-

cies of Mexico. Conservation Biology, 21, 1545–1555.

Gonzalez, A. (2013) Biodiversity: the ecological deficit. Nat-

ure, 503, 206–207.

Grinnell, J. (1917) The niche-relationships of the California

Thrasher. The Auk, 34, 427–433.

Guisan, A. & Thuiller, W. (2005) Predicting species distribu-

tion: offering more than simple habitat models. Ecology

Letters, 8, 993–1009.

Diversity and Distributions, 1–13, ª 2014 John Wiley & Sons Ltd 11

Ecological niches and species distributions

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56



Guisan, A., Tingley, R., Baumgartner, J.B. et al. (2013) Pre-

dicting species distributions for conservation decisions.

Ecology Letters, 16, 1424–1435.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. & Jarvis,

A. (2005) Very high resolution interpolated climate sur-

faces for global land areas. International Journal of Clima-

tology, 25, 1965–1978.

IBUG (2013) Instituto de Bot�anica de la Universidad de

Guadalajara. Available at: http://www.cucba.udg.mx/ante-

rior//divisiones/biologia/botanica/ibug/botanica.htm (acc

essed xx June 2014).13

INEGI (2014) Instituto Nacional de Estad�ıstica y Geograf�ıa.

Available at: http://www.inegi.org.mx/geo/contenidos/geog-

rafia/ (accessed xx June 2014).14

IRI (2013) International Research Institute for Climate and

Society. Climate data library. Available at: http://iridl.ldeo.

columbia.edu/ (accessed xx July 2013).15

IUCN & UNEP-WCMC (2014) The World Database on Pro-

tected Areas (WDPA) [On-line]. UNEP- WCMC, Cam-

bridge, UK. Available at: www.protectedplanet.net (acces

sed xx July 2014).16

Jakob, S.S., Heibl, C., Roedder, D. & Blattner, F.R. (2010)

Population demography influences climatic niche evolu-

tion: evidence from diploid American Hordeum species

(Poaceae). Molecular Ecology, 19, 1423–1438.

Keith, S.A., Herbert, R.J.H., Norton, P.A., Hawkins, S.J. &

Newton, A.C. (2011) Individualistic species limitations of

climate-induced range expansions generated by meso-scale

dispersal barriers. Diversity and Distributions, 17, 275–286.

Kinloch, B.B. Jr & Dulitz, D.J. (1990) White pine blister rust

at Mountain Home Demonstration State Forest: a case

study of the epidemic and prospects for genetic control.

Department of Agriculture. Forest Service, Pacific South-

west Research Station, 7.

Kozak, K.H. & Wiens, J. (2006) Does niche conservatism

promote speciation? A case study in North American sala-

manders. Evolution, 60, 2604–2621.

Levins, R. (1968) Evolution in changing environments: some

theoretical explorations. Princeton University Press, Prince-

ton, New Jersey.

Linares, J.C. & Tiscar, P.A. (2010) Climate change impacts

and vulnerability of the southern populations of Pinus ni-

gra subsp. salzmannii. Tree physiology, 30, 795–806.

Mandle, L., Warren, D.L., Hoffmann, M.H., Peterson, A.T.,

Schmitt, J. & von Wettberg, E.J. (2010) Conclusions about

niche expansion in introduced Impatiens walleriana popu-

lations depend on method of analysis. PLoS ONE, 5,

e15297.

Mantyka-pringle, C.S., Martin, T.G. & Rhodes, J.R. (2012)

Interactions between climate and habitat loss effects on

biodiversity: a systematic review and meta-analysis. Global

Change Biology, 18, 1239–1252.

Maravilla, D., Mendoza, B., J�auregui, E. & Lara, A. (2004)

The main periodicities in the minimum extreme tempera-

ture in northern Mexico and their relation with solar vari-

ability. Advances in Space Research, 34, 365–369.

Mateo, R.G., Croat, T.B., Felic�ısimo, �A.M. & Mu~noz, J.

(2010) Profile or group discriminative techniques? Generat-

ing reliable species distribution models using pseudo-

absences and target-group absences from natural history

collections. Diversity and Distributions, 16, 84–94.

Navarrete, J., Isabel Ram�ırez, M. & P�erez-Salicrup, D.R.

(2011) Logging within protected areas: spatial evaluation of

the monarch butterfly biosphere reserve, Mexico. Forest

Ecology and Management, 262, 646–654.

Papes�, M., Peterson, A.T. & Powell, G.V. (2012) Vegetation

dynamics and avian seasonal migration: clues from remo-

tely sensed vegetation indices and ecological niche model-

ling. Journal of Biogeography, 39, 652–664.

Pearson, R.G. & Dawson, T.P. (2003) Predicting the impacts

of climate change on the distribution of species: are biocli-

mate envelope models useful? Global Ecology and Biogeog-

raphy, 12, 361–371.

Perry, J.P. (1991) The pines of Mexico and Central America.

Timber Press, Portland, OR, USA.

Perry, J.P., Graham, A.J. & Richardson, D.M. (1998) The his-

tory of pines in Mexico and Central America. Ecology and

biogeography of Pinus (ed. by D.M. Richardson), pp. 137–

148.Cambridge University Press, Cambridge, UK.

Peterson, A.T. (2011) Ecological niche conservatism: a time-

structured review of evidence. Journal of Biogeography, 38,

817–827.

Pfenninger, M. & Schwenk, K. (2007) Cryptic animal species

are homogeneously distributed among taxa and biogeo-

graphical regions. BMC Evolutionary Biology, 7, 121.

Phillips, S.J. & Dudik, M. (2008) Modeling of species distri-

butions with Maxent: new extensions and a comprehensive

evaluation. Ecography, 31, 161.

Phillips, S.J., Anderson, R.P. & Schapire, R.E. (2006) Maxi-

mum entropy modeling of species geographic distributions.

Ecological Modelling, 190, 231–259.

Prentice, I.C., Cramer, W., Harrison, S.P., Leemans, R.,

Monserud, R.A. & Solomon, A.M. (1992) Special paper: a

global biome model based on plant physiology and domi-

nance, soil properties and climate. Journal of Biogeography,

??????, 117–134. 17

Price, R.A., Liston, A. & Strauss, S.H. (1998) Phylogeny and

systematics of Pinus. Ecology and biogeography of Pinus (ed.

by D.M. Richardson), pp. 49–68. Cambridge University

Press, Cambridge, UK.

R Development Core Team (2014) R: a language and environ-

ment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. ISBN 3-900051-07-0, Avail-

able at: http://www.R-project.org. (accessed xx xxxx xxxx). 18

Raes, N. & ter Steege, H. (2007) A null-model for signifi-

cance testing of presence-only species distribution models.

Ecography, 30, 727–736.

Raxworthy, C.J., Ingram, C.M., Rabibisoa, N. & Pearson,

R.G. (2007) Applications of ecological niche modeling for

species delimitation: a review and empirical evaluation

using day geckos (Phelsuma) from Madagascar. Systematic

Biology, 56, 907–923.

12 Diversity and Distributions, 1–13, ª 2014 John Wiley & Sons Ltd

J. Aguirre-Guti�errez et al.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56



Rice, N.H., Mart�ınez-Meyer, E. & Peterson, A.T. (2003) Eco-

logical niche differentiation in the Aphelocoma jays: a phy-

logenetic perspective. Biological Journal of the Linnean

Society, 80, 369–383.

Richardson, D.M. (1998) Ecology and biogeography of Pinus.

Cambridge University Press, Cambridge, UK.

Rocchini, D. (2013) Seeing the unseen by remote sensing:

satellite imagery applied to species distribution modelling.

Journal of Vegetation Science, 24, 209–210.

R€odder, D. & L€otters, S. (2009) Niche shift versus niche con-

servatism? Climatic characteristics of the native and invasive

ranges of the Mediterranean house gecko (Hemidactylus

turcicus). Global Ecology and Biogeography, 18, 674–687.

S�aenz-Romero, C., Guzm�an-Reyna, R.R. & Rehfeldt, G.E.

(2006) Altitudinal genetic variation among Pinus oocarpa

populations in Michoac�an, Mexico: implications for seed

zoning, conservation, tree breeding and global warming.

Forest Ecology and Management, 229, 340–350.

S�anchez-Salguero, R., Navarro-Cerrillo, R.M., Camarero, J.J.,

Fern�andez-Cancio, A., Swetnam, T.W. & Zavala, M.A.

(2012) Vulnerabilidad frente a la sequ�ıa de repoblaciones

de dos especies de pinos en su l�ımite meridional en

Europa. Revista Ecosistemas, 21, 31–40.

Schoener, T.W. (1968) The Anolis lizards of Bimini: resource

partitioning in a complex fauna. Ecology, 49, 704–726.

Sober�on, J. & Nakamura, M. (2009) Niches and distribu-

tional areas: concepts, methods, and assumptions. Proceed-

ings of the National Academy of Sciences of the USA, 106,

19644–19650.

Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M.,

Averyt, K.B., Tignor, M. & Miller, H.L. (2007) Climate

change 2007-The physical science basis: working group I con-

tribution to the fourth assessment report of the IPCC (Vol.

4). Cambridge University Press, ??????.19

Syring, J., del Castillo, R.F., Cronn, R. & Liston, A. (2007)

Multiple nuclear loci reveal the distinctiveness of the threa-

tened, neotropical Pinus chiapensis. Systematic Botany, 32,

703–717.

Thomas, C.D. (2011) Translocation of species, climate

change, and the end of trying to recreate past ecological

communities. Trends in Ecology & Evolution, 26, 216–221.

Thomas, P. & Farjon, A. (2013) Pinus strobus var. chiapensis.

In: IUCN 2013. IUCN Red List of Threatened Species. Ver-

sion 2013.1. Cambridge, UK. Available at: http://www.iucn

redlist.org/details/32499/0 (accessed xx October 2013).20

Thomas, C.D., Cameron, A., Green, R.E., Bakkenes, M.,

Beaumont, L.J., Collingham, Y.C., Erasmus, B.F.N., de

Siqueira, M.F., Grainger, A., Hannah, L., Hughes, L.,

Huntley, B., van Jaarsveld, A.S., Midgley, G.F., Miles, L.,

Ortega-Huerta, M., Townsend Peterson, A., Phillips, O.L.

& Williams, S.E. (2004) Extinction risk from climate

change. Nature, 427, 145–148.

Tilman, D., May, R.M., Lehman, C.L. & Nowak, M.A. (1994)

Habitat destruction and the extinction debt. Nature, 371,

65–66.

Tomback, D.F. & Achuff, P. (2010) Blister rust and western

forest biodiversity: ecology, values and outlook for white

pines. Forest Pathology, 40, 186–225.

Vidal, O., Lopez-Garcia, J. & Rendon-Salinas, E. (2014)

Trends in deforestation and forest degradation after a dec-

ade of monitoring in the Monarch Butterfly Biosphere

Reserve in Mexico. Conservation Biology, 28, 177–186.

Warren, D.L., Glor, R.E. & Turelli, M. (2008) Environmental

niche equivalency versus conservatism: quantitative

approaches to niche evolution. Evolution, 62, 2868–2883.

Warren, D.L., Glor, R.E. & Turelli, M. (2010) ENMTools: a

toolbox for comparative studies of environmental niche

models. Ecography, 33, 607–611.

Weiss, J.L., Gutzler, D.S., Allred Coonrod, J.E. & Dahm,

C.N. (2004) Seasonal and inter-annual relationships

between vegetation and climate in central New Mexico,

USA. Journal of Arid Environments, 57, 507–534.

Zimmermann, N.E., Yoccoz, N.G., Edwards, T.C. Jr, Meier,

E.S., Thuiller, W., Guisan, A., Schmatz, D.R. & Pearman,

P.B. (2009) Climatic extremes improve predictions of spa-

tial patterns of tree species. Proceedings of the National

Academy of Sciences of the USA, 106(Suppl 2), 19723–

19728.

van Zonneveld, M., Jarvis, A., Dvorak, W., Lema, G. & Lei-

bing, C. (2009) Climate change impact predictions on

Pinus patula and Pinus tecunumanii populations in Mexico

and Central America. Forest Ecology and Management, 257,

1566–1576.

BIOSKETCH 21

Xxxxxx.

Author contributions: J.A.G. and H.S.C. conceived the idea.

J.A.G designed and carried out the analyses and together

with H.S.C. and N.R. interpreted the results. A.V.A. and

J.P.R. gathered the data, prepared it for the analyses and/or

provided information to help with data interpretation. J.A.G.

drafted the text and all other authors provided corrections to

manuscript drafts and discussed ideas within it.

3Editor: xxxxx xxxxxx

Diversity and Distributions, 1–13, ª 2014 John Wiley & Sons Ltd 13

Ecological niches and species distributions

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56



Author Query Form

Journal: DDI

Article: 12268

Dear Author,

During the copy-editing of your paper, the following queries arose. Please respond to these by marking up your

proofs with the necessary changes/additions. Please write your answers on the query sheet if there is insufficient
space on the page proofs. Please write clearly and follow the conventions shown on the attached corrections sheet.

If returning the proof by fax do not write too close to the paper’s edge. Please remember that illegible mark-ups

may delay publication.

Many thanks for your assistance.

Query reference Query Remarks

1 AUTHOR: (a) Do the figure legends match the figures? (b) Are the figures fully

correct with all the labelling in position and the legends fully annotated? (c) The

content of the tables has to be adjusted, during typesetting, for layout and style -

errors may be introduced. Have you checked that the table(s) are correct? (d) Please

check the text carefully - the paper has been sent out to copy editors. It is

important not just to check the changes they have made but to check the whole

text to ensure there are no errors. (e) Please note that it is the responsibility of the

author(s) to ensure that all URLs given in this article are correct and useable. (f)

Please initial this box to confirm you have done all these things.

2 AUTHOR: Please identify and encircle the forename and surname of all authors.

3 WILEY: Please provide editor name.

4 AUTHOR: Please check that authors and their affiliations are correct.

5 AUTHOR: Please provide full address details for corresponding author.

6 AUTHOR: Tinoco et al., 2009 has not been included in the Reference List, please

supply full publication details.

7 AUTHOR: Richardson et al., 2007 has not been included in the Reference List,

please supply full publication details.

8 AUTHOR: Please provide Accessed date for Reference CCAFS (2014).

9 AUTHOR: Please provide Accessed date for Reference CONABIO (2013).

10 AUTHOR: Please provide Accessed date for Reference Farjon (2013a).

11 AUTHOR: Please provide Accessed date for Reference Farjon (2013b).

12 AUTHOR: Please provide the publisher location for reference Farjon and Styles

(1997).

13 AUTHOR: Please provide Accessed date for Reference IBUG (2013).

14 AUTHOR: Please provide Accessed date for Reference INEGI (2014).

15 AUTHOR: Please provide Accessed date for Reference IRI (2013).

16 AUTHOR: Please provide Accessed date for Reference IUCN & UNEP-WCMC

(2014).



17 AUTHOR: Please provide the volume number for reference Prentice et al. (1992).

18 AUTHOR: Please provide Accessed date, month and year for Reference R

Development Core Team (2014).

19 AUTHOR: Please provide the publisher location for reference Solomon et al. (2007).

20 AUTHOR: Please provide Accessed date for Reference Thomas & Farjon (2013).

21 AUTHOR: Please provide “Biosketch” statement.

22 AUTHOR: Figure 2 has been saved at a low resolution of 239 dpi. Please resupply

this figure in vector graphic format or, only if a vector version is not available, a

high-quality raster graphic version saved at 600 d.p.i. Vector graphics will give the

best publication quality. Check required artwork specifications at http://

authorservices.wiley.com/bauthor/illustration.asp




