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Abstract
Species often harbour large amounts of phenotypic variation in ecologically important traits, and some of

this variation is genetically based. Understanding how this genetic variation is spatially structured can help

to understand species’ ecological tolerances and range limits. We modelled the climate envelopes of

Arabidopsis thaliana genotypes, ranging from early- to late-flowering, as a function of several climatic vari-

ables. We found that genotypes with contrasting alleles at individual flowering time loci differed signifi-

cantly in potential range size and niche breadth. We also found that later flowering genotypes had more

restricted range potentials and narrower niche breadths than earlier flowering genotypes, indicating that

local selection on flowering can constrain or enhance the ability of populations to colonise other areas.

Our study demonstrates how climate envelope models that incorporate ecologically important genetic varia-

tion can provide insights into the macroecology of a species, which is important to understand its

responses to changing environments.
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INTRODUCTION

Understanding species distributions is one of the central goals of

ecology (May 1999). This requires an understanding of species’ envi-

ronmental requirements, known as the fundamental niche (Hutchinson

1957), and species’ tolerance to varying environments, known as the

niche breadth (Levins 1968). A species’ habitat tolerances, in turn,

determine its potential range size (Svenning & Skov 2004; Paul et al.

2009). It is generally expected that a species with a broad niche

breadth should have a large potential range, because it can tolerate

a wide variety of environments, whereas a species with a narrow

niche breadth should have a small potential range, because it can

only tolerate a small range of environments (Brown 1984).

The niche breadth can be measured experimentally by determin-

ing a species’ tolerances to various environmental axes, measured

under controlled environmental conditions (e.g. Garbutt & Bazzaz

1987), or inferred from field trials (Fournier-Level et al. 2011;

Rehfeldt et al. 1999). But these approaches are logistically complex:

a myriad of environmental axes must be tested, each across a range

of values. Such an endeavour is not always feasible. Climate enve-

lope modelling (a form of ecological niche modelling) is an alterna-

tive approach to quantify niche breadths and delimit potential

ranges that relies on observational data rather than on experimental

manipulations (Svenning & Skov 2004; Thomas et al. 2004; Hijmans

et al. 2005; Warren et al. 2008). It assumes that climatic factors are

an important component of a species’ environmental tolerances and

preferences across its range (Svenning & Skov 2004). The idea is to

identify correlations between the presence of a species (from survey

data) and climatic factors, and to use this information to predict

other suitable areas where the species could live (Paul et al. 2009).

Climate envelope modelling has been used to quantify the ranges

and potential ranges of hundreds of species across a wide variety of

taxa (Thomas et al. 2004).

Climate envelope modelling has traditionally been employed at

the whole-species level, assuming common intraspecific environ-

mental affinities and tolerances (Bolnick et al. 2003). But this

assumption is contradicted by local adaptation, which causes habitat

affinities and tolerances to diverge; in fact, it has long been recogni-

sed that members of a species from different areas are not necessar-

ily ecologically equivalent (Clausen et al. 1940). Therefore, climate

envelope modelling at the species level masks the known observa-

tion that climatic tolerances vary intraspecifically (as in Eckert et al.

2009; Fournier-Level et al. 2011; Hancock et al. 2011). If individuals

within species vary in their climate envelopes, then the potential

range sizes inferred from the climate envelopes will also vary intra-

specifically. This is especially important when considering species’
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range shifts in response to climate change, as the response is an

ensemble of individual responses, or when designing biological

reserves, as the suitability of a particular habitat may depend on the

populations being considered.

Climate envelope models at the intraspecific level are more chal-

lenging because the unit of analysis is not as clear. Populations, for

instance, lack replication. Fortunately, recent studies (Fournier-Level

et al. 2011; Eckert et al. 2009; Hancock et al. 2011) have demon-

strated that genotypes are a relevant unit for climate envelope mod-

elling. Unlike populations, the same genotypes can be found in

multiple locations. Furthermore, the genotypes can be selected

based on their ecological differentiation from one another, maximis-

ing the variation present in the dataset and allowing for intraspecific

comparisons between macroecological variables and important phe-

notypes. Thus, large-scale ecological properties can be linked to

phenotypic variation within a species.

In this study, we modelled the climate envelopes of the model

plant species Arabidopsis thaliana to understand the intraspecific rela-

tionships between niche breadth, potential range size, and an impor-

tant plant phenotype (flowering time). The relationship between the

niche breadth and potential range size has been studied on an inter-

specific level (e.g. Hoffmann 2005; Köckemann et al. 2009), but the

degree to which these patterns may be labile to genetic variation

within species has rarely been explored, and general axioms are

lacking (Angert et al. 2011). A. thaliana provides an ideal opportunity

to study intraspecific macroecological variation. In addition to hav-

ing a long and productive history as a model genetic organism (Ko-

orneef & Meinke 2010), A. thaliana is extremely ecologically diverse,

occupying climates ranging from hot, sunny, semi-arid areas in the

Iberian peninsula to cold, cloudy and wet environments above the

Arctic Circle in Scandanavia, and found at a variety of altitudes

(Hoffmann 2002; Montesinos-Navarro et al. 2011; Figs 1 and 2).

Furthermore, because of A. thaliana’s genetic tractability, it is possi-

ble to identify individuals with genetically based ecological differ-

ences. We focused on flowering timing in A. thaliana, because this

phenotype has a genetic basis (Ehrenreich et al. 2009), shows evi-

dence of adaptation to climatic conditions (Montesinos-Navarro

et al. 2011), and is associated with fitness under field conditions

(Korves et al. 2007).

We sought to understand the separate environmental tolerances,

and potential geographical ranges, of individual genotypes of

A. thaliana that are associated with differences in flowering time, an

important life history trait that serves as a marker for ecological dif-

ferentiation. Our study specifically addresses the following ques-

tions: (1) Do single-locus genotypes that are ecologically

differentiated also differ in their niche breadths and potential range

sizes, and if so, which genotypes have the larger niche breadths and

potential range sizes? (2) Are niche breadth and potential range size

correlated with each other on an intraspecific level (i.e. using single-

Figure 1 Map showing the collection locations of the natural accessions used for

the landscape genetics analyses (313 total).

Figure 2 The climatic layers used in this study: (a) total annual precipitation (mm), (b) precipitation seasonality, (c) average annual temperature (in °C multiplied by 10)

and (d) average annual cloud cover (percentage of total possible sunlight). Darker shades represent more precipitation, greater precipitation seasonality, higher

temperatures and more cloud cover.
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locus genotypes as the unit of analysis)? and (3) Does the way

potential range size is measured affect the patterns observed?

MATERIALS AND METHODS

Plant material

We used two groups of plants in this study. One group was an arti-

ficial population that was a genetic mosaic of 19 naturally occurring

individuals from throughout A. thaliana’s broad natural range in

Europe (multi-parent advance generation intercross lines, or

MAGIC lines; described in Kover et al. 2009). This population was

used to identify (map) naturally occurring single-locus genotypes

that differ in flowering phenology. The other group of plants were

naturally collected individuals (referred to as natural accessions)

from across this same range (Fig. 1), and spanning many different

climatic regimes (Fig. 2). The natural accessions were subdivided

based on their single-locus genotypes at the loci that were associ-

ated with flowering time variation in the mapping study; these geno-

types were used to model intraspecific variation in the niche

breadths and potential range sizes of A. thaliana on the landscape.

There were a total of 327 distinct MAGIC lines and 313 natural

accessions used in this study (Table S1).

Single-locus genotypes

We used haplotype-tagging SNPs (htSNPs) developed by Ehrenreich

et al. (2009) to identify loci with alleles causing significant differ-

ences in flowering time. These loci were in 47 candidate flowering

time genes (see Tables S2 and S5). See the supplementary informa-

tion for more details.

Flowering Phenotypes

We grew 10 replicates of each MAGIC line under long-day condi-

tions (14-h light, 10-h dark) at 20 °C in EGC walk-in environmental

chambers using a fully randomised design. We rotated the plants

weekly between two different growth chambers to average out any

systemic whole-chamber effects. There were an average of 9.05 rep-

licates (SD = 1.20) that survived until bolting and were included in

subsequent analyses. We phenotyped the MAGIC lines for bolting

time (the initiation of the elongation of the flowering shoot, marked

by the presence of flower buds) and rosette leaf number (a well-

established morphological proxy for flowering time) under long-day

conditions.

Association mapping

We tested separately for an effect of each locus on flowering time,

using the model y = Xa + e, where y is a vector of mean flowering

times for each MAGIC line, X is a matrix of single-locus genotypes, a
is a vector of allele effects to be estimated and e is a vector of residual
errors. The data were standardised to a mean of zero and a standard

deviation of one, and analysed using SAS version 9.1.3 PROC GLM (SAS

Institute, Inc., Cary, NC, USA). We did not test for non-additive

effects among loci. To control the false discovery rate (FDR)

introduced by conducting multiple simultaneous tests, we calculated

Q-values (FDR-corrected P-values) using the QVALUE package (Dabney

& Storey 2010) in R version 2.11.1 (R Development Core Team 2010).

Climate envelope modelling

The geographical coordinates of the accessions’ locations in the wild

were determined from the information at the Arabidopsis Seed

Stock Center (http://www.arabidopsis.org), and are presented in

Table S1. The extent of our analysis was an area between �8.4° to

38.4° E and 37.2° and 63.7° N (Fig. 2).

Climatic data were based on 30–40 year averages at the 10-min

scale, and came from either the Climate Research Unit (New et al.

2002) or WorldClim (Hijmans et al. 2005). We chose environmental

variables likely to affect flowering time, specifically, variables related

to the number of frost days, cloud cover, temperature and pre-

cipitation (Table S3 and Fig. 1). We chose temperature and

precipitation because of their documented effects on flowering time

(Balasubramanian et al. 2006) and because of other evidence of their

importance to A. thaliana’s distribution (Hoffmann 2005); we used

the number of frost days as a proxy for the strength of the floral-

inducing vernalisation cue (Wilczek et al. 2009), and also because

frost can select against early flowering (Inouye 2000); and we chose

cloud cover because it affects light availability and the red:far-red

light ratio (Reinhardt et al. 2010), which affects flowering time

(Callahan & Pigliucci 2002). After filtering the list of climatic vari-

ables to include only those correlated less than 0.65 (Table S3), the

final variables included in the climate envelope models were: aver-

age annual temperature, average annual precipitation, precipitation

seasonality and average annual cloud cover (Fig. 2).

To predict the habitat suitability of different areas on the land-

scape for each single-locus genotype, we employed a climate enve-

lope modelling approach known as maximum entropy distribution

using the software Maxent (Dudik et al. 2010). Maximum entropy

distribution modelling predicts the specific environmental require-

ments of a taxon, and scores the suitability of every grid cell (quad-

rat) for that taxon in the defined area; the precision vs. coarseness

of the analysis depends on the grain size of the environmental

information. Habitat suitability scores (logistic scores) range from

zero to one, with one being the highest, and rate the favourability

of the habitat for the taxon, based on the climatic values in that

grid cell (Phillips & Dudik 2008). This approach is used for species,

but has only recently been used to look at intraspecific niche varia-

tion (Fournier-Level et al. 2011). Maximum entropy distribution

modelling outperforms a variety of alternative methods and per-

forms well at small sample sizes (Wisz et al. 2008).

We binned individuals together based on their contrasting geno-

types at loci affecting flowering time, presumably reflecting adaptive

differentiation to different environments. Thus, we modelled indi-

viduals belonging to every single-locus genotype separately; we did

this by using the information about where individuals with specific

single-locus genotypes occur on the landscape. To correct for bias

in the sampling intensity of accessions (and, therefore, of single-

locus genotypes), we created a continuous (kernel) density function,

based on the collections of our samples, using ArcMap (ESRI Inc

2008) (Fig. S1), and included this layer as a ‘bias file’ in the Maxent

options.

We used two metrics to evaluate model fit: AUC and gain. AUC,

the area under the operator receiving curve, measures the probabil-

ity that a randomly chosen presence site will be ranked above a ran-

domly chosen pseudoabsence site (Phillips & Dudik 2008). Gain is

the average log probability of the presence samples, minus a con-

stant that makes the uniform distribution have zero gain (Phillips
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2005). Models with AUC > 0.75 are traditionally thought of as use-

ful (Elith 2002). To determine the importance of each climatic vari-

able’s contribution to the model, we compared model gains with

and without each variable included.

Intraspecific relationships

We tested whether homozygous genotypes with contrasting alleles

at the same locus had different niche breadths and potential range

sizes from each other. We calculated niche breadths using a standar-

dised version of Levins (1968) ‘inverse concentration’ metric,

described by Warren et al. (2008):

1

Pn
i¼1

piPn
i¼1

pi

0
B@

1
CA

2
� 1

n
;

where pi is the habitat suitability score predicted by Maxent for grid

cell i, and n is the total number of grid cells, given the extent and

grain size of the climatic layers used in the analysis. The niche

breadth values range from 0 to 1, with 1 indicating that different

habitats are equally suitable (the maximum possible niche breadth),

and values of 0 indicating that some habitats are much more suit-

able than others (the narrowest possible niche breadth).

The estimation of potential geographical ranges is complicated

(Gaston 1994; Paul et al. 2009). It involves evaluating habitats where

the species is not yet found (Paul et al. 2009). The typical approach

is to make decisions about whether individual habitat patches are

potentially habitable or not (Svenning & Skov 2004; Paul et al.

2009; Elith et al. 2011). But range margins tend to be gradational

rather than sharp (Gaston 1994). Therefore, we introduce a new

approach for estimating the potential range size, which more accu-

rately conforms to the gradational nature of species boundaries. We

compared this to the more traditional approach based on a discrete

habitability/inhabitability.

The traditional approach is to define potential range size as either

its areas of potential occupancy or as its overall extent of potential

occurrence. The former approach tallies the locations where the

species could potentially live, whereas the latter approach measures

the total area within which the species could live, ignoring uninhab-

itable spaces in the interior (Gaston 1994). Because it excludes unin-

habitable patches, the ‘area of potential occupancy’ approach is

more discriminating than the ‘extent of potential occurrence’

approach, but at the same time it also more sensitive to the grain

size of the analysis (Gaston 1994; Welk & Bruelheide 2006). At

finer grain sizes, however, the estimates should converge (Gaston

1994; Welk & Bruelheide 2006). Therefore, because the scale of our

study was fine-grained (10′ 9 10′ grid resolution; see Welk & Brue-

lheide 2006), we used an ‘area of potential occupancy’ approach to

determine ranges.

To measure potential range size as the area of potential occu-

pancy, we chose a threshold of habitat suitability that we deemed

habitable. While Elith et al. (2011) recommend a default threshold

of 0.5 in the absence of better information, we used 0.4 instead,

because it is possible that poorer quality habitat is still sufficient

(Phillips & Dudik 2008). We calculated potential range size by sim-

ply tallying the number of grid cells with habitat suitability scores

greater than the threshold value (0.4).

The new approach to delimiting potential range size, which we

introduce here for the first time, uses the Maxent output to calcu-

late the median habitat suitability score for each single-locus geno-

type across the landscape. As all of our climate envelope models

had exactly the same number of grid cells (quadrats), it was possible

to directly compare these scores to one another and compare

potential range sizes. However, if the number of grid cells had been

different among the different models, the potential range size esti-

mates could have been made comparable to one another by multi-

plying the median scores by the total area of the models; thus the

climate envelope models covering a smaller area would be dis-

counted relative to ones that cover a larger area, all else being

equal.

To test whether single-locus genotypes with contrasting alleles at

the same locus had different niche breadths and potential range

sizes from each other, we used permutation tests to calculate the

95% confidence interval for the null expectation of no difference in

the statistic between the allelic genotypes; we then compared

whether the observed difference in the statistic lay outside the per-

muted 95% CI.

We tested whether flowering phenology is associated with niche

breadth or potential range size, and whether niche breadth is associ-

ated with potential range size. In separate analyses, we regressed

potential range size (measured as either the median habitat suitabil-

ity score or the number of quadrats meeting the minimum habitat

quality score) on flowering time (measured as either days to bolting

or number of rosette leaves), potential range size and niche breadth.

To compare flowering time with niche breadth, and to compare the

two potential range size estimates to one another, we used correla-

tion instead of regression analysis.

RESULTS

Association mapping

Using the artificial MAGIC lines, we identified 23 pairs of homozy-

gous genotypes that significantly differ in their flowering times from

their allelic counterparts at the same genetic locus; thus there were

46 genotypes total. We then filtered this list of genotypes after look-

ing at patterns of linkage disequilibrium among the genetic loci (see

the supplementary information for more details), leaving 15

single-locus genotype pairs (30 genotypes total). These single-locus

genotypes were based on allelic polymorphisms within one of 12

different flowering time genes (Tables S2 and S5; Fig. S2). These

same single-locus genotypes are found within the naturally collected

accessions from Europe (Fig. 1; Table S1), and they were used as

the basis for subdividing the accessions for intraspecific climate

envelope modelling.

Climate envelope modelling

All climate envelope models had training AUC values ranging from

0.75 to 0.92, indicating that they conferred substantially higher habi-

tat suitabilities to locations where the respective genotypes occurred

than where they were not observed (Table 1). The relative contribu-

tions of the different climatic variables to the climate envelope

models (as measured by test gain when the model only included

that particular environmental variable) varied depending on the par-

ticular model. For instance, precipitation seasonality, average annual

© 2012 Blackwell Publishing Ltd/CNRS

4 J. A. Banta et al. Letter



cloud cover and average annual temperature contributed roughly

equally to the climate envelope model of the single-locus genotype

FLC 3312(G) (see the supporting information for an explanation of

how genotypes were named). In contrast, average annual cloud

cover contributed the most information to the climate envelope

model for the single-locus genotype PIE1906(A).

In most cases, the niche breadths and potential range sizes of

allelic single-locus genotypes were different from each other, as

indicated by permutation tests (Figs. 3 and S4; Table S6). Late flow-

ering alleles were associated with smaller potential range sizes

regardless of how flowering time was measured (days to bolting or

rosette leaf number) and whether potential range size was estimated

using the median habitat suitability score (days to bolting: r2 = 0.16,

P = 0.0031; number of rosette leaves: r2 = 0.18, P = 0.0019;

Fig. 4a,b) or the number of habitable grid cells (days to bolting:

r2 = 0.10, P = 0.031; number of rosette leaves: r2 = 0.12,

P = 0.019; Fig. 4d,e). The two different estimates of potential range

size were also highly correlated with one another (r = 0.67;

P < 0.001). Furthermore, the relationship between potential range

size and niche breadth was quite strong, and was also robust to the

potential range size estimator (median habitat suitability score vs.

niche breadth: r2 = 0.86, P < 0.001; number of habitable cells vs.

niche breadth: r2 = 0.73, P < 0.001; c.f. Fig. 4). Finally, flowering

time (however measured) was inversely correlated with niche

breadth (bolting date and niche breadth: r = �0.33, P = 0.027;

number of rosette leaves and niche breadth: r = �0.34, P = 0.021).

DISCUSSION

Differential adaptation to environmental conditions is a major factor

shaping the spatial structure of species, but this process also plays

an important role in how individuals are spatially distributed within

a species. We used climate envelope models to understand the intra-

specific relationships between two macroecological phenomena

(niche breadth and potential range size). Previous work has shown

that niche breadth and range size are correlated interspecifically

within the Arabidopsis genus (Hoffmann 2005). Here, we report on

that pattern (and others) on an intraspecific level. The key to our

approach was the use of genotypes as the unit of analysis. We used

single-locus genotypes that have contrasting effects on flowering

time – an important plant phenotype associated with ecological dif-

ferentiation – and in the aggregate these genotypes formed the

intraspecific variation upon which we based our analyses.

The climate envelope models presented here suggest that climate

plays a strong role in determining the various geographical distribu-

tions of the single-locus genotypes. Biotic factors (pathogens, herbi-

vores, and competitors), however, clearly also play an important

role in species distributions (Meier et al. 2010). To the extent that

biotic factors are correlated with climate, modelling tolerances to

climate indirectly takes into account tolerances to biotic factors; but

biotic factors can also be orthogonal to climate (Meier et al. 2010).

Global climate maps are readily available at a variety of scales (New

et al. 2002; Hijmans et al. 2005), but future work is needed to

Table 1 Summary information for the individual climate envelope models, which were performed separately on each single-locus genotype (rows)

Locus Allele

Training

AUC

Test

AUC

Test

gain

Test gain with only

precipitation seasonality

Test gain with only

annual precipitation

Test gain with only annual

mean cloud cover

Test gain with only annual

mean temperature

FLC 3312 G 0.78 0.74 0.28 0.10 � 0.015 0.11 0.10

FLC 3312 T 0.83 0.77 0.57 0.28 0.12 0.29 0.21

FLC 7207 A 0.84 0.78 0.62 0.29 0.041 0.33 0.19

FLC 7207 C 0.80 0.75 0.34 0.078 0.038 0.14 0.030

FRL11127 G 0.83 0.78 0.55 0.27 0.066 0.27 0.19

FRL11127 T 0.84 0.76 0.36 0.0064 � 0.0056 0.30 0.40

GA17762 A 0.80 0.71 0.29 � 0.011 0.0062 0.04 � 0.0082

GA17762 T 0.82 0.77 0.55 0.29 0.051 0.28 0.18

HUA25106 A 0.80 0.72 0.31 0.16 < 0.001 0.17 0.12

HUA25106 T 0.92 0.89 1.28 0.58 0.21 0.31 0.47

PFT11593 G 0.83 0.78 0.65 0.33 0.12 0.27 0.22

PFT11593 T 0.75 0.70 0.19 � 0.017 0.016 0.22 � 0.0067

PHYD 2446 A 0.86 0.79 0.52 0.16 0.10 0.067 0.034

PHYD 2446 G 0.81 0.76 0.50 0.26 0.021 0.26 0.18

PIE1906 A 0.85 0.81 0.64 0.17 0.13 0.42 0.21

PIE1906 G 0.81 0.75 0.45 0.22 0.034 0.19 0.13

RGA1023 C 0.82 0.75 0.44 0.25 0.055 0.21 0.16

RGA1023 T 0.80 0.75 0.39 0.11 � 0.027 0.23 0.064

SOC1651 G 0.83 0.77 0.56 0.33 0.11 0.16 0.16

SOC1651 C 0.82 0.78 0.47 0.020 0.025 0.38 0.19

SOC12742 A 0.89 0.85 1.00 0.51 0.26 0.32 0.27

SOC12742 T 0.80 0.73 0.40 0.16 � 0.021 0.24 0.16

TFL1687 A 0.86 0.80 0.64 0.32 0.092 0.28 0.24

TFL1687 C 0.75 0.68 0.17 0.088 � 0.012 0.10 � 0.021

TFL2890 G 0.82 0.79 0.59 0.28 0.10 0.14 0.12

TFL2890 T 0.84 0.78 0.52 0.27 0.021 0.30 0.14

TFL22993 A 0.81 0.74 0.38 0.15 0.023 0.19 0.10

TFL22993 G 0.86 0.82 0.81 0.40 0.12 0.41 0.40

TSF2661 A 0.85 0.81 0.65 0.34 0.10 0.11 0.19

TSF2661 G 0.83 0.76 0.50 0.20 0.047 0.27 0.21

© 2012 Blackwell Publishing Ltd/CNRS

Letter Landscape genetics and ecology of flowering time 5



develop continental-scale maps of biotic factors, with resolution

similar to that of the climate maps, so that these factors can also be

incorporated into large-scale ecological niche models such as ours.

Intraspecific variation in niche breadths and potential range sizes

Our results suggest that individuals with small genetic differences

can have different niche breadths and potential range sizes, provided

those genetic differences are associated with adaptive differentiation

in an ecologically important phenotype such as flowering time. For

example, genotypes SOC1651(G) and SOC1651(C), while differing only

in their nucleotide sequences in the region around position 651

within the SOC1 gene (relative to our alignment; see Table S2 and

the supplemental information), have significantly different niche

breadths and potential range sizes from one another (Fig. 3c and

Table S6). Thus, we concur with other studies that suggest species’

responses to environmental changes (such as geographical clines or

climate change) are best understood on an intraspecific level (Four-

nier-Level et al. 2011; Rehfeldt et al. 1999; Angert et al. 2011; Han-

cock et al. 2011). Models of species’ responses to environmental

change that assume equivalency of individuals will incorrectly

assume that certain areas of the landscape are inhabitable/habitable.

For instance, some areas of the landscape could be deemed inhabit-

able because countervailing associations between genotypes and

environmental factors are averaged out, and some areas of the land-

scape could be deemed habitable even if the appropriate genotypes

cannot reasonably establish there due to geographical barriers or

slow dispersal rates. For example, in A. thaliana there are areas of

Spain that are projected contain suitable habitat for some genotypes

and not for others (compare SOC1651(G) and SOC1651(C) in Fig. 3c,

d, for instance). This is information that would have been washed

out at the whole-species level, although whether or not the appro-

priate genotypes actually exist at those locations or could potentially

distribute there would need to be investigated.

Our results also suggest that intraspecific variation in niche

breadths and potential range sizes are associated with phenological

variation in flowering: earlier flowering genotypes had larger niche

breadths and potential range sizes than later flowering genotypes

(Fig. 4a,b,d,e). In other words, earlier flowering genotypes are pro-

jected to have a more even habitat-affinity profile than later flower-

ing genotypes, and they can also potentially inhabit a larger area of

the landscape. There are several possible explanations for this pat-

tern, which warrant further investigation. One possibility is that

later-flowering (and slower-growing) genotypes are adapted to

Figure 3 Climate envelope models for the genotypes FLC 3312(G) and FLC 3312(T) (a and b), SOC1 651(G) and SOC1 651(C) (c and d) and HUA2 5106(A) and HUA2 5106(T)

(e and f). The genotypes on the left are earlier flowering, and the corresponding genotypes on the right are later flowering. The colorisation scheme represents the

predicted habitat suitability for the genotypes across the landscape. The darkest shade represents the most suitable habitat (logistic scores near 1) and the lightest shade

indicates the least suitable habitat (logistic scores near 0). The rest of the climate envelope models can be seen in Fig. S3. See the supplemental information for details on

the nomenclature of the genotypes.
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harsher environments, where it is necessary to flower later, and are

competitively excluded from more favourable environments by ear-

lier-flowering (and faster-growing) genotypes; this appears to be the

case for Pinus contorata in western North America (Rehfeldt et al.

1999). Another possibility is that early flowering individuals track

the spread of human agriculture, environments that favour early-

flowering ecotypes (Toomajian et al. 2006). However, another possi-

bility is that early flowering is a drought-avoidance adaptation,

allowing survival in more marginal warm environments (Sexton et al.

2011). Finally, it is possible that that early-flowering genotypes are

simply better dispersers (because of shorter generation times) and

that propagule pressure is more important than adaptation in deter-

mining range limits (Vellend et al. 2007). Regardless of the precise

reasons for these patterns, they show how the evolution of flower-

ing time can be constrained or enhanced because of landscape-level

properties: local selection for later flowering has the correlated con-

sequence of restricting the potentially colonisable space for the pop-

ulation; conversely, local selection for earlier flowering opens up the

opportunity for those populations to spread geographically. Thus,

local selection for earlier flowering can influence the range limits of

the entire species by favouring genotypes that are then able to colo-

nize areas outside of their area of origination.

The intraspecific relationship between niche breadth and potential

range size

We found niche breadth and potential range size to be highly intra-

specifically correlated, regardless of how potential range size is mea-

sured (Fig. 4c,f). In other words, genotypes that utilise different

climate spaces more evenly also have larger potential distributions.

This matches theoretical expectations at the species level, laid out

by Brown (1984), that species with a broad niche breadth should

have a large potential range, because they can tolerate a wide variety

of environments, whereas species with a narrow niche breadth

should have a small potential range, because they can only tolerate

a small range of environments. Thus, not only does the Arabidopsis

genus follow this pattern interspecifically, but one member of this

genus, A. thaliana, follows this pattern intraspecifically as well.

We found that our two different potential range size metrics (the

number of habitable cells meeting a certain threshold or the median

habitat suitability of the landscape) were highly correlated with one

another (r = 0.67; P < 0.001). In fact, the two sets of results based

on the respective metrics were practically interchangeable. On the

one hand, the congruence between the two metrics suggests that

they are measuring the same thing, which lends authority to our new

approach. On the other hand, we caution that this may not always

be the case, and so it should not be taken for granted. A potential

range size estimate based on the number of habitable cells may

change in nonlinear ways, depending on the distribution of climatic

and other relevant factors on the landscape and on the suitability

threshold deemed habitable. This brings up some related problems,

namely that it remains unclear what the appropriate habitat suitability

threshold should be, at least in the absence of empirical calibration

(Elith et al. 2011), and that a strict threshold is not biologically realis-

tic anyway (Gaston 1994). For these reasons, we recommend that

median habitat suitability be used to estimate potential range size

whenever comparing several potential range sizes to one another. Of

course, this approach will not yield straightforward answers if the

size of potential range is needed in absolute terms (e.g. if a specific

area of space must delimited for conservation purposes); in that case,

a threshold-based measurement of potential range size must be used,

and the threshold should be well justified.
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The relationship between potential range size and the realised

range size

The patterns we have identified here refer to the potential geo-

graphical range size as opposed to the realised range size. Although

the latter is clearly of great interest, understanding, let alone predict-

ing, realised range limits based on potential range limits would

require natural history information about dispersal, contingent

events and geographical barriers (Hoffmann 2005; Paul et al. 2009).

But fortunately, some information about the biogeographical history

of A. thaliana across its native range is available (Hoffmann 2002,

2005; Toomajian et al. 2006; François et al. 2008), and so the rela-

tionship between the potential range and the realised range could

be explored in the future. Furthermore, A. thaliana’s is widespread

in North America, where it is was introduced within the last few

centuries (Hoffmann 2002, 2005), and this affords the opportunity

to study the interplay of colonisation, selection and other factors on

the degree of potential range filling over shorter time frames.

CONCLUSION

Our study is one of the first to explicitly study the relationship

between genetic diversity and macroecological patterns in a species.

We found that niche breadth and potential range size are positively

correlated in A. thaliana at an intraspecific level, implying that geno-

types that use the available climate spaces more evenly are also

more widespread. This relationship is driven in part by an important

plant phenotype, flowering time, that exhibits substantial heritable

trait variation within the species. Our findings suggest that local

selection on flowering time can either constrain the distribution of

certain genotypes or ‘pre-adapt’ them to colonise other areas.

Importantly, we were only able to detect these patterns by focusing

on the effects of genetic loci that cause flowering time differences

within A. thaliana.

Our work represents just a starting point for determining how

heritable trait variation causes macroecological differentiation within

a species. Future research can follow-up on these results using an

allele distribution modelling approach (e.g. Manel et al. 2010; Han-

cock et al. 2011) to identify some of the axes of environmental vari-

ation that are separating these ecologically differentiated genotypes

geographically. Another way to expand this work is by using more

complex genotypes, with specific combinations of alleles at multiple

rather than single loci. This could more precisely determine how

niche breadths and range sizes vary within species. Furthermore,

defining genotypes by their differentiation in other important phe-

notypes, in addition to flowering, would likely identify some other

significant sources of intraspecific macroecological variation as well

as some other interesting correlations. Since phenotypes are inte-

grated and therefore correlated with one another, and since some

phenotypes are more substantial contributors to a species’ total phe-

notypic variation than others (Klingenberg 2008), it should be possi-

ble to get a relatively clear picture of instraspecific macroecological

variation by studying a limited and thoughtfully selected set of

important phenotypes that represent orthogonal axes of phenotypic

variation. Ultimately, ecological niche models that are nuanced,

incorporating intraspecific phenotypic and macroecological variation,

are needed to accurately forecast the spread/contraction of species’

ranges under future climates and to make informed decisions about

conservation priorities and threats from biological invasions.
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