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Abstract

Aim: A positive association between environmental niche breadth and geographic

range size across species (RS‐NB association) is considered a major macroecological

pattern and a key mechanism explaining differences in commonness and rarity

among species. It is typically assumed that niche breadth determines range size. We

explore ways in which spurious positive RS‐NB associations can arise through sam-

pling artefacts, in the absence of any ecological or evolutionary link between the

two variables.

Location: Australia and Africa.

Methods: We used a process‐based simulation model to explore the influence of

spatial autocorrelation in the environment, and the rate of neutral range evolution,

on the slope of the RS‐NB association. We quantified niche breadth in four large

plant genera (Banksia, Hakea, Protea and Moraea) using up to 12 environmental vari-

ables and accounting for variable numbers of occurrence records, and we tested RS‐
NB associations using phylogenetic generalized least‐squares (PGLS) models. We

compared observed patterns to two null models that break the link between species

occurrences and environmental conditions in different ways.

Results: The simulations show that positive RS‐NB associations are generated even

under random diversification and neutral range evolution, when the environment is

spatially autocorrelated. There were strong positive interspecific RS‐NB associations

in all four plant genera, but in most cases, PGLS slopes for the four genera were

similar to those generated by the null models. After accounting for sampling effects

under the two the null models by calculating the standardized effect sizes of spe-

cies’ niche breadths, there was little evidence of general, positive associations

between range size and niche breadth.

Main Conclusions: Positive RS‐NB associations in our four plant genera do not nec-

essarily result from an ecological or evolutionary link between niche breadth and

range size but may largely reflect the historical legacy of speciation and limited dis-

persal, biotic interactions or other constraints on range expansion. Our results sug-

gest that niche breadth as a general determinant of range extent among species

should not be assumed without testing and correcting for spatial sampling effects.
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1 | INTRODUCTION

Biologists have appreciated for centuries that species vary greatly in

the extent of their distributions—some are narrowly endemic to

small areas, while others have continental or even global distribu-

tions (Wallace, 1876; Willis, 1922). It has also been observed that

widely distributed species tend to have broad environmental toler-

ances, while narrowly distributed species appear more likely to be

environmental specialists. Indeed, a positive association between

environmental niche breadth and range size across species (hereafter

RS‐NB association) seems to be a very general macroecological pat-

tern (Gaston, 2000; Gaston & Spicer, 2001; Slatyer, Hirst, & Sexton,

2013).The most common explanations for the positive RS‐NB associ-

ation consider niche breadth to be the independent variable. Brown

(1984) described a mechanism linking broad environmental niches

with large ranges, via an intermediate step of high local abundances.

According to Brown's hypothesis, the fact that habitats, climatic con-

ditions and other aspects of the environment tend to be spatially

autocorrelated means that species with broad environmental toler-

ances, or the ability to occupy a wide range of habitat types, will be

able to expand to occupy large geographic areas (Brown, 1984).

Recent authors continue to echo Brown's view that niche breadth

drives range size, in a wide variety of different taxonomic groups

(e.g. Botts, Erasmus, & Alexander, 2013; Laube et al., 2013; Machac,

Zrzavý, & Storch, 2011; Martin & Husband, 2009; Morin & Lechow-

icz, 2013; Slatyer et al., 2013). This assumption has potentially

important implications for our understanding of how different spe-

cies may respond to climate change by expanding or shifting their

distributions (Li et al., 2015; Slatyer et al., 2013; Yu et al., 2016).

Yet it has also been recognized that because the environmental

niche of a species is usually inferred from its set of occurrence

records, sampling effects may produce a spurious positive associa-

tion between range size and niche breadth (Burgman, 1989; Gaston

& Blackburn, 2000; Gaston & Spicer, 2001; Gregory & Gaston,

2000; Slatyer et al., 2013). Quite simply, a more abundant species is

likely to be recorded from a larger number of localities, and a larger

number of localities placed randomly across a region will, by chance,

sample a wider range of habitat types or environmental conditions

(Burgman, 1989; Gaston & Blackburn, 2000). Burgman (1989) was

the first to analyse the niche breadth—abundance relationship

accounting for this kind of sampling artefact, and concluded that

positive associations between niche breadth and abundance, and

between niche breadth and range size, could be driven by sampling

effects alone. A similar conclusion was drawn by Gregory and Gas-

ton (2000), who found little evidence for a positive niche breadth—
abundance relationship in British birds when sampling effects due to

abundance were accounted for. On the other hand, a recent meta‐
analysis of RS‐NB studies (Slatyer et al., 2013) found a general pat-

tern of support for positive associations even among studies that

accounted for sampling effects.

However, a spurious positive association between environmental

niche breadth range and size can also be envisaged if we simply con-

sider range size to be the independent variable, without needing to

consider the intermediate step of species abundances at all. To see

why, it is only necessary to imagine a set of circles of different size

placed randomly on a landscape. Larger circles (and a set of sampling

points placed randomly within them) will usually sample a wider

range of environmental conditions than smaller circles. The inference

of environmental niche breadth from species occurrence records

assumes that a species’ presence or absence in a given locality is

determined solely or primarily by the suitability of the environmental

conditions there. Whenever this assumption is violated, the possibil-

ity exists that range size varies independently of niche breadth, and

a spurious positive association between range size and niche breadth

could exist.

There are several ways in which range size might vary indepen-

dently of niche breadth. First, many species may have not had time

or opportunity to disperse into all of the environmentally suitable

space available. If this is the case, range sizes will be largely a pro-

duct of the historic legacy of speciation and limitations of time and

opportunity on dispersal, rather than the match between organisms

and environments. The relative importance of environment versus

dispersal for range size probably depends on the dispersal capacities

of each particular taxon. In microbial biogeography, for example, the

prevailing view has been one of ecological determinism (ubiquitous

dispersal and niche‐driven distributions), although recent findings of

geographic structure in microbial genomes are challenging this view

(O'Malley, 2008). In mammals, strong phylogenetic signal in the loca-

tions of species distributions, at a wide range of scales, points to a

key role for history and dispersal limitation (Cardillo, 2015). Range

size may also vary independently of niche breadth if biotic interac-

tions, especially interspecific competition, are important in limiting

species distributions, an idea with increasingly wide support in a

range of taxa (e.g. Cardillo, 2011; Gutierrez, Boria, & Anderson,

2014; Morales, Arbetman, Cameron, & Aizen, 2013; Pigot & Tobias,

2013).

In this paper, we explore the extent to which spurious positive

RS‐NB associations can be generated under neutral and null mod-

els in which range size varies independently of niche breadth, and

niche breadth is quantified from a set of occurrence points. Our

null models differ from the approach to testing for sampling bias

taken by most previous studies, because they are purely spatial

null models that do not consider the role of species abundances

in generating sampling bias. As case studies for our tests, we use

four large plant genera, two distributed in Australia (Banksia,

Hakea) and two in Africa (Protea, Moraea). Our aims are (a) to

investigate the influence of spatial autocorrelation in the environ-

ment, and the speed of neutral geographic range evolution, on

the slope of the RS‐NB association; (b) to explore the degree to

which spurious positive RS‐NB slopes arise under null models that

randomize observed species occurrences in different ways, and

define the niche in different ways; and (c) to determine whether

the observed RS‐NB slopes in the four genera can be explained

entirely or partially by the spatial null models, and to quantify the

degree of residual association between the two variables after

accounting for null‐model effects.
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2 | MATERIALS AND METHODS

2.1 | Range evolution simulation

We carried out a simulation in which we evolved species ranges

under a neutral process along a phylogeny, against the background

of a simulated environmental grid. The purpose of the simulation

was to explore the influences of spatial autocorrelation in environ-

mental variables, and the strength of historical signal in range sizes

and locations, on the RS‐NB association. Full details of the simula-

tion procedure are given in Cardillo (2015), but briefly, the simulation

begins with a single, rectangular ancestral range at the root node of

a phylogeny randomly generated under a constant‐rates diversifica-

tion process. The four boundaries of the ancestral range drift at ran-

dom on the environmental grid as each branch in the phylogeny is

traversed. Boundary drift is non‐directional, with the shift at each

time step drawn from a normal distribution with mean = 0 and stan-

dard deviation σ. When a node is reached, the range divides

allopatrically and the two daughter ranges continue their evolution

along the two daughter branches. The end result is a set of ranges

that carry the imprint of phylogenetic history, with geographic prox-

imity and overlap in ranges more likely for more recently diverged

pairs of species. Smaller values of σ generate ranges with a stronger

historical signal of speciation and dispersal limitation.

Ranges were simulated on a grid of size 200 × 200 squares. Grid

cells were populated by a single hypothetical environmental variable

with values in the range 0–1, generated randomly. Three levels of

spatial autocorrelation in environmental axes across the grid were

generated by kriging, using functions in the R library ‘gstat’

(Pebesma, 2004). For each spatial autocorrelation level, we calcu-

lated niche breadth for each species as the standard deviation of the

environmental values found within its range. Range size was simply

the number of grid cells occupied, log‐transformed to normalize the

variance. Each simulation was run 500 times on a 150‐tip phylogeny

generated under a pure‐birth process with branching rate λ = 0.05.

To simulate different levels of historical signal in range sizes and

locations, simulations were repeated under three values of the range

drift parameter (σ = 1, σ = 5, σ = 8).

2.2 | Spatial data

Occurrence points for all Banksia and Hakea species were retrieved

from the Atlas of Living Australia (http://www.ala.org.au) before being

cleaned of points that were obviously incorrect (e.g. in the sea), with

geographic coordinates of low precision (>10 km), or duplicate records

with identical spatial coordinates. Cleaned occurrence points for Pro-

tea and Moraea were obtained from Skeels and Cardillo (2017); only

Moraea species endemic to the African continent were used. Each spe-

cies distribution was then converted to grid form (the 24 × 24 km grid

cells occupied by the occurrence records), and range size quantified as

the sum of the areas of the occupied grid cells.

An extent of occurrence (range limits) polygon was inferred for

each species from its set of occurrence points, using an alpha convex

hull (using the ‘alpha hull’ package in R). This is a generalization of

the convex hull that reduces the influence of outlier points and

allows a more complex shape to be inferred for the range polygon,

with the complexity of the polygon determined by a parameter α.

There are no a priori means of determining the most appropriate

value of α (and hence the degree of complexity of range boundaries),

to provide the optimum balance between the inclusion of potential

habitat, and the exclusion of unsuitable habitat. We chose a value of

α for each species using an iterative procedure as follows. An initial

value of α = 8 decimal degrees was used. If this value produced a

‘bad’ polygon (e.g. with line segments with zero area, or discon-

nected multiple polygons), α was increased by one (reducing com-

plexity), and the convex hull recalculated. This was repeated until a

‘good’ polygon was produced for the species. A good polygon was

determined by whether it could be converted into a full connected

graph for which all points had exactly one ‘parent’ and one ‘child’

node (meaning no line segments or orphaned points). The area of

the alpha hull polygon in m2 was then estimated after projecting its

coordinates into an Albers Equal Area projection.

Layers for 19 climate variables at a resolution of 2.5 arc minutes

were obtained from WorldClim (Hijmans, Cameron, Parra, Jones, &

Jarvis, 2005). Soil type layers (pH, soil depth, clay content and

organic carbon content) were obtained from www.soilgrids.org

(Hengl et al., 2017) at 250 m resolution, then aggregated to the

same grid as the climate data, using the aggregate function in the R

package ‘raster’.

2.3 | Environmental variable selection

Many of the environmental variables were intercorrelated, which

risks overweighting particular niche axes in a multidimensional niche

breadth measure. To extract a smaller number of uncorrelated vari-

ables, we applied the following procedure for each continent (Aus-

tralia and Africa) separately. First, we used MAXENT 3.3 (www.cs.

princeton.edu/~schapire/maxent) to fit a species distribution model

using the occurrence points for each genus as a whole. The impor-

tance of each variable in determining the occurrence of each genus

was averaged across the two genera in each continent, using the

‘contribution’ score calculated from the MAXENT output. We calcu-

lated the correlation coefficient r between every pair of variables,

for climatic and soil variables separately, and within each continent

separately. We then performed a hierarchical clustering analysis

using 1−r as a distance score. Variables were grouped into classes

using a distance cut‐off of 0.3, and one variable from each class was

chosen based on the highest MAXENT importance score within the

appropriate continent. This gave us a final list of eight climate and

four soil variables for Australia, and seven climate and four soil vari-

ables for Africa (Table 1).

2.4 | Calculating niche breadth

The values of all environmental variables were standardized by sub-

tracting the mean and dividing by the standard deviation before
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calculating niche breadths, to avoid unit errors. Standardization was

done across all occurrence points for all species within each conti-

nent (Australia and Africa). For each species, we extracted the raster

values of the environmental variables for each occurrence point. To

account for the bias introduced by different numbers of occurrence

records, we took the mean of the standard deviations of the values

of the environmental variable for each species, following Burgman

(1989). To test whether correlations between range size and niche

breadth are sensitive to the particular niche dimensions chosen, we

measured niche breadth using four alternative sets of the environ-

mental variables: (a) all variables chosen for each continent using the

variable selection procedure described above; (b) soil variables only;

(c) climate variable only; (d) the set of six ‘best’ variables that predict

the distribution of each genus, chosen using the contribution scores

of a MAXENT analysis. For each genus, this set of six best variables is

indicated in Table 1.

2.5 | The observed niche breadth x range size
correlation

We used phylogenetic generalized least‐squares models (PGLS) in

the R library caper to fit the RS‐NB, both in the observed data for

the four genera and in the data generated under null models. Both

variables were Box–Cox transformed prior to analysis to improve the

normality and homogeneity of variance of the residuals. To explore

the influence of phylogenetic uncertainty, we ran PGLS tests for the

maximum clade credibility tree of Banksia and a sample of 250 trees

from the Bayesian posterior distribution of trees from Cardillo and

Pratt (2013). There was minimal variation in PGLS slopes across

Banksia trees, so for all subsequent analyses in the four genera, we

used one tree only, either the single tree provided in the source

publication, or the maximum clade credibility tree where a set of

trees was provided. To test the sensitivity of results to the method

of inferring range size, tests were repeated for gridded ranges and

polygon ranges (see ‘Spatial data’).

2.6 | Null models for the RS‐NB

We compared the slope of the observed RS‐NB for each genus with

the slopes generated under two null models that break the link

between species occurrences and environmental variables in differ-

ent ways.

1. Polygon Point Sample (PPS). The PPS null model maintains the

observed range boundaries of each species (as inferred from

the alpha convex hulls) but randomizes the spatial distribution of

the set of occurrence records within the range boundaries. This

null model preserves the observed legacy of biogeographic his-

tory (range size, shape and location) but breaks the link between

species occurrences and environment at a relatively fine scale.

TABLE 1 Alternative sets of environmental variables used to quantify niche breadth for each plant genus, chosen using the variable
selection procedures described in the text. Niche breadth was quantified using four sets of variables: all variables chosen for all species within
each continent (Australia & Africa); the six best variables chosen for each genus; all climate variables chosen for all species within each
continent; all soil‐type variables chosen for all species within each continent. Shaded cells indicate the variables chosen in each set

Variable

Banksia Hakea Protea Moraea

All Best All Best All Best All Best

Climate variables

Annual Mean Temperature

Mean Diurnal Temperature Range

Isothermality

Temperature Seasonality

Temperature Annual Range

Mean Temperature of Wettest Quarter

Mean Temperature of Driest Quarter

Mean Temperature of Coldest Quarter

Annual Precipitation

Precipitation of Driest Month

Precipitation Seasonality

Precipitation of Warmest Quarter

Precipitation of Coldest Quarter

Soil variables

pH

Depth

% clay

% organic carbon
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2. Random Density-based Translocation and Rotation (RDTR). The RDTR

null model erases biogeographic history as well as breaking the link

between occurrences and environment. For each species, the entire

cloud of occurrence points is translocated to a new location within

the distribution of the genus. This was done by first translocating

the centroid of the set of occurrence points to a randomly chosen

location, then rotating the cloud of points around the new centroid

by a random angle between 0 and 360°. In some cases, this resulted

in a proportion of points falling in the sea. To ensure this did not bias

the range sizes generated by the null model, we omitted any runs of

the model where the difference between the observed and simu-

lated terrestrial range size was >30%. We confirmed there was no

bias by plotting the observed against the simulated range sizes, and

finding that the deviations were equally distributed above and

below the line of unity.

Our RDTR model is similar to the RTR null model presented by

Nunes and Pearson (2017), but here, we additionally allow the ran-

dom translocation of the centroid to be weighted by the empirical

density of all species range centroids within each continent. Density

of species range centroids was estimated using two‐dimensional ker-

nel density estimation with the ‘bkde2D’ function in the ‘KernS-

mooth’ package for R. Centroid translocations were then done by

randomly sampling from the estimated density distribution. In this

way, the RDTR null model broadly maintains the empirical geo-

graphic distribution of species richness within each continent.

Each null model was run 500 times. For each run, we quantified

niche breadth and tested the association between range size and

niche breadth using PGLS, in the same way as for the observed data.

For each of the two null models, we then calculated a standardized

effect size for the observed niche breadth (using each of the four

alternative sets of environmental variables) of each species, as z =

ðXobs � �XrandÞ=SDXrand where Xobs is the species’ observed niche

breadth, �Xrand is the mean of the 500 randomly generated

niche breadths, and SDXrand is the standard deviation of the random

niche breadths. This allowed us to quantify each species’ residual

niche breadth after accounting for the sampling effects captured by

the null model. If observed associations between range size and

niche breadth are driven purely by sampling effects, we expect no

trend in the mean size of the z values with increasing range size. If a

positive RS‐NB association is driven by species with broader niches

attaining larger ranges, then we would expect a positive trend (i.e.

species with larger ranges tend to have more positive z values).

Other patterns in the distribution of z values with respect to range

size are also expected under different scenarios; these are discussed

in more detail in the Discussion.

F IGURE 1 Phylogenetic generalized
least‐squares slopes of the one‐
dimensional niche breadth × range size
association generated under 500 runs of
the range evolution simulation, with the
median slope shown in black. Results are
shown for simulations carried out under
three rates of random drift in species
range boundaries (σ = 1, 5 and 8), and
three levels of spatial autocorrelation in
the environmental variable. Under the
lowest value of the autocorrelation
parameter (0.01), the environment is
essentially random, with increasing spatial
autocorrelation for values of 5 and 100.
The upper row of panels gives an example
of an environmental grid randomly
generated under each autocorrelation level
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3 | RESULTS

3.1 | Range evolution simulation

Figure 1 displays PGLS slopes for the RS‐NB association generated

by the simulation model, under three levels of spatial autocorrela-

tion in a single environmental dimension, and three rates of ran-

dom drift in species range boundaries. When the environmental

autocorrelation parameter is very low, there is wide variation in

the slopes of the 500 simulation runs (grey lines), with many neg-

ative as well as positive slopes, although median slopes (black

lines) are positive. Slopes become steeper with increasing

environmental autocorrelation, and with increasing rate of range

drift. These results indicate that a positive RS‐NB association can

result even when species ranges are modelled as the outcome of

a neutral evolutionary process that excludes any direct link

between species environmental tolerances and their geographic

distributions.

3.2 | Observed RS‐NB patterns and null models

Under all methods of quantifying the environmental niche (four

different combinations of environmental variables), species in all

four plant genera display strongly positive associations between

F IGURE 2 Observed and null‐model associations between niche breadth and range size across species in each of four plant genera, with
niche breadth quantified with four alternative sets of environmental variables (see Table 1 and text for explanation). Points show the observed
values for each species, with phylogenetic generalized least‐squares (PGLS) regression slopes indicated with a dark line. Light grey lines
indicate PGLS slopes generated under 500 runs of the PPS null model

6 | CARDILLO ET AL.



range size and niche breadth (Figures 2 and 3), all of which are

significant with p < 0.0001 under PGLS models (Table 2). Strong

positive associations are also generated by the two null models,

although the steepness of the slopes, and hence the degree to

which they correspond with the observed associations, varies

between the two nulls. The PPS null model (grey lines in Figure 2)

generated slopes that are similar to the observed slopes, although

in Protea, the observed slopes tend to be at the upper end of the

distribution of null slopes. The RDTR null model (grey lines in Fig-

ure 3), which samples a wider range of environments than the

PPS, generated a broader distribution of slopes than the PPS.

Again, the observed slopes were similar to the null slopes,

although in Moraea, the observed slopes tended to be steeper

than the distribution of null slopes. Results for the comparisons of

observed RS‐NB slopes with slopes under the null models are

very similar when range size is derived from alpha hull polygons

rather than gridded occurrences (Figures S2 and S3).

In Figures 4 and 5, we visualize the degree to which the niche

breadths of each species in each of the four genera deviate from

the values expected for that species under the PPS and RDTR null

models, respectively. Species with z values that deviate significantly

(at α = 0.05) from their expected value are highlighted in dark grey;

note that significance of z values is determined using a randomiza-

tion test for each species, not by comparison to a standard normal

F IGURE 3 Observed and null‐model associations between niche breadth and range size across species in each of four plant genera, with
niche breadth quantified with four alternative sets of environmental variables (see Table 1 and text for explanation). Points show the observed
values for each species, with phylogenetic generalized least‐squares (PGLS) regression slopes indicated with a dark line. Light grey lines
indicate PGLS slopes generated under 500 runs of the RDTR null model
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distribution, so that the cut‐off z value for significance is different

for each species. In these plots, a positive trend in the z values

along the x‐axis would suggest that species with broader niches

tend to attain larger ranges; lack of a positive trend suggests that

sampling effects account for any positive RS‐NB. The patterns

shown by the plots in Figures 4 and 5 show varying trends which

differ among genera, niche breadth measures and between the two

null models. However, given the wide scatter of points in these

plots, none of these trends can be considered very strong, or

indicative of deviations from the null models in the direction

expected under the hypothesis that niche breadth drives range size.

The only possible exception to this is in Protea, where the RDTR

null model suggests a positive trend in the size of the z values as

range size increases.

4 | DISCUSSION

The four plant genera included in our analyses (Banksia, Hakea, Pro-

tea and Moraea) all display the same pattern as is commonly found

in a wide range of plant and animal taxa (Slatyer et al., 2013): a

strong, statistically significant positive association between environ-

mental niche breadth and geographic range size across species (RS‐
NB association). This strong association exists even when we use

PGLS to account for the phylogenetic structure of the data and

when we quantify the niche using different combinations of environ-

mental variables. However, we also show, using simulation, that the

positive RS‐NB association is the expected outcome under a neutral

process of species diversification and range evolution when the envi-

ronment is spatially autocorrelated. Consistent with the simulation

results, null models that break the link between species occurrences

and environmental conditions in the observed data sets produce

spurious positive RS‐NB slopes through sampling effects alone.

These spurious associations are not removed by controlling for dif-

ferences in number of occurrences among species by using standard

deviation to calculate niche breadth (Burgman, 1989). When we use

these null models to remove spatial sampling effects from niche

breadth measurements, we find little evidence for positive residual

RS‐NB associations across all four plant genera. Our results do not

necessarily rule out a direct evolutionary or ecological link between

species breadth of environmental tolerances and their range sizes;

indeed, such associations are suggested by analyses in other taxa,

even after controlling for spatial sampling effects (Li et al., 2015),

and there is some evidence for this in our results (see below). How-

ever, our results do suggest that caution is needed in the estimation

of environmental niche breadth from spatial data on species occur-

rences, and in the inference of physiological or adaptive mechanisms

linking environmental niche breadth with range size, on the basis of

spatial data alone.

Our simulation of the geographic range evolution process

demonstrates that the positive RS‐NB associations generated by

the null models are likely to be general, not simply a peculiarity of

the four plant genera in our study, or the particular distribution of

environments in the regions where these genera occur (but the

comparison of observed vs null results may be modified by local

conditions—see below). The simulation results reveal how the

strength of dispersal limitation and the historic legacy of diversifica-

tion interact with the spatial configuration of environments to pro-

duce a positive correlation between niche breadth and range size,

in the absence of any evolutionary or ecological connection

between them. There are three key points to note about the simu-

lation results. First, the RS‐NB slopes were flatter and more vari-

able under very low levels of spatial autocorrelation in the

environment, and increasingly steep under stronger autocorrelation

(Figure 1). This is because when the environment is spatially ran-

dom (low autocorrelation), a relatively small species range will sam-

ple a large proportion of the environmental types present within

the broader region, so there will be a fairly slow increase in the

number of environments sampled as ranges increase in size. Con-

versely, when the environment is strongly spatially autocorrelated,

a small range will sample few types of environments, so the num-

ber of environments sampled will increase more sharply as ranges

increase in size. The second key point from the simulations is that

more rapidly evolving ranges lead to steeper RS‐NB slopes,

although the effect is more subtle than the effect of spatial envi-

ronmental autocorrelation. This probably results because a higher

rate of range evolution produces a wider distribution of range

sizes, which sample a wider range of environmental values, at least

TABLE 2 Results of phylogenetic generalized least‐squares (PGLS)
regression of species niche breadth against range size for two
Australian (Banksia, Hakea) and two African (Moraea, Protea) plant
genera. Niche breadth is measured using four alternative sets of
environmental variables (see Table 1 and text for explanation)

Genus Variable sets Intercept Slope SE p

Banksia All variables −0.338 1.091 0.0931 <0.0001

Best predictor

variables

−0.376 1.098 0.0998 <0.0001

Climate variables −0.307 1.069 0.0915 <0.0001

Soil variables −0.292 0.888 0.0958 <0.0001

Hakea All variables −0.561 1.711 0.175 <0.0001

Best predictor

variables

−0.641 1.763 0.175 <0.0001

Climate variables −0.459 1.604 0.174 <0.0001

Soil variables −0.548 1.441 0.176 <0.0001

Moraea All variables −0.899 1.300 0.184 <0.0001

Best predictor

variables

−0.802 1.184 0.175 <0.0001

Climate variables −0.642 1.014 0.176 <0.0001

Soil variables −0.392 0.684 0.141 <0.0001

Protea All variables −0.270 0.629 0.0665 <0.0001

Best predictor

variables

−0.208 0.549 0.0662 <0.0001

Climate variables −0.211 0.545 0.0633 <0.0001

Soil variables −0.270 0.618 0.0734 <0.0001
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under moderate‐to‐high levels of spatial environmental autocorrela-

tion. The third key point is that the simulation explicitly models a

static environment, ignoring environmental change through time. It

seems likely that a dynamic environment would increase the dis-

crepancy between species’ realized and fundamental niches,

because of lag times in ranges tracking changing environments, or

the shifting balance of biotic interactions. It is difficult to predict

the way that species niche breadth would interact with such pro-

cesses, and complex simulation models will probably be necessary

to explore these issues in detail.

Our two null models both preserve the phylogenetic structure

of each plant genus, but randomize the association between

occurrence points and environmental conditions in different ways.

The PPS null model maintains the assumed limits of distribution

(extent of occurrence) of each species, but randomizes occurrence

points within those limits. This preserves the large‐scale biogeogra-

phy of species distributions within each genus, and hence the ten-

dency for closely related species to be found in close geographic

proximity. The RDTR null model is more ‘severe’, randomizing the

biogeography as well as the occurrence points by relocating spe-

cies distribution limits, while maintaining the extent of distribution

of the entire genus. The RDTR therefore samples a wider range

of environments than the PPS, and this is most likely the reason

that the RDTR generates a wider spread of slope values for the

F IGURE 4 Associations between species range size and the standardized effect size (z values) of niche breadth across species, for each of
four plant genera and with niche breadth quantified with four alternative sets of environmental variables (see Table 1 and text for explanation).
Light grey points are species with z values consistent with the expected distribution from the PPS null model; dark grey points are species
with z values that deviate significantly (p ≤ 0.05) from the expected distribution. Dotted lines represent the theoretical 95% significance cut‐
off for the z distribution (−1.96, 1.96)
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range size x niche breadth association. This wider spread of null

slope values, in turn, is why very few of the z values (standard-

ized effect size of niche breadth) are more extreme than expected

under the RDTR null (Figures 5 and S4).

Patterns in the slopes of RS‐NB associations (both observed

and null) are highly consistent across the four plant genera, across

the four combinations of environmental variables used to charac-

terize species’ niche breadth, and across the two null models.

However, there are some minor deviations from these general pat-

terns: Protea RS‐NB slopes tend to be slightly steeper than the

null slopes under PPS, and Moraea slopes are steeper than

expected under RDTR. It is not obvious why we see these excep-

tions to the overall pattern in the two African genera, but a possi-

ble explanation is variation in the degree of spatial environmental

turnover in different parts of Africa. South Africa's Cape Province

is a small region with unusually steep environmental gradients. The

Cape Province is also a centre of high diversity, with a concentra-

tion of endemic species with very restricted distributions, most of

which also have narrow climatic and edaphic niches (Skeels & Car-

dillo, 2017). The geographic placement of random ranges and

occurrence points under the RDTR null models was weighted by

observed species richness, so a large proportion of null ranges

F IGURE 5 Associations between species range size and the standardized effect size (z values) of niche breadth across species, for each of
four plant genera and with niche breadth quantified with four alternative sets of environmental variables (see Table 1 and text for explanation).
Light grey points are species with z values consistent with the expected distribution from the RDTR null model; dark grey points are species
with z values that deviate significantly (p ≤ 0.05) from the expected distribution. Dotted lines represent the theoretical 95% significance cut‐
off for the z distribution (−1.96, 1.96)
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were sampled from the Cape. However, randomly placed ranges

do not respect environmental gradients or transition zones, so a

small range placed randomly in this region is likely to sample a

wider variety of climates or soils than the majority of real species

ranges, leading to a shallower slope for the RS‐NB association

under the null models. This explanation is consistent with a slight

positive trend in the distribution of niche breadth z values for Pro-

tea and Moraea, under the RDTR null (Figures 5 and S4). This sug-

gests that in the two African genera, especially Protea, there may

be a proportion of the positive RS‐NB correlation that is not

explained by our null models and is perhaps driven by the unusual

diversity, endemicity and environmental heterogeneity, of the Cape

Province.

Under the PPS null model, on the other hand, there is no evi-

dence for residual positive RS‐NB associations, after null‐model sam-

pling effects are accounted for. Indeed, some of the plots in

Figures 4 and S3 show a slight negative trend in z values with

increasing range size, especially in Banksia and Protea. The negative

trends in these genera seem to be driven primarily by a small num-

ber of large‐ranged species with niche breadths that are unusually

low with respect to the PPS null model. In both genera, these spe-

cies represent lineages that ‘escaped’ from the mediterranean climate

biodiversity hot spot in which each genus began diversifying on each

continent (south‐west Australia for Banksia and the Cape Province

for Protea), to occupy large distributions across Australia and Africa,

respectively (Skeels & Cardillo, 2017; Valente et al., 2010). The PPS

results indicate that these species occupy narrower environmental

niches than would be expected from their large distributions, per-

haps suggesting that their geographic expansion was driven by

increased capacity to disperse widely, or by adaptation to widely dis-

tributed but climatically restricted habitats (such as coastal sclero-

phyll woodlands in Australia).

Our definition of the ecological niche is based on the environ-

mental conditions of the places in which species are found to

occur. We believe this is appropriate because this Hutchinsonian

niche concept is commonly used in the plant ecology literature,

and many of the studies that report a positive correlation

between niche breadth and range size are based on an environ-

mental definition of the niche (Martin & Husband, 2009; Morin &

Lechowicz, 2013; Sheth & Angert, 2014; Slatyer et al., 2013).

Environmentally defined niches are also the basis for the field of

environmental niche modelling or species distribution modelling.

Nonetheless, the ecological niche can also be defined by the spe-

cies‐specific biological traits or behaviours that restrict species to

a narrow set of environments, or permit them to occupy a broad

range of environments (Grinnellian or Eltonian niche concepts). In

principle, a trait‐based definition of the niche could be a useful

way of distinguishing ecological specialists and generalists in a

way that might avoid the kinds of spatial sampling artefacts we

describe. For example, Lavergne, Thompson, Garnier, and Debuss-

che (2004) note that narrow‐range endemic plant species often

occur at mid to high altitudes or on infertile substrates, leading to

the hypothesis that endemics should display adaptations to

stressful habitats, such as small stature or high dry leaf matter

content. But this is still an environment‐based characterization of

the niche: under this hypothesis, we would still expect an environ-

mentally defined niche breadth to distinguish narrow endemics

from widespread species. Indeed, Lavergne et al. found that nar-

row endemics in the French Mediterranean region were best char-

acterized by habitat features such as slope, rockiness or openness

of vegetation. A further complication is that in many parts of the

world, it may be difficult to distinguish traits associated with true

narrow endemism from those associated with range contraction in

response to anthropogenic pressures. In Banksia, Cardillo and

Skeels (2016) showed that range size is associated with some bio-

logical traits (height, flowering period and fire response strategy)

but is also predicted by the loss of original natural habitat.

We conclude that in the four plant genera we have analysed,

there is little evidence to support the hypothesis that the sizes of

species distributions are determined primarily or largely by the

breadth of their environmental tolerance. However, it is important

to emphasize that our results do not explicitly rule out a mecha-

nistic link between niche breadth and range size, simply that we

must be cautious in inferring such a link purely from the positive

correlation between niche breadth and range size. Our results are

perhaps consistent with a more historical view that sees present‐
day extent of species distributions as a reflection of the legacy of

diversification and limitation on dispersal opportunities, rather than

ecological determinism (O'Malley, 2008). A similar conclusion was

arrived at in relation to the flora of the Cape Floristic Region by

Davies et al. (2011), who inferred that a prevailing process of

rapid peripatric speciation produced the large number of narrowly

endemic plant species seen in this region today. In addition, other

ecological processes may limit species distributions independently

of niche breadth, such as biotic interactions (Cardillo, 2011;

Gutierrez et al., 2014; Morales et al., 2013; Pigot & Tobias, 2013).

Whatever the mechanisms that cause range size to vary indepen-

dently of niche breadth, accounting for spatial sampling effects is

likely to be important when using species distribution modelling to

project potential changes in species ranges in response to future

climate change (Li et al., 2015).
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