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Summary

e Theoretically, communities at or near their equilibrium species number resist
entry of new species. Such ‘biotic resistance’ recently has been questioned because
of successful entry of alien species into diverse natural communities.

e Data on 10 409 naturalizations of 5350 plant species over 16 sites dispersed
globally show exponential distributions both for species over sites and for sites
over number of species shared. These exponentials signal a statistical mechanics of
species distribution, assuming two conditions. First, species and sites are equiva-
lent, either identical (‘neutral’) or so complex that the chance a species is in the
right place at the right time is vanishingly small (‘idiosyncratic’); the range of
species and sites in our data disallows a neutral explanation. Secondly, the total
number of naturalizations is fixed in any era by a ‘regulator’.

¢ Previous correlation of species naturalization rates with net primary productivity
over time suggests that the regulator is related to productivity.

¢ We conclude that biotic resistance is a moving ceiling, with resistance controlled
by productivity. The general observation that the majority of species occur natu-
rally at only a few sites, and only a few species occur at many sites, now has a
quantitative (exponential) character, offering the study of species’ distributions a

previously unavailable rigor.

Introduction

The effects, accidental or otherwise, that humans may have
on natural systems are a classic source of insight into the
fundamental processes governing those systems (Darwin,
1859; Elton, 1958). Here we use distributions of plant
species’ naturalization to characterize the factors determining
entry of new species into a standing species complement,
the fundamental building block of natural communities
(‘naturalized” denotes merely having an established popula-
tion; ‘invasive’ (pest) species are a subset of naturalized
species, but not all naturalized species become pests).
Ecological theory of community assembly predicts that
mature communities — those at or near their equilibrium
species number — will resist the entry of new species. Such
‘biotic resistance’ is proposed to occur either through in situ
coevolution filling all available niche space, or by ecological
sorting to find the combination of species best able to
exploit available resources. The resulting complex matrix of
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interactions is supposed to leave little niche space in the
existing community into which a newcomer may easily
insert itself, thus regulating community diversity (Elton,
1958; Hutchinson, 1959; MacArthur, 1965; May, 1973;
Pimm, 1991; Tilman, 2004).

Biotic resistance has been interpreted on a practical level
to mean that highly diverse communities are protected from
invasion by species not currently a part of the community,
and small-scale manipulations under natural conditions
largely support this expectation (Levine, 2000; Kennedy
et al.,2002). However, two patterns of species’ naturalization
at greater geographic scales and incorporating longer time-
spans seem to contradict these observations: first, regional
inventories of species occurrences show highly diverse com-
munities readily invaded by naturalized species (Lonsdale,
1999; Stohlgren ez al., 1999; Sax, 2002); secondly, successful
naturalizations are not being offset by the concomitant
extinctions of native species that would be expected if niche
filling regulates community assembly (Sax & Gaines, 2003).
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These observations challenge the idea that complex interac-
tions regulate the successful entry of new species into natural
communities, and pose the question as to what, then, deter-
mines the entry of a species into a community.

In this study we exploit the global-scale ‘natural experi-
ment’ created by the escalation of species naturalizations
over the last century. We employ these data to examine the
large-scale patterns of species naturalizations and commu-
nity assembly through the high-power lens of statistical
mechanics. Statistical mechanics uses probability theory to
provide a framework relating the properties of large num-
bers of individual units to the bulk properties of the whole,
revealing emergent properties that give an insight into the
regulators of individual behaviour not available from con-
sidering one or a few individuals independently. Statistical
mechanics underlies much of the realm of the physical
sciences, but also has been useful in problems such as the
distribution of wealth (Drigulescu & Yakovenko, 2001)
and the ubiquitous lognormal distribution of individuals
among species in ecological communities (Pueyo, 2006;
Pueyo ez al, 2007; Dewar & Porté, 2008; Harte er al,
2008; Bowler & Kelly, 2010).

On collating for other purposes a data set comprising all
naturalized species over 16 sites dispersed globally
(Woodward & Kelly, 2008), a family of exponential distri-
butions fell naturally out of the data. The results of our
approach to these patterns produces new insights into
several fundamental ecological processes. First, we have
devised an analytical explanation of community assembly
able to incorporate naturally all the above observations.
From this, we are able to conclude that biotic resistance
exists, but as a moving ceiling regulated by some external
factor; combining these findings with the earlier work
(Woodward & Kelly, 2008), we infer that external factor to
be net primary productivity (NPP) or some process innately
linked to NPP. Secondly, we have identified a quantitative
(exponential) character to the general observation that the
majority of species are of restricted distribution and only a
few are widespread. In our model, this pattern is an emer-
gent property deriving from the fundamental nature of
niches themselves and does not require the operation of any
particular trait of any particular niche. Lastly, the simple
exponential distributions make possible analytical tools
carrying with them a degree of rigor not previously available
to the comparative study of species’ distributions (see

Gotelli ez al., 2009).

Materials and Methods

We collated data on 10 409 naturalizations of 5350 unique
plant species over 16 sites dispersed globally, determining
the number of sites at which each unique species occurred.
We also recorded the number of species in common
between sites, grouping sites first into all possible pairwise
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combinations, next into all possible triplet combinations,
and finally into all possible quadruplet combinations.

Because species naturalization is largely tabulated at the
country scale, our study is at this scale. Site selection was
dictated by the availability of naturalized species lists
including all known established alien pteridophyte, gymno-
sperm and angiosperm species, and not restricted to
invasive pests. The 16 sites meeting these criteria and
included in the study are: Chile (Castro ez 4/, 2005), the
Czech Republic (Pysek ez al., 2002), Estonia (Anonymous,
2007c), Galapagos (Tye, 2001), Hawai’i (Wester, 1992),
Israel (Dafni & Heller, 1990), Japan (Anonymous, 2007a),
Latvia (Anonymous, 2007b), New Zealand (Healy &
Edgar, 1980; Webb ez al., 1988; Edgar & Connor, 1999),
Poland (Bobet & Krél, 2007), Singapore (Corlett, 1988),
Swaziland  (Braun), Switzerland (Wittenberg, 2005),
Taiwan (Wu ez al., 2004), the UK (Preston ez al., 2006),
and Wyoming (Rice, 2007). Subspecies were subsumed
under the name of their parent species in determining the
number of unique species.

In order to investigate the possible effect of dispersal on
the observed distributions, we performed a Mantel test of
correlation between geographical distance and number of
species shared between pairs of sites (Table 1) using the R-
package MANTEL module (with 9999 permutations)
(Casgrain & Legendre, 2001).

Results

Three important properties were revealed by our treatment
of the data. First, species naturalizations show an exponen-
tial distribution of the number of naturalized species S(7)
found at 7 sites (Fig. 1). To correspond to the analyses illus-
trated in Figs 2 and 3, the exponential is fitted to 7 > 2
using maximum likelihood; the relationship is S(z+ 1) =
0.598(n) or S(n) = Se 52" where the fitted parameter S
is 2343 and the coefficient in the exponent (-0.52) is
uniquely related to the number of naturalized species
summed over sites, which we term ‘the alien footprint,
defined by M, =ZXnS(n) (Supporting
Notes S2).

Secondly, there is no correlation between the number of

Information

naturalized species common to a pair of sites and the separa-
tion of those sites (Fig. 2). The comparison of matrices of
distance between two sites and the number of species shared
pairwise showed no relationship between the two factors
(P> 0.22). Some correlation might be present for distances
< 5000 km, but, if so, it is not sufficient to affect the overall
conclusion that, at the global scale, the proportion of sites
sharing a large number of species does not depend on
distance. The number of shared species for each site pairing
is given in Table 1. What species are shared between which
sites may depend on many particularities; overall, there is
no correlation with separation (Notes S1).
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Fig. 1 Number of species as a function of number of sites. The
number of naturalized species S(n) falls exponentially with the
number of sites n at which each is found. To correspond to the
analyses illustrated in Figs 2 and 3, the exponential is fitted ton > 2
using maximum likelihood, with goodness of fit assessed using the
appropriate one-sample o-corrected Kolmogorov-Smirnov analysis
(P > 0.20; Khamis, 2000).
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Fig. 2 Number of species shared pairwise between sites relative to
distance between sites. Distance between two sites compared with
number of species shared pairwise shows no relationship between
the two factors. Some correlation might be present for distances

< 5000 km, but the main conclusion that, at the global scale, the
proportion of sites sharing a large number of species does not
depend on distance is unaffected by this possibility. The number of
shared species for each site pairing is given in Table 1.

Finally, the number of pairs of sites sharing a given
number of naturalized species falls exponentially with the
number of shared species (Fig. 3a). The observed distribu-
tion is an exponential y = 60e” %", fitted to the individual
values in Fig. 2 using maximum likelihood, with goodness
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Fig. 3 Distribution of groups of sites over shared species. In (a), the y-axis represents the number of pairs of sites sharing the number of
species counted along the x-axis. The data are binned and the exponential is calculated from S(n). (b) and (c) are similarly for triplets and
quadruplets of sites. The ubiquity of exponentials at every level of site grouping corroborates the robustness of our findings over alternative
explanations of species shared between sites (details in Supporting Information Notes S1: Dispersal; Fig. S1).

of fit assessed using the appropriate one-sample d-corrected
Kolmogorov—Smirnov analysis (2 > 0.20; Khamis, 2000).
As we show in our discussion of the distribution of sites
over species, it is also predicted from S(7), assuming only
that the distribution is exponential. In particular, the coeffi-
cient in the exponent is given by the number of pairs (120)
divided by what we refer to as the ‘overlap measure’
My = Zn(n—1)8(n)/2. The exponentials illustrated in
Fig. 3(b,c) are similarly predicted.

The model

No reasonable model of exponential attenuation of propa-
gules spreading stepwise (through dispersal and transport)
appears able to produce the exponential distribution of
Fig. 1; even extremely contrived models are at odds with
the lack of distance correlations shown in Fig. 2 (see
Notes S1: Dispersal; Fig. S1). There is, however, an expla-
nation that includes naturally the complexity of the
biological world and this lack of correlation: the statistical
behaviour of complex systems involving large numbers of
components yields exponential distributions of the kind
observed in Figs 1 and 3. Such systems function subject to
certain constraints, in this case of biological or environ-
mental origin. The techniques of statistical mechanics are
mostly employed in the physical sciences but have also
found some applications in ecology (Pueyo, 2006; Shipley
et al., 2006; Pueyo er al, 2007; Dewar & Porté, 2008;
Harte et al., 2008). Ecologists have long been familiar with
the attempt by MacArthur (1957, 1960) to account for spe-
cies abundance distributions in terms of a statistical model
known as the ‘broken stick’. MacArthur postulated that a
finite resource (the stick) is partitioned at random into a
given number of pieces, taken to represent species with the
abundances given by the lengths. This postulate leads to an
exponential distribution of species abundance as the most
probable configuration subject to those constraints and can
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be obtained using just the techniques we discuss following
Eqn 1. The model is not correct for most species abundance
distributions but does serve as a model for the distribution
of alien species over the sites at which they are naturalized, a
very different ecological problem.

The logical structure of our investigation is that we
started with the hypothesis that a simple argument in statis-
tical mechanics accounts for the observed exponential
distribution of species over sites. We identified the necessary
general conditions and constraints and found them to
account also for the exponential distribution of pairs of sites
over numbers of species held in common (Fig. 3a). We
were then able to predict successfully the exponential distri-
butions shown in Fig. 3(b,c), further supporting our
hypothesis of the nature of our original observation.

Suppose we have S objects (of as yet unspecified nature)
assigned to classes such that the class labelled 7 contains s,
objects. The number of ways of arranging S objects over the
different classes so as to achieve a configuration {s,}, charac-
terized by numbers in each class s;,55,.... ... is simply

S!
W=
IIs.

(where [] denotes the continued product.)

The quantity Wis proportional to the probability of find-
ing this configuration {s,}, provided that each arrangement
has equal weight; without further conditions, every object
has the same probability of being found in every class. If this
is not true, an additional weight factor can be introduced (a
‘prior’) and the form of that prior is determined by the nat-
ure of the problem to be addressed (Bowler & Kelly, 2010;
Haegeman & Etenne, 2010).

Eqn 1

MacArthur’s broken stick To match the mathematics of
Eqn 1 to reality, it is necessary to specify the nature of the §
objects and the classes labelled by 7 In MacArthur’s broken

© 2011 The Authors
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stick, the objects are species and the class labelled by 7 is the
class of all species with population 7 individuals (see also
Pueyo et al., 2007). The environmental constraints to be
applied are first that there are a given number of species §
(the number of pieces into which the stick is to be broken)
and secondly that Y #s, is fixed — this is the length of the
stick; the sum of all the pieces is equal to the original length.
The most probable of the configurations {s,} is found by
maximizing Eqn 1 subject to the constraints — an operation
which is mathematically well defined — where the con-
straints are on the number of species and available resources
to be subdivided. The solution is
sp = so exp(—fin) Eqn 2
(the parameters of this exponential are determined by the
values of the constraints; see Notes S2). If the stick is bro-
ken randomly then the distribution of species with
population 7 as a function of 7 is exponential, provided that
Eqn 1 contains the essential underlying biology and the
constraints are the only ones that matter in this problem.
For most guilds, Eqn 2 is not an acceptable species abun-
dance distribution (Rosenzweig, 1995). The
conditions are not sufficient for this problem and indeed
the papers by Pueyo ez al. (2007), Dewar & Porté (2008)
and Harte ez al. (2008) are attempts to identify additional
assumptions or constraints beyond those of MacArthur in

above

order to produce a log series distribution, and the biological
nature of such additions (Notes S4).

The distribution of species over sites In our problem of
the distribution of naturalized species over a number of
sites, the objects in Eqn 1 are naturalized species and the
classes are defined by the number of sites at which a species
is to be found. Thus here we identify s,, general in Eqn 1,
with the number of species found at 7 sites, S(72). The most
probable configuration {s,} is obtained by maximizing
Eqn 1 with respect to all s, subject to conditions dictated
by the nature of this problem. The first is that a given num-
ber of species § is involved and the second is that the sum
>~ nS(n) = M is fixed — this is the analogue of the length
of MacArthur’s stick and it is the total number of alien
establishments over the 16 sites available to us. It is of such
importance that we have given it a name; the ‘alien foot-
print’ introduced earlier. When Eqn 1 is maximized with
respect to all §(n) subject to these constraints, the most
probable distribution of species over the number of sites 7
at which they are found is given by
S(n) = Sy exp(—fin). Eqn 3

The mathematical constraint on the number of natural-
ized establishments M, = > nS(n), which is also the sum
of site diversities, implies a biological constraint. The rate at
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which the exponential decreases is controlled by the
mean alien footprint 7= ) 5,7/S =M, /S, the number of
sites reached averaged over all species, and in Eqn 3
the value of f is determined by the value of
1/a(f=—In(1 —1/(s. — 1)); see Fig. 1. The constants
So and P are obtained from Eqn 3 by evaluating the sums
over S(n) and over #nS(n). This is discussed in greater detail
in Notes S2.)

Thus the observed exponential in Fig. 1 is reproduced by
two ecological assumptions. The first assumption is that the
alien footprint has a fixed value (it is a conserved quantity)
and the value is determined by ecological constraints. The
second assumption is that the nature of the world is such
that Eqn 1 is indeed proportional to the probability of find-
ing some specified configuration; there is a sense in which
species are equivalent. Any other ecological forces then do
not affect this distribution.

The distribution of sites over species Fig. 3(a) shows the
distribution of the number of pairs of sites over the number
of naturalized species common to both and is again an
exponential. This distribution follows from the subsidiary
ecological assumption that Eqn 1 is proportional to the
probability of finding some specified configuration of pairs
(s, in Eqn 1) over 7 species in common; that there is a sense
in which sites are equivalent. A constraint equivalent to the
length of MacArthur’s stick is wholly determined by the
exponential distribution S(n) for S(7) species over 7 sites; it
is that the sum of the number of pairs with 72 alien species
in common multiplied by that number 7 of common spe-
cies is constrained. This sum is easily evaluated. Pairs can be
chosen from a set of # sites in n(n — 1)/2 different ways
and so a species found at 7 sites will also be found at
n(n — 1)/2 pairs of sites. Summing over all 7 yields a total
overlap measure M, given by My= > n(n—1)S(n)/2
which counts up all pairs of sites and sums the number of
common species over all pairs and is thus the required sum.
Because S() is already determined, A, is fixed, essentially
by the same biological constraints that limit A/;. The coeffi-
cient in the exponential in Fig. 3(a) is given by the number
of pairs (120) divided by the overlap measure M.

Our hypotheses now allow us to predict that the distribu-
tion of triplets of sites over the number of species common to
all three will also be exponential and with parameters given by
the numbers S(7) for the distribution of species over the num-
ber of sites. The quantity M= > n(n—1)(n—2)S(n)/6
is the analogue of M, and is again fixed; we obtain an
exponential distribution with coefficient equal to the number
of triplets (560) divided by 5. This is shown in Fig. 3(b),
together with the exponential for quadruplets, with a coeffi-
cient given by the number of quadruplets (1820) divided by
the analogous moment Ay, in Fig. 3(c). The calculated
exponentials are again in agreement with the data and support
our hypotheses.
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Finally, consider the distribution of single sites over the
number of naturalized species. The mean number of species
per site is given by M;/N (> nS(n)/N), the alien foot-
print divided by the number of sites, and this singlet
distribution is also exponential under the statistical assump-
tions. With only 16 sites the distribution is not very well
defined by the data, but maximum likelihood and a
Kolmogorov—Smirnov test (Khamis, 2000) show them to
be consistent with being drawn from the exponential
(P> 0.2).

The distributions of sites over species and of various
muldplets of sites holding species in common all contain
information. The exponentials observed show that in every
case the distribution corresponds to the maximum amount
of missing information (the distributions most likely to be
encountered) after fixing the alien footprint.

The ecological implications of the success of our assump-
tions in reproducing the observed distributions are first that
the overlap measures M, are fixed (already ensured by the
form of the distribution of species over sites) and secondly
that sites are (without constraints) indifferent to the classes
of the number of species, that pairs of sites are similarly
indifferent to the classes of the number of species held in
common, and so on; Eqn 1 is applicable to all these classes.
Thus, within our model, these distributions imply that sites
are in some sense equivalent, just as the distribution of
species over sites implies an equivalence of species.

Discussion

While it is widely observed that, in nature, species are
generally restricted in distribution and relatively few species
are widely distributed (Pielou, 1979; Brown, 1995; Gaston,
2003), no definitive quantitative pattern of species distribu-
tion has previously been revealed (Gotelli ez al., 2009). The
number of species S(7) at 7 sites might fall with 7 in many
different ways, and the exponential observed here is new
information concerning the ecological processes responsible.

The distribution of species naturalizations contains an
analogue of the mean energy term 47 in the theory of gases
in the mean alien footprint, the mean number of sites
reached over all species. With a fixed number of naturalized
species, increasing the mean number of sites per species (72)
dictates an increase in the average number of species per
site; for a given number of species distributed among a
given number of sites, the sum of sites over naturalized
species is equal to the sum of species over sites. For natural-
ized species we suggest that the determinant of this fixed
number of alien establishments, an ecological analogue of
thermodynamic temperature 7, may be associated with pro-
ductivity, in the light of the relationship between plant
species naturalization rate and increasing NPP over time
(Woodward & Kelly, 2008). An increase in productivity
would then increase this ‘ecological temperature’, to produce
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a new most probable exponential in which species are found
at more sites, and more species are found per site. This would
be so regardless of whether the total number of naturalized
species increases or not (where the number of species does
not increase, the analogue is heating a box of gas from out-
side; where the number of species increases, the analogue is
an injection of hotter gas into the box).

The fixed nature of the number of naturalizations does
not imply that no further naturalizations are possible; such
an extreme interpretation is not necessary. The model is not
likely to be perfect and the world is not likely to be in equi-
librium. There are also stochastic effects with a sample of
only 16 sites. Finally, we envisage the lid on the total num-
ber of naturalizations being raised as global climate changes.

The relevant point is that the dynamic ‘relaxes’ rapidly
into the (quasi) equilibrium configuration, achieving a new
maximum number of species within the time scale over
which changes in productivity occur. Evidence for this may
be found in the observed exponential itself and, indepen-
dently, in the close tracking of NPP by local (site)
naturalization rates shown in Woodward & Kelly (2008)
using a large proportion of the data included here
(Notes S3: The nature of equilibrium). In this picture, bio-
tic resistance is best portrayed as a moving ceiling
responding to generally increasing productivity levels; the
apparent ‘failure’ of biotic resistance is rather a reflection of
its innate character. In such a picture, the current escalation
of species naturalizations, carrying with it potentially
destructive invasive weeds (Rejminek & Randall, 2004;
Ricciardi & Kipp, 2008), will continue as long as NPP con-
tinues to increase, a phenomenon generally attributed to
ongoing global climate change and potentially tied into
increasing concentrations of atmospheric carbon dioxide
(Woodward & Kelly, 2008).

Our central premise in obtaining the most probable
distributions by maximizing Eqn 1 is that, without the
specified conditions, every object (species or sites or groups
of sites) has the same probability of being in any class. From
the observed exponential distribution of naturalized species
over sites, we infer that every species in our data set has the
same @ priori probability of being in any class and all
arrangements corresponding to a given configuration are
equally probable, similarly for sites over species. One eco-
logical model of this would be that every species is identical
and further that every site is identical; the wide range of
environments and species comprising our data set and the
reported variety of mechanisms for individual cases of natu-
ralization (Mack et al., 2000; Mitchell ez al., 2006) disallow
this assumption.

A reasonable basis for the observed distributions and the
consequent inference of independence in the action of the
component species and sites is provided by the concept of
idiosyncrasy (Pueyo ez al., 2007). Idiosyncratic species are
each governed by a single ecological model, of which there
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are very many — each has a unique, highly complex niche.
This implies that any species plucked at random has the
same probability of ending in the class characterized by that
species being found at 7 sites. Like Hutchinson’s (1957)
classic ‘z-dimensional hypervolume’, idiosyncratic niches
contain the full range of factors permitting a species to
persist at a site, environmental conditions, competitors,
consumers, infectious diseases and mutualists as well as
resources. With this definition, the distribution of natural-
ized species over the number of alien sites reached (7) is
given by an exponential once we maximize the number of
equivalent configurations with Eqn 1. Similarly, the distri-
bution of (idiosyncratic) pairs of sites over classes defined
by the number of species in common is given by an expo-
nential once the number of configurations is maximized.
That potential species (and potential niches) are so varied is
the underlying assumption of the idiosyncratic model of
species abundance, so that ‘the bits of information which
are different in different (ecological) models cancel out
(Pueyo et al., 2007).

Previous applications of statistical mechanics to community
assembly have focused on the lognormal distribution of indi-
viduals over species within a guild (ecologically similar taxa)
of a single community, and so have not had information
necessary to discriminate between neutral and idio-
syncratic explanations (although recent analyses have
demonstrated that even highly similar co-occurring species
cannot be assumed to meet the fundamental neutrality
criterion of species interchangeability; Kelly ez 2/, 2008,
2010; Leibold, 2008). The relation between our treatment
of naturalized species, Pueyo ez al. (2007) and other recent
works employing statistical mechanics in ecology (Pueyo,
2006; Dewar & Porté, 2008; Harte ez al., 2008; Bowler &
Kelly, 2010) is discussed in Notes S4: Statistical mechanics
in ecology.

Independent evidence ties our findings directly into the
fundamental nature of community assembly: free-living
heteroflagellate communities show a similar exponential
distribution of species across sites (Lee & Patterson, 1998),
as do tree species from the tropical deciduous forest of
México (Trejo & Dirzo, 2002). This is not particularly sur-
prising: the relationship between productivity and diversity
in naturalized species reported in Woodward & Kelly
(2008) suggests general correlation of species diversity with
productivity and the determinants of productivity
(Mittelbach ez al, 2001; Hawkins ez /., 2003; Gillman &
Wright, 2006; Kreft & Jetz, 2007). The natural inference is
of a similarly general directionality between productivity
and diversity, an inference in accord with recent theoretical
treatments relating diversity to both complexity and pro-
ductivity (Tokita, 2004, 2006; Dewar & Porté, 2008;
Harte et al, 2008). At smaller scales, the reverse has been
observed, with productivity apparently causally affected by
diversity (Flombaum & Sala, 2008). Scale dependence in
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the directionality of the relationship is an intuitively satisfy-
ing integration of these differences, with productivity
determining the population process of species entry as pro-
posed in Tilman (2004), along the major axis of the
relationship, and filtering of species (sampling) through
subsequent species interactions affecting the variation at any
particular point along that axis as in Flombaum & Sala
(2008).

In conclusion, the primary result of our treatment of
species naturalization is a new view of the fundamental pro-
cesses governing community assembly and diversity —
identifying the significance of the alien footprint, the impli-
cations of a causative role for productivity and the rapidity
with which equilibrium species number can be reached —
but it also generates subsidiary insights. Regardless of the
extent to which an assumption of idiosyncrasy holds, the
data of Figs 1-3 make it most unlikely that any single
pronounced signature will reveal species that can easily nat-
uralize; while there may be geographically or taxonomically
local generalities, no one solution will be universal, consis-
tent with recent reviews of empirical species naturalization
studies (Mack et al, 2000; Mitchell er al, 2006). The
implication of species idiosyncrasy also provides an explana-
tion in the same vein for the general observation that the
majority of species have a restricted distribution and few
species are widespread over many sites; this pattern is an
emergent property deriving from the fundamental nature of
niches themselves, and does not require the operation of
any particular trait of any specific niche (cf. Brown, 1984,
1995). We have shown here a quantitative (exponential)
character to that general observation, making possible an
analytical tool carrying with it a degree of rigor not previ-
ously available to the comparative study of species’
distributions.
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