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A decade has now passed since Hubbell published The
Unified Neutral Theory of Biodiversity and Biogeogra-
phy. Neutral theory highlights the importance of dispers-
al limitation, speciation and ecological drift in the natural
world and provides quantitative null models for asses-
sing the role of adaptation and natural selection. Signifi-
cant advances have been made in providing methods for
understanding neutral predictions and comparing them
with empirical data. In this review, we describe the
current state-of-the-art techniques and ideas in neutral
theory and how these are of relevance to ecology. The
future of neutral theory is promising, but its concepts
must be applied more broadly beyond the current focus
on species—-abundance distributions.

The mystery of biodiversity

Imagine yourself deep in a tropical rain forest or floating
over a coral reef surrounded by thousands of interacting
species. How can so many species coexist? The traditional
answer is that all species differ in important ways [1], so
that each species is limited by a unique set of factors.
Adaptive trade-offs prevent the evolution of super-species
that are better at doing everything. Classic ecological niche
theory captures the unique roles of species and, conse-
quently, is often complex and parameter rich, but is all
this detail really necessary? Niche assembly is supported
by abundant case studies, but how universal is it? These
are the kinds of question that motivated Hubbell to write
The Unified Neutral Theory of Biodiversity and Biogeogra-
phy [2]. Here, we discuss the past, present and future of
neutral theory, with a particular focus on recent advances,
directions for future research and the utility of the theory
in a general ecological context.

The history of neutral theory

Neutral theory makes a controversial ‘neutrality assump-
tion’: all individuals within a particular trophic level have
the same chances of reproduction and death regardless of
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Glossary

Beta-diversity: also known as distance-decay; the probability as a function of
distance between two individuals that they will be of the same species.
Coalescence: a technique developed in population genetics for simulating or
analytically solving properties of a sample of individuals by tracing their
ancestry back to their common ancestors.

Dispersal kernel: a statistical distribution describing stochastic dispersal events
by giving the probability of dispersal as a function of distance.

Dispersal limitation: a process that causes the location of an individual to be
restricted in some sense by the location of its parent. In the common
application of neutral models to tropical forest trees, this could be regarded as
‘seed limitation'. It has been further noted that ‘recruitment limitation’ might be
a better term because only individuals of adult reproductive age are usually
modelled. In the context of the spatially implicit neutral model, dispersal
limitation is given by parameter m, which measures the relative importance of
regional dispersal processes from the metacommunity compared with local
processes of birth and death in the local community [17].

Fat-tailed distribution: a statistical distribution favouring rare, yet erratic draws
very far from the mean. Mathematically, the tails of a ‘fat-tailed’ dispersal
kernel have power-law decay (rather than exponential decay) and can have an
infinite variance.

Fundamental biodiversity number: a parameter 6 = Jy %, describing the
behaviour of the metacommunity in a neutral model. Sometimes approxi-
mated to 6~ Jyv when v (the per capita speciation rate) is small. Where
generations are not overlapping, so that all individuals in the model die and are
replaced together, 6 =~ 2Jyv.

Fundamental immigration number: captures dispersal limitation in a more
logical way than with the parameter m. The fundamental immigration number /
is given by / = %

Individual-level neutral model: all individuals are equivalent and distinguished
only by their species labels. Species can be different insofar as they might have
different abundances.

Metacommunity: in the classic neutral model, the metacommunity is a well-
mixed source pool of individual organisms, each with potential to give rise to
offspring in the local community patch being studied. The parameter Jy is
typically used to describe the number of individuals in the metacommunity.
Non-spatial: a model is non-spatial if the spatial structure of the system is not
considered; in the context of neutral theory, this means that all organisms are
well mixed in space and their positions are unknown and/or unimportant.
Protracted speciation: a mode of speciation where speciation is a gradual
process rather than an instantaneous event.

Sampling theory: a theory that takes into account the effect of sampling a small
proportion of the much larger natural system.

Spatially explicit: a model is spatially explicit if spatial structure is fully
accounted for in the model. In the context of neutral theory, the position of
each individual in space would be known explicitly and the dynamics of the
model would reflect this spatial structure.

Spatially implicit: a spatially implicit model is in between non-spatial and
spatially explicit: there is some limited spatial structure. For example, the
classic neutral model is spatially implicit and does not take into account the
exact spatial location of each individual, but it does classify individuals as
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belonging to one of two distinct spatial scales: the local community or the
larger metacommunity.

Species-area relationships (SARs): the relationship between area and the
species richness observed in that area.

Species-level neutral model: all species are equivalent; they have the same
chance of immigration, extinction and speciation.

Symmetric model: take individual organisms labelled as belonging to species
X or species Y. In a symmetric model, all Xs and Ys can be switched without
having any effect; in such models, species have no unique properties.
Symmetric models could be individual or species based, but in the former
case the species labels would have to be swapped for all individuals of the
given species.

Tri-phasic SAR: a form of SAR with three distinct phases (in log-log space) a
curve down at small scales, a straight line at intermediate scales and a curve up
at large scales to a limiting gradient of unity.

their species identity [2]. Kimura pioneered the idea in a
different context with his neutral theory of molecular
evolution [3]. His intent was to model changes in allele
frequency at a locus where all the alleles were selectively
‘neutral’, so that substituting one allele for another did not
affect the fitness of an individual. The ecological counter-
part [4-6] assumed neutrality of individuals within com-
munities rather than of alleles within populations, but the
parallel with neutral models of alleles later proved useful
for developing methods for neutral theory in ecology. From
here on, ‘neutral theory’ refers to that of ecology.

The next significant advancement came 20 years after
publication of the early papers [4-6] on neutral theory and
began to consider spatial structure [7-9], which led ulti-
mately to the publication of neutral theory in its classic
form in 2001 [2]. The classic neutral theory has a meta-

Box 1. The classic neutral model
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community (well-mixed source pool of potential immi-
grants) and a local community. Within the local
community, local extinction and immigration from the
metacommunity are in equilibrium (Box 1). This spatially
implicit (see Glossary) structure was inspired by
MacArthur and Wilson’s theory of island biogeography
[10], which proposed that species richness on an island
was determined by a dynamic equilibrium: a balance
between local extinction and immigration.

Interpreting fits to empirical data

Most empirical evaluations of neutral models have focused
on fitting the classic neutral model to species abundance
distributions [2] (Box 1). Substantial improvements in the
fitting methods have been developed since the early work
(Box 2); in fact, one great benefit to the classic neutral
model is that its simplicity allows a likelihood-based
framework for fitting data [11-14]. Here, we do not attempt
to enumerate the many fits that have been carried out [15],
but instead focus on what they mean in a general ecological
context.

Strikingly similar species abundance distributions and
species—area relationships (SARs) appear across very dif-
ferent communities. The processes responsible for these
patterns are probably those that are common to a wide
variety of different systems; those driven by species-spe-
cific qualities do not seem probable candidates because
they would change in different communities. Neutral the-
ory is thus a good starting point for an explanation of the

The classic neutral theory models a local community containing J
individuals. One of these individuals, chosen at random, dies and is
replaced at every time step. The replacement is an offspring of
another randomly chosen individual from the local community,
occurring with probability (1-m), or offspring from a randomly
chosen individual from an outside pool of individuals known as the
metacommunity with probability m. The parameter m is thus a
measure of dispersal limitation (Figure I). One problem with m is
that it does not translate into dispersal limitation in the most
logical way: a small local community also involves a much smaller
flux of immigrants for the same value of m. An alternative
parameter [ = m<J 1> accounts for this and is therefore often used
instead of m.

The metacommunity itself contains Jy individuals and the theory
assumes that its species abundance distribution does not change at
the local community timescales. A process similar to that in local

communities determines the distribution of species abundance in the
metacommunity, but replacement individuals are offspring from a
randomly chosen individual in the metacommunity, except in the
case of a speciation event. Speciation occurs with probability v; a so-
called ‘point mutation’ speciation event, such that the replacement
individual founds a new species. Neutral theory characterises the
sampling distribution of species abundances in a metacommunity of
size Jy and speciation rate v entirely by a single composite parameter
6 = Jm 7%, known in neutral theory as the fundamental biodiversity
number (Box 2). This is often written simply as 6 = Jyv, which is an
approximation for small speciation rates. When the entire community
rather than a single individual dies and is replaced (non-overlapping
generations), 0 =~ 2Jyv [93]. Several variations of the model exist that
generate mathematically exact predictions for macroecological
patterns, such as species abundance distributions and species
accumulation curves (Box 2).
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Figure I. The mechanics of neutral theory in the local community. In this example, J= 20 so the probability of the indicated individual dying is zlo, the probability of birth

happening within the local community, as indicated in the third panel, is (1 —m)%e

for each living individual and the probability of immigration is m. Exactly the same

dynamics occurs in the metacommunity, except that the process of speciation replaces immigration and, thus, v is used instead of m.
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Box 2. Analysis and fitting of the classic neutral model
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Because neutral theory is a sampling theory, it makes predictions
about species abundances in samples of communities. This is often
more useful than making predictions for entire communities, which
are rarely fully sampled in reality. Much of the earlier mathematical
work calculated and then fitted the expected values predicted by the
neutral model. This was done by summarising the classic neutral
model framework mathematically in a master equation [94-96]. The
master equation describes the dynamics of abundance of an arbitrary
species in the community as a function of the transition probabilities
between different abundances of the species. Because all individuals
are demographically identical, these dynamics also characterise the
distribution of abundances of all species in the community. The most
rigorous comparisons with abundance data require more involved
multivariate likelihood methods, which did not appear until later [13].
These methods, based on coalescence, gave the likelihood of the
model producing exactly the empirically observed species abundance
distribution and represent the most accurate method to fit the classic
neutral model with empirical abundance data.

In the special case of no dispersal limitation, the likelihood
equations reduce to Ewens’ sampling formula [97], which was
developed in population genetics and pre-dates ecological neutral
models. In this case, species richness Sis a sufficient statistic because
the fundamental biodiversity number 6 can be found from Equation

(1):

J 0
S=;0+k71 (i

The abundance distribution has no influence and thus provides a
parameter-free test because species abundances conditioned on
sample size and richness must follow a prescribed distribution that
one can compare against real data. An equivalent test in the dispersal
limited case (m <1) has recently been perfected [53]. One must first
find optimal values of the parameters that maximise the likelihood of
reproducing the data, then generate simulated data sets using these
same parameters (Box 4). The likelihood of each generated data set is
then compared with the likelihood of the real data; if the likelihood of
this empirical data is around the median of the artificially generated

universal patterns in species abundance distributions and
it has indeed been successful at this [2]. It does not follow
that species-specific qualities are absent in the real world,;
instead, it suggests that their effects do not penetrate the
foggy lens of the summary statistics being studied. This
might explain how a neutral model can effectively fit data
from a non-neutral world.

Many different models can explain the same sampled
species abundance data [16-18]. Even models based on
neutral theory, but introducing a particular niche struc-
ture, give mathematically identical results to the classic
neutral model at large spatial scales [19,20]. On the one
hand, this implies that neutral models are robust to the
introduction of certain niche structures, but on the other
hand, it means that species abundance data will not always
be able to distinguish various models.

Neutral theory has an advantage over the many al-
ternative models of species abundances: it can also pre-
dict other ecological patterns. To make more powerful
inferences from neutral theory, an important step will be
to exploit this ability and combine fitting of species
abundances with temporal dynamics of abundance
[21,22], SARs [23,24], or phylogenetic data [25]. It is
sometimes found that the classic neutral model fails to
match patterns; for example, spatially explicit patterns.
However, in the next section, we show that this can often

342

likelihoods, the fit is good. Similar procedures have since been
developed for more complex versions of the model, such as when
multiple local communities are linked to the same metacommunity
[63,65] or when other speciation mechanisms are considered
[34,36,37,98].

The statistical properties of the likelihood formula for the classic
neutral model indicate there are often two local maxima in parameter
space and a ridge corresponding to an isocline of species richness in
(6, m)-space (where m is dispersal limitation) along which the
likelihood is relatively constant (Figure 1). This illustrates limitations
to the inferences that one can make from species abundance
distributions alone.
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Figure I. The likelihood surface shown in colours as a function of dispersal
limitation m and the fundamental biodiversity number 6. Red and yellow colours
represent parameter combinations that are most likely to produce the observed
data. The uncertainty in these parameters, especially along the isocline of
constant species richness, is clear. Reproduced from figure 3 in [93] using data
for tropical forest trees from Barro Colorado Island. With kind permission from
Springer Science and Business Media.

be solved by relaxing the other assumptions of the model
while retaining its neutrality. If a new factor introduced
to the model produces a dramatic improvement in its
performance, then it is likely that the new factor is
important. For example, fits of species—area curves by
neutral models were not realistic [26,27] until long-dis-
tance dispersal was incorporated [28] (Box 3). This sup-
ports the general concept that long-distance dispersal is
important [29].

The other assumptions of the model

Classic neutral theory includes several ‘auxiliary assump-
tions’, unrelated to neutrality [30], which can cause the
model to fail for reasons other than its neutrality and draw
attention away from the key issues. It is therefore desir-
able to remove these auxiliary assumptions.

Zero-sum assumption

The classic neutral model assumes that replacement of
dead individuals occurs immediately: the zero-sum as-
sumption [2]. However, when species instead have inde-
pendent dynamics, the same species abundance
distribution and the same relationship between sample
size and species richness still arise [17,31,32]. Species
independence even causes the same relationships when
a specific form of niche structure is introduced [20].
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Box 3. Neutral model predictions
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Neutral models make many rich predictions, here we discuss the best
known of these. Although neutral models can make extremely varied
predictions, some patterns are outside their scope. For example,
distributions of the traits and interactions of species between trophic
levels require non-neutral models because they fundamentally
involve species differences. If species differences are not themselves
the object being studied, then the first attempt at a simple model
need not include species differences; similarly, if commonness and
rarity of species is not the subject of a study, then the first attempt at a
simple model need not be individual based (e.g. MacArthur and
Wilson’s model of island biogeography [10]).

Relative species abundances

Relative species abundances are the best known predictions of neutral
theory. Most empirical species abundance distributions are either log-
series like or log-normal like. In the spatially implicit version of neutral
theory, the metacommunity follows a log-series distribution and the
local community follows a zero-sum multinomial distribution, (or
dispersal-limited multinomial distribution). This distribution entails
fewer rare species than does the log-series and it looks like a skewed
log-normal distribution (Figure I). It is this flexibility of the classic
neutral model to reconcile the log-series and log-normal distributions
that allows it to fit empirical data well and arguably with greater
flexibility than some spatially explicit versions of the model [52].

SARs

The relationship between area A and species richness S (SAR) typically
exhibits a power-law relationship Sx A at intermediate spatial scales,
forming a straight line in log-log space. The power law is not expected
at the smallest scales, where the SAR curves down, or at the largest
scales, where the SAR curves up, so that a ‘tri-phasic’ S-shape is
formed overall [2]. The voter model reproduces the larger scale

behaviour of empirical SARs [63,64]. Voter models cannot, however,
capture the behaviour at scales similar to the dispersal distance
because the dispersal distance is just one grid space, which is also the
smallest length explicitly modelled: the model has no resolution finer
than the dispersal distance. The primary reason for a decelerating curve
at the smallest scales in nature is the differential sampling rate of
common and rare species, which can be seen even in a spatially implicit
neutral model [2]. To explain the complete tri-phasic SAR requires a
spatially explicit neutral model with dispersal beyond the nearest
neighbours. This was first shown for intermediate dispersal distances
in relatively small communities [99], then more generally for all but the
smallest dispersal distances in an infinite community [26]. This model
is qualitatively correct, but the fit to empirical data is relatively poor and
cannot be resolved even with small speciation rates [27]. A good fit to
data (including an appreciable region of the SAR that follows the power
law) requires not only smaller speciation rates, but also ‘fat-tailed’
dispersal kernels [28] that exhibit a greater probability of dispersal over
long distances and are generally considered more realistic than the
alternatives [29] (Figure I).

Beta-diversity

Analytical results for spatially explicit neutral theory were derived for
beta-diversity, the probability that two individuals will be conspecific
as a function of their separation [65]. These analytical results use an
infinite community size and predict a steady decay with distance.
Observations, however, show a bi-phasic decay curve [100], with fast
decay of similarity on short distances (<0.1 km) and slow decay on
large distances (to >1000 km). Zillio et al. [64] showed that these bi-
phasic curves can easily be explained by a symmetric model that
includes local conspecific density dependence that weakens to
neutrality beyond the local area.
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Figure l. Some of the varied predictions from neutral models: (a,b) show species abundance distributions from the spatially implicit neutral model local community and
metacommunity respectively, under both point mutation speciation (z = 0) and protracted speciation (with transition times r given by 7= 10% 10%). (c,d) show example
maps of species for the spatially explicit neutral model with nearest neighbour dispersal and Gaussian dispersal, respectively. (e) shows distance decay (beta-diversity)
for a spatially explicit model. (f) shows SARs for the spatially explicit neutral model with Gaussian dispersal kernel and ‘fat-tailed’ dispersal kernels. Here, 5 represents
how fat tailed the dispersal kernel is with n = —4.4 representing the greatest proportion of long-distance dispersal events. (a,b) was produced using formulas from [18],
(c,d) by simulation (Box 4) inspired by [99], (e) using the formulas from [65] and (f) replotted with permission from [28]

Point mutation speciation assumption

The way in which speciation is modelled in neutral theory
has received much attention [33]. The original neutral
model assumes a ‘point mutation’ mode of speciation,

where, with each birth in the metacommunity, there is a
small probability v that the newborn founds a new species
[2]. Without speciation to replenish species, gradual extinc-
tions owing to drift guarantee that only a single species
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remains; the point mutation model is the simplest way to
avoid this. An apparently more realistic alternative is
random fission speciation, in which populations split into
two daughter species at random [2]. Etienne and Haege-
man [34] recently noted that this produces identical results
to MacArthur’s broken stick model [35], which was moti-
vated by random apportioning of limiting resources to
niches that would then dictate relative species abun-
dances. Surprisingly, point mutation speciation fits empir-
ical data much better than do random fission and a variety
of other alternatives [34,36,37]. This suggests that actual
species may arise as fairly small populations [38].

Point mutation speciation produces many species whose
lifetimes are far too short, whereas random fission specia-
tion produces mean species lifespans that are too long [39].
These problems were initially linked to the neutrality
assumption [39]. Hubbell and Lake resolved this by bridg-
ing the gap between point mutation and random fission
speciation with ‘peripheral isolate’ speciation, which
allowed new species to arise with founding abundances
given by a normal distribution [40,41]. Although peripher-
al isolate speciation has never been fitted to data, a special
case introduced new species with a fixed founding popula-
tion size greater than one and was successfully fitted to
Foraminifera metacommunity data [42].

Rosindell et al. recently proposed a model of ‘protracted
speciation’ [18], in which speciation is not instantaneous,
but a gradual process beginning with the creation of an
‘incipient species’ or ‘variant’. Variants are considered
conspecific with their parent species until a transition time
has passed, after which they become good species. Pro-
tracted speciation provides fits to local species abundance
distributions at least as good as those of point mutation
speciation, while allowing for realistic mean species life-
times by effectively increasing the founding abundances of
new species.

The fact that the most common species would be too old
in a neutral model [6,43-45] is attributable primarily to the
slow pace of random drift, rather than to the mode of
speciation and is very different from issues regarding mean
species lifetimes. Environmental stochasticity, which
causes the total community size to fluctuate, increases
the turnover of common species, and suggests a promising
solution to the problem [42]. It has been noted that selec-
tion is required for speciation to occur at the realistic rates
in neutral models (Desjardins-Proulx, P. and Gravel, D.,
unpublished data); species-level neutral models of specia-
tion might therefore be regarded as phenomenological, or
even as implicitly including some effects of selection at the
within-species level. Neutral theory can be used as a
foundation for more advanced speciation models that in-
clude explicit genetic details [46,47]. This work forms a
useful link between community ecology and genetics, al-
though complexity of the more detailed models is presently
too great to allow simulations of sufficient size for accurate
quantitative comparisons with data [46].

Spatially implicit spatial structure

Dispersal limitation is central to neutral theory and impor-
tant for determining species abundance distributions even
in niche-based models [48]. Although there are species
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differences in dispersal ability [49], a neutral model can
be used conveniently to study the effect of species being
dispersal limited where all species have the same dispersal
abilities. The further effects of species having differing
(rather than identical) dispersal abilities can only really
be quantified in comparison with the neutral case.

When trying to explain non-spatial patterns, such as
species abundance distributions, it is natural to start with
spatially simple models. The spatially implicit neutral
theory captures dispersal limitation in a mathematically
tractable way, but only approximates the spatially explicit
reality of dispersal in actual communities. In the classic
neutral model, the local community is dispersal limited
from a panmictic metacommunity, but the metacommunity
is, in reality, just a collection of local communities, so it
seems inconsistent to assume a homogeneously mixed
metacommunity [30]. The parameters of the classic neutral
model have biological meaning, but performing a fit of the
model to data remains the only way to measure the param-
eters easily. To convert between the dispersal limitation
parameter m and the dispersal kernel, one must draw
repeatedly from the dispersal kernel, counting the number
of immigrant individuals that enter the local community
from outside [13,50]. The fundamental biodiversity num-
ber 0 =~ Jyv depends on the speciation rate v and the
metacommunity size Jy. The metacommunity size, in
particular, cannot easily be measured (but see [51]) and
might not really be indicative of the total number of
individuals that could disperse into, and survive within,
the local community. Spatially explicit models are a signif-
icant improvement as they have speciation rate v, spatial
structure and dispersal probabilities (most often just a
dispersal kernel) as the only parameters and, thus, direct
biological interpretations come more naturally, although v
will be difficult to quantify. Fitting the spatially implicit
neutral model to data produced by a spatially explicit
neutral model provides a way to put the spatially implicit
parameters 6 and m in context [52]. Given that the data
being fitted were artificially created, the parameters for
speciation rate v and dispersal distance D are known and
can be compared with the spatially implicit model param-
eters that produced the best fit. Surprisingly, both the
fundamental biodiversity number 6 and dispersal limita-
tion parameter m depend strongly on dispersal distance D
and only weakly on speciation rate v.

Spatially explicit models

There is a trade-off between the generality of the predic-
tions of a model and the inclusion of extra details, which
requires careful consideration, particularly when develop-
ing spatially explicit neutral models. One simple and
generic extension to the classic neutral model was the joint
consideration of more than one local community connected
to a single metacommunity [53-55]. Volkov et al. [56]
similarly considered several local communities, but they
combined them to provide a more realistic description of
the metacommunity. A different approach to the artificial
distinction between the metacommunity and local commu-
nity scales was to introduce a continuum model [16].
Further developments in the form of networks of patches
are more realistic extensions to these ideas [57-59]. This
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Box 4. Coalescence simulations
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To simulate neutral models traditionally, one starts with an initial
condition and then applies the rules of the model methodically,
taking the system forward until one reaches an equilibrium. This is
extremely slow and the total size of the simulation is severely limited
by computer memory. One can study neutral models more efficiently
by using simulation methods from coalescence theory [67] borrowed
from population genetics (Box 2). Although coalescence has long
been known to be useful for simulating neutral models [63,65,99], it
is only in recent years that its full power as a simulation method in
the neutral theory of ecology has been realised [68]. Coalescence
begins with a present-day sample from the community and works
backwards in time, applying the rules of the model in reverse. This
efficiently uncovers the ancestry of contemporary individuals in the
sample and can usually only be applied to neutral models. Crucially,
coalescence simulations are now limited not by the size of the
landscape being simulated, but by the size of the sample being taken
from it. This is extremely valuable because empirical data often
sample a tiny proportion of an extremely large system. Coalescence
thus provides a tractable way to simulate individual-based theory for
very large and complex spatial structures; no known alternative
model would be tractable in these situations. The algorithm
proceeds as follows:
(i) For each individual in the desired sample, define one lineage and
store it in memory with the spatial coordinates of the individual,
which are usually restricted to a grid or patch structure.

type of model has been applied to riverine fish communi-
ties, where it produced excellent fits to species richness
data [60]. A disadvantage of the network approach is the
difficulty in defining the network itself, but in the case of a
river and its tributaries, a clear topology is available.

The first fully spatially explicit neutral models where
the unique position of each individual in space was explic-
itly modelled, were ‘voter models’. These were based on a
discrete grid of individuals that could disperse only to
neighbouring sites [61], and have yielded some analytical
solutions [62]. Whereas voter models could predict pat-
terns such as SARs [63,64], their predictions could not
capture the behaviour of the model at scales smaller than
the dispersal distance. More recent extensions of the con-
cept use dispersal kernels that allow dispersal over greater
distances; these can explain spatially explicit patterns
such as beta-diversity [65] and SARs [26,28] (Box 3).
Although most applications of spatially explicit theory
are to predict patterns that cannot be approached with
spatially implicit theory, there is still a need to study
spatially explicit predictions of species abundance distri-
butions.

Spatially explicit models present a greater challenge for
analysis than do spatially implicit models. A promising
technique based on quantum field theory was recently
introduced [66]. This approach provides an analytical so-
lution to the SARs of a fully spatially explicit neutral
model. Unfortunately, it cannot yet deal with either species
abundance distributions or fat-tailed dispersal kernels. If
no analytical solutions are available, the only alternative is
simulation, which is best done by coalescence (Box 4) based
on a population genetics framework [67,68]. Coalescence
can comfortably simulate large (even infinite) and extreme-
ly complex spatially explicit and temporally changing
environments under neutral theory (Box 4) and can output
species richness, abundance and many other patterns (Box
3). To our knowledge, no other individual-based model

(ii) Identify the individual that was most recently born. If one works
back in time, one identifies this individual as the one that will
disappear (be un-born) first. Choose the individual according to a
(discrete) uniform distribution from all the lineages being traced
(initially the sample size, but later less than this). Deaths of other
lineages are of no relevance. This is equivalent to the forwards-in-
time step in which one chooses an individual at random to die
and be replaced.

(iii) One is now interested in the location of the maternal parent of the
chosen focal individual. This is chosen according to the dispersal
rules of the model, which usually means drawing from the
dispersal kernel, or choosing a patch based on a network topology.

(iv) If two lineages share the same position in space, then they have

coalesced; a common ancestor has been identified between two

groups of individuals in the ancestry of the sample and there is
now one fewer lineage to trace.

With each birth on a lineage, there is a probability v of speciation.

If speciation happens, tracing the lineage ceases as it is now

known that all of its decedents in the sample are conspecific with

each other and heterospecific with all others.

(v

The algorithm terminates once no further lineage is left to trace; at
this point, the exact species identity of each individual in the sample
should be known. If the algorithm does not terminate, steps (ii)
through (v) are repeated and the results then reassessed.

remains tractable for such large numbers of individuals
and high spatial complexity.

The future of neutral theory

The field has progressed considerably during the past 10
years, but what developments do the next 10 years hold in
store? In this section, we discuss the possibilities.

Island biogeography

MacArthur and Wilson’s theory of island biogeography
introduced the revolutionary idea that community species
composition is not static, but in continual dynamic turn-
over. The neutral theory of biodiversity can replicate these
results, but in addition incorporate species abundances
[22]. Recent work used an advanced form of protracted
speciation, where duration of speciation was linked to
dispersal, to model the distributions and abundances of
endemic and non-endemic species on islands [69]. The new
mechanistic model supports existing work based on verbal
models and correctly predicts the richness of endemic and
immigrant avifauna species on islands. Just as ecological
neutral theory has encouraged an artificially high interest
in the species abundance distribution, MacArthur and
Wilson’s island biogeography theory has focused too much
attention on species richness. New models are thus needed
that look beyond species richness on islands and neutral
models have the potential to fulfil this need [69].

Dynamics

Neutral theory also makes explicit predictions about the
time evolution of communities, but again little work has
been done in this area despite much potential ([70-72]). Keil
et al. studied population dynamics in a patch-based neutral
model [72] and showed that neutral theory can reproduce
Taylor’s power law relating the mean and variance in popu-
lation size for a given species. The rate at which species
richness accumulates as the period of observation increases

345



produce species-time relationships that have also been
predicted by neutral theory [73]. Vanpeteghem et al
[59,71] found an analytical solution to the time evolution
of Simpson’s diversity index under neutral theory. However,
more work is possible, especially studying the effects of
neutrality in dynamically changing environments.

Palaeobiology

The temporally explicit nature of neutral theory might
make it useful in palaeontological applications [74]. Neu-
tral theory could help to address the complex taxonomic
and other sampling issues that palaeontologists routinely
face. For example, Tomasovych and Kidwell recently used
the neutral theory framework, calibrated with data from
living taxa, to investigate the effects of time averaging on
fossil data [75]. Alternative modes of speciation can be
investigated where speciation rates depend on species
abundance rather than on species richness [36]. Further-
more, spatially explicit coalescence methods have the po-
tential to investigate the effects of variation in sample size
over time and space at large scales, including the possibili-
ty of accounting for preservation bias. An important ques-
tion is the extent to which biological changes result from
geographical interferences; neutral theory, with the use of
coalescence, has the unique ability to incorporate geo-
graphical events at large scales in the absence of selection,
a valuable tool that is not used perhaps only because it is
not widely known (Box 4).

Phylogenies

The birth-death model of diversification [76] and varia-
tions on it have dominated phylogenetic research for nearly
40 years. Surprisingly little has been done with neutral
theory to model phylogenies since its original publication
[2]. Neutral theory is able to make predictions about
phylogenetic patterns and the abundances of the species
involved. Methods are available for comparing these with
empirical data [25] based on Approximate Bayesian Com-
putation; these show that incorporating the balance of the
phylogenetic tree (a summary statistic encompassing the
evenness of splitting) into the fitting process is sufficient to
change substantially the estimated parameter values of
best fit. Other research shows that the phylogenetic trees
predicted by neutral theory are, similar to real data, more
unbalanced than that predicted by the standard species-
level birth—-death model [77,78]. However, neutral models
seem unable to capture the rate of diversification and its
variation with time in a reconstructed phylogeny [78]. This
problem therefore requires further attention.

Conservation

Relatively few publications on neutral theory appear in
conservation journals, suggesting that neutral theory has
little relevance to useful conservation applications [49]. We
suggest that the publication trend instead indicates that
the value of neutral theory in conservation has gone
unrecognised. Indeed, two papers appeared very recently
each showing different uses of neutral theory in conserva-
tion modelling [79,80]. Neutral models provide a baseline
expectation for important questions, such as the effect on
biodiversity of habitat fragmentation [70,79,81]. Halley
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and Iwasa [80] recently tested neutral expectations of
avifaunal extinctions following habitat loss and found that
the neutral model performs extremely well. Approximate
predictions of species loss under different scenarios of
habitat destruction can also be derived from the theory
[82], although we note that very different results might
have been obtained had protracted speciation instead of
point mutation speciation been used.

Neutral theory fosters stronger science by challenging
existing paradigms and their assumptions. For example, it
recently showed that seemingly identical communities
might not be redundant in the way that was previously
thought: their removal leads to a gradual cascade of extinc-
tions owing to dispersal limitation and ecological drift [79].
Although important conservation decisions should not be
based only on neutral models, neutral predictions could be
considered in addition to existing alternatives as they
provide a different perspective and highlight the influence
of other processes that are easily neglected.

Discussion

History has shown, not only in physics, but also in ecology,
that one can make considerable progress with simple
models. The ideal gas law, for example, is a good approxi-
mation, but there are no ‘ideal gases’in reality. The success
of the birth-death model of diversification [76], MacArthur
and Wilson’s theory of island biogeography [10] and Levins’
metapopulation model [83] are all testimony to the utility
of simple models in ecology and evolution. Neutral theory
follows this tradition.

Researchers in this field have been far too focused on
snapshots of species abundance distributions, and the
heated debate about the validity of the neutrality assump-
tion. This vigorous debate has now spanned a decade (see
[14,15,30,49,84-89] for reviews and opinions on both
sides). We suggest that the time has now come to put both
the theory and its criticisms into perspective and move
forward. To use the words of the statistician George Box
‘All models are wrong, but some are useful’. No ecologist
believes the world is really neutral. Proponents of neutral
theory simply assert that neutral models are of value as
another addition to the ecologist’s toolbox.

A measure of the usefulness of a theory is its ability to
fail in informative ways. Neutral theory provides a valu-
able null model [2,30], a baseline to compare with empirical
data and other models. If a neutral model is inconsistent
with data, one can learn something about what missing
biological factors are needed to improve it. It is harder to
draw such conclusions from complex models where, if a
rigorous comparison with data is even possible, failure
could equally result from inclusion of incorrect details. If
neutral theory does in fact fit observations, this does not
imply that the world is neutral, but it does call into
question both more complex explanations for the data
and the power of the data itself. For example, neutral
theory has fitted many empirical species abundance dis-
tributions and helped to highlight the limitations of species
abundance data.

Neutral theory can also be regarded as an approxima-
tion of biodiversity patterns and it remains tractable even
when faced with extremely large numbers of individual
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organisms and high levels of spatial complexity [68]. It can
thus be used as a first tractable attempt at modelling an
otherwise impenetrable problem [30]. For example, it is the
only model to explain the full tri-phasic SAR including the
power law as an emergent behaviour [28].

The possibility that neutral theory could contribute
significantly to the fields of phylogenetics, population dy-
namics, island biogeography, paleobiology and conserva-
tion has been suggested from the start [2], but hardly any
work has been done in these areas. It is our hope that
neutral models will start to be applied in these other areas
of study. There is need for further analytical results [66,90]
and simulation methods [68] if we are to achieve this goal.

Classic neutral theory represents the first step towards
improved models that might relax the auxiliary assump-
tions or the neutrality assumption itself. A topical example
is ‘symmetric models’ in which the outcomes of the model
are not affected by exchanging species labels. Neutral
models are symmetric, but symmetric models need not
be neutral and can encompass more biology. For example,
symmetric models might allow the birth and death pro-
spects of an individual to be influenced by the density of
conspecifics and heterospecifics in a different way [91],
even though the identity of the species does not matter.

Our first-hand view of nature shows the importance of
niches. However, these niches have dominated our atten-
tion and left less obvious, but still important processes
forgotten [92]. Perhaps the most important contribution of
neutral theory has been to highlight the key roles of
dispersal limitation, speciation and ecological drift, by
showing how much can be explained by these processes
alone without any niches or selection. We hope that neutral
theory will ultimately lead to a truly unified theory of
biodiversity [2], including the important effects of selec-
tion; this would be a tremendous asset to the field.
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