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Abstract The niche is a fundamental ecological concept that
underpins many explanations of patterns of biodiversity. The
complexity of niche processes in ecological systems, howev-
er, means that it is difficult to capture them accurately in
theoretical models of community assembly. In this study, we
build upon simple neutral biodiversity models by adding the
important ingredient of overlapping niche structure. Our mod-
el is spatially implicit and contains a fixed number of equal-
sized habitats. Each species in the metacommunity arises
through a speciation event; at which time, it is randomly
assigned a fundamental niche or set of environments/habitats
in which it can persist. Within each habitat, species compete
with other species that have different but overlapping funda-
mental niches. Species abundances then change through eco-
logical drift; each, however, is constrained by its maximum
niche breadth and by the presence of other species in its
habitats. Using our model, we derive analytical expressions
for steady-state species abundance distributions, steady-state
distributions of niche breadth across individuals and across
species, and dynamic distributions of niche breadth across
species. With this framework, we identify the conditions that
produce the log-series species abundance distribution familiar

from neutral models. We then identify how overlapping niche
structure can lead to other species abundance distributions
and, in particular, ask whether these new distributions differ
significantly from species abundance distributions predicted
by non-overlapping niche models. Finally, we extend our
analysis to consider additional distributions associated with
realized niche breadths. Overall, our results show that models
with overlapping niches can exhibit behavior similar to neutral
models, with the caveat that species with narrow fundamental
niche breadths will be very rare. If narrow-niche species are
common, it must be because they are in a non-overlapping
niche or have countervailing advantages over broad-niche
species. This result highlights the role that niches can play in
establishing demographic neutrality.

Keywords Niche overlap . Habitat heterogeneity .

Biodiversity . Species abundance distribution . Niche
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Introduction

Predicting the diversity and abundance of species is a core
goal of ecology and has inspired a substantial body of work
over several decades. Recently, ecologists have struggled to
resolve two seemingly contradictory observations regarding
biodiversity. On the one hand, the ecological factors maintain-
ing diversity are complex and encompass the influence of the
abiotic environment, interactions among species, and trade-
offs in the performance of species across environments
(Silvertown 2004; Holt 2009). On the other hand, in spite of
this complexity, simplified ecological models that assume that
species are similar (hereafter neutral models) provide surpris-
ingly accurate predictions for the diversity and abundance
of species observed in some ecological communities (e.g.,
Hubbell 2001; Volkov et al. 2007; Azaele et al. 2006;
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O’Dwyer and Green 2010; Halley and Iwasa 2011; Etienne
2005; Rosindell et al. 2010). To resolve these seemingly
contradictory observations, we need a theoretically sound
understanding of how ecological complexities such as niche
structure alter the predictions generated by relatively simple
neutral models.

A long-standing hypothesis in ecology is that biodiversity
patterns are best explained as arising from linked effects of
resource specialization and habitat heterogeneity (Clausen
et al. 1940; MacArthur 1972; Tilman 1982; Chase and
Leibold 2003) or else predators and pathogens (McPeek
1996; Connell 1971). Within this view, the outcomes of
species interactions are usually taken as being depen-
dent on species differences that influence biotic interactions.
Coexistence arises because niche mechanisms induce nega-
tive intraspecific density dependence: if one species becomes
rare, it will benefit from lower competition and tend to re-
bound; if a species becomes too common, it will suffer in-
creased competition and decline. In contrast, neutral theory
assumes that all species are equivalent. As a result, the only
factor resulting in different outcomes for different species is
the inherent stochasticity in the system. Consequently, species
technically never coexist, but instead co-occur (Siepielski and
McPeek 2010) for varying periods of time, with the identities
of those species that do well or poorly being entirely depen-
dent on random events. Thus, the predictions of neutral theory
are at the level of probabilistic distributions of species and
their abundances. Used in this capacity, neutral theory has
been strikingly successful.

Although neutral ecological models (Hubbell 1979, 2001;
Caswell 1976) assume that all species are identical, subse-
quent theory has demonstrated that more ecologically realistic
scenarios can also predict neutral-like patterns of diversity.
These include models that incorporate density dependence
directly by specifying a negative relationship between a spe-
cies’ abundance and its per capita growth rate (Allouche and
Kadmon 2009; Haegeman and Etienne 2008; Volkov et al.
2005; Du et al. 2011) as well as more mechanistic models
where species exhibit trade-offs between demographic vari-
ables such as intrinsic per capita birth and death rates (Lin
et al. 2009; Allouche and Kadmon 2009; Volkov et al. 2005).
Likewise, models where each species is restricted to only one
habitat type and interacts only with other species in that
habitat type produce neutral patterns (Allouche and Kadmon
2009; Chisholm and Pacala 2010; Haegeman and Etienne
2011).

While these extensions of neutral theory are valuable, they
fail to capture one of the central hypotheses in classical
ecological theory; namely, that the abundance patterns we
observe in nature are the result of competition among species
with distinct but partially overlapping niches (Tilman 2004;
Clausen et al. 1940; MacArthur 1958; Sale 1977). As a result,
an important unresolved question is how interactions among

species with different environmental requirements will affect
the predictions of neutral models. To address this problem, we
develop an analytically tractable model of stochastic commu-
nity dynamics where many habitats are available and individ-
ual species differ in terms of the types and numbers of habitats
in which they can persist. Using this model, we derive ana-
lytical expressions for species abundance distributions. We
then use these expressions to determine when a community
with overlapping niches exhibits species abundance distribu-
tions that are consistent with neutral predictions and when it
does not. In addition, when our overlapping niche model
deviates from neutral predictions, we ask whether these devi-
ations are the same or different from those seen in non-
overlapping niche models (Chisholm and Pacala 2010).
Finally, because our model has increased structure associated
with overlapping niches, we are also able to derive expres-
sions for fundamental niche breadth distributions and realized
niche breadth distributions. The results highlight one of the
theoretical justifications for why demographic neutrality
might be the expected outcome of community evolution under
some circumstances.

Methods

Basic model

We assume a spatially implicit metacommunity that is divided
into K equal-sized habitat types (referred to henceforth as
“habitats”). These habitats are abstract representations of real
habitats, which may differ on the basis of abiotic factors such
as soil composition and moisture level (e.g., Harms et al.
2001). We then consider a metacommunity composed of JM
individuals and S species on this landscape. We define the
fundamental niche of any of the S species as the spectrum of
different habitats in which that species can survive and assume
that this can encompass anywhere from 1 to hmax habitats,
where hmax is the maximum niche breadth of any species in
the metacommunity, and thus hmax≤K. We impose an upper
limit on h in this way because, biologically, most species are
not adapted to all available habitats; low values of hmax

indicate that it is more difficult to adapt to multiple habitats.
This would be the case, for example, in systems with high
levels of abiotic variation across habitats. We denote by κ(h)
the probability that a newly originating species has fundamen-
tal niche breadth h, with the constraint thatX
h¼1

K

κ hð Þ ¼ 1

For example, if hmax=K and κ(h)=1/K, then the probability
of a new species being able to persist in only one habitat is
equal to the probability of it being able to persist in two
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habitats, etc. In the general case, where hmax≤K, we have, by
definition, κ(h)=0 for h>hmax. Because species can live in
more than one habitat, and because the set of habitats in which
a species can live can be different for each species, any pair of
species might share some habitats but not others. This effec-
tively couples habitats together (i.e., creates overlapping
niches such that events in different habitats are no longer
independent). This is a key distinction between our model
and previously published non-overlapping niche models, in
which different habitats are uncoupled (Zillio and Condit
2007; Chisholm and Pacala 2010). We recover the non-
overlapping niche model in the following special case:

κ hð Þ ¼ 1; h ¼ 1
0; h > 1

�
We recover the neutral model in the following special case:

κ hð Þ ¼ 0; h < K
1; h ¼ K

�
We assume that individuals within the metacommunity die

at a fixed rate and that, when an individual dies, it is replaced
immediately by a birth or speciation event (i.e., the
metacommunity is zero-sum). Specifically, at each timestep,
a randomly selected individual in the metacommunity is
killed. Then, with probability 1−ν, the parent of a replacement
individual is drawn at random from the remaining individuals
in the metacommunity who can potentially survive in the
habitat corresponding to the vacated location. With probabil-
ity ν≪1, the replacement individual is of a completely new
species (i.e., ν is the speciation probability). When speciation
occurs, the new species’ niche breadth, h, is determined by
the probability distribution, κ(h), and the new species’ h
habitats are chosen randomly from the K habitats in the
metacommunity. Notice that this formulation does not
allow any relationship between the niche breadth of a
parent and its offspring following a speciation event. A
logical alternative would be to assume that speciation
events always lead to new species with the same niche
breadth as their parent; however, this would introduce
additional analytical complexity.

Suppose that, at time t=0, the probability that a randomly
selected individual in the metacommunity has niche breadth h
is given by λM(h,0). Similarly, suppose that the probability
that an individual with niche breadth h can live in habitat j is
given by α(h,j,0). As species arise and go extinct through the
stochastic process described above, the distribution of niche
breadths will be given by λM(h,t), which is the probability that
a randomly selected individual at time t has niche breadth h.
Likewise, as species randomly acquire or are excluded from
openings in a particular habitat, the distribution of species
with niche breadth h capable of living in habitat j will be

given by α(h,j,t), which defines the probability that a ran-
domly selected individual at time t with niche breadth h can
live in habitat j. Because λM(h,t) is a probability distribution,
we have:

X
h¼1

K

λM h; tð Þ ¼ 1

Similarly, because all individuals with niche breadth h can
live in exactly h habitats, we have:

X
j¼1

K

α h; j; tð Þ ¼ h

Since all habitats have equal carrying capacities and our
model is zero-sum, the number of individuals living in any
given habitat is always fixed at JM/K. However, this is differ-
ent from the number of individuals that can potentially live in
a given habitat—a quantity that can fluctuate and thus will
depend on both time and habitat identity. Defining ξj(t) as the
number of individuals in the metacommunity capable of living
in habitat j at time t, ξj(t) can be expressed in terms of λM(h,t)
and α(h,j,t) as

ξ j tð Þ ¼ JM
X
h¼1

K

λM h; tð Þα h; j; tð Þ ð1Þ

Numerical simulations (Appendix 1) suggest that, in the
limit of high diversity (JMν→∞), ξj(t) is roughly constant, i.e.,
λM(h,t)≈〈λM(h)〉 and α(h,j,t)≈〈α(h)〉=h/K. This allows us to
approximate ξj(t) in the high-diversity limit as:

ξ j tð Þ ≈ ξM ¼ JM
X
h¼1

K λM hð Þh ih
K

ð2Þ

In the low-diversity limit, numerical simulations suggest
that, while the average value of ξj(t) across habitats is still very

close to ξM, at any point in time, there may be substantial
variation in ξj between habitats. To see this, consider the
following example: suppose a community has K=3 habitats
and that hmax=2. For this scenario, we can intuitively expect
two species dividing the community roughly in half, with one
species dominating the first habitat, the other species domi-
nating the second habitat, and both sharing the third habitat.
Indeed, this behavior is confirmed by numerical simulations.
This, however, implies ξ3 ≈ 2ξ1 ≈ 2ξ2, contrary to the assump-
tion that ξj is equal across all habitats. In other words, the
dynamics of low-diversity systems are very different to those
of high-diversity systems. The low-diversity limit appears to
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require a different, non-symmetric mathematical approach
that can deal with the combinatorial problems that arise when
there are more habitats than species. In the remainder of this
manuscript, we focus on the high-diversity limit, noting that
this limits all of our results and conclusions to relatively
species-rich communities.

Species abundance distribution (SAD) To find an expression
for the SAD, we define the probabilities that a species in the
metacommunity with abundance n, niche breadth h, and living
in habitat j increases (bM(n,h,j;t)) or decreases (dM(n,h,j;t)) by
one in a given timestep as:

bM n; h; j; tð Þ ¼
hJM
K

−n
� �

JM

1−νð Þn
ξ j tð Þ−1

≈

hJM
K

−n
� �

JM

1−νð Þn
ξM−1

≡ bM n; hð Þ

ð3Þ

dM n; h; j; tð Þ ¼ n

JM
1−νð Þξ j tð Þ−n

ξ j tð Þ−1
þ ν

 !

≈
n

JM
1−νð ÞξM−n

ξM−1
þ ν

� �
≡ dM n; hð Þ

ð4Þ

We also define the special case bM 0; hð Þ ¼ κ hð Þv , which
allows speciation. In Eqs. (3) and (4), we have used our
asymptotic approximation for ξj(t) from (2) to simplify our
expressions for bM and dM. In doing so, we ignore both
temporal and between-habitat variation in the number of indi-
viduals capable of colonizing habitat j. However, our approx-
imation still accounts for the fact that the potential parent of a
recruit to habitat j may come from a habitat other than habitat
j. We are merely assuming that the number of potential parents
is constant in time and across habitats which, as noted above
(and see Appendix 1), appears to hold in the high-diversity
limit (JMν→∞). We check the validity of the approximations
in (3) and (4) by comparing our analytical SAD expression to
simulation results (see Appendix 1). The first factor in Eq. (3)
is the probability that the individual killed in a single timestep
is in the focal species’ niche but is not a member of the
focal species, and the second factor is the probability
that the replacement individual is of the focal species.
Similarly, in Eq. (4), the first factor is the probability
that the individual killed is of the focal species, and the
second factor is the probability that the replacement
individual is not of the focal species. Notice that if h=K

(in which case the relationship ξ j tð Þ ¼ ξM ¼ JM is exact),

the probabilities in Eqs. (3) and (4) reduce to those of

the spatially implicit neutral model (e.g., Vallade and
Houchmandzadeh 2003), as expected.

Using a master equation approach (e.g., Vallade and
Houchmandzadeh 2003), we write the equilibrium distribu-
tion of the number of species with niche breadth h and
abundance n as

ϕM n; hð Þh i ≈ ∏
n−1

i¼0

bM i; hð Þ
dM iþ 1; hð Þ ð5Þ

Substituting Eqs. (3) and (4) into Eq. (5) and simplifying
gives:

ϕM n; hð Þh i ≈ κ hð Þθ
*K

nh

Γ
hJM
K

þ 1

� �
Γ

hJM
K

−nþ 1

� � Γ ξM þ θ*− n
� �
Γ ξM þ θ*
� �

ð6Þ

where Γ(x) is the gamma function (Abramowitz and Stegun

1972) and θ� ¼ ξM−1
� �

ν= 1−νð Þ. Again, the only approxima-

tion made in deriving Eq. (6) is that ξ j tð Þ ¼ ξM, i.e., that the

number of individuals in the community capable of
living in a given habitat is constant in time and the same
for all habitats. In the special case that there is a uniform
distribution of niche breadths at speciation, κ(h) = 1/hmax,

we can approximate this as ξM ≈ JM
K hmax 1−νð Þ þ νð Þ (see

Eq. (29) in Appendix 2). Alternately, in the special
case that all species arise with equal niche breadths at

speciation, κ hð Þ ¼ 1 h ¼ hS
0 h ≠ hS

�
, we can approximate this

as ξM ≈ JM
K hS (see Eq. (31) in Appendix 2). Again, we use

numerical simulations to demonstrate that expression (6) is
accurate in high-diversity systems (Appendix 1).

In the limit of large JM, the right-hand side of (6) is
asymptotic to a log-series (see Appendix 2), so we have:

ϕM n; hð Þh i ≈ κ hð Þ ξMνK
nh 1−νð Þ

JM 1−νð Þh
K ξM−ν
� � !n

ð7Þ

Total metacommunity species abundance distributions
(Fig. 1) can be calculated explicitly from Eq. (6) or (7) as

ϕM nð Þh i ¼
X
h¼1

hmax

ϕM n; hð Þh i ð8Þ

Theor Ecol



Equations (6) through (8) define the SAD arising from our
overlapping niche model. (For a discussion of local commu-
nity SADs, see Appendices 2 and 3).

Fundamental niche breadth distribution by individuals In
addition to the metacommunity SAD, we consider a
number of other distributions that are made amenable

to study as a result of our overlapping niche framework.
First, we focus on the niche breadth distribution by
individuals, 〈λM(h)〉, which was used above to define
ξM . Beyond aiding in the formulation of ξM, 〈λM(h)〉 is
interesting because it shows how variation in niche
breadth relates to variation in fitness (as measured by
the mean abundance of species with niche breadth h at
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Fig. 1 Theoretical SADs for the basic model, using Preston binning for
metacommunities with JM=10

6 individuals and a per capita speciation
rate of νmax=5×10

−6. Each panel compares SADs from the neutral model
(solid gray), the non-overlapping niche model (solid black line, x’s), the
overlapping niche model with a uniform distribution of niche breadths at

speciation (solid black line, small closed circles), and the overlapping
niche model with a single niche breadth at speciation (solid black line,
large open circles). a, b Communities with K=8 habitats in the overlap-
ping niche model. c, d Communities with K=16 habitats in the overlap-
ping niche model
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the speciation–extinction equilibrium). As in our deriva-
tion of the SAD, we find an expression for 〈λM(h)〉
under the assumption that there is a uniform distribution

of niche breadths at speciation, κ(h)=1/hmax. In this
case, and in the limit of large JM, 〈λM(h)〉 is given by
(Appendix 3):

λM hð Þh i ≈

1−νð Þ þ ν
hmax

1þ 1−ν
ν

hmax−hð Þ
for h < hmax

1− 1þ ν

hmax 1−νð Þ
� �

ν ψ0 1−hmax−
ν

1−ν

� �
−ψ0 −

ν

1−ν

� �� �
for h ¼ hmax

8>>>>><>>>>>:
ð9Þ

where ψ0 is the digamma function (Abramowitz and Stegun
1972).

Fundamental niche breadth distribution by species Another
distribution of interest is the probability, 〈ςM(h)〉, that a
randomly selected species (rather than a randomly se-
lected individual, as for 〈λM(h)〉) at the speciation–ex-
tinction equilibrium will have niche breadth h. In the
limit of large JM and, again, under the assumption that
there is a uniform distribution of niche breadths at speciation
(κ(h)=1/hmax), we find the following expression for 〈ςM(h)〉
(see Appendix 3):

ςM hð Þh i ≈
ln

hmax−hð Þ 1−νð Þ þ ν
hmax 1−νð Þ þ ν

� �

h
Xhmax

i¼1

ln
hmax−ið Þ 1−νð Þ þ ν
hmax 1−νð Þ þ ν

� �
i

ð10Þ

“Realized” niche breadth distribution by species Thus far,
we have only considered what one might call “funda-
mental niche breadth distributions”—i.e., distributions
reflecting the number of habitats that an individual or
species could potentially live in. Also of interest is the
distribution of “realized niche breadths,” i.e., the num-
ber of habitats that a particular species actually lives in

at any given time. Denoting the realized niche breadth

of a species bh, the probability that a species has realized

niche breadth bh ¼bi given that it has abundance n=k and
fundamental niche breadth h= i is equivalent to the

probability that bi different habitats will be represented
if we draw k independent habitats, from a choice of i
habitats at each draw (notice that this relies on the
spatially implicit nature of the model, which means that
the habitat identities of all individuals of the species are
independent of one another in the large-habitat-size limit).
This is a classical occupancy problem (Holst 1986), which has
the following solution:

P bh ¼bi			n ¼ k; h ¼ i
� �

≡ q bi; i; k� �e ibi
� �Xbi

l¼0

−1ð Þl bi
l

� � bi−l
i

 !k

¼ ibi
� �bi!

ik
S k;bi� �

where S(k,j) is a Stirling number of the second kind, and
Eq. (11) is written as an asymptotic because it applies only
in the large-habitat-size (large JM/K) limit. The “realized”
niche breadth distribution by species, bςM bh� �D E

, which gives
the probability that a randomly selected species has realized
niche breadth bh, is then given by the following approximation
(see Appendix 3):

bςM bh� �D E
≈

hmax−bhþ 1
� � hmax þ 1bh

� �
bh 1þ hmaxð Þ

Xbh
h¼0

ln
hmax−bhþ h
� �

1−νð Þ þ ν

hmax 1−νð Þ þ ν

0@ 1A −1ð Þh bh
h

� �
Xhmax

h¼1

1

h
ln

hmax−hð Þ 1−νð Þ þ ν
hmax 1−νð Þ þ ν

� � ð12Þ

(11)
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Trade-off model

For the model described in the previous section, specialist
species with h<hmax are at a disadvantage compared to their
generalist competitors, because they are limited to a smaller
portion of the metacommunity (see “Results,” below). This
disadvantage can be compensated for, however, if there is a
specialist–generalist trade-off (McPeek 1996). To consider
this possibility, we build a model where fecundity varies
across the specialist–generalist spectrum such that generalist
species have lower fecundity and specialist species have
higher fecundity. The resulting “trade-off” model is identical
to the basic model, except for its assumptions regarding re-
cruitment. Specifically, we assume that, when an individ-
ual is killed and replacement occurs without speciation,
the replacement individual is randomly drawn from a seed
pool that reflects not only the species composition of the
metacommunity but also variable propagule pressure (i.e.,
number of seeds per individual or fecundity). As a conse-
quence, narrow-niche species can compensate for their niche
disadvantage by contributing a larger number of seeds to the
seed pool.

SAD For the trade-off model, we define the probabilities that a
species in the metacommunity with abundance n, niche
breadth h, and living in habitat j increases (bF(n,h,j;t)) or
decreases (dF(n,h,j;t)) by one in a given timestep as:

bF n; h; j; tð Þ ¼
hJM
K

− n

� �
JM

1−νð Þ f hð Þn
ζ j tð Þ−g h; nð Þ

≈

hJM
K

− n

� �
JM

1−νð Þ f hð Þn
ζ F−g h; nð Þ ≡ bF n; hð Þ

ð13Þ

d F n; h; j; tð Þ ¼ n

JM
1−νð Þζ j tð Þ− f hð Þn

ζ j tð Þ− f hð Þ þ ν

( )

≈
n

JM
1−νð Þζ F− f hð Þn

ζ F− f hð Þ þ ν

� 

≡ d F n; hð Þ

ð14Þ

where f(h) is the propagule pressure (i.e., fecundity) of a species
with niche breadth h, while ζj(t) is the number of seeds in the seed
pool capable of recruiting to habitat j at time t. We also define the

special case bF 0; hð Þ ¼ bM 0; hð Þ ¼ κ hð Þv, which allows spe-
ciation in a manner identical to the basic model. As in the
derivation of the basic model, we assume that ζj(t) can be

approximated as constant in time and the same across all habitats.

Thus, ζ F ¼ JM
K ∑

h¼1

K
hf hð Þ λM hð Þh i , which corresponds to ζM

in the original model, but is now corrected for propagule pressure.

In Eq. (13), g h; nð Þ ¼ ∑K
j¼1 f jð Þ λM jð Þh i JM− f hð Þn

JM−n is the average

propagule pressure associated with an individual that dies and
is replaced by the focal species (the species that dies cannot be
the focal species itself, since a death and replacement by the
focal species would lead to no net change in the number of
individuals of the focal species). Following a similar deriva-
tion to Eq. (6), the equilibrium distribution of the number of
species with niche breadth h and abundance n becomes (see
Appendix 6)

ϕM n; hð Þh i ≈
Kθ*f κ hð ÞΓ hJM

K
þ 1

� �
Γ

ζ F þ θ*f
f hð Þ −n

 !

hnf hð ÞΓ hJM
K

−nþ 1

� �
Γ

ζ F þ θ*f
f hð Þ

 ! ð15Þ

where we have used the approximation θ f hð Þ ¼ ν ζ F− f hð Þð Þ
1−ν ≈

νζ F
1−ν ≡ θ�f . Similar to Eq. (6), the only other approximation
that we have made in deriving Eq. (15) is that ζ j tð Þ ≈ ζ F , i.e.,
that the number of propagules capable of living in a given
habitat is constant in time and the same for all habitats. Total
metacommunity species abundances (Fig. 4) follow from
Eq. (15) in combination with Eq. (8). Again, in the limit of
large JM, the r.h.s. of Eq. (15) is asymptotic to a log-series (see
Appendix 6).

Niche breadth distributions As in the basic model, we again
consider niche breadth distributions by individuals (i.e., the
probability that a randomly selected individual will have niche
breadth h) and by species (i.e., the probability that a randomly
selected species will have niche breadth h). In the limit of large
JM and assuming a uniform distribution of niche breadths at
speciation, κ(h)=1/hmax, the trade-off model predicts that both
the fundamental niche breadth distribution by individuals,
〈λM(h)〉, and the fundamental niche breadth distribution by
species, 〈ςM(h)〉, are given by (see Appendix 6)

λM hð Þh i ¼ ςM hð Þh i ¼ 1=hmax ð16Þ

In contrast, the realized niche breadth distribution by spe-
cies is given by (see Appendix 6)

ςbM bh; h� �D E
≈

1

hmaxln νð Þ
h
hb

� �Xbh
l¼0

ln 1− 1−νð Þ
bh−l
h

 ! !
−1ð Þl bh

l

� �
ð17Þ
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Results

Basic model

SAD Using Eqs. (6) through (8) for the metacommunity SAD,
we ask two different questions. First, how do predictions from
the overlapping niche model compare to predictions from the
neutral model? Second, how do predictions from the overlap-
ping niche model compare to predictions from the non-
overlapping niche model? Figure 1 compares SADs from the
neutral model, the non-overlapping niche model, the overlap-
ping niche model with a uniform distribution of niche breadths
at speciation, κ(h)=1/hmax, and the overlapping niche model

with a single niche breadth at speciation, κ hð Þ ¼ 1 h ¼ hS
0 h ≠ hS

�
.

For the non-overlapping niche model, we assume Kno=K/hS
equal-sized habitats, where Kno is the number of habitats in the
non-overlapping niche model and K is the number of habitats in
the corresponding overlapping niche model. The relationship
Kno=K/hS ensures that species have the same carrying capacity
in the two models. So, for example, if the overlapping niche
model is defined by K=16 and hs=2, then the corresponding
non-overlapping niche model is defined byKno=8, and for JM=
106, each species has a carrying capacity of JM/K=125,000. For
the overlapping nichemodel with a uniform distribution of niche
breadths at speciation, we assume ν=νmaxhmax; for the neutral
model, the non-overlapping niche model and the overlapping
niche model with speciation into a single niche breadth, we
assume ν=νmax. This ensures that all models have the same
rate of speciation, νmax, into the class of species with maximum
niche breadth, which allows fair comparison between model
predictions.

From Fig. 1, it is clear that all niche models can potentially
yield SADs that differ significantly from the neutral model.
This is particularly true when species are restricted to a small
number of habitats (i.e., hmax=hs=2, see Fig. 1a, c), in which
case niche models predict a “spike” at intermediate species
abundances that is not observed in the neutral model. This
spike is a result of niches restricting species abundances to
levels belowwhat would occur in a fully openmetacommunity
(i.e., where the only restriction is that species abundances be
below JM). Notice that the spike becomes accentuated when K
is large (compare Fig. 1a, c). This is because a species with
niche breadth h is restricted to n<JMh/K. Thus, all else being
equal, niche restrictions are more severe when K is large.

Differences between the three niche models in Fig. 1 are
much less obvious. In fact, SADs predicted by the non-
overlapping niche model and the overlapping niche model with

a single niche breadth at speciation, κ hð Þ ¼ 1 h ¼ hS
0 h ≠ hS

�
,

are identical in the high-diversity limit (seeAppendix 2, Eqs. (32)
and (34)). There is, however, one key difference between SADs
predicted by the overlapping niche model with a uniform niche

breadth distribution at speciation, κ(h)=1/hmax, and either of the
other two niche models—the overlapping niche model with a
uniform niche breadth distribution at speciation predicts a large
“tail” of rare species that becomes increasingly more dramatic
with larger maximum niche breadths (compare Fig. 1a or c with
Fig. 1b or d). This large tail is primarily comprised of species
with h<hmax. It is more exaggerated in systems with large hmax
because a larger maximum niche breadth results in an increased
number of niche breadth classes with h<hmax and, accordingly,
greater speciation into classes with h<hmax. Ultimately, howev-
er, these narrow-niche species cannot compete with the most
generalist species and are maintained only through a speciation–
extinction equilibrium. Higher levels of speciation into these
classes result in a fatter tail of rare species. Nevertheless, this tail
is largely restricted to species with abundance n≤32. For exam-
ple, in Fig. 1d, the overlapping niche model with uniform niche
breadth at speciation has overall 87% higher species diversity as
compared to the other two niche models. However, all of this
additional species diversity can be accounted for by species with
n≤32. Thus, while the differences in Fig. 1 look dramatic, these
differences represent rare species that would be difficult to
observe in field data.

Although empirically difficult to detect, the large number of
exceedingly rare species in SADs with a uniform niche breadth
distribution at speciation does point to one of the fundamental
differences between the overlapping and non-overlapping niche
models: in the non-overlapping niche model, all competing
species have identical carrying capacities. Indeed, even when
habitat sizes vary, species in the non-overlapping niche model
compete only with other individuals restricted to the same
habitat and thus to the same carrying capacity. This is not true
of the overlapping niche model with speciation into a distribu-
tion of niche breadths. In this case, species with h<hmax have
lower carrying capacities than at least some of their competitors.
This puts species with a narrow-niche breadth at a greater
disadvantage and, as a result, we find that these species are
underrepresented in the community. Importantly, while the
distribution of speciation events into different carrying capaci-
ties (equivalent to niche breadths) is defined by κ(h) in our
model, the resulting distribution of individuals and/or species
restricted to different carrying capacities arises naturally as a
prediction of the model. This is a unique feature of the over-
lapping niche model and we consider it next.

Fundamental niche breadth distribution by individuals Graphing
Eq. (9) shows that, for realistic parameter values, almost all
individuals in the equilibrium metacommunity have niche
breadth hmax (Fig. 2), i.e., are generalist species.
Qualitatively, this result is robust to different distributions of
κ(h) with non-zero speciation into each class. Only if the
production of low-h species through speciation is much higher
than the production of high-h species do the low-h species
appear in any substantial numbers at equilibrium. Because
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Eq. (9) is approximate, we check its validity by comparison to
simulation results (see Appendix 4). This comparison indi-
cates that approximations used to derive Eq. (9) are valid.

Fundamental niche breadth distribution by species Graphing
Eq. (10) shows that, in contrast to the previous result showing
that almost all individuals have niche breadth h=hmax (Fig. 2),
a substantial number of species have niche breadth h<hmax

(Fig. 3a). While this may, at first, seem contradictory, it is easily
understood by the fact that there are large numbers of specialist
species represented by one or a handful of individuals. Though
these species do not contribute substantially to the individual
count, they form a significant fraction of the species count.
Again, because Eq. (10) is approximate, we check its validity
by comparison to simulation results (see Appendix 4). This
comparison indicates that our approximation works well for the
scenarios that we consider.

“Realized” niche breadth distribution by species Graphing
Eq. (12) shows that, for high speciation rates (i.e., towards the
right of Fig. 3b), the majority of species have a realized niche
breadth of one, whereas for low speciation rates (i.e., towards
the left of Fig. 3b), the realized niche breadth distribution is
bimodal, with species either limited to a single habitat or else
present in all habitats available to them. The abundance of
species at bh ¼ 1 , both in the case of high and low speciation
rates, is a result of speciation and the constant influx of new
species that exist in a single niche. Rarely, however, do these
species move beyond bh ¼ 1 without becoming extremely
successful and thus appearing across all habitats within their
niche. Again, because Eq. (12) is approximate, we check its
validity by comparison to simulation results (see Appendix 4).
Once again, this indicates that our approximation is valid.

In the asymptotic limit as ν→0 in Eq. (12) we find that, in the
absence of speciation, the distribution of realized niche breadths is

bςM bh� �D E
¼ 1 bh ¼ hmax

0 bh < hmax

(

Thus, without speciation, the realized niche of all surviving
species is actually their fundamental niche as well, provided
that JM is sufficiently large, as the approximations above as-
sume. This conclusion is also supported by a time-dependent
analysis of our overlapping niche model (see Appendix 5).

Trade-off model

SAD Using Eqs. (15) and (8) for the metacommunity SAD,
we ask how predictions from the overlapping niche model
with a specialist–generalist fecundity trade-off compare to
predictions from both the overlapping niche model without
trade-offs and the neutral model. Figure 4 compares SADs
from the neutral model and the overlapping niche models with

Fig. 2 Proportion of individuals in the steady-state metacommunity that
are generalists (h=hmax) in the overlapping niche model, as calculated
from Eq. (9) for different values of the speciation rate (ν; horizontal axis).
The niche breadth of a new species is governed by a uniform distribution:
κ(h)=1/hmax. Note that for realistic speciation rates (towards the left of the
chart and beyond), specialists (i.e., h<hmax) are vanishingly rare

Fig. 3 Niche breadth distributions for the basic model with κ(h)=1/hmax.
a Fundamental (Eq. (10)) and b realized (Eq. (12)) niche breadth distri-
butions by species in a steady-state metacommunity with hmax=8 and
assuming the limit of large JM. Speciation rate ν varies along the

horizontal axis. For a given speciation rate, the vertical spacing between
the lines gives the niche breadth distribution of species. The farther apart
the lines, the more species that have the corresponding niche breadth
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and without a trade-off. For the overlapping niche models, we
assume a uniform distribution of niche breadths at speciation,
thus κ(h)=1/hmax. For the specialist–generalist fecundity trade-
off, we assume that f(h)h=hmax and that f(hmax)=1 (see
Appendix 6). This results in perfect compensation between
fecundity and niche breadth limitation. For the overlapping
niche model without trade-offs, we assume ν=νmaxhmax; for
the neutral model and the overlapping niche model with a

specialist–generalist fecundity trade-off, we assume ν=νmax.
Again, this is done to allow fair comparison of the threemodels.

From Fig. 4, it is clear that the existence of a specialist–
generalist trade-off eliminates the large tail of rare species that
is present in the overlapping niche model without trade-offs.
This makes intuitive sense—because the specialist–generalist
trade-off equalizes species with different niche breadths, spe-
ciation events no longer give rise to large numbers of rare,
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a. b.

c. d.

abundance

abundance abundance

0                 16               512             16384       524288 0                 16               512             16384       524288

0                 16               512             16384       524288 0                 16               512             16384       524288

K = 8, hmax = 2 K = 8, hmax = 4 

K = 16, hmax = 2 K = 16, hmax = 8 

neutral

overlapping,                         , trade-off 

overlapping,                         , no trade-off   = 1/

= 1/

Fig. 4 Theoretical SADs using Preston binning for metacommunities with
JM=10

6 individuals and a per capita speciation rate of νmax=5×10
−6.

Each panel compares SADs from the neutral model (solid gray), the basic
(i.e., no trade-off) overlapping niche model (solid black line, closed
circles), and the overlapping niche model with a specialist–generalist
trade-off (solid black line, open circles). For both overlapping niche

models, we assume a uniform distribution of niche breadths at speciation,
κ(h)=1/hmax. The specialist–generalist trade-off is enforced by setting
f (h)=hmax/h. a, b Communities with K=8 habitats in the overlapping
niche model. c, d Communities with
K=16 habitats in the overlapping niche model
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uncompetitive species that formed the fat tail in the basic
model. At the same time, however, the presence of trade-offs
results in a larger “spike” deviation from neutral predictions at
intermediate species abundances. Indeed, spikes are observed
for all values of hmax in Fig. 4. Again, these deviations are the
result of niches restricting species abundances to levels below
what would occur in a fully open metacommunity. The reason
they are more severe in the trade-off model is because species
with stronger niche restrictions (h<hmax) are now competitive.
Despite being competitive, however, their abundances are still
strongly constrained. For example, a species with h=1 has a
maximum abundance of n<JM/K, which is a factor of K
smaller than the maximum abundance possible (though never
attained) in the neutral model. Strong restrictions on the abun-
dances of species with h<hmax result in larger spike deviations
in systems where these species can persist.

Niche breadth distributions Graphing Eqs. (16) and (17)
shows that, as expected, the model with a specialist–generalist
trade-off results in more equal distributions of species across
niche breadth classes (see Fig. 5). Indeed, the fundamental
niche breadth distribution by species is perfectly even across
all niche breadth classes. The realized niche breadth distribu-
tion by species, on the other hand, is slightly skewed towards
lower niche breadths. This is a result of speciation and the
constant influx of new species that exist in a single niche.

Discussion

There is a vast ecological literature cataloging species differ-
ences and niche mechanisms that operate in ecosystems across
the world (Levine and HilleRisLambers 2009; Wright 2002b;
Chesson 2000; e.g., Hutchinson 1959). On the face of it, the
prevalence of these niche mechanisms conflicts with the

observation that patterns of diversity often look as though
they have been generated by random, neutral processes
(Adler et al. 2007; Gravel et al. 2006). In this paper, we have
helped to resolve the contradiction by incorporating key niche
mechanisms from classical ecology into a stochastic framework.
To do this, we considered an asymmetricmodel inwhich species
have distinct but overlapping environmental requirements (these
could be interpreted as defining, for example, mesic versus xeric
species; see also Harms et al. (2001) for a niche classification of
Barro Colorado Island tree species) and differing niche breadths
(i.e., generalist versus specialist species).

We found that neutral predictions of species abundance
distributions are robust to this niche structure when habitat
heterogeneity is low (in accordance with Chisholm and Pacala
2010) and average niche breadth across all species is high.
Deviations from neutrality that do occur are the result of two
processes: (1) the continual input of new species at low
abundances, many of which are less fit and rapidly go extinct,
and (2) niche constraints that limit the most abundant species
to population sizes significantly smaller than would be possi-
ble under neutral assumptions. The former deviation, which
would be difficult to observe in field data (because it affects
only very rare species), is unique to the overlapping niche
framework. It is a result of competition between species with
different niche breadths and hence different fitnesses and
occurs only when there is a distribution of niche breadths at
speciation. That differences in species niche requirements can,
through the process of selection, lead to neutral demographics
is an overlooked argument in the niche-neutral debate (see
further discussion below). Deviations from neutrality driven
by niche constraints, which would be observable in systems
with strong habitat heterogeneity, are common to both over-
lapping and non-overlapping niche frameworks and have the
same effects in each, although the presence of a generalist–
specialist trade-off can make these effects more apparent.

Fig. 5 Niche breadth distributions for the trade-off model with
κ(h)=1/hmax. a Fundamental (Eq. (16)) and b realized (Eq. (17))
niche breadth distributions by species in a steady-state metacommunity
with hmax=8 and assuming the limit of large JM. Speciation rate ν varies

along the horizontal axis. For a given speciation rate, the vertical spacing
between the lines gives the niche breadth distribution of species. The
farther apart the lines, the more species that have the corresponding niche
breadth
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A key insight from our model is that neutral drift is
constrained not by the number of unique habitats, K, directly
but by the relative niche breadth of the individual species (h/K).
Evenwhen the number of unique habitats is high and the number
of potential habitat combinations much greater than the number
of species, neutral patterns may still be observed. This is because
niche overlap allows multiple unique habitat combinations (i.e.,
allows species to differ) without imposing strong restrictions on
species abundances (i.e., without restricting n≪JM). As a result,
species are allowed to drift relative to one another, as they would
in a purely neutral model. This is in contrast to a non-overlapping
nichemodel (Chisholm and Pacala 2010, 2011; Zillio andCondit
2007), where the number of different habitats directly determines
niche size and hence the degree to which species abundances are
constrained. More specifically, in the non-overlapping niche
model, a large number of habitats induce strong non-neutral
signatures in SADs; in our overlapping niche model, this does
not occur. Thismay explainwhy neutral patterns can be observed
even in systems with apparently high habitat heterogeneity.

Another insight from our model is that near-neutral systems
can emerge from strong selective processes. Our result is a
special case of a general argument for why species in diverse
communities might be expected to be demographically equiv-
alent (i.e., have similar chances of increasing or decreasing in
population size). Large deviations from equivalence would
lead to the disfavored species going extinct, meaning that
most species existing in the long term need to be close to
demographically equivalent. For systems, like ours, where
species differences are defined by niches, this imposes a
symmetry requirement on species’ carrying capacities (i.e.,
species with asymmetric carrying capacities cannot coexist).

The straightforward selective argument and its ultimate re-
striction on demographic variation across a community are
often overlooked in discussions of the neutrality assumption
(e.g., Clark 2012; 2009; Rosindell et al. 2012) but can reconcile
some of the contention associated with neutral theory perspec-
tives. Specifically, demographic equivalence as a result of
selection does not imply functional equivalence, as species
might do entirely different things to achieve the same per capita
birth and death rates (e.g., in our model, each of the species
might occupy a distinct set of habitats despite having the same
niche breadth). A similar point is made most recently in Clark
(2012) but apparently to argue against neutrality as a theoretical
principle. While we agree with Clark that demographic neutral-
ity does not imply absence of any species differences, we view
neutrality as more than simply an expression of ignorance about
mechanisms: neutral theory is the hypothesis that many patterns
of biodiversity are primarily driven by the fundamental pro-
cesses of drift, dispersal, and speciation (Vellend 2010) and that,
regardless of their particular biological and ecological proper-
ties, most species perform similarly in these processes.

One implication of demographic equivalence that arises from
our overlapping niche model is that specialist species, i.e., those

with narrower niche breadths than other species in their commu-
nity, must either (i) be very rare; or (ii) live partly in a habitat
where generalists cannot survive, i.e., there is a non-overlapping
component to niche space; or (iii) have countervailing advan-
tages, such as higher fecundity or survival, i.e., there is a trade-off
between niche breadth and life history parameters. In keeping
with these expectations, we find that incorporating a fecundity
trade-off into ourmodel can equalize the fitness of the specialists.
Interestingly, while this results in increased demographic equiv-
alency among species, it actually leads to greater deviations from
log-series abundance distributions (compare the size of the
“spikes” for the trade-off model versus the basic model with no
trade-off in Fig. 4). This increased deviation occurs because
trade-offs enable persistence of a larger number of narrow-
niche species that, by definition of their niche, are restricted to
abundances well below what would occur in a purely neutral
system or even an overlapping niche system where only the
broadest niched species persist at detectable abundances. The
conclusion that specialist species must have countervailing ad-
vantages to compensate for their narrow-niche breadth is intuitive
ecologically and ties in with a long history of theoretical studies
on trade-off-mediated coexistence (Levins and Culver 1971;
Muller-Landau 2010; Wright 2002a).

Our study concurs with previous work suggesting that, al-
though neutral processes (drift, dispersal, and speciation) may
drive some patterns of diversity at some scales, neutral patterns
are compatible with real niche differences between species
(Chisholm and Pacala 2010; Purves and Pacala 2005; Allouche
and Kadmon 2009; Chave 2004). We also make novel predic-
tions. We show that neutral patterns in niche-structured commu-
nities are more likely when niches are, on average, sufficiently
broad and overlapping. One corollary of this is that in tropical
forests, coral reefs, and other systems (Volkov et al. 2007;
Muneepeerakul et al. 2008; Latimer et al. 2005; Harpole and
Tilman 2006) for which neutral predictions are upheld, our
model suggests that the majority of species may be broad-niche
generalists. The converse of this is that non-neutral patterns of
biodiversity (e.g., Fuller et al. 2005) could imply a preponderance
of narrow-niche specialists (i.e., a small hmax), or else a trade-off
mechanism that allows narrow-niche specialists to maintain de-
mographic equivalence with broad-niche generalists. A priority
for future research is to extend our analysis and test the robust-
ness of our conclusions to models with continuous, rather than
discrete niche space, models where niches are envisioned as
contiguous habitats along an environmental axis, models where
niche breadth at speciation is conditioned on parental niche
breadth, and models where additional types of trade-offs allow
for coexistence between broad- and narrow-niche species.
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Appendices

Appendix 1: Numerical simulations of metacommunity SAD

We ran numerical simulations to assess the accuracy of the
approximation made in the derivation of Eq. (6) for the
metacommunity SAD. First, we verified the approximation
that ξj, the number of individuals potentially capable of living

in a particular habitat, is roughly constant and equal to ξM (see
Appendix 2, Eq. (29)) and found this to hold (Fig. 6 shows this
for just one set of parameter values). We then ran SAD simula-
tions (Figs. 7, 8, 9, and 10). We parameterized these with a
composite parameter νmax ¼ ν

hmax
, which describes the rate at

which species of maximum niche breadth arise. Each simulation
was repeated 50 times, and results were averaged over the
simulations. The simulations confirm that our approximation is
generally good but that deviations occur at low diversity (e.g.,
Fig. 7). Further simulations at lower diversity (not shown) con-
firmed that the deviations from the theoretical approximation in
Eq. (6) occur because the number of individuals in the commu-
nity able to survive in a given habitat (ξj) varies across habitats in
these scenarios.

Appendix 2: Basic model SADs

Metacommunity SADs

The expression for the expected number of species with
abundance n and niche breadth h in the metacommunity at

equilibrium is (following Vallade and Houchmandzadeh
2003):

ϕM n; hð Þh i ≈ ∏
n−1

i¼0

bM i; hð Þ
dM iþ 1; hð Þ ð18Þ

Substituting Eqs. (3) and (4) from the main text into
Eq. (18), we find

ϕM n; hð Þh i ≈ ν

dM n; hð Þ κ hð Þ∏
n−1

i¼1

hJM
K

− i

� �
ξM−i
� �þ ξM−1

� �
ν

1−ν

ð19Þ

Simplifying gives

ϕM n; hð Þh i ≈ ν

dM n; hð Þ κ hð Þ
Γ

hJM
K

� �
Γ

hJM
K

− nþ 1

� � Γ ξM þ ξM−1
� �

ν

1−ν
− nþ 1

 !

Γ ξM þ ξM−1
� �

ν

1−ν

 !

¼ ξM−1
� �

JMν

n 1−νð Þ κ hð Þ
Γ

hJM
K

� �
Γ

hJM
K

− nþ 1

� � Γ ξM þ ξM−1
� �

ν

1−ν
− n

 !

Γ ξM þ ξM−1
� �

ν

1−ν

 !

¼ θ*K

nh
κ hð Þ

Γ
hJM
K

þ 1

� �
Γ

hJM
K

−nþ 1

� � Γ ξM þ θ*−n
� �
Γ ξ̄M þ θ*
� �

ð20Þ

where θ� ¼ ξM−1
� �

ν= 1−νð Þ . Equation (20) is Eq. (6) in the
main text. Taking the limit of large JM, Eq. (20) reduces to

ϕM n; hð Þh i ≈ θ*K
nh

κ hð Þ
Γ

hJM
K

þ 1

� �
Γ

hJM
K

− nþ 1

� � Γ ξM þ θ*−n
� �
Γ ξM þ θ*
� �

≈
θ*K
nh

κ hð Þ
hJM
K

þ 1

� �
hJM
K

� �
…

hJM
K

− nþ 2

� �
Γ

hJM
K

− nþ 1

� �
Γ ξM þ θ*−n
� �

Γ
hJM
K

− nþ 1

� �
ξM þ θ*
� �

ξM þ θ*−1
� �

… ξM þ θ*−nþ 1
� �

Γ ξM þ θ*−n
� �

≈
θ*K
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hJM
K

þ 1

� �
hJM
K

� �
…

hJM
K

− nþ 2

� �
ξM þ θ*
� �

ξM þ θ*−1
� �

… ξM þ θ*−nþ 1
� � ≈ θ*K

nh
κ hð Þ hJM

K ξM þ θ*
� � !n

ϕM n; hð Þh i ≈ κ hð Þ ξMνK
nh 1−νð Þ

JM 1−νð Þh
K ξM−ν
� � !n

ð21Þ
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Fig. 7 SADs for the theoretical
neutral model (thick gray lines)
and the basic theoretical (thin
black line, open circles) and
simulated (thin black line, closed
circles) overlapping niche models
assuming a uniform distribution
of niche breadths at speciation.
Simulation results are presented
as averages over 50 trials.
Parameters are K=4, JM=10,000,
and νmax=0.0005. Values of hmax

vary across panels: a hmax=1, b
hmax=2, c hmax=3, d hmax=4

Fig. 6 The number of individuals ξj potentially capable of living in a
particular habitat in a simulation with K=4, hmax=4, JM=10,000, νmax=
0.005, and κ(h)=1/4. Results are averaged across 50 repeats of the same
simulation. The left panel shows the mean value of ξj across all K=4

habitats (black) alongwith a 95% confidence interval (gray). The red line
is the theoretical value of ξM (see Appendix 2, Eq. (29)). The right panel
shows the coefficient of variation of ξj across all K=4 habitats (black),
along with a 95 % confidence interval (gray)
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which is Fisher’s log-series distribution and is Eq. (7) in the
main text. For Eq. (21) to behave sensibly, we require:

JM 1−νð Þhmax

K ξM−ν
� � < 1 ð22Þ

Rearranging Eq. (22) gives

JM 1−νð Þhmax

K
þ ν < ξM ð23Þ

Following Eq. (2) in the main text, Eq. (23) can be
rewritten

JM 1−νð Þhmax

K
þ ν < JM

X
h¼1

K λM hð Þh ih
K

≤ JM
hmax

K
ð24Þ

where the second inequality follows from the fact that 〈λM(h)〉
is a probability distribution. Dividing through by JM/K and
rearranging gives

hmax þ ν
K

JM
−hmax

� �
<
X
h¼1

K

λM hð Þh ih ≤ hmax ð25Þ

Note that K
JM

−hmax < 0 (for large JM, there will always be

at least one individual per habitat) and ν is very small, so that
the summation term in Eq. (25) is restricted to a narrow
range of values. The condition is satisfied for λM hð Þh i ¼
1 h ¼ hmax

0 h < hmax

�
or for extremely small perturbations of this.

In practice, this means that Eq. (22) is only sensibly defined if
the suite of species with the broadest niche breadth almost
completely dominate the system at equilibrium. This fact will
be used in the derivations that follow.

Fig. 8 SADs for the theoretical
neutral model (thick gray lines)
and the basic theoretical (thin
black line, open circles) and
simulated (thin black line, closed
circles) overlapping niche models
assuming a uniform distribution
of niche breadths at speciation.
Simulation results are presented
as averages over 50 trials.
Parameters are K=4, JM=10,000,
and νmax=0.005. Values of hmax

vary across panels: a hmax=1, b
hmax=2, c hmax=3, d hmax=4
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From Eq. (21) and the definition of 〈λM(h)〉, (the probabil-
ity that a randomly selected individual has niche breadth h at
the speciation–extinction equilibrium), we know that:

λM hð Þh i ¼ 1

JM

X
n¼1

JM

n ϕM n; hð Þh i ≈ 1

JM

X
n¼1

JM

κ hð Þ ξMνK
h 1−νð Þ

JM 1−νð Þh
K ξM−ν
� � !n

ð26Þ

Equation (26), in combination with Eq. (2) from the main
text, allows us to write the following approximate expression

involving ξM :

ξM ¼ JM
X
h¼1

K λM hð Þh ih
K

≈
X
h¼1

hmaxX
n¼1

JM

κ hð ÞξMν
1−ν

JM 1−νð Þh
K ξM−ν
� � !n( )

ð27Þ

Now, we seek an explicit expression approximating ξM for
the special case that κ(h)=1/hmax. In this case, Eq. (27) can be
rearranged to give:

hmax
1−νð Þ
ν

≈
X
h¼1

hmaxX
n¼1

JM JM 1−νð Þh
K ξM−ν
� � !n

≈
X
n¼1

JM JM 1−νð Þhmax

K ξM−ν
� � !n

¼
chmax 1− chmaxð Þ JM

� �
1−chmax

≈
chmax

1−chmax

ð28Þ

where c ¼ JM 1−νð Þ
K ξM−νð Þ and we have dropped the summation over

h since 〈λM (h)〉 ≈ 0 for h<hmax. Solving Eq. (28) for c and

then for ξM gives:

ξM ≈
JM
K

hmax 1−νð Þ þ νð Þ þ ν ≈
JM
K

hmax 1−νð Þ þ νð Þ ð29Þ

Fig. 9 SADs for the theoretical
neutral model (thick gray lines)
and the basic theoretical (thin
black line, open circles) and
simulated (thin black line, closed
circles) overlapping niche models
assuming a uniform distribution
of niche breadths at speciation.
Simulation results are presented
as averages over 50 trials.
Parameters are K=16, JM=10,
000, and νmax=0.0005. Values of
hmax vary across panels: a hmax=
1, b hmax=6, c hmax=11, d hmax=
16
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Note that this satisfies inequality (22). Equation (29) is

used in the main text to estimate ξM when evaluating Eq. (6)
to produce Fig. 1 curves that assume speciation into a distri-
bution of niche breadths.

Next, we seek an explicit expression approximating ξM for

the special case that κ hð Þ ¼ 1 h ¼ hS
0 h ≠ hS

�
. In this case,

Eq. (27) can be rearranged to give:

1−ν
ν

� �
≈
X
n¼1

JM JM 1−νð ÞhS
K ξM−ν
� � !n

¼
chS 1− chSð Þ JM
� �
1−chS

≈
chS
1−chS

ð30Þ

where, as before, c ¼ JM 1−νð Þ
K ξM−νð Þ . Solving (30) for c and then for

ξM gives:

ξM ≈
JM
K

hS þ ν ≈
JM
K

hS ð31Þ

which again satisfies inequality (22). Equation (31) is used in
the main text to estimate ξM when evaluating Eq. (6) to
produce Fig. 1 curves that assume speciation into a single
niche breadth.

Lastly, we show the equivalence of metacommunity
SADs predicted by the overlapping niche model with
speciation into a single niche breadth and metacommunity
SADs predicted by the non-overlapping niche model with
equivalent species carrying capacities. For the overlapping
niche model with speciation into a single niche breadth
h=hS, Eqs. (6) and (8) in the main text give the following
expression for the SAD

Fig. 10 SADs for the theoretical
neutral model (thick gray lines)
and the basic theoretical (thin
black line, open circles) and
simulated (thin black line, closed
circles) overlapping niche models
assuming a uniform distribution
of niche breadths at speciation.
Simulation results are presented
as averages over 50 trials.
Parameters are K=16, JM=10,
000, and νmax=0.005. Values of
hmax vary across panels:
a hmax=1, b hmax=6, c hmax=11,
d hmax=16
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ϕM nð Þh i ≈ θ*K

nhS

Γ
hS JM
K

þ 1

� �
Γ

hS JM
K

− nþ 1

� � Γ
hS JM
K

þ θ*−n
� �
Γ

hS JM
K

þ θ*
� � ð32Þ

where we have used κ hð Þ ¼ 1 h ¼ hS
0 h ≠ hS

�
to simplify the

sum in Eq. (8) and have substituted the approximation
ξM ≈ JM

K hS from Eq. (31). A similar expression for the SAD
in the non-overlapping model can be recovered from Eqs. (6)
and (8) by taking hmax=1, which gives

ϕM nð Þh i ≈ θ*Kno

n

Γ
JM
Kno

þ 1

� �
Γ

JM
Kno

−nþ 1

� � Γ
JM
Kno

þ θ*−n
� �
Γ

JM
Kno

þ θ*
� � ð33Þ

where we have used he fact that ξM≈
JM
K for the case that

hmax=1 and have set K=Kno to denote habitat size in the non-
overlapping niche model. In order for species to have equiv-
alent carrying capacities in the overlapping and non-
overlapping niche models, respectively, it is necessary to set
Kno=K/hS, where K and hS are the habitat size and niche
breadth in the overlapping niche model and Kno is the habitat
size in the non-overlapping niche model. Substituting this
relationship into Eq. (33) gives

ϕM nð Þh i ≈ θ*K
nhS

Γ
JMhS
K

þ 1

� �
Γ

JMhS
K

−nþ 1

� � Γ
JMhS
K

þ θ�−n
� �
Γ

JMhS
K

þ θ*
� � ð34Þ

which is identical to the expression in (32) for the overlapping
niche model. Thus, to the extent that approximations used to
derive Eq. (32) are correct, overlapping and non-overlapping
niche models with identical species carrying capacities give
identical SADs. This suggests that it is carrying capacity
restrictions, rather than the details of niche structure itself that
gives rise to deviations in the SAD as compared to purely
neutral theory predictions.

Local community SADs

We extended the metacommunity model, described in the
main text, to include a coupled local community of size J≪
JM. This is in keeping with the local versus metacommunity
paradigm of the spatially implicit neutral model (Hubbell
2001). The local community is semi-isolated from the
metacommunity, and the metacommunity is assumed to be

static on the timescale of the local community. To include
overlapping niches, we consider one of two possible limiting
scenarios: (1) the local community consists of a single habitat
(while the metacommunity continues to be composed of K
equally represented habitats) and (2) the local community, like
the metacommunity, consists of K equally represented
habitats.

The dynamics in the local community operate as
follows. At each timestep a randomly selected individ-
ual is killed. With probability 1−m, the parent of a
replacement individual is drawn at random from the
remaining individuals in the local community who can
potentially survive in the habitat corresponding to the loca-
tion vacated by the killed individual. With probability m, the
replacement individual is drawn at random from those indi-
viduals in the metacommunity who can potentially survive in
the vacated habitat.

A local community with a single habitat, KL=1 In the case
that the local community consists of a single habitat, the local
community birth and death rates for our overlapping niche
model are as follows:

bL n; h; kð Þ ≈ J−n
J

� �
mμk

ξM
þ 1−mð Þn

J−1

� �
ð35Þ

dL n; h; kð Þ ≈ n

J

� � m ξM−μk

� �
ξM

þ 1−mð Þ J−nð Þ
J−1

 !
ð36Þ

where n is now used to denote the number of individ-
uals of species k in the local community, while μk

represents the number of individuals of species k in
the metacommunity. In addition, J is the total number
of individuals in the local community and m is a pa-
rameter that determines the relative rate of immigration
from the metacommunity (Chisholm and Lichstein
2009). Equations (35) and (36) are expressed as asymp-
totics because they assume the metacommunity is large
and static relative to the local community so that ξM
and μk are constant.

To derive an expression for the local community SAD
under this model, we begin from Eq. (7), which is the large

JM limit for the metacommunity SAD. Substituting x ¼ n=ξM
and assuming that ξM ≫ν, we find

ϕM n; hð Þh i ≈ κ hð Þ νK
xh 1−νð Þ

JM 1−νð Þh
KξM

� �ξMx

ð37Þ
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For large ξM, x can be approximated as continuous.
Accordingly, from Eq. (37), we write

ρM ;h xð Þdx ≡ ϕM n; hð Þh idn ≈ κ hð Þ νK

xh 1−νð Þ
JM 1−νð Þh

KξM

� �xξM

ξMdx

ð38Þ

Following Volkov et al. (2007), the local community SAD
is then given by

ϕ nð Þh i ¼
Z

0

1

Pn J ;m; xð Þ
X

h¼1

hmax h

K
ρM ;h xð Þ

� �
dx ð39Þ

where Pn(J,m,x) is the probability that a species with relative
abundance x in the metacommunity is represented by n indi-
viduals in a local community of size J, assuming that the
migration rate is m. The additional factor of h/K in the

summation term in Eq. (39) comes from the fact that a species
with niche breadth h has an h/K chance of being adapted to the
habitat comprising to the local community in question. An
expression for Pn(J,m,x) can be derived from Eqs. (35) and
(36), following a standard method (Volkov et al. 2003; Volkov
et al. 2007; Alonso and McKane 2004), yielding:

Pn J ;m; xð Þ ¼ J
n

� �
Γ nþ γxð Þ
Γ γxð Þ

Γ J−nþ γ−γxð Þ
Γ γ−γxð Þ

Γ γð Þ
Γ γ þ Jð Þ

ð40Þ

where γ ¼ m J−1ð Þ
1−mð Þ is a rescaled immigration parameter.

Substituting Eqs. (40) and (38) into Eq. (39) and looking at
the special case where κ(h)=1/hmax gives

ϕ nð Þh i ≈ ξ̄Mν

hmax 1−νð Þ
J
n

� �
Γ γð Þ

Γ γ þ Jð Þ

�
Z

0

1 Γ nþ γxð Þ
Γ γxð Þ

Γ J−nþ γ−γxð Þ
Γ γ−γxð Þ

1

x

JM 1−νð Þ
Kξ̄M

 !xξMX
h¼1

hmax hxξM dx

ð41Þ

Equation (41) gives the expression for the SAD of a local
community with a single habitat. Figure 11 (a,b) shows plots
of local community SADs based on Eq. (41).

A local community with K equal-sized habitats, KL=K We
now consider the case that the local community contains all K
habitats found in the metacommunity. While the processes
governing birth and death rates are the same as in the previous
example, birth and death rates themselves must be slightly
modified as a result of the niche structure present at the local
scale. Specifically:

bL n; h; kð Þ ≈ hJ=K−n
hJ=K

� �
h

K

� �
mμk

ξM
þ 1−mð Þn

ξL−1
� � !

ð42Þ

dL n; h; kð Þ ≈ h

K

� �
n

hJ=K

� �
m 1−

μk

ξM

� �
þ 1−mð Þ ξL−n

� �
ξL−1
� � !

ð43Þ

where ξL is the local community equivalent to ξM , implying
that we have, again, assumed that stochastic fluctuations in ξL
are negligible for the systems that we model. An approximate
expression for ξL is derived in Appendix 3. Simulations suggest

that this approximation is valid, at least for communities of
similar size to the local communities that we consider here.

The derivation for the local community SAD with multiple
habitats is similar to the derivation for the local community
SAD with a single habitat. In place of Eq. (39), however, we
write

ϕ nð Þh i ¼
Z

0

1X
h¼1

hmax
Pn;h J ;m; xð ÞρM ;h xð Þdx ð44Þ

Notice that the probability of a species with relative
abundance x in the metacommunity being represented
by n individuals in a local community of size J now
depends on the niche breadth of the species. This is a
direct result of the niche structure at the local scale. In
addition, because the birth and death rates in Eqs. (42)
and (43) already contain the h/K factor ensuring that an
individual, selected at random from the metacommunity,
is adapted to fill the available site for which it is selected,
there is no additional factor of h/K in Eq. (44). From
Eqs. (42) and (43), we can again derive an expression for
Pn,h(J,m,x):

Pn;h J ;m; xð Þ ¼ hJ=K
n

� �
Γ γxþ nð ÞΓ ξL−nþ γ−γx

� �
Γ γ þ ξL−hJ=K
� �

Γ γxð ÞΓ ξL þ γ
� �

Γ γ−γxþ ξL−hJ=K
� �

ð45Þ
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Substituting Eqs. (45) and (38) into Eq. (44) gives

ϕ nð Þh i ≈ ξMνK
hmax 1−νð Þ �

Z
0

1 1

x

X
h¼1

hmax hJ=K
n

� �
Γ γxþ nð ÞΓ ξL−nþ γ−γx

� �
Γ γ þ ξL−hJ=K
� �

Γ γxð ÞΓ ξL þ γ
� �

Γ γ−γxþ ξL−hJ=K
� � 1

h

JM 1−νð Þh
KξM

� �xξM
( )

dx ð46Þ

Equation (46) gives the expression for the SAD of a local
community withK equal-sized habitats. Figure 11 (c,d) shows
plots of local community SADs based on Eq. (46).

Appendix 3: Basic model niche breadth distribution functions

Metacommunity

Fundamental niche breadth distribution by individuals The
goal is to derive an analytical expression for the proportion of
individuals with a given niche breadth in the metacommunity
at the speciation–extinction steady state (the equilibrium).
Beginning from Eq. (26), we have

λM hð Þh i ¼ 1

JM

X
n¼1

JM

n ϕM n; hð Þh i≈ 1

JM

X
n¼1

JM

κ hð Þ ξMνK
h 1−νð Þ

JM 1−νð Þh
K ξM−ν
� � !n

¼ 1

JM
κ hð Þ ξMνK

h 1−νð Þ
chð Þ JMþ1−ch

ch−1
ð47Þ

where c ¼ JM 1−νð Þ
K ξM−νð Þ is as defined in Eq. (28). As noted earlier,

ch<1 for all h. For h < hmax and for the special case κ(h)=1/

hmax, Eq. (47) can be rewritten as

λM hð Þh i ≈ 1

JM
κ hð Þ ξMνK

h 1−νð Þ
ch

1−ch
¼

1−νð Þ þ ν
hmax

1þ 1−ν
ν

hmax−hð Þ
ð48Þ

where the second equality follows from Eq. (29). Numerical
investigations show that for h=hmax, Eq. (48) is a poor ap-

proximation to Eq. (47) because chmax is closer to one. To get
a better approximation for 〈λ(hmax)〉, we use:

λM hmaxð Þh i ¼ 1−
Xhmax−1

h¼1

λM hð Þh i ð49Þ

The summation can be evaluated (with no further approx-
imations) using digamma functions ψ0(x) to give:

λM hmaxð Þh i ≈ 1− 1þ ν
hmax 1−νð Þ

� �
ν ψ0 1−hmax−

ν
1−ν

� �
−ψ0 −

ν
1−ν

� �� �
ð50Þ

Equations (48) and (50) give Eq. (9) in the main text.

Fundamental niche breadth distribution by species In this
case, the goal is to derive an analytical expression for the
proportion of species with a given niche breadth, 〈ςM(h)〉, in
the metacommunity at the speciation–extinction–immigration
steady state (the equilibrium). Using the approximation for the
SAD given by Eq. (7), we write

ςM hð Þh i ¼ 1

SM ;tot

XhJM =K

n¼1

ϕM n; hð Þh i ≈ 1

SM ;tot

Xh JM=K

n¼1

ξMνK
hmaxnh 1−νð Þ

JM 1−νð Þh
K ξM−ν
� � !n

ð51Þ

where we have again assumed that κ(h)=1/hmax, and where
SM,tot is the expected total number of species in the

metacommunity at equilibrium. Using c ¼ JM 1−νð Þ
K ξM−νð Þ , in the

limit as hJM/K→∞, we can approximate Eq. (51) as:

ςM hð Þh i ≈ ξMνK

SM ;tothmaxh 1−νð Þ
Xh JM=K

n¼1

chð Þn
n

≈ −
ξMνK

SM ;tothmaxh 1−νð Þln 1−chð Þ

ð52Þ

Applying the normalization condition to Eq. (52) gives an
asymptotic expression for SM,tot:

SM ;tot ≈ −
ξMνK

hmax 1−νð Þ
X
h¼1

hmax ln 1 − chð Þ
h

ð53Þ

Combining Eqs. (52) and (53) leads to Eq. (10) in the main
text.

Realized niche breadth distribution by species We begin by

defining bςM bh; h� �D E
to be the fraction of the total species

with fundamental niche breadth h and realized niche breadthbh . From this definition and Eqs. (7) and (11), we write
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ςbM bh; h� �D E
¼ 1

SM ;tot

X
n¼1

JM

ϕM n; hð Þh i q bh; h; n� �

≈
ξMνK

SM ;tothhmax 1−νð Þ
hbh

� �Xbh
l¼0

X
n¼1

JM 1

n
chð Þn −1ð Þl bh

l

� � bh−l
h

 !n

¼ ξMνK
SM ;tothhmax 1−νð Þ

hbh
� �Xbh

l¼0

X
n¼1

JM c bh−l� �� �n
n

−1ð Þl bh
l

� �
ð54Þ

where, again, c ¼ JM 1−νð Þ
K ξM−νð Þ . Because bh−l≤h , we know that

c bh−l� �
≤ch < 1 ; thus in the limit of large JM, Eq. (54) can

be approximated

bςM bh; h� �D E
≈ −

ξMνK

SM ;tothhmax 1−νð Þ
hbh

� �Xbh
l¼0

ln 1−c bh−l� �� �
−1ð Þl bh

l

� �
ð55Þ

Substituting Eqs. (29) and (53) into Eq. (55) and simplifying
gives

bςM bh; h� �D E
≈

hbh
� �Xbh

l¼0
ln

hmax−bhþ l
� �

1 − νð Þ þ ν

hmax 1−νð Þ þ ν

0@ 1A −1ð Þl bh
l

� �

h
Xhmax

l¼1

ln
hmax−lð Þ 1−νð Þ þ ν
hmax 1−νð Þ þ ν

� �
l

ð56Þ

The realized niche breadth distribution across the entire
metacommunity is then given by

bςM bh� �D E
≈

1Xhmax

h¼1

1

h
ln

hmax−hð Þ 1−νð Þ þ ν

hmax 1−νð Þ þ ν

� �

�
X
h¼bh
hmax 1

h
hbh

� �Xbh
l¼0

ln
hmax−bhþ l
� �

1−νð Þ þ ν

hmax 1−νð Þ þ ν

0@ 1A −1ð Þl bh
l

� �

¼
hmax−bhþ 1
� � hmax þ 1bh

� �
bh 1þ hmaxð Þ

Xbh
h¼0

ln
hmax−bhþ h
� �

1−νð Þ þ ν

hmax 1−νð Þ þ ν

0@ 1A −1ð Þh bh
h

� �
Xhmax

h¼1

1

h
ln

hmax−hð Þ 1−νð Þ þ ν
hmax 1−νð Þ þ ν

� �
ð57Þ

Local community

Here, we derive fundamental niche breadth distributions for
individuals in a local community of J individuals with immi-
gration parameter m, as described in Appendix 2. We investi-
gate both scenarios described in Appendix 2, namely that in
which the local community is comprised of a single habitat
and that in which the local community is comprised of K
equal-sized habitats. In this case, the direct approach for

determining niche breadth distributions used for the
metacommunity is too difficult, so we adopt a different strat-
egy. At equilibrium, we must have:

λL hð Þh i ¼ mPI hð Þ þ 1−mð ÞPB hð Þ ð58Þ

where PI(h) is the probability that an immigrant has niche
breadth h, and PB(h) is the probability that a newly born
individual has niche breadth h. To obtain PI(h), note that the
probability that the first propagule arriving at a site is suited to
the site and has niche breadth h is 〈λM(h)〉h/K. The probability
that the second propagule to arrive at the site is suited to the
site and has niche breadth h, given that the first propagule was
not suited to the site is 1−ξM=JM

� �
λM hð Þh ih=K , and so on.

Thus, the overall probability that the immigrant has niche
breadth h is:

PI hð Þ ≈ λM hð Þh i h
K

þ 1−
ξM
JM

� �
λM hð Þh i h

K
þ 1−

ξM
JM

� �2

λM hð Þh i h
K

þ…

¼ λM hð Þh i h
K

1

ξM=JM
≈

λM hð Þh ih
hmax 1−νð Þ þ ν

ð59Þ

where the asymptotic approximation comes in because we
have used expression (29), which is valid for large JM. From
Eq. (9) in the main text, we then know that

PI hð Þ ≈
1

1þ 1−νð Þ
ν

hmax−hð Þ
h

hmax
h < hmax

1−
Xhmax−1

k¼1
PI kð Þ h ¼ hmax

8>><>>: ð60Þ

To obtain PB(h), we must first distinguish between our two
different local community scenarios. In the case that the local
community is comprised of a single habitat, all propagules
fromwithin the community will be adapted to living at all sites
within the community, thus PB(h)=〈λL(h)〉. Substitution into
Eq. (58) then gives 〈λL(h)〉=PI(h), and we can refer to Eq. (59)
for the result.

In the scenario with K habitats per local community, the
probability of a newly born individual being of niche breadth
h is, by a similar argument used in the derivation of (59):

PB hð Þ ¼ λL hð Þh i h
K

1

ξ�L=J
ð61Þ

Again, substituting into Eq. (58) gives

λL hð Þh i ¼

mh

hmax 1− 1−mð Þ Jh
K

1

ξ
�

L

� � 1

1þ 1−νð Þ
ν

hmax−hð Þ
� � h < hmax

1−
Xhmax−1

k¼1
λL kð Þh i h ¼ hmax

8>>><>>>:
ð62Þ
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where we have made use of the relationship∑hmax
k¼1 λL kð Þh i ¼ 1

for the case that h=hmax.
To simplify this further, we assume that ξL≈Jhmax=K ,

which would be exactly true if all of the individuals in the
local community had maximum niche breadth but in practice
is only approximately true because, although such species
dominate the community, species with h<hmax do also occur.
Numerically, this approximation works well when calculating
〈λL(h)〉 for h<hmax, but for h=hmax, it gives (unsurprisingly)
〈λL(hmax)〉=1, so we obtain 〈λL(hmax)〉 from the normalization
condition. Therefore, the general approximate formula for
〈λL(h)〉 is:

λL hð Þh i≈

h

hmax þ 1−m
m

hmax−hð Þ
� �

1þ 1−ν
ν

hmax−hð Þ
� � h < hmax

1−
Xhmax−1

k¼1
λL kð Þh i h ¼ hmax

8>>><>>>:
ð63Þ

From Eq. (63), we can calculate a more accurate approxi-

mation ξL ¼ J∑hmax
k¼1k λL kð Þh i

K , which can be used to evaluate the
local SAD given by Eq. (44).

Appendix 4: Numerical simulations of metacommunity niche
breadth distributions

We ran numerical simulations to test the accuracy of the
approximate metacommunity niche breadth distributions de-
rived in the main text. Specifically, we tested the fundamental
niche breadth distribution by individual 〈λM(h)〉 (Eq. (9)), the
fundamental niche breadth distribution by species 〈ςM(h)〉
(Eq. (10)), and the realized niche breadth distribution by

species bςM bh� �D E
(Eq. (12)) for the basic (i.e., no trade-off)

overlapping niche model with a uniform distribution of niche
breadths at speciation. The model parameters used were the
same as those used in Appendix 1 to test the SAD approxima-
tions. Each simulation was repeated 50 times and results were
averaged over simulations. The results show that the approxi-
mations are generally very good (Figs. 12 and 13).

Appendix 5: Metacommunity time-dependent solutions

The probability that a species has a realized niche breadthbh tð Þ ¼bi at time t, given that it has fundamental niche breadth
h=i, can be expressed as follows:

PM
bh tð Þ ¼bi h ¼ ij
� �

¼
XJMh=K

k¼1

PM n tð Þ ¼ kð ÞP bh tð Þ ¼bi n ¼ k; h ¼ ij
� �

ð64Þ

where n is the species’ abundance. The first factor in Eq. (64),
PM(n(t)=k), is the probability that the species has abundance k

in the metacommunity at time t and is given by the kth element
of the following vector:

pM ;t ¼ VMΛ
t
MV

−1
M e1 ð65Þ

where VM is a matrix with right eigenvectors of the
metacommunity transition matrix, AM, in columns, ΛM is a
matrix of eigenvalues ofAM (with eigenvalues non-increasing
down the diagonal), and e1={0,1,0,0…0} is a unit vector
representing the initial state at speciation (in which the species
has only one individual, with probability one). The second
factor inside the summation in Eq. (64) is the probability that a
species has realized niche breadth bi given that it has abun-
dance k and fundamental niche breadth i and is given by
Eq. (11) in the main text. Writing q

ib;i as the vector with kth

element q bi; i; k� �
, Eq. (64) becomes:

PM
bh tð Þ ¼bi h ¼ ij
� �

¼ VMΛ
t
MV

−1
M e1

� �
⋅q

ib;i ð66Þ

Equation (66) describes the probability that a species hasbh ¼bi at time t. For larger times, however, this will be a very
small number, not because the species is likely to have a
different realized niche breadth but because there is a high
probability that n(t)=0meaning that the species has gone extinct
(it is straightforward to show that Eq. (66) tends to e0 as t→∞).
More interesting than Eq. (66) itself, then, is the probability that

a species has realized nichebi given that the species has not yet
gone extinct. From Eq. (66), this quantity is given by:

PM
bh tð Þ ¼bi n tð Þ > 0; h ¼ ij
� �

¼
PM

bh tð Þ ¼bi h ¼ ij
� �

1−PM n tð Þ ¼ 0ð Þ

¼
VMΛ

t
MV

−1
M e1

� �
⋅q

ib;i
1− VMΛ

t
MV

−1
M e1

� �
⋅e0

ð67Þ

Comparing of predictions from Eq. (67) with simulation
results (Appendix 7, Fig. 14) suggests that Eq. (67) is accurate,
except in the limit of extremely low diversity.

We now turn to the special case that a species has maximum
fundamental niche breadth h=hmax, which is of primary eco-
logical interest because, as shown earlier, species with h=hmax
tend to dominate the community. In this case, it is possible to
evaluate Eqs. (66) and (67) by approximating the population
dynamics with a neutral model and using analytical expressions
forVM, ΛM, andVM

−1 (based on results in Chisholm 2011). The
justification for this is that species with h=hmax behave neutral-
ly with respect to one another and that the influence of species
with h<hmax is small because they are rare.

This neutral approximation approach is particularly useful
for simplifying the realized niche breadth distribution
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conditional on a species’ persistence (Eq. (67)). In the asymp-
totic limit as t becomes large, we obtain an expression that
involves only the first and second eigenvalues λ0 and λ1 and
eigenvectors vM,0 and vM,1:

PM
bh tð Þ ¼bi n tð Þ > 0; h ¼ hmaxj
� �

¼
Pt
bh ¼bi h ¼ hmaxj
� �
1−Pt n ¼ 0ð Þ

e α0vM ;0λ
t
0 þ α1vM ;1λ

t
1

� �
⋅q

ib;i
1− α0vM ;0λ

t
0 þ α1vM ;1λ

t
1

� �
⋅e0

ð68Þ

where α0=1, α1 is determined by the initial conditions, λ0=1,
λ1=1−ν/J , vM,0=e0, and the first element of vM,1 is vM,1,0=1
and the other elements of vM,1 are (k≥1):

vM ;1;k ¼ −θ�
θ� þ JMð Þ−k
JMð Þ1−k

Simplifying and taking the asymptotic limit of large JM and
large t gives:

α0vM ;0λ
t
0 þ α1vM ;1λ

t
1

� �
⋅q
ib; i

1− α0vM ;0λ
t
0 þ α1vM ;1λ

t
1

� �
⋅e0

¼ −
e0

α1λ
t
1

− vM ;1

� �
⋅q
ib; ie −vM ;1⋅qib; hmax

¼ θ� hmax

ib
� �

ib! Γ JMð Þ
Γ θ� þ JMð Þ

X
k¼0

JM Γ θ� þ JM−kð Þ
Γ JM þ 1−kð Þ

S k; ib� �
hmax

k

e ν

1−ν
hmaxbi

� �
ib! −1ð Þib

1−hmax
1−ν

� �
ib

Fig. 11 Local community SADs
assuming that the
metacommunity has either K=4
habitats (a, c) or K=16 habitats
(b, d) and that the local
community has either a single
habitat, KL=1 (a, b) or else the
same number of habitats as are
present in the metacommunity,
KL=4 (c) or KL=16 (d). In all
panels, we assume vmax=0.0005,
JM=1,000,000, J=21,000, and m
=0.075. In panels with K=4 (a,
c), we assume maximum niche
breadths of hmax=1 (dotted), 2
(short dashes), 3 (long dashes), or
4 (solid). In panels with K=16 (b,
d), we assume maximum niche
breadths of hmax=1 (dotted), 6
(short dashes), 11 (long dashes),
or 16 (solid)
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So:

PM
bh tð Þ ¼bi n tð Þ > 0; h ¼ hmaxj
� �e ν

1−ν
hmaxbi

� �bi! −1ð Þib
1− hmax

1−ν

� �
ib

This expression closely approximates the probability
distribution of realized niche breadths of an h=hmax

species that has persisted in the community for a long
time. We also have:

lim
ν→0

ν
1−ν

hmax

ib
� �

ib! −1ð Þib
1−hmax

1−ν

� �
ib

( )
¼ 1

meaning that when the speciation rate is sufficiently low,
every species will tend eventually to realize its full potential
niche, if it has not already gone extinct.

Appendix 6: Trade-off model

Metacommunity SADs

Rearranging Eqs. (13) and (14) in the main text gives:

b
�
F n; hð Þ ¼

hJM
K

−n
� �

JM

1−νð Þ f hð Þn
ζ�F−g h; nð Þ ¼

hJM
K

−n
� �

JM

f hð Þn 1−νð Þ
ζ�F−g h; nð Þð Þ

ð69Þ

d
�
F n; hð Þ ¼ n

JM
1−νð Þζ

�
F− f hð Þn
ζ�F− f hð Þ þ ν

� 

¼ n 1−νð Þ

JM ζ�F− f hð Þð Þ ζ�F þ θ f hð Þ−nf hð Þ� �
ð70Þ

Fig. 12 Fundamental niche
breadth distribution by individual
〈λM(h)〉 (green), fundamental
niche breadth distribution by
species 〈ςM(h)〉 (blue), and
realized niche breadth distribution

by species bςM bh� �D E
(red) for

the basic (i.e., no trade-off)
overlapping niche model with a
uniform distribution of niche
breadths at speciation. Parameters
are K=4, JM=10,000, hmax=2
(top panels), 3 (middle panels), or
4 (bottom panels), and νmax=
0.0005 (left panels) or 0.005
(right panels). Solid lines show
analytical predictions, and dashed
lines show means of 50
simulations. In most cases, the
analytical and simulated results
are nearly indistinguishable

Theor Ecol



Fig. 13 Fundamental niche
breadth distribution by individual
〈λM(h)〉 (green), fundamental
niche breadth distribution by
species 〈ςM(h)〉 (blue), and
realized niche breadth distribution

by species bςM bh� �D E
(red) for

the basic (i.e., no trade-off)
overlapping niche model with a
uniform distribution of niche
breadths at speciation. Parameters
are K=16, JM=10,000, hmax=6
(top panels), 11 (middle panels),
or 16 (bottom panels), and νmax=
0.0005 (left panels) or 0.005
(right panels). Solid lines show
analytical predictions, and dashed
lines show means of 50
simulations. In most cases, the
analytical and simulated results
are nearly indistinguishable

200 400 600 800 1000
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0.2
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P

200 400 600 800 1000
t
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0.4
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P

Fig. 14 Probability that a species’ realized niche breadth bh is equal to its
fundamental niche breadth h over time, for a species with h=hmax=3 and
initial abundance n=1, in a community with K=3 habitats and a specia-
tion rate ν=0.1. The left panel has JM=21 individuals while the right

panel has JM=99 individuals. The pink curves show the theoretical
prediction from Eq. (67), and the blue points show the means of 10,000
simulations
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where θ f hð Þ ¼ ν ζ�F− f hð Þð Þ
1−ν . The expression for the expected

number of species with abundance n and niche breadth h in
the metacommunity at equilibrium is (following Vallade and
Houchmandzadeh 2003):

ϕM n; hð Þh i ≈ ∏
n−1

i¼0

b
�
F i; hð Þ

d
�
F iþ 1; hð Þ ð71Þ

Substituting Eqs. (69) and (70) into Eq. (71) and simplify-
ing gives:

ϕM n; hð Þh i ¼ ∏
n−1

i¼0

b
�
F i; hð Þ

d
�
F iþ 1; hð Þ ¼

JMθ f hð Þκ hð Þ
n ζ�F þ θ f hð Þ−nf hð Þ� �

�∏
n−1

i¼1

hJM
K

− i

� �
f hð Þ ζ�F− f hð Þð Þ

ζ�F þ θ f hð Þ−if hð Þ� �
ζ�F−g h; ið Þð Þ

When JM→∞, the number of propagules from a single
individual will be much smaller than the number of prop-

agules from all individuals, so ζF≫ f hð Þ and ζF≫g h; nð Þ .
We can then use Eq. (72) to derive the following asymp-
totic approximation:

ϕM n; hð Þh ie JMθ f hð Þκ hð Þ
n ζ̄ F þ θ f hð Þ−nf hð Þ
� �∏n−1

i¼1

hJM
K

−i
� �

f hð Þ

ζ̄ F þ θ f hð Þ−if hð Þ
� �

¼
Kθ f hð Þκ hð ÞΓ hJM

K
þ 1

� �
Γ

ζ̄ F þ θ f hð Þ
f hð Þ −n

 !

hnf hð ÞΓ hJM
K

−nþ 1

� �
Γ

ζ̄ F þ θ f hð Þ
f hð Þ

 !
ð73Þ

which is Eq. (15) in the main text.
Again in the limit that JM→∞, Eq. (73) reduces to

ϕM n; hð Þh ie Kθ f hð Þκ hð Þ
hnf hð Þ

hJM f hð Þ
K ζ�F þ θ f hð Þ� � !n

ð74Þ

In order for Eq. (74) to give a finite number of species, we
require that

hJM f hð Þ
K ζ�F þ θ f hð Þ� � < 1 ð75Þ

for all h≤hmax. Defining h* as the value of h that maximizes
hf(h), and thus the left-hand side of Eq. (75), we focus on the
condition that Eq. (75) is satisfied for h=h*. This guarantees
that Eq. (75) will be satisfied for all other values of h as well.

Following the derivation in Appendix 2, we rearrange
Eq. (75). This gives

h*−ν h*−
K

JM

� �� �
f h*
� �

<
XK

h¼1
hf hð Þ λM hð Þh i≤h* f h*

� �
; h≤hmax

ð76Þ

where the second inequality comes from the fact that 〈λM(h)〉
is a probability distribution.

Because h*−K/JM>0 (in the limit of large JM, there will be
more than one individual in each habitat) and ν is very small,
the summation term in Eq. (76) is restricted to a narrow range
of values, meaning that the vast majority of non-rare species
must have hf(h) close to h*f(h*). The interpretation, then, is
that while trade-offs do allow species with differing niche
breadths to coexist, this occurs only when such trade-offs
almost exactly compensate for niche breadth effects, i.e., h∝
1/f(h). Thus, a species that can survive in half as many habitat
types as its competitor must have approximately twice the
propagule pressure to be represented at any significant abun-
dance in the metacommunity.

Next, we derive an approximate expression for ζF .

Beginning from our definition for ζF from the main text, we
have

ζ
�
F ¼ JM

K

Xhmax

h¼1
hf hð Þ λM hð Þh i ¼ 1

K

Xhmax

h¼1
hf hð Þ

X
n¼1

JM

n ϕM n; hð Þh i

ð77Þ

where the second equality follows from the definition
λM hð Þh i ¼ 1

JM
∑ JM

n¼1n ϕM n; hð Þh i. Substituting Eq. (74) into

Eq. (77) and assuming θ f hð Þ ≈ νζ
�
F

1−νð Þ≡θ f
�
gives

ζ�F ≈
Xhmax

h¼1
θ*f κ hð Þ

X
n¼1

JM JMhf hð Þ
K ζ�F þ θ*f

� �
0@ 1An

ð78Þ

In the limit that JM→∞ and keeping in mind that
JMhf hð Þ

K ζ
�
Fþθ�fð Þ < 1 , Eq. (78) reduces to

ζ�F ≈
Xhmax

h¼1
θ*f κ hð Þ

Ch 1− Chð Þ JM
� �
1−Ch

≈
Xhmax

h¼1
θ*f κ hð Þ Ch

1−Ch
ð79Þ

where C ¼ JM f hð Þ
K ζ

�
Fþθ f

�ð Þ . Substituting in this expression for C and

simplifying gives

(72)
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ζ�F ≈
Xhmax

h¼1
θ�f κ hð Þ JMhf hð Þ

K ζ�F þ θ*f

� �
−JMhf hð Þ

ð80Þ

For a perfect trade-off with f (hmax)=1, the relationship
between niche breadth and fecundity can be expressed as
hf(h)=hmax. Substituting this relationship, along with κ(h)=
1/hmax (a uniform niche breadth distribution at speciation) and

θ f
� ¼ νζ

�
F

1−νð Þ into Eq. (80) gives

1 ≈
Xhmax

h¼1

JMν
Kζ�F−JMhmax 1−νð Þ ð81Þ

Simplifying gives

ζ�F ≈
JMhmax

K
ð82Þ

which we use as our approximation for ζFwhen deriving niche
breadth distributions below. Note that Eq. (80) also implies
C≈1−ν, which will be important in the derivations below.

Fundamental niche breadth distribution by individuals

The goal is to derive an analytical expression for the propor-
tion of individuals with a given niche breadth in the
metacommunity at the speciation–extinction steady state (the
equilibrium). Beginning from Eq. (74) and our definition for
〈λM(h)〉, we have

λM hð Þh i ¼ 1

JM

X
n¼1

JM

n ϕM n; hð Þh i≈ 1

JM

X
n¼1

JM Kθ*f κ hð Þ
hf hð Þ

hJM f hð Þ
K ζ�F þ θ*f

� �
0@ 1An

ð83Þ

Simplifying (83) gives

λM hð Þh i ¼ 1

JM

Kθ*f κ hð Þ
hmax

C−CJMþ1

1−C
ð84Þ

where C ¼ h JM f hð Þ
K ζFþθ f

�ð Þ . For the special case of a perfect trade-
off (hf(h)=hmax) and assuming a uniform niche breadth
distribution at speciation (κ(h)=1/hmax), we know that
C<1. This allows us to rewrite Eq. (84) as

λM hð Þh i ≈ 1

hmax
ð85Þ

where we have substituted Eq. (82) for ζF . Thus, as expected,
under the trade-off model, all niche breadths are equally
represented in the pool of individuals.

Fundamental niche breadth distribution by species

In this case, the goal is to derive an analytical expression for
the proportion of species with a given niche breadth, 〈ςM(h)〉,
in the metacommunity at the speciation–extinction steady
state (the equilibrium). Using the approximation for the
SAD given by Eq. (74), we write

ςM hð Þh i ¼ 1

SM ;tot

Xh JM=K

n¼1

ϕM n; hð Þh i ≈ Kθ*f

SM ;tot hmaxð Þ2

�
Xh JM =K

n¼1

1

n

JMhmax

K ζ̄ F þ θ*f

� �
0@ 1An

ð86Þ

where we have again assumed that hf(h)=hmax and κ(h)=1/
hmax, and where SM,tot is the expected total number of species
in the metacommunity at equilibrium. In the limit as
hJM/K→∞ (there are a large number of individuals with
niche breadth h suited to each habitat), we can approx-
imate (86) as:

ςM hð Þh i ≈ Kθ*f

SM ;tot hmaxð Þ2
Xh JM=K

n¼1

Cð Þn
n

≈−
Kθ*f

SM ;tot hmaxð Þ2 ln 1−Cð Þ

ð87Þ

where, as before, C ¼ JM hmax

K ζFþθ f
�ð Þ . Recalling that 〈ςM(h)〉 must

sum to one, Eq. (87) gives the following asymptotic expres-

sion for SM,tot:

SM ;tot ≈ −
Kθ*f
hmax

ln 1−Cð Þ ð88Þ

Combining Eqs. (87) and (88) gives

ςM hð Þh i ≈ 1

hmax
ð89Þ

Thus, under the trade-off model, all niche breadths are
represented equally in the species pool, just as we found that
they are represented equally in the individual pool in the
previous subsection.
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Realized niche breadth distribution by species

We begin by defining bςM bh; h� �D E
to be the fraction of the

total species with fundamental niche breadth h and realized

niche breadth bh . From this definition and Eqs. (74) and (11),
we write

ςbM hb; h� �D E
¼ 1

SM ;tot

X
n¼1

JM

ϕM n; hð Þh iq hb; h; n� �

≈
Kθ*f

SM ;tot hmaxð Þ2
h

hb
� �Xhb

l¼0

X
n¼1

JM 1

n
Cð Þn −1ð Þl hb

l

 !
hb−l
h

 !n

¼ Kθ*f

SM ;tot hmaxð Þ2
h

hb
� �Xhb

l¼0

X
n¼1

JM C hb−l
h

� �� �n

n
−1ð Þl hb

l

 !
ð90Þ

where, again, q bh; h; n� �
is the probability that a species with

abundance n and fundamental niche breadth h will have
realized niche breadth bh, and we have assumed a perfect
trade-off (hf(h)=hmax) and a uniform distribution of niche
breadths at speciation (κ(h)=1/hmax), giving C ¼ JM hmax

K ζFþθ f
�ð Þ .

Because bh−lh ≤1 , we know that C bh−l
h

� �
≤C < 1 ; thus, in the

limit of large JM, Eq. (90) can be approximated

bςM bh; h� �D E
≈ −

Kθ�f
SM ;tot hmaxð Þ2

h
hb

� �Xbh
l¼0

ln 1−C
bh−l
h

 ! !
−1ð Þl hb

l

� �
ð91Þ

From the previous subsection, we know that C≈1−ν.
Substituting in this and the approximation (88) for SM,tot and
then simplifying gives

bςM bh; h� �D E
≈

1

hmaxln νð Þ
hbh

� �Xbh
l¼0

ln 1− 1−νð Þ
bh−l
h

 ! !
−1ð Þl hb

l

� �
ð92Þ

The realized niche breadth distribution across the entire
metacommunity is then given by

bςM bh� �D E
≈

1

hmaxln νð Þ
X
h¼bh
hmaxXbh

l¼0

h
hb

� �
ln 1− 1−νð Þ

bh−l
h

 ! !
−1ð Þl hb

l

� �

ð93Þ

Appendix 7: Numerical simulations of metacommunity
time-dependent behavior

We ran numerical simulations to test the accuracy of the time-
dependent realized niche breadth distributions derived in
Appendix 5. Specifically, we looked at the probability that a
species has maximum niche breadth (i.e., its realized niche
breadth is equal to its fundamental niche breadth) given that it
has not gone extinct (Eq. (67)). We found that Eq. (67) is
accurate for a sufficiently diverse community, i.e., a commu-
nity with large JMν, where JM is the metacommunity size and
ν is the speciation rate, but underestimates the probability of a
species achieving maximum niche breadth for smaller JMν.
This is because the theoretical model assumes that the indi-
viduals belonging to any given species are assigned to partic-
ular habitats independently of one another. This is very close
to true for relatively rare species, which is why the approxi-
mation works well in diverse communities. In the extreme
low-diversity case in which a single species dominates the
whole community, it is clear that the independence assump-
tions fail completely because the distribution of habitats
assigned to individuals of the species is constrained by the
distribution of habitats in the landscape.
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