
ORIGINAL PAPER

Rare niches and the ecological equivalence of species

Seth Haney1 & Matthew Cattivera2 &

Adam M. Siepielski3,4

Received: 17 November 2014 /Accepted: 20 May 2015
# Springer Science+Business Media Dordrecht 2015

Abstract Debate remains on the contributions of niche and
neutral processes in structuring biological communities. Tem-
poral variation in the extent to which these two processes may
jointly operate makes the problem of resolving their roles even
more daunting. Here, we gain insight into this problem by
using deterministic and stochastic models of competitors to
investigate how the occurrence of rare niches, in what is usu-
ally a neutrally structured community, affects species diversi-
ty. Rare niches are modeled by allowing each species access to
unique resources, which occur with temporal variability.
While results from the deterministic model are clear (rare
niches provide stable coexistence to otherwise neutral com-
petitors), demographic stochasticity complicates this picture.
Stochastic rare niche models show parameter regimes where
increases in rare niches actually increase extinction risk by

amplifying the variance in population counts. We also use
our stochastic model to evaluate the effectiveness of current
empirical methods in resolving the difference between rare
niche and neutral systems. We find that in many cases, sto-
chastic variation makes niche and neutral systems indistin-
guishable, allowing for the possibility of niche systems to
masquerade as neutral ones. These results highlight the need
to better understand how demographic stochasticity and envi-
ronmental variation can affect the maintenance of species
diversity.

Keywords Niches . Neutrality . Rare events . Species
diversity . Stochastic . Temporal variation

Introduction

A substantial body of work has identified the characteristics of
a biological community where multiple species are being
maintained (Chesson 2000a). The central tenet of this work
is that for biological diversity to be maintained, species must
be ecologically different from one another in specific ways.
Regardless of how these ecological differences are manifest-
ed, all mechanisms promoting diversity maintenance must
result in species being sufficiently different from one another
so that (1) they respond differently to some environmental
factor(s) and (2) that their demographic rates are more strong-
ly affected by intraspecific rather than interspecific densities
(Chesson 2000a; Adler et al. 2007; but see McPeek 2012).

By contrast, the diversity of species in a community would
not be maintained if species were not ecologically differenti-
ated in such ways. With no ecological differences among spe-
cies, the diversity of species within a community undergoes
stochastic loss (Becological drift^) until only one species dom-
inates (e.g., neutrality; Hubbell 2001; Bell 2001). Even if
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species are only very similar ecologically (not identical), if
those species are very abundant in a system, the process of
ecological drift can take a very long period of time (Hubbell
2001; Bell 2001; McPeek and Gomulkiewicz 2005). The re-
sult of such a system mirrors that of a community being ac-
tively maintained by ecological differences, namely many
species persisting in a community. Such communities may
be misclassified as one where ecological differences serve to
maintain coexistence, due only to a long time to stochastic-
driven extinction (e.g., McPeek and Gomulkiewicz 2005).
Distinguishing between these two alternatives is therefore a
central problem in our understanding of how biological com-
munities are structured (Chesson 2000a; Adler et al. 2007;
HilleRisLambers et al. 2012).

An important insight into this problem is the recognition
that the mechanisms promoting the maintenance of species
diversity often act at varying temporal and spatial scales
(Chesson 2000a; Gravel et al. 2011). Most environments are
not static on timescales relevant to individual organisms, and
this environmental variation has the potential to greatly affect
whether species persist or go extinct (e.g., Hutchinson 1961;
Chesson and Huntly 1997; Adler and Drake 2008). Indeed,
much of our understanding of how temporal variation in en-
vironmental conditions maintains diversity has focused on
identifying mechanisms that buffer species from local
extinction.

Theoretical (Chesson and Warner 1981; Chesson 1986,
1994, 2000a; Chesson and Huntly 1989; Adler and Drake
2008) and empirical work (Cáceres 1997; Adler et al. 2006;
Angert et al. 2009; Jones and Lennon 2010) has shown that
one important mechanism maintaining diversity through tem-
poral variation is the storage effect. The temporal storage ef-
fect buffers species from extinction by allowing species to
persist in a system during environmental conditions that
would otherwise lead to competitive exclusion. Critical to
mechanisms such as the storage effect are a density-
dependent correlation between environmental conditions and
competition (e.g., Chesson and Huntly 1997 and Electronic
supplementary material). This correlation is embedded in life
history stages such as seed and egg banks, cyst formation, and
long-lived adult stages (Chesson 2000a).While empirical sup-
port for the storage effect is found (Cáceres 1997; Adler et al.
2006; Angert et al. 2009), exploring alternative mechanisms
for how temporal variation in the environment can affect spe-
cies diversity is needed because not all species may have the
necessary life histories that allow the storage effect to operate.

One way in which temporal variation in the environment
can potentially affect species diversity is the introduction of
niches through recurrent, but infrequent, resources. Examples
of these events, which are common to terrestrial and aquatic
systems, include periodic insect outbreaks or mast seeding in
plants (Yang et al. 2008). Species utilizing such infrequent
resources may not have any storage mechanism, and not all

species may respond similarly to the availability of these re-
sources. As a putative example of this kind of rare niche re-
source system, consider the sympatric Darwin’s ground
finches. Studies have now revealed that on at least one island,
four species of these finches have broadly similar and over-
lapping diets, which are important for regulating their demo-
graphic rates (De León et al. 2014). That is, these species
appear to be opportunistic generalists usually feeding on a
set of common, shared resources. However, the unique mor-
phologies characterizing these species (i.e., differences in
beak size and shape) allow each species to use unique
Bprivate^ resources. These latter resources are most often
accessedwhen the shared common resources are less available
during adverse conditions (De León et al. 2014). Thus, this
small community of finches can be characterized by a system
where all species effectively compete similarly for a set of
shared resources, but occasionally, each species can use a
unique resource that the other species cannot readily access.
Indeed, many organisms are specialized for access to distinct
resources when other resources become limited (e.g., Grant
et al. 1976; Schoener 1982; Robinson and Wilson 1998).
However, we currently have little understanding of the conse-
quences of how such temporally rare, resource-driven niches
may affect community structure and species coexistence (Holt
2008; De León et al. 2014). These temporally variable re-
sources could be beneficial to some species by introducing
rare niches, neutral for others, and even disadvantageous if
they increase competitive interactions.

Here, we use deterministic and stochastic models of re-
source competitors to evaluate how rare niche differences
driven by infrequent resource production among species have
the potential to extend species persistence times and, there-
fore, diversity within communities. We develop both deter-
ministic and stochastic models because the importance of rare
niche resources may vary with population sizes and small
populations are expected to be more strongly affected by sto-
chastic processes (e.g., Lande 1993; Lande et al. 2003;
Ovaskainen and Meerson 2010; Black and McKane 2012).
Our results show that although rare niches can lengthen the
time frame to stochastic extinction, they may also result in
competitive exclusion. We also use our model to investigate
the degree to which current experimental techniques for re-
solving niche versus neutrally structured systems are robust to
these temporal variations. Finally, we compare our rare niche
system to the classic understanding of a competitive niche.

Rare niche model

We define the concept of a rare niche by assuming that two
species, N1 and N2, usually compete for a set of shared re-
sources equivalently; this is modeled using a Lotka-Volterra
type competition model, where all birth, death, and competi-
tion rates are identical between species. However, N1 and N2
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can also exclusively use other resources R1 and R2, respective-
ly, which occur with temporal variability. Exclusivity implies
that R1 is only accessible toN1; similarly, R2 is only accessible
to N2 and, therefore, introduces unique niche differences, be-
cause the two species use a different set of resources.

Competitors have full fitness equivalence, as birth rates are
the same, and some amount of stabilization due to the fact that
intraspecific competition includes competition for both shared
resources and rare resources but interspecific competition only
concerns the shared resources (sensu Chesson 2000a). In this
work, we only vary the effective ratio of intraspecific and
interspecific competition (e.g., the strength of stabilization;
Chesson 2000a; Adler et al. 2007), by varying the prevalence
of specialized resources.

In this analysis, for the majority of the time, neither rare
resource (R1 and R2) is available, but with a constant rate P
(which we call production rate), it is possible for the rare
resource to increase by a number S (which we call the supply
level). In this model, the rare resources are short lived due to
the fact that there is only a finite supply of rare resource and
the only replacement of rare resources happens infrequently.
We, therefore, use the term Bpulses^ to describe the dynamics
of the rare resources (e.g., Holt 2008).

To model the rare niche scenario, we use a mix of two
categories of ecological competition models: (1) direct com-
petition models (e.g., Lotka-Volterra type competition) and (2)
resource-based indirect competition models (e.g., Tilman
1981). Resource-based models explicitly model the dynamics
of each resource, and thus, they are more mechanistically ac-
curate, but much more computationally taxing. Lotka-Volterra

type models can account for competition over many different
resources with a single competition term, and therefore, they
are more computationally simplistic but also less accurate. It is
worth noting that this model may be simply reparameterized
to define a model with three resources where the dynamics of
the single shared resource are fast (see Electronic
supplementary material).

The system can be completely described via a list of pos-
sible birth or death events and the per capita rates for these
events (Table 1). These demographic events can then be im-
plemented by a deterministic ordinary differential equation
(ODE) system, appropriate for systems with large population
sizes. Alternatively, the same list of demographic events can
also be implemented by a stochastic simulation algorithm
(Gillespie 1976), which is more appropriate for systems with
small population sizes.

Large population dynamics

The dynamics of systems with large populations can accurate-
ly be described by continuous species densities using an ODE
model. Here, we present the ODEmodel and describe its basic
properties. We will also frequently refer back to this determin-
istic model as an intuitive foundation to understand the more
complex stochastic model.

dN1

dT
¼ N1 b−a N 1 þ N2ð Þ þ brR1½ � ð1aÞ

dN2

dT
¼ N2 b−a N 1 þ N2ð Þ þ brR2½ � ð1bÞ

dR1

dT
¼ eχ1 Tð Þ−gR1N 1 ð1cÞ

dR2

dT
¼ eχ2 Tð Þ−gR2N 2 ð1dÞ

Table 1 Description of
demographic parameters and
resource supplies in the model,
unless otherwise noted in the text

Process Reaction Rate Value Description

1 N1→N1+1 bN1 b=100 Birth of species 1

2 N1→N1−1 aN1(N1−1) a=1 Intraspecific death of species 1

3 N1→N1−1 aN1N2 a=1 Interspecific death of species 1

4 N2→N2+1 bN2 b=100 Birth of species 2

5 N2→N2−1 aN2(N2−1) a=1 Intraspecific death of species 2

6 N2→N2−1 aN1N2 a=1 Interspecific death of species 2

7 N1→N1+1 brN1R1 br=1 Birth of a species 1 due to R1

R1→R1−1
8 R1→R1+S P [0,100] Addition of S units of R1

9 N2→N2+1 brN2R2 br=10 Birth of species 2 due to R2

R2→R2−1
10 R2→R2+S P [0,100] Addition of S units of R2
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Here, N1, N2, R1, and R2 represent density of species 1,
species 2, rare resource 1, and rare resource 2, respectively.
The parameters b, a, br, and g represent the rates of birth,
competition, and competitor births due to rare resources and
resource depletion, respectively. For the practical purposes of
this work, we will always have g=br and consider a death ofRi
to imply a birth of Ni but leave the two distinct for generality.
The production functions for the rare resources are Poisson
processes

eχi Tð Þ ¼ S
X

j
δ T−Ti; j

� � ð2Þ

where S is the supply level, δ(T) is the Dirac delta function,
and the Tij are pulse times whose interpulse interval follows an
exponential distribution with mean time 1/P, the inverse of the
production rate, where i=1,2 and j runs over the number of
pulses.

We note here that while this model may have some simi-
larities to the storage effect model championed by Chesson
and Warner (1981), the model presented here is decidedly
different. Specifically, after identifying the appropriate limit-
ing factors (Levin 1970; Chesson 1994, 2008; Chesson and
Huntly 1997), it can be shown (see Electronic supplementary
material) that our model is linear and additive (sensu Chesson
and Huntly 1997). Therefore, neither the storage effect nor
effects from relative nonlinearities can operate in this context.

Rescaling of parameters

To keep results independent of a change in units, we
nondimensionalize the ODE system by rescaling

ni ¼ Ni

K
ri ¼ Ri

K

br
g

t ¼ T

b−1
ð3Þ

where K=b/a, the carrying capacity. Thus, the equations can
be rewritten in rescaled variables

dni
dt

¼ ni 1− n1 þ n2ð Þ þ γri½ � ð4Þ

dri
dt

¼ χi tð Þ−γrini ð5Þ

where γ=g/a and χi tð Þ ¼ br
bgK

� �eχi Tð Þ, where resource pulses
occur as a Poisson process with parameter p ¼ P

b in t, each

with size S ¼ br
gK

� �
. Rescaling of our variables allows direct

interpretation of parameters as they are now unitless quanti-
ties: p can be considered as a percent of the natural birth rate, s
can be considered as a percent of carrying capacity divided by
the number of resources required to produce a single compet-
itor birth, and t can be considered as the time it would take for
this number of per capita natural births to occur.

Small population dynamics

Deterministic models can accurately describe the dynamics of
competition systems where large population sizes lead to birth
and death rates that are relatively robust to fluctuations. How-
ever, in small populations, the timing and discrete nature of
these probabilistic transitions becomes critical (Ovaskainen
andMeerson 2010). Further, natural populations of competing
species can be driven to extinction by purely stochastic effects
(see Lande 1993; Lande et al. 2003; Black and McKane
2012). In this case, any single member of species 1, N1, or
single member of species 2, N2, can undergo a probabilistic
birth event, N1→N1+1; a death event, N1→N1−1; and many
similar probabilistic state transitions (Table 1). Each event is
associated with a per capita rate constant. The system is then
simulated using a Monte Carlo method known as the exact
stochastic simulation algorithm (ESSA) (Gillespie 1976).

While it is not appropriate to nondimensionalize our sto-
chastic model, as we are concerned with transitions between
discrete numbers of individuals, it is convenient to interpret
the parameters and extinction times in dimensionless units to
provide a meaningful connection to many different ecological
systems. We, therefore, report production rate, supply level,
and time in rescaled terms p, s, and t for both deterministic and
stochastic contexts.

In classical coexistence theory, the outcomes of competi-
tion systems are split into two categories: coexistence and
competitive exclusion (e.g., Chesson 2000a; Adler et al.
2007). However, in a stochastic system, all competition sce-
narios (regardless of niche differences) end in extinction of
one species (e.g., Adler et al. 2007). Put more simply, inter-
minable coexistence is impossible in a system with demo-
graphic stochasticity due to the sustained positive probability
of extinction (however small) and the fact that this state is
unrecoverable (extinct systems cannot reemerge; at least in a
closed system such as modeled here). Consequently, in a sto-
chastic system, all coexistence is temporary and the dichoto-
my of coexistence and extinction, seen in classical determin-
istic systems, is better understood as a continuum of species
persistence times, measured by the time to which the first
species inevitably goes to extinction (see Adler and Drake
2008). We will refer to this time as the first extinction time
(FET). This FET can be thought of as a first arrival time in a
stochastic system and varies from trial to trial.

Results

Steady-state analysis

For large populations, rare niche dynamics are well approxi-
mated by the ODEmodel. However, even in this case, it is not
possible to obtain steady-state solutions due to the random
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production times ofχi(t). To gain an intuitive understanding of
the consequences of introducing rare niches, we first replace
the production function for the rare resource by their long time
average:

χi tð Þ→ lim
A→∞

1

A

Z A

0
χi tð Þdt ¼ ps ð6Þ

In this approximate case, we can use steady-state and phase
plane analysis to gain intuition about the dynamics of n1 and
n2 in a rare niche system. The system has nullclines:

n2 ¼ 1−n1 þ ps

n1
ð7Þ

n1 ¼ 1−n2 þ ps

n2
ð8Þ

Solving this simpler system at steady state, we find that

nSS1 ¼ nSS2 ¼ 1

4
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8ps

p� �
ð9Þ

This steady state is stable (see Electronic supplementary
material), and unlike strict Lotka-Volterra competition, this is
the only possible steady state and coexistence is the only pos-
sible outcome of such a systemwhen p and s are positive (note
that extinction of n1 or n2 will cause a runaway growth of the
rare resources and, therefore, cannot be a steady state). Fur-
ther, we find via numerical studies (data not shown) and vector
field analysis that the state is globally attractive, and therefore,
when ps is positive, either species will be able to increase
when rare.

To compare this result with the ODEmodel where resource
production is given by the Poisson processes, we simulate the
ODE model with χi(t)=s∑jδ(t−ti,j). As expected, variation in
resource production induces fluctuations in the population

(Fig. 1a, b). If production times were deterministic, we would
expect the long time temporal expectation of n1 to approach
the steady-state value calculated above,

n1h it →
t→∞

nSS1 ð10Þ

n1h it ¼
1

t

Z A

0
n1 t′
� �

dt′ ð11Þ

so long as n1 is bounded. However, it is unclear whether sto-
chastic dynamics may disrupt this. We calculate 〈n1〉t for the
stochastic production times with t sufficiently large so that
increasing tmakes little change to 〈n1〉t and find this is in close
agreement with the steady-state value of the system with con-
stant production rates for each choice of p and s. In other
words, the long time average of the system with variable rare
resource production events, χi(t)=s∑jδ(t−ti,j), is well approx-
imated by the analytically calculated steady state of the system
with constant production rates, χi(t)=ps.

The deterministic rare niche model leads to coexistence for
every positive choice of p and s. Further, increasing p and s
always results in an increase in population density at equilib-
rium. This might lead one to think that the higher equilibrium
population density would provide a larger buffer against sto-
chastic fluctuations that can drive the system to extinction. We
will show below that this is not always the case.

Small population dynamics

The dichotomy between stochastic and deterministic models
is evident when contrasting their dynamics. Figure 1a, b
shows the dynamics of the ODE system with p=0.5 and s=
0.05, and here, coexistence persists indefinitely. In Fig. 1c, d,
the stochastic system with the same values for p and s results
in one species going extinct due to stochastic fluctuation.
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To ascertain these effects on the FET, we performed a large
number of stochastic trials (N=10,000) and calculated aggre-
gate statistics. Figure 2a shows several illustrative distribu-
tions of the logarithm of FET. For ecologically equivalent
systems (e.g., systems with no production of rare resources;
Fig. 2a blue curve), these distributions are log-normal, due to
the fact that FET is an arrival time. The addition of a rare
niche, by increasing p away from zero, shifts this distribution
toward longer FET. If we examine the effects of p and s inde-
pendently on the mean of the logarithm of FET (MLFET), we
see a monotonic increase of MLFET with production rate p
(Fig. 2b proceeding vertically). In contrast, increasing the sup-
ply level of rare niche resources, s, can have both beneficial
(Fig. 2b, p=0.5 from s=0.05→0.15) and deleterious (Fig. 2b,
p=0.5 from s=0.15→1) effects on MLFET. Increasing pro-
duction rate of rare resources always increases MLFET, but
increasing resource supply level involves a trade-off with
MLFET. Note that this result was not dependent on the type
of statistic (mean, median, and mode show similar tradeoffs)
nor is it dependent on the specific distribution of pulse times
(see Electronic supplementary material). It is important to note
that the possibility that increasing supply would increase ex-
tinction risk is counter to the predictions from the determinis-
tic system. Thus, stochastic dynamics have distinctly different

and ecologically important properties that need to be
accounted for.

We also investigate the dependence of MLFET, and its
trade-off with supply, on the size of the system, or carrying
capacity (K). The carrying capacity was modified by varying
the competition rate, a, while keeping the birth rate, b, con-
stant. We find that the trade-off with supply occurs at every
level of K tested (Fig. 2c).

To explain the trade-off while increasing the supply level as
shown in Fig. 2b, c, we examine two subsets of parameters
from Fig. 2b. The first subset has a fixed product ps, which
represents the total expected production of resources per time,
while we vary the balance of the two factors (Fig. 2b black
Bcircles^). This clearly shows that MLFET always increases
with more p and less s (Fig. 2d). This is to be expected as
higher production rate increases the likelihood that resource
pulses will occur when the appropriate competitor species is at
low abundance and, thus, can salvage the system from extinc-
tion. The second subset of points has an equal balance of p and
s, but their individual values, and hence their product ps, will
increase from 0 to 1 (Fig. 2b black Bx^). Effectively, points
represent an increase in the long time average of available rare
resources, which will be ps. We find that increasing ps gives a
sharp initial increase in MLFET but quickly levels off
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(Fig. 2e). Therefore, the trade-off with increasing s is thus
given by the balance of the beneficial effects of increasing
the total expected production of resources per time, ps, and
the deleterious effects of increasing the proportion of that
product given by s.

Experimental identification of a rare niche

Due to their structure, rare niche systems closely resemble
neutral ecological systems. Indeed, during any time point
when no rare resource is in a system, the system is purely
neutral. Here, we discuss the possibility for misclassification
of rare niche systems as neutral ones due to demographic
stochasticity via current experimental methods.

The critical test of niche-based mechanisms promoting co-
existence is the invasibility criterion (see Chesson 2000a;
Siepielski and McPeek 2010). Regardless of the specific mech-
anism, if two species occupy distinct niches and coexist, each
species will be able to increase (or Binvade^) when rare in the
system. The invasibility criterion is critical because even if two
species are competing if both species can always increase when
rare, then they cannot be driven out of the system by compet-
itive exclusion. Although this is the benchmark test for coexis-
tence, the invasibility criterion has rarely been evaluated during

empirical studies and even more rarely repeated to increase
robustness of results (Siepielski and McPeek 2010).

Here, we summarize the five basic steps of the experimen-
tal protocol (paraphrased from Siepielski and McPeek 2010):
(1) Allow the system to come to equilibrium. (2) Remove all
individuals of one species (without loss of generality, we will
say N1). (3) Allow the system to reequilibrate. (4) Reintroduce
a small portion, ρ, of the equilibrium value of species N1

observed in step 1 (here, N1 is the Binvader^). (5). Allow the
system to reequilibrate. If N1 can consistently increase in
abundance under these conditions, it satisfies the invasibility
criterion. These procedures must then be repeated for all
other species in the system, each serving as the invaders. If
all species can increase when rare under these conditions, we
can conclude that some niche-based mechanism is promoting
their coexistence (Chesson 2000a, 2008; Leibold and McPeek
2006). For simplicity, here we only test for invasibility of
one species, but the inability of one species to invade is
sufficient to conclude that a set of species is not coexisting.
This five-step test is graphically outlined on a phase diagram
for rare niche and neutral systems in a and b of Fig. 3,
respectively. It is clear that the N1 population should in-
crease in the rare niche system; it is expected to decrease
in a neutral system.
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Stochastic variation may cause a system that is truly oper-
ating in a rare niche system, to be misclassified as a neutral
system. This is illustrated in Fig. 3c. Here, we have
reintroduced a small proportion of species 1 (ρ=0.2)
and allowed the system to reequilibrate. It is clear that
on average the system (here average at time t only
includes trials where neither species has gone extinct
by time t) reequilibrates exactly as predicted (Fig. 3c
thick green curve). However, the individual stochastic
trials (Fig. 3 black curves) span an incredibly large area
of the phase space including much of the region that
would lead to a misclassification of the system as neu-
tral (i.e., where the N1 species did not increase when
rare; Fig. 3c left of the dashed magenta line). This point
is also emphasized by the fact that the trajectory given
by the mean less two standard deviations (Fig. 3c lower
light blue curve) is contained entirely in the region resulting in
error.

To investigate the possibility that an experimentalist would
classify a competition system with a rare niche as ecologically
equivalent, false negative error, we simulated a large number
of stochastic realizations (N=10,000) of rare niche systems
and used this data to execute the five-step procedure outlined
above.We choose the waiting time between steps based on the
natural timescale of the deterministic system (see Electronic
supplementary material). We find that the error rate increases
if the occurrence of rare niches is infrequent, or if ps is small
(Fig. 3d).

To ascertain the number of trials necessary to reliably dis-
tinguish between niche and neutral systems, we chose a small
random subset of trials and performed a one-tailed t test, to
determine if the N1 species reliably increased. We then
incremented the small number of trials (starting from 2) until
we could reject the hypothesis that the system did not increase
at the a=0.05 level. This was then performed 1000 times, with
a different random drawing of the small subsets of trials, for
each parameter choice.We then report the number of trials that
ensures, with 95 % confidence, that the null hypothesis can be
rejected at the a=0.05 level.

Overall, we find that for large values of p and s, four trials
are necessary to resolve a rare niche system from a neutral one
(Fig. 3e).With smaller values of p and s, up to 10 trials may be
needed, and for p and s less than 0.10, the system is virtually
unresolvable without a prohibitively large number of trials.

Comparison with a classical niche

Many of the properties we explore for a rare niche are also
attributable to a classical understanding of a competitive
niche. By this, we mean an ecological competition system
whereby intraspecific competition dominates interspecific
competition. To construct such a classical niche system, we
utilize the same demographic rates as in Table 1, but first

remove rare resources from the system by setting p=0 and
then allow the intraspecific death events to happen at a faster
rate, aii, than interspecific death events, aij. These parameters
can be combined to quantify niche overlap (Chesson 2000a),

ρ ¼
ffiffiffiffiffiffiffiffiffiffiffi
ai ja ji

aiia j j

r
ð12Þ

or in the case of symmetric competition coefficients ((aij=aji,
aii=ajj), one may define the strength of stabilization, as the
reciprocal of niche overlap (Adler et al. 2007)

σ ¼ 1

ρ
¼ aii

ai j
ð13Þ

To make a quantitative comparison between classical and
rare niches, we need to restrict our attention only to the pa-
rameter regimes where rare resources are truly rare. In previ-
ous sections, when exploring the properties of the rare niche
system, some of the parameter ranges we used were outside of
what might reasonably be considered rare. The rationale for
exploring a parameter range outside of the rare niche regime
was to gain an understanding as to how the properties we
explore scale with p and s. To ensure that our rare niche sys-
tem has a well-defined concept of rarity, we restrict the p and s
parameters so that births due to rare resources only account for
a small proportion of all births, ε. For the deterministic system,
we derived an expression for this proportion (see Electronic
supplementary material).We verify that the portion of births in
the stochastic system is also well approximated by the analytic
expression (Fig. 4a).

Using ε=0.05 (births due to rare resources account for at
most 5 % of total births), we find that rare niche systems can
achieve large increases in MLFET (Fig. 4b). In particular, rare
niche systems can achieve nearly a doubling in mean FET
over neutral (ecologically equivalent or p=0) systems. In oth-
er words, this level of MLFET is equivalent to a system with a
classical niche with roughly σ=1.1 or 10 % greater intraspe-
cific versus interspecific competition (Fig. 4b).

Further, much like rare niche systems, natural stochastic
variability creates error in the invasibility experiment de-
scribed above with the classical niche system (Fig. 4c). Here,
waiting times were set by a similar procedure to rare niche
systems (see Electronic supplementary material). We again
found that reliability in this experiment also requires many
trials. In fact, we find that more stochastic trials are necessary
to resolve a classical niche system than a rare niche system
when choosing systems with similar MLFET levels (compare
Fig. 4c to Fig. 3e).

Much like rare niche systems, we find that all classical
niche competition systems end in extinction, the MLFET in-
creases with degree of stability, and many trials are necessary
to reliably distinguish a system with a classical niche from a
neutral system (Fig. 4).
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Discussion

Ecologists have long acknowledged that temporal variation in
the environment can affect the outcome of competition among
species and, thus, the structure of communities (e.g., Hutch-
inson 1961; Lewontin and Cohen 1969; Chesson and Huntly
1997; Chesson 2000a, 2003). Here, we show how temporal
variation in niches, via the occurrence of rare, but species-
specific resources, can affect species diversity. Below we dis-
cuss how our analysis of both deterministic and stochastic
systems jointly provides important insight that either approach
alone cannot reveal.

Stochastic and deterministic models of a rare niche

Much of the classical theory on coexistence aims to answer
the question: what properties elicit long-term stable coexisting
populations of competitors and, thus, promote species diver-
sity maintenance (Chesson 2000a)? This naturally leads to an
understanding of coexistence through stable steady states
where all competitors are present indefinitely. Hence, the con-
ception of coexistence only accounts for steady state or long
time averaged behavior where species can always invade
when rare (e.g., Chesson 2000a, 2008). We have shown that
in our deterministic model, extinction was impossible and

coexistence, as the only possible steady state, always occurs
in the rare niche model. Moreover, the deterministic model
showed that the production rate and supply level of rare re-
sources have identical and indistinguishable impacts on coex-
istence. In contrast, our rare niche model with demographic
stochasticity shows that all competition scenarios, regardless
of parameter choice, eventually go extinct. That is, the long
time averaged behavior is always extinction, not the indefinite
persistence of multiple species.

This discordance between deterministic and stochastic sys-
tems has been discussed previously in ecological contexts
(Keizer 1987; Ovaskainen and Meerson 2010). For example,
in a classical niche model using the deterministic dynamics
when parameters are set to yield coexistence, competitive ex-
clusion exists as a steady state, though an unstable one. This
means that while it is impossible for a dynamic trajectory to
lead to competitive exclusion, if the system were started with
one species excluded, it would stay there. Translating this into
the stochastic system, trajectories ending in competitive ex-
clusion are not impossible, only improbable. This coupled
with the fact that the competitive exclusion state is absorbing
(if a species goes extinct, it cannot spontaneously reemerge),
eventually this improbable transitionwill occur. Thus, on short
timescales (relative to the FET), stochastic dynamics look rel-
atively similar to deterministic dynamics with appropriate
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stochastic fluctuations. However, on timescales on par with
FET, the outcome of these two systems is dramatically differ-
ent: with interminable coexistence as the only possible out-
come for deterministic dynamics but competitive exclusion as
the only possible outcome for stochastic dynamics. Thus, rath-
er than indefinite persistence at steady state, the stochastic
properties of the system require that we instead focus on the
time until first extinction or FET.

Multiple models of coexistence

In this work, we alternatively use one of four different models:
rare or classical niche models with deterministic or stochastic
dynamics. These models can all be conceptually connected, in
some cases by taking the appropriate limiting conditions
(Fig. 5). Our main focus in this work is to evaluate the sto-
chastic dynamics of rare niche systems. However, all other
models analyzed here serve a useful purpose. Firstly, deter-
ministic models provide insight for dynamics with large pop-
ulations when species can be approximated by density, instead
of their count. Specifically, we use the deterministic model to
derive the characteristic timescales (eigenvalues) of the rare
niche system and our expectations for long-term behavior
(steady states). We find, surprisingly, that stochastic dynamics
completely change the long-term behavior of these rare niche
systems (interminable coexistence is impossible) and, perhaps
less surprisingly but novel nonetheless, diminish the experi-
mental resolution of niche and neutral system.

Secondly, we compare some of these main results derived
from our rare niche model (stochastically driven extinction in
all cases and limitations on experimental resolution) to the
more familiar classical niche model to ensure that these are
not specific properties of the rare niche dynamics, but more
general properties of ecological systems with stochastic dy-
namics. This disconnect between the deterministic and sto-
chastic models is an ecologically relevant piece of information
that shows that results from classical coexistence theory using
stability of ODEs does not necessarily translate to small pop-
ulations where demographic stochasticity plays a large role.

Rare niche effects on FET

Our analysis reveals that under demographic stochasticity, rare
niches can have opposing effects on the maintenance of spe-
cies diversity: rare niches can either hasten or extend the mean
time to extinction and, thus, species diversity. Increasing pro-
duction rate versus increasing supply level has wildly different
effects on FET of the system. In particular, increasing the
supply while keeping the long time average in rare resources
constant increases the fluctuations in competitor populations
and, therefore, increases the risk of extinction. However, in-
creasing the production rate of resources, while keeping long
time averages constant, has uniformly positive impact on FET.
Thus, small and frequent (dependable) amount of resources is
far better at staving off extinction than large and infrequent
pulses. This result is to be expected as small but frequent
pulses allow species to more often reside in unique niches
(even if these niches only allow for a slight increase in popu-
lation size) while balancing the risks of extinction through
large variation in population sizes, which confirms our intui-
tion of the importance of niches (Chesson 1991).

To put this in context, we can place the rare niche mecha-
nism in a continuum with traditional mechanisms of coexis-
tence where consumers use different persistent, nonrare, re-
sources (niche differentiated), to one in which both species
occupy the same niche (neutral). Essentially, the rare niche
mechanism operates at a kind of Bboundary layer^ bordering
ecologically equivalent interactions in the continuum defined
by varying ecological differences. Increasing the production
rate simply moves the system further toward the niche end of
the continuum and uniformly increases FET. We emphasize
that this model is purely conceptual, and to our knowledge,
there is no limiting process, averaging process, or transforma-
tion of variables, whereby the classical niche dynamics may
be obtained from rare niche dynamics.

One further extension of this work would be to consider the
effects of rare niches when communities are spatially struc-
tured and potentially linked by dispersal. Such a
metacommunity focus (e.g., Leibold et al. 2004) would allow
us to explore the combined effects of spatial and temporal
variation on the contributions of niches for the maintenance

Fig. 5 Cartoon of the relationships between different model types. Here,
it should be understood that BN→∞^ signifies taking the species counts
to infinity in a manner in which the density is constant. The broken
arrows between rare and classical niche models should be understood
as conceptual and not mechanistic connections (there is no obvious
transformation or limiting process that produces the exact dynamics)
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of species diversity. Indeed, spatial effects open the door for
novel coexistence mechanisms not possible in spatially uni-
form populations (Chesson 2000b). Though a thorough anal-
ysis of spatial models is beyond the scope of this work, we
expect some of the main results presented here to apply. As
before, extinction is the only absorbing state of the stochastic
system, regardless of parameter space or spatial extent, and
thus, the system will ultimately end there. However, we sus-
pect that dispersal may increase species persistence times at
the metacommunity level. Further, a nonuniform spatial dis-
tribution of resource pulses, Ri, may create complex spatio-
temporal dynamics that increase persistence times. The impor-
tance of such temporal variation in mass effects integrated
with neutral dynamics remains largely unexplored.

Our current analysis only concerns systems with two com-
petitors; however, ecological competition networks are typi-
cally much more complex. To begin addressing this, we have
completed a preliminary exploration into the effect of increas-
ing the number of competitors and unique resources on rare
niche dynamics. Using deterministic models, we find that in-
creasing the number of competitors (N=nC) has the following
effects: (1) coexistence is the only steady state for all numbers
of competitors and (2) equilibrium population levels decrease
with the number of competitors (data not shown). The com-
bination of multiple competitors and the effects of dispersal
and complex spatiotemporal dynamics will be important fu-
ture directions of our work.

Experimental resolution of rare niches

Our analysis also allowed us to examine some of the limita-
tions of conventional approaches to quantifying coexistence
(e.g., Siepielski andMcPeek 2010). Namely, we show that in a
stochastic system, resolving whether or not species occupy
distinct niches is near impossible with only a few trials. Im-
portantly, this is not only the case for the rare niche system, but
also one in which species occupy persistent niches while sub-
ject to demographic stochasticity (see also Gravel et al. 2011).
Despite this shortcoming, experiments are rarely replicated by
ecologists (Hurlbert 1984), even though most ecologists ac-
knowledge how temporally variable their study systems often
are (Weatherhead 1986). Here, we determine the appropriate
number of trials to resolve a minimal effect size (niche size).

One exception to invasibility always being able to detect
niche-based coexistence occurs in communities where intran-
sitive loops come into play (Vandermeer 2011). This is impor-
tant to note because the experimental protocol we outlined
will not be able to detect coexistence via intransitive loops.
Consider three coexisting, intransitively competing species.
Removing any one of them will cause the extinction of anoth-
er one, leaving only a single species at the resident equilibri-
um. This single species however cannot be invaded by either
of the absent species alone, only in concert. Since

intransitivity can arise via niche-based mechanisms
(Vandermeer 2011), the invasibility criterion will not be able
to detect this type of coexistence, even if the internal equilib-
rium point is in fact locally stable.

Concluding remarks

The rare niche mechanisms we describe could be at work in a
variety of systems; however, identifying ecological systems
where the rare niche effect may be operating will be challeng-
ing. First, rare resources are rare, and thus, observing their
occurrence and the resulting effects on the demographic per-
formance of species in the environment involves a degree of
luck or very long-term data sets (e.g., Clutton-Brock and Shel-
don 2010). Secondly, as stated above, the dynamics of rare
niche systems can vary wildly due to demographic
stochasticity and environmental variation through the produc-
tion of resources. Despite these difficulties, we suspect the
mechanism could be at play. For example, even casual obser-
vation suggests that species often differ in many ways that do
no appear to be ecologically important for a given set of en-
vironmental conditions. However, these differences could be
important when ecological conditions change in such a way
that the phenotypic differences allow species to exploit differ-
ent resources and occupy unique niches. For instance, the
characteristic bill morphologies of Darwin’s finches allow
them access to private resources even though they normally
feed on a set of shared resources (De León et al. 2014). An-
other way rare niche differences could arise is through differ-
ential plastic responses to temporal variation in environmental
conditions (Callaway et al. 2003; Pfennig et al. 2006; Angert
et al. 2010; Ashton et al. 2010). For example, phenotypic
plasticity has been shown to allow some frog species to ex-
ploit two contrasting temporal niches (Jourdan-Pineau et al.
2012). Further, a number of studies have also shown that
functional trait differences promoting niche segregation
(McGill et al. 2006; Ackerly and Cornwell 2007; Kraft et al.
2008; Sterck et al. 2011; Adler et al. 2013) are often pheno-
typically plastic and vary temporally (Angert et al. 2010;
Jourdan-Pineau et al. 2012). These kinds of differences in
trait-mediated resource use may be key to understanding the
diversity of species within communities (Adler et al. 2013).
Careful examination of systems like these may show dynam-
ics predicted by the model presented here.

By showing how rare niches may affect species diversity,
we gain a better understanding of how and why temporal
variation in the environment can affect biodiversity. With in-
creased climatic variability, there is a pressing need to better
understand the potential consequences of environmental var-
iation on species diversity maintenance (e.g., Adler and Drake
2008). Our work reveals some of the complexities concerning
the influence of both environmental and stochastic variations.
This is especially the case for systems with small populations,
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as demographic stochasticity plays a larger role. While coun-
terintuitive, our results imply that increasing the availability
and magnitude of key resources that are part of one species
niche may have beneficial effects for this species while having
deleterious effects for the community as a whole. This work,
therefore, highlights the need to continue to better grasp how
demographic stochasticity and environmental variation com-
bine to affect coexistence mechanisms and, thus, the diversity
of life.
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