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The debate on the role of species differences in shaping biodiversity patterns, with its two extremes of
pure niche theory and neutral theory, is still ongoing. It has been demonstrated that a slight difference
in competitive ability of species severely affects the predictions of the neutral model. At the same time,
neutral patterns seem to be ubiquitous. Here, we model both negative density dependence (NDD) and
competitive asymmetry (CA) simultaneously. Our simulation results show that an appropriate intensity
of NDD can offset the negative effect of CA (modeled as fecundity difference) on species coexistence and
produce a neutral-like species abundance distribution. Therefore, our model provides a plausible
mechanistic explanation of neutral-like patterns, but contrary to the neutral model, a species’ relative
abundance is positively related to its competitive ability in our model.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The debate on the role of species differences in shaping
biodiversity patterns, with its two extremes of pure niche theory
and neutral theory, is still ongoing (Kraft et al., 2008; Leibold and
McPeek, 2006). Niche theory states that no ecologically equiva-
lent species can coexist; only species with sufficiently differen-
tiated niches may coexist within the same ecological community
(Chase, 2005; Chesson, 2000; Leibold and McPeek, 2006;
Vandermeer, 1972). Niche theory also assumes that species traits
represent evolutionary adaptations to the environment, that
species face unavoidable trade-offs, and that such trade-offs are
essential mechanisms allowing interacting species to coexist and
determine the relative species abundance and diversity patterns
(Harpole and Tilman, 2006).

As an alternative to niche theory, neutral theory (Bell, 2001;
Hubbell, 1997, 2001) asserts that ecologically equivalent species
can coexist. Although the ecological equivalence assumption
seems unrealistic (Whitfield, 2002), neutral theory provides a
new stochastic, dispersal-limited sampling theory for ecological
communities (Alonso et al., 2006; Etienne and Alonso, 2005) and
offers a surprisingly accurate quantitative prediction of macro-
ecological patterns such as the species abundance distri-
bution (SAD) (Etienne, 2005) and the species-area relationship
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(Rosindell and Cornell, 2007) for realistic values of the speciation
rate (Rosindell and Cornell, 2009; Rosindell et al., 2010), suggest-
ing a simple mechanistic explanation of community assembly, in
particular tropical forest and coral reef communities (Volkov
et al., 2003, 2007; Whitfield, 2002). Hubbell (2005) argued that
ecological equivalence can easily be the result of evolution, especi-
ally in species-rich communities: inter-specific differences -
which evidently do exist - are just not sufficient to make the
per capita vital rates differ substantially between species. How-
ever, many studies have indicated that a slight difference in the
birth rate (Zhang and Lin, 1997), mortality rate (Yu et al., 1998) or
non-exactly fulfilled trade-offs (Purves and Turnbull, 2010) can
dramatically reduce the time of species coexistence and hence
decrease the biodiversity of ecological communities. Thus the
ecological equivalence hypothesis, which is essential to neutral
theory does not seem to be robust. The question then arises: why
are neutral patterns observed?

One possibility is that a neutral-like pattern can emerge if
species in a trophically homogeneous community are nearly
neutral. Analogous to the nearly neutral theory of molecular
biology, Zhou and Zhang (2008) proposed a nearly neutral model
of community ecology that allows asymmetry among species in
their per capita competitive ability and investigated the effects of
this asymmetry on species coexistence time and community
structure. They found that, although species asymmetry can
speed up competitive exclusion, the SAD pattern can often still
be fitted well by a neutral model. However, other mechanisms
may also be possible. For instance, some studies have demon-
strated that niche differentiation and neutral drift both can
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contribute to species coexistence (Chase, 2007; Levine and
HilleRisLambers, 2009; Rominger et al., 2009). It has been shown
that a neutral pattern does not imply neutral process — there can
be non-neutral processes yielding neutral-like patterns (Lin et al.,
2009; Purves and Pacala, 2005; Walker, 2007; Wootton, 2005;
Zhou and Zhang, 2008) or neutral patterns are special cases where
species have equivalent fitness without stabilizing mechanisms
(Adler et al., 2007). These studies suggest that, if species asym-
metry plays a role in community assembly, then other mechan-
isms must exist to counteract its effect.

As an important stabilizing process in population ecology,
NDD can affect per capita rates of birth, death and migration or
any combination of these rates (Chave et al., 2002; Chesson, 1998;
Hubbell et al., 1990; Volkov et al., 2005). Increasing evidence
shows that natural enemies (Mitchell and Power, 2003; Torchin
et al., 2003) or limiting resources (Tilman et al., 1982) are
responsible for these negative conspecific effects. Strong nega-
tive conspecific effects have been reported in particular for very
common species implying that NDD prevents the most common
species from competitive dominance (Amarasekare, 2004;
Hubbell et al., 1990; Wright, 2002). Volkov et al. (2005) also
demonstrated that, as an alternative explanation to dispersal
limitation, a special form of density dependence can account for
the observed relative species abundance (RSA) in rainforests.
Although SADs without additional information often cannot be
used to discriminate among different underlying mechanisms
(Chave et al., 2006; Volkov et al., 2006), NDD could maintain
the species coexistence and shape the species abundance patterns
in tree communities (Comita et al., 2010; Harms et al., 2000;
Packer and Clay, 2000).

In this paper, we combine NDD and competitive asymmetry
(CA) in the context of general lottery models of competition
(Chesson and Warner, 1981). Our hypothesis is that strong NDD
offsets species asymmetry in competitive ability, providing a
potential mechanism of neutral-like patterns observed in nature.

2. Models

We start with Chesson and Warner’s lottery model (Chesson
and Warner, 1981) and the probability of vacant cells occupied by
species i at time t+1 is:

j=1

. w; (DPi(t)
Pi(t+1) = [1-6;(D)| Py(t)+ OiOP) | | ————— (1)
[ ) [Z } [Z%w;‘(t)l),»(t)

where 0;(t) is proportion of adults of species i dying during
(t, t+1), S denotes total number of species and w;(t) = c;w;(t)
denotes the CA between species (¢; and w;(t) denote the relative
competitive abilities of different species and per capita net
reproduction of species i during (t, t+1), respectively).

Based on this model, we developed several stochastic local and
metacommunity models incorporating NDD and CA to study
biodiversity patterns and species coexistence mechanisms in a
community. Reproductive ability (e.g. number of seeds) and
survival probability (e.g. of seeds, seedlings and adults) are very
important demographic traits (Leibold and McPeek, 2006) that
differ between species and also determine the probability of
successful recruitment to vacant cells. Here we assume that CA
implies that the per capita fecundity rate w; differs among
different species (w; should be positive) and incorporate NDD in
the survival probability v;(t) (Bell et al., 2006; Freckleton and
Lewis, 2006). As in the neutral model, death is assumed to occur
randomly irrespective of species labels, i.e. J;(t) = 6, which we call
the turnover rate in our models and the total number of deaths

can be obtained by multiplying turnover rate § with community
size J.

2.1. Coexistence time (time to fixation) in a spatially explicit two-
species metacommunity without speciation

We first explored the effect of inter-specific differences in
fecundity and conspecific NDD in survival on the time to fixation
(monodominance) in a two-species metacommunity without
speciation. We used the absolute time to measure the median
time to fixation to avoid the influence of community size (Yu
et al., 1998; Zhou and Zhang, 2008). We assumed the landscape to
be a torus, that is, cells on the right edge are neighbors of those on
the left and cells on the bottom are neighbors of those on the top.
In order to simulate efficiently, we only considered small meta-
community sizes (Zhou and Zhang, 2006, 2008), because the
extremely efficient coalescent-based approaches (Rosindell
et al., 2008) can no longer be used in asymmetric models. Let L
be the square root of metacommunity size. For this model we use
the values of L=16 and 32, so the metacommunity size | is 256
and 1024, respectively. We also performed several simulations for
larger metacommunity sizes but found that the fundamental
relationship between species competitive asymmetry, NDD, and
the coexistence time did not change with community size.

In the simulations, we used a value for turnover rate of 1.7%
per year as reported for tropical forests (Swaine et al., 1987). The
death-recruitment cycle was modeled as follows. At the begin-
ning of each simulation, both species have the same abundance
i.e. P;(t) = P5(t)=0.5. First, an individual dies at random. A new
individual is recruited immediately (zero-sum assumption) by a
local birth. The recruitment probability of each existing species is
determined by each species’ per capita fecundity, dispersal ability
and density dependent survival rate of seeds and seedlings. For
simplicity, we only considered two extreme cases of dispersal
strategies: nearest neighbor dispersal (the total number of possi-
ble dispersal cells A=8) and global dispersal (A=J—1). For each
recruitment event, we calculated the total probability of each
species within the dispersal distance of the vacant cell and
denoted them as Z’,?ﬂP,;k(t). P;(t) denotes the probability of
occupying the specific cell k by species i during (t, t+1). The
vacant site is then colonized by a seed of species i with probability
S PuW/ S S8, Pi(Hw;. The probability of recruit-
ment by species i is the product of this colonization (immigration)
probability and the survival (establishment) probability (Jabot
et al,, 2008). Following Chave et al.’s (2002) simulation methods
for density dependence, the probability of an offspring success-
fully surviving to adulthood (i.e. establishing) decreases in pro-
portion to the number of neighboring sites occupied by
conspecifics. We incorporated such effects by calculating the
proportion g;(t) of the eight nearest-neighbor cells that are
occupied by species i and set the (relative) survival probability
of an offspring of species i equal to v;(t) = 1—aq;(t), where o is the
density dependent factor.

Thus Eq. (1) can be written as:

S _ 1 Pu®wi(1—ogi(t))
S35 1 Yk 1 Pr®wi(1—ogj(0)

Pi(t+1)=(1-9)P;(t)+0 2)

For convenience we denoted the per capita fecundity factor of
the focal species 1 relative to the non-focal species 2 by w (i.e.
wi=w and w,=1) and selected values of w of 1.0 (the neutral
case where there is no difference in per capita fecundity), 1.01
and 1.1. Also for simulating efficiently and because we were
interested in small deviations from the neutral model, we only
assumed the following small values for o: 0 (neutral case where
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there is no NDD), 0.01, 0.05 and 0.1. The death-recruitment cycle
was repeated until one species became mono-dominant (fixation)
in the community. Then we recorded the absolute time to
fixation. For each parameter combination, we calculated the
median fixation time over 100 replicate simulations.

For the two-species case and global dispersal, Eq. (2) reduces
to the following equation if NDD occurs globally (i.e. g;(t) = p;(t)):

w1 P1(0)(1—oPy (1))
w1 P1()(1—aP1(t)); +w2 P2 (H)(1—0Py(t))
wy(1—aPy (1)
w1 P1()(1—aP1 ()1 +w2 P2 (H)(1—0Py (1))

:Pl(t){1—5+5

3
and therefore
P](f"“l)N < W]—Wz(]—OC)
POT~ 0 Pr(E) N”‘)( Wa(1—0) >
Py(t+1) wy—wi(1-0)
P()->0 Py(t) ~1 5( wi(1-o) > @

Both species can stably coexist if the signs of (w;—w,(1-a))/
wy(1-o)) and ((wp—wq(1—a))/wyi(1—a)) are both positive, i.e.
1-a<(wi/wy)<(1/(1-2)) when O<oa<1 and (1/(1-w)<
(w1 /wy)<1—o when o> 1. The blue area in Supplementary
Fig. A1 shows when these two species can stably coexist.

2.2. Species abundance distribution in a spatially implicit
metacommunity with speciation

We then explored the joint influences of species CA and NDD
on the SAD in a multiple-species metacommunity with speciation
but without explicit spatial structure.

For metacommunities, we introduced stochastic speciation to
our model. We used the algorithm described by Hubbell (2001) to
construct the initial metacommunity containing Jy;=10° indivi-
duals with a fundamental biodiversity number 6=100. Again,
individuals were assumed to die at random, immediately fol-
lowed by recruitment of one new individual. The probability of
recruitment by a new species is v=0/(0+Jy—1) (Etienne, 2005),
otherwise the recruitment is the birth of an existing species with
probability 1 - v which also depends on its fecundity and density.
We followed the method in Zhou and Zhang (2008) to select each
species’ per capita fecundity factor w; from the normal distribu-
tion N(1,0%), where ¢ is the standard deviation. Here we con-
sidered five cases for g: 0=0 (neutral case), 6=0.001, 6=0.003
(the largest standard deviation in Zhou and Zhang, 2008), and
0=0.005. As in the previous model, we incorporated NDD in the
survival probability: v;(t) = 1—aq;(t). Because this model assumes
global dispersal and globally occurred density dependence, the
proportion ¢; is the relative abundance of species i in the
metacommunity (q;=Q;). But here we introduced stochastic
speciation to our model, so the dynamics of species is not simply
deterministic and cannot easily be put in a form similar to Eq. (1).

The following values for the parameter of NDD o were chosen
for simulation in order to produce neutral-like patterns: 0, 0.01,
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1. The above death-
recruitment cycle was continued for 10,000 community turn-
overs, which is long enough for the metacommunity to reach
dynamical equilibrium. We repeated this simulation 100 times
and obtained the average distributions of relative species abun-
dances. We also recorded the mean fecundity factor of species
with the same abundance.

We used the bootstrap Kolmogorov-Smirnov (bootstrap ks) to
test the significance of differences between the relative SADs,
which are produced by the pure neutral and our non-neutral
model SADs. The bootstrap ks test is an improved Kolmogorov-

Smirnov test (which is valid even when the distributions being
compared are not entirely continuous) of the equality of two
distributions (Praestgaard, 1995).

2.3. Species abundance distribution in a spatially implicit local
community

For local communities, we integrated the joint effects of NDD,
CA (here we only consider the case: ¢=0.003) and limited
dispersal from a metacommunity on the SAD in a local commu-
nity. For each metacommunity constructed above, we constructed
a local community of size J;=2000 by dispersal-limited sampling
from the metacommunity. Death is assumed to occur randomly as
in the metacommunity. However, the process of recruitment is
somewhat different from that of the metacommunity. After a
random death, the vacant site is either replaced by a migrant from
the metacommunity (with probability m), or a local birth (with
probability 1—m), where m is the immigration probability or
dispersal probability from the metacommunity. When immigra-
tion occurs, the probability of species i being recruited is propor-
tional to its relative abundance in the metacommunity. Similar to
the simulation method for the metacommunity outlined above,
the probability of local recruitment is determined by the combi-
nation of colonization probability and density-dependent survival
probability. Thus Eq. (1) becomes

w;(OP;(t)(1—aPi(t))
Pi(t+1)=(1-9)Pi(t)+0 |mQ;+(1-m
( (1-0)P;(t) Qi+( )Zf:]wj(t)&(t)(l—u&(t))

(3)

where Q; is the relative abundance of species i in the
metacommunity.

We chose the following values for m: 0.002, 0.01, 0.05 and
0.25. The simulation was continued until a stochastic equilibrium
was reached (approximately 20,000 turnover events). This simu-
lation was repeated 100 times and the final SAD is the mean of
these replicate local communities drawn from the same
metacommunity.

3. Results

NDD promotes species coexistence with or without dispersal
limit (Figs. 1 and 2). Although small differences in species’ per
capita fecundity can largely decrease the coexistence time of two
species (Zhang and Lin, 1997; Zhou and Zhang, 2008) which is
also shown in Fig. 1, NDD can delay competitive exclusion and
offset the negative effect of CA on species coexistence (Fig. 1).
Species coexistence time increases dramatically with the strength
of NDD, especially when species differences in per capita fecund-
ity are small and there is no dispersal limitation (global dispersal
strategy). Comparing Fig. 1a with b, we can see that the effect of
NDD on species coexistence becomes more prominent when
community size increases.

Dispersal limitation is generally thought to be advantageous
for species coexistence (Yu et al., 2004). Dispersal limitation has
also been invoked to reconcile competitive exclusion and neutral
coexistence in a community (Hubbell, 2001, 2006). Indeed, dis-
persal limitation can also increase species coexistence time but
this effect is rather weak (Fig. 1, and see Zhou and Zhang, 2008).
In fact, CA may dominate community dynamics even under strong
dispersal limitation where an individual disperses its seeds only
to its neighboring sites. As shown in Fig. 1, when the intensity of
NDD becomes stronger, the effect of dispersal limitation on
species coexistence may be even reversed. NDD can substantially
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Fig. 1. Influence of inter-specific differences in fecundity and NDD on the median
time to fixation in a two-species community of size 16 x 16 (a) and 32 x 32 (b).
NDD can considerably increase species coexistence time, and this effect becomes
more marked as community size increases.

delay competitive exclusion due to difference in per capita
fecundity, if dispersal is only weakly limited.

For the multi-species metacommunity with speciation, small
differences in species per capita fecundity (¢=0.003) can sub-
stantially decrease species richness and the SAD deviates much
from that predicted by the neutral model (Fig. 2a, also see Zhou
and Zhang, 2008). NDD can restore species richness by decreasing
the abundance of common species and increasing the number
of rare species regardless of with or without CA (Fig. 2 and
Supplementary Fig. A2). In the presence of CA (species difference
in fecundity, =0.003), an appropriately chosen intensity of NDD
(e.g. ®=0.6) can produce an SAD that is indistinguishable from

the SAD predicted by the neutral model (see Fig. 3). The bootstrap
ks tests indicate that neutral-like patterns can be produced
with an appropriate intensity of NDD, which increases with the
competitive asymmetry. However, in contrast to the neutral
model, species differ in their competitive ability. As shown
in Fig. 2b, species with higher per capita fecundity factor has
higher abundance, while less common and rare species are nearly
neutral. It is competitive ability that determines persistence of
species and the commonness of species.

Turning to the local community, dispersal limitation also
plays an important role in structuring local communities. Our
model can easily produce a neutral-like SAD particularly when
immigration from the metacommunity is relatively high
(Fig. 4a). Furthermore, for larger immigration rates (e.g. m=0.05
and 0.25) we find a better match between the predicted SADs
and neutral-like SADs and a larger range of NDD where a good
match is obtained (results not shown); also, the strength of
NDD that produces neutral-like patterns increases with immigra-
tion rate. Strong dispersal limitation (small migration rate m)
results in steeper rank-abundance distributions (more abundant
species and smaller total number of species within the local
community) whereas strong NDD causes flatter rank-abundance
distributions (more rare species and larger total number of
species within the local community) given a fixed CA (¢=0.003)
or without any CA (Fig. 4a, Supplementary Figs. A2,A3).
The positive relationship between species abundance and
species competitive ability for common species still remains
(Fig. 4b).

4. Discussion

Based on the assumption of functional equivalence, neutral
theory successfully predicts SADs and species-area relationships
in many species-rich communities. However, it has been demon-
strated that a slight deviation from the equal fitness assumption
can lead to a dramatic decrease in species coexistence time (Yu
et al,, 1998; Zhang and Lin, 1997; Zhou and Zhang, 2006, 2008).
Although species can still coexist in such a nearly neutral case,
species richness is substantially decreased and such coexistence is
also unstable (Zhou and Zhang, 2008). In this paper, we empha-
sized the effect of NDD within species on community assembly
and abundance distributions. We showed that an appropriately
chosen strength of NDD can offset the negative effect of CA on
species coexistence, producing SAD patterns that are indistin-
guishable from those predicted by the neutral model. NDD
persistently promotes the community species richness, which is
consistent with many previous empirical and theoretical
findings (Amarasekare, 2004; Bell et al., 2006; Comita et al.,
2010; Goldenheim et al., 2008; Hubbell et al, 1990; Volkov
et al., 2005; Wills et al., 1997). Moreover, we can easily satisfy
the conditions for stable coexistence of two species in metacom-
munities with global dispersal and NDD (as shown in Supple-
mentary Fig. Al).

Some important ecological insights can be gained from our
study. First, neutral pattern does not necessarily imply neutral
mechanism. Our study further confirms this and puts forward
another plausible mechanistic explanation of neutral-like pat-
terns. We showed that NDD can offset the effect of species
differences on biodiversity and abundance patterns, resulting
in neutral-like patterns. Whether other macro-ecological pat-
terns, such as the species-area relationship, remain unchanged
under neutral and non-neutral mechanisms still remain to be
investigated.

Second, the optimal dispersal strategy that prolongs species
coexistence time, changes with the intensity of NDD. Although
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Fig. 3. The significance analysis of SADs, which are produced by the neutral and
non-neutral model, using the bootstrap Kolmogorov-Smirnov (Boot ks) test for
relative SADs. We chose 0.05 as the critical significance level.

localized dispersal can strengthen intra-specific competition rela-
tive to inter-specific competition, thereby facilitating species
coexistence, it may also cause decreased mean fitness due to
inbreeding depression and increased competition between rela-
tives (Keller and Waller, 2002; Latter and Robertson, 1962; West
et al.,, 2001). If this happens, species may evolve long-distance
dispersal strategies to avoid inbreeding depression and competi-
tion between relatives (Hamilton and May, 1977; Szulkin and
Sheldon, 2008). Hence, localized dispersal is not always selected
for. Furthermore, when dispersal is locally limited, the effect of
dispersal limitation in offsetting the negative effect of CA on
coexistence is relatively small (see also Zhou and Zhang, 2008).
Therefore, we hypothesize that NDD, rather than dispersal limita-
tion, slows down competitive exclusion caused by CA and then
gives rise to neutral-like SADs.

Third, although neutral theory has proved to be successful
in producing realistic SADs, it rarely provided insight in the
relationship between biodiversity and ecosystem functioning. In
our model, community structure and species fate are highly
deterministic. The positive relationship between species compe-
titive ability and its relative abundance for common species

predicted by our model may provide some insights into the
relationship between biodiversity and ecosystem functioning.
However, neutrality is still likely to hold for the rare species
(see Figs. 2(b) and 4(b)). The reason why the neutral model fits
SADs so well might be that the visual fit applies mostly to less
abundant species (Etienne et al., 2007). In fact, the neutral
model’s fit of abundant species is known to be very poor
(Etienne et al., 2007). Hence, we question the method of curve-
fitting in detecting mechanisms of species coexistence and
maintenance of biodiversity (McGill et al., 2007). For real com-
munities, more careful investigations are needed to understand
community assembly. Zillio and Condit (2007) offered an alter-
native reason why neutral-like SADs are often obtained: they
argue that the species-introduction process plays a crucial role in
shaping SADs and this process is exactly one of the few ingre-
dients of neutral theory.

With respect to species differences in competitive ability,
Chesson and Warner (1981) provided another mechanism for
species with unequal demographic rates to coexist. They con-
structed a general model for lottery competitive systems and
demonstrated that variance in species’ demographic rates
caused by environmental variability, given it is large enough,
can promote species coexistence when there are asymmetric
competitive abilities among species. However, species coexis-
tence is not stable in that framework - there is no mechanism to
rescue species from extinction when it is rare. The mechanism
we proposed in this paper can ensure stable coexistence for
species with asymmetric demographic rates. Although asym-
metric competitive ability i.e. different fecundities may speed up
competitive exclusion, NDD constrains the advantage in growth
arising from high fecundity. In other words, the increase in the
strength of intra-specific interactions due to NDD reduces the
effect of inter-specific interactions (competitive asymmetry),
and vice versa. Although it is difficult to distinguish different
coexistence mechanisms in real communities, we state that
stable coexistence based on NDD may be more common, given
that NDD has been so widely detected (Comita et al., 2010;
Harms et al., 2000; Hubbell et al., 1990; Peters, 2003; Wills et al.,
1997).

We also observed that NDD and immigration have similar roles
in producing SADs patterns: from logseries to lognormal distribu-
tion. In local communities we found a more significant influence of
the immigration rate on SADs without or with a slight NDD than
with a large NDD (see Supplementary Fig. A4). This suggests that
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Fig. 4. (a) Local community equilibrium rank-abundance curves of models with and without differences in species’ per capita fecundities or NDD, for different immigration
rates from the metacommunity. The blue lines are the best fit to the neutral-like patterns. (b) Relationship between species abundances and their fecundity factors in local
communities with and without differences in species’ per capita fecundities or NDD, for different immigration rates from the metacommunity. Other parameters: J=2000,
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NDD can reduce the effect of immigration on SADs in local
communities. In addition, the effects of speciation and NDD on
community structure are oppositely correlated with spatial scale: as
the effect of NDD decreases with larger spatial scales, NDD plays a
weaker role in metacommunities than in local communities,
whereas speciation is more important at large scales.
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