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Density dependence explains tree species
abundance and diversity in tropical forests

Igor Volkov', Jayanth R. Banavar', Fangliang He?, Stephen P. Hubbell>* & Amos Maritan®

The recurrent patterns in the commonness and rarity of species in
ecological communities—the relative species abundance—have
puzzled ecologists for more than half a century"’. Here we show
that the framework of the current neutral theory in ecology®°
can easily be generalized to incorporate symmetric density
dependence''™"*. We can calculate precisely the strength of the
rare-species advantage that is needed to explain a given RSA
distribution. Previously, we demonstrated that a mechanism of
dispersal limitation also fits RSA data well*>*. Here we compare fits
of the dispersal and density-dependence mechanisms for empiri-
cal RSA data on tree species in six New and Old World tropical
forests and show that both mechanisms offer sufficient and
independent explanations. We suggest that RSA data cannot by
themselves be used to discriminate among these explanations of
RSA patterns'>—empirical studies will be required to determine
whether RSA patterns are due to one or the other mechanism, or to
some combination of both.

Ecologists have long sought to explain the high levels of tree
diversity that often occur in tropical forests. One aspect of this
challenge is to understand the evolutionary origin and maintenance
of this diversity on large spatial and temporal scales'®. Another is to
understand how such extraordinarily high alpha (local) tree diversity
can be maintained on very local scales in particular tropical forests.
For example, there are over a thousand tree species in a 52-hectare
plot in Borneo (Lambir, Sarawak, Table 1). Numerous mechanisms
have been proposed to explain tropical tree species coexistence on
local scales; many of these hypotheses invoke density- and frequency-
dependent mechanisms. Two of the most prominent of these
hypotheses are the Janzen—Connell hypothesis'"'* and the Chesson—
Warner hypothesis'’.

The Janzen—Connell hypothesis is that seeds that disperse farther
away from the maternal parent are more likely to escape mortality
from host-specific predators or pathogens. This spatially structured
mortality disfavours the population growth of locally abundant
species relative to uncommon species by reducing the probability
of species’ self-replacement in the same location in the next
generation.

The Chesson—Warner hypothesis is that a rare-species reproduc-
tive advantage arises when species have similar per capita rates of
mortality but reproduce asynchronously, and there are overlapping
generations. Processes that hold the abundance of a common species
in check inevitably lead to rare-species advantage because the
space or resources freed up by density-dependent deaths are then
exploited by less-common species. Therefore, among-species
frequency dependence is the community-level consequence of
within-species density dependence, and thus they are two different
manifestations of the same phenomenon. There is accumulating
empirical evidence that such density- and frequency-dependent

processes may play a large part in maintaining the diversity of
tropical tree communities'’ "%,

Density and frequency dependence are familiar mechanisms in
population biology, but it is surprising how rarely their consequences
for species diversity and RSA in communities have been discussed
(see Ch. 3 of ref. 4). Here we show that these mechanisms are
sufficient to explain precisely the species abundance patterns in six
tropical forest communities on three continents.

The neutral theory of biodiversity provides a convenient theoreti-
cal framework for linking community diversity patterns to the
fundamental mechanisms of population biology (such as birth,
death and migration) and speciation®. The celebrated statistical
distribution for RSA, Fisher’s log-series', can be shown to arise
directly from the stochastic equations of population growth under
neutrality at the speciation-extinction equilibrium. More signifi-
cantly, Fisher’s log-series arises when the birth and death rates are
density-independent.’

According to the theory, the mean number of species with n
individuals, {(¢,), in a community at the stochastic speciation—
extinction equilibrium takes the general form:

n—1 bi,k
(Pn) = 5P0<Hi:0 d,~+1,k>k

where (...); represents the arithmetic average over all species, S is the
average number of species present in the ecosystem, Py is a constant,
and b, and d; are birth and death rates for the kth species with i
individuals. Here we have subscripted the birth and the death rates
for arbitrary species k to indicate that these rates could, in principle,
be species-specific for an asymmetric community. In contrast,
“symmetry occurs at the species level when no change in community
dynamics or the fates of individuals occurs upon switching the
species of any two given populations in the community. Any given
population behaves as it would previously, despite its new species
label, and its effects on other populations remain the same, regardless
of their species labels.” (P. Chesson, personal communication).

We note that what is important in determining the mean number
of species, (¢ ), are not the absolute rates of birth or death but their
ratio, rj; = di"f_k. Indeed, (¢, is proportional to (r ;2. .7 p—1 k-
This formulation is sufficiently general to represent communities of
either symmetric or asymmetric species. Such a situation could arise,
for example, from niche differences or from differing immigration
fluxes resulting from the different relative abundances of the species
in the metacommunity. Hereafter, however, we consider only the
symmetric case of a community of non-interacting species with
identical vital demographic rates. For large community size, this
formulation is equivalent to the case of zero-sum dynamics studied
by Hubbell* (see Supplementary Information).
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Table 1 | Model parameters for the six data sets

LETTERS

Dispersal limitation model S J 0, m 0, c X
BCI, Panama 225 21457 481 0.09 47.5 1.80 0.9978
Yasuni, Ecuador 821 17546 204.2 0.43 213.2 0.51 0.9883
Pasoh, Malaysia 678 26554 192.5 0.09 189.5 1.95 0.9932
Korup, Cameroon 308 24591 529 0.54 53.0 0.24 0.9979
Lambir, Malaysia 1004 33175 288.8 0N 301.0 2.02 0.9915
Sinharaja, Sri Lanka 167 16936 27.3 0.55 283 0.38 0.9983
Model comparison Ly L, Deviance P-value

BC1, Panama -314.0 —315.0 2.0 0.16

Yasuni, Ecuador —301.0 —303.6 52 0.02

Pasoh, Malaysia —363.7 —365.3 3.2 0.07

Korup, Cameroon —322.3 —3231 1.6 0.21

Lambir, Malaysia —390.5 —391.2 1.4 0.24

Sinharaja, Sri Lanka —258.9 —258.5 0.8 0.37

Maximume-likelihood estimates of the dispersal limitation model® and the density-dependent symmetric model parameters (upper table) and comparison between the models (lower table) for
the six data sets of tropical forests. In the six plots coordinated by Center for Tropical Forest Science of the Smithsonian (http://www.ctfs.si.edu), we considered trees with diameter at breast
height =10 cm. S is the number of species, J is the total abundance and 6, and 6, are the biodiversity parameters in the dispersal limitation model* and equation (1) respectively (note that 6,
is a function of ¢, x and S and that both models have the same number of fitting parameters). The comparison of the models was carried out with the likelihood ratio test'®?*?4, The lower table
presents deviance (twice the difference in the log-likelihoods L and L, of the dispersal limitation model® and the density-dependent symmetric model respectively) between the two models
and the corresponding P-value of the x 2-distribution with one degree of freedom. The main result is that the dispersal-limitation model and the simple symmetric density-dependent model
presented here are statistically comparable to each other in their ability to fit the tropical forest data.

We define #, = db—jf]”H where the factor £ is chosen to obtain
7, = x for the Fisher log-series (¢,,) oc x"/n. In Fisher’s case, 7, does
not change with population density and is an intraspecific parameter
that measures the relative vital rates of birth and death of a
population. To obtain intraspecific density dependence, 7, becomes

? fu)nction of the population density n. Within our framework,
b
G~ mriin: _ _

We now introduce the modified symmetric theory that captures

density dependence (rare-species advantage or common-species
disadvantage). In the modified theory, 7, will be a decreasing
function of abundance, thereby incorporating density dependence.
The equations of density dependence in the per capita birth and
death rates for an arbitrary species of abundance 7 are:

") _ 1+b1+ =

n 1’1
and

W _ x 1+d1+ <1)]

n 7’1

for n>0 as the leading terms of a power series in (1/n), b(")—
bx> 72 bin~! and d(")— dx > 1 ,din~!, where b; and d, are con-
stants. This expansmn captures the essence of density dependence by
ensuring that the per capita birth rate to death rate ratios decrease
and approach a constant value for large n. This happens because the
higher-order terms are negligible. Note that the quantity that con-
trols the RSA distribution is the ratio b,/d, ;. Thus the birth and
death rates, b, and d,, are defined up to multiplicative factors
fln 4+ 1) and f(n) respectively, where fis any arbitrary well-behaved
function.

We expect that the per capita birth rate or the fecundity will go
down as the abundance increases, whereas the mortality ought to
increase with abundance. Indeed, the per capita death rate can be
arranged to be an increasing function of #, as observed in nature, by
choosing an appropriate function f and adjusting the birth rate
appropriately so that the ratio b,/d,, remains the same. For
example, the choice f(n) = n/(n 4+ c) yields a constant per capita
death rate d,, = dn and a fecundity that decreases with increasing
abundance.

This mathematical formulation of density dependence may seem
unusual to ecologists familiar with the logistic or Lotka—Volterra
systems of equations, in which density dependence is typically
described as a polynomial expansion of powers of n truncated at
the quadratic level. However, this classical expansion is not valid in

our context because the range of # is from 1 to an arbitrarily large
value, not to some fixed carrying capacity. Therefore an expansion in
terms of powers of (1/n) is more appropriate. For this symmetric
model, noting that (¢,)= SPOH, 0 %,

following relative species-abundance relationship:

(D) = ntc (6]

where x = b/d, and for parsimony we have made the simple assump-
tion that b; = d, = c. The biodiversity parameter 6 is the normal-
ization constant that ensures that the average number of species in
the community is S and is given by = SEEF (14 ¢,24¢,x),
where F(1 + ¢, 2 + ¢, x) is the standard hypergeometric function.
The parameter ¢ measures the strength of the symmetric density
dependence in the community, and it controls the shape of the
RSA distribution. Note that when ¢ — 0 (the case of no density
dependence), we obtain the Fisher log-series. In this case, as shown in
ref. 3, 6 captures the effects of speciation.

we readily arrive at the
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Figure 1| Fits of density-dependent symmetric model (red line) and
dispersal-limitation model® (blue circles) to the tree species abundance
data from the BCI, Yasuni, Pasoh, Lambir, Korup and Sinharaja plots, for
trees =10 cm in stem diameter at breast height (see Table 1). The
frequency distributions are plotted using Preston’s binning method as
described in ref. 3. The numbers on the x axis represent Preston’s octave
classes.
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Figure 2 | Test of the equivalence of the dispersal limitation model and the
density-dependent symmetric model. We have randomly generated 100
communities using the dispersal-limitation model, following the Etienne®
algorithm with the values of m and 6, given in Table 1 for the BCI plot

(m = 0.09 and 6, = 48.1). For each of these data sets we calculated the log-
likelihoods L, and L, of the dispersal-limitation model’ and the density-
dependent symmetric model respectively. a, The deviances for each of the
data set; b, the corresponding histogram. The red line in a corresponds to
the deviance estimated from the BCI data. The deviance is distributed
almost symmetrically around zero (with a mean value of 0.85) and the BCI
data is indistinguishable from the random pseudo-samples.

We now show how equation (1) estimates the strength of sym-
metric density dependence that is consistent with the observed RSA
distributions of tree species in six large tropical forest plots on three
continents: Barro Colorado Island (BCI), Panama; the Yasuni
National Park, Ecuador; the Pasoh Forest Reserve, peninsular Malay-
sia; the Korup National Park, Cameroon; the Lambir Hills National
Park, Sarawak, Malaysia; and the Sinharaja World Heritage Site, Sri
Lanka. These site plots are part of a global network of large plots
managed by the Center for Tropical Forest Science of the Smithso-
nian Tropical Research Institute. These New and Old World tropical
forests have had long separate ecological and evolutionary histories,
but despite these different histories, the symmetric theory with
density dependence fits each of the RSA distributions very well.

Figure 1 shows the fits of equation (1) and the dispersal limitation
model® to the tree abundance data collected from the six permanent
plots of tropical forest. These plots are 50 hectares except for Lambir
(52 hectares), Yasuni (25 hectares) and Sinharaja (25 hectares). The
results in Table 1 and Fig. 1 show that the RSA data of tree species in
these plots are equally well described both by the density-dependent
model and the dispersal-limitation model® (also see Fig. 2).

The rare-species advantage is illustrated in Fig. 3 and is of the same
order of magnitude in the different forests. The key quantity that
controls the RSA is the birth rate to death rate ratio 7, defined above.
The curves in Fig. 3 were derived from the parameters in Table I,
which in turn were obtained from the empirical RSA data using
the maximum-likelihood method. At stochastic steady state, commu-
nity size (mass balance) is maintained by the slow rate of decline
in common species (at large n in Fig. 3) exactly balanced by the
growth of rare species, and by the very slow input of new species by
speciation.

Several important ecological insights result from this new theory.
First, we have shown that an assumption of asymmetric density
dependence, for example, postulating different carrying capacities
for each species, is not necessary to explain patterns of RSA at least in
these six tropical forests: a much simpler symmetric hypothesis is
sufficient. Second, we have shown that the population sizes that
exhibit rare-species advantage consistent with the observed RSA data
are all quite small. The transition to a ‘Fisher log-series’-like value for
x = b/d that is slightly less than replacement occurs at what would be
considered low population densities of tree species in these forests
(<1 tree per hectare). Third, applied to spatially mapped ecological
communities, the theory reveals the scales on which density depen-
dence occurs and on what larger scales it gives way to density
independence. In these six tropical forests, the theory is consistent
with density dependence operating at very similar and small scales of
abundance and spatial length, and weakening at larger scales.
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Figure 3 | Plot of ¥, derived from equation (1) versus n for the six data sets
of tropical trees. For large values of 1, 7, asymptotes to a value slightly less
than 1. The BCI data (cyan circles) at small n is almost invisible because it
coincides with the Pasoh data set (red circles).

Finally, we have demonstrated that symmetric density dependence
gives an equally sufficient mechanistic explanation for RSA patterns,
in addition to and independent of dispersal limitation®. In Table 1, we
show the fits of the two mechanisms to the RSA data from the six
forests, from which it is clear that both mechanisms yield fits that
cannot be distinguished statistically in quality. However, the
ecological explanation that accompanies each of these mechanisms
is very different. According to the dispersal mechanism, the
explanation for the lower frequency of rare species compared to
species of middling abundance is that rare species are more
extinction-prone, and when they go extinct in a community,
they take longer to re-immigrate than common species do.
According to the density-dependence mechanism, on the other
hand, the reduced steady-state frequency of rare species arises
because populations of rare species grow differentially faster into
higher abundance categories owing to a rare-species advantage. An
important conclusion is that we cannot deduce the mechanisms
causing a particular RSA pattern from RSA data alone (see
Supplementary Information). Because these mechanisms are not
mutually exclusive, it must be left to empirical research to uncover
the relative contributions of each mechanism to observed RSA
patterns. However, we do note one distinction between the two
mechanisms. The dispersal-limitation mechanism generally
implies that we are considering a local community into which
immigration is possible. However, the density dependence mech-
anism can apply equally well to local communities or to the
metacommunity.
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