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Abstract. Ecological communities are subjected to stochasticity in the form of demographic and environmental variance. Stochastic models that contain only demographic
variance (neutral models) provide close quantitative fits to observed species-
abundance
distributions (SADs) but substantially underestimate observed temporal species-abundance
fluctuations. To provide a holistic assessment of whether models with demographic and
environmental variance perform better than neutral models, the fit of both to SADs and
temporal species-abundance fluctuations at the same time has to be tested quantitatively.
In this study, we quantitatively test how closely a model with demographic and environmental variance reproduces total numbers of species, total abundances, SADs and temporal
species-abundance fluctuations for two tropical forest tree communities, using decadal data
from long-term monitoring plots and considering individuals larger than two size thresholds
for each community. We find that the model can indeed closely reproduce these static
and dynamic patterns of biodiversity in the two communities for the two size thresholds,
with better overall fits than corresponding neutral models. Therefore, our results provide
evidence that stochastic models incorporating demographic and environmental variance
can simultaneously capture important static and dynamic biodiversity patterns arising in
tropical forest communities.
Key words: demographic variance; dynamic model; environmental variance; neutral theory; species-
abundance distributions; tropical forests.

Introduction
A fundamental goal of ecology is to elucidate the processes underlying spatiotemporal patterns of biodiversity
(Scheiner and Willig 2008). Much traditional biodiversity
theory emphasizes notions of stability, but it is now
broadly recognized that most ecological communities are
fundamentally non-
equilibrium systems and that stochastic processes are central to system dynamics (e.g.,
Bjørnstad and Grenfell 2001, Wright 2005). Sources of
stochasticity in ecological systems can be broadly classified into demographic and temporal environmental
variance (Lande et al. 2003, Melbourne and Hastings
2008). Demographic variance arises because of the discrete, finite nature of constituent individuals undergoing
probabilistic demographic processes (Bjørnstad and
Grenfell 2001). This type of variance is present even in
a constant environment and has effects that are uncorrelated across individuals within species. Temporal environmental variance (hereafter, just “environmental
variance”), on the other hand, arises from the effect of
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random variation in environmental conditions over time
on the demographic rates of species (Bjørnstad and
Grenfell 2001). These environmental changes could
represent fluctuations in abiotic or biotic factors (e.g.,
climatic factors or abundance of pests). Conspecifics
are expected to respond in a similar way to a given environmental driver, with the consequence that effects of
environmental variation are correlated across individuals
belonging to the same species. Thus, environmental and
demographic variance affect population dynamics in
fundamentally distinct ways: environmental variance can
cause large fluctuations in both rare and abundant
species, whereas demographic variance mainly affects
rare species.
Models incorporating demographic variance alone
have proved successful at predicting static patterns of
biodiversity. The neutral theory of biodiversity assumes
that all species are ecologically equivalent and that
changes in their abundances are driven predominantly
by demographic variance (Caswell 1976, Hubbell 1997,
2001, Bell 2000, 2001). Despite their simplicity, neutral
models produce species-
abundance distributions consistent with empirical data at both metacommunity and
local community scales (Volkov et al. 2003, 2007,
Chisholm and Lichstein 2009, Chisholm and Pacala
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2010, O’Dwyer and Green 2010, May et al. 2015), as
well as consistent tri-phasic species–area curves spanning
local to global scales (Preston 1960, O’Dwyer and Green
2010). However, although neutral theory has been successful at predicting static biodiversity patterns, it has
remained poor at predicting dynamic patterns (Adler
2004, Nee 2005, Chisholm and O’Dwyer 2014, Chisholm
et al. 2014, Kalyuzhny et al. 2014). Over geological timescales, neutral models predict species ages and persistence
times of hundreds of millions to billions of years, which
are orders of magnitude longer than observed in the fossil
record (Nee 2005, Chisholm and O’Dwyer 2014). At ecological timescales of years to decades, a recent empirical
analysis of 12 forests worldwide found that the degree of
temporal fluctuations in the abundances of tree species
was vastly greater than that predicted by neutral models,
indicating a prominent role for environmental variation
(Chisholm et al. 2014). This result was corroborated by
another analysis of three tropical forest communities
(Kalyuzhny et al. 2014). Environmentally driven variation in species life-history traits has also been found to
be important for the dynamics of a diverse range of other
taxa (Foley 1994, Sæther et al. 1998, Wiegand et al. 2001,
Benton et al. 2002, Lande et al. 2003, Bull and Bonsall
2008, Jonzén et al. 2010, Kalyuzhny et al. 2014).
In light of the studies discussed, a central ecological
question is: can a model with demographic and environmental variance accurately predict static and dynamic
patterns of biodiversity at the same time? The answer is
unclear from studies that only fit models to static (e.g.,
Volkov et al. 2003, 2007) or dynamic patterns (e.g.,
Chisholm et al. 2014, Kalyuzhny et al. 2014). It is also
unclear a priori, because environmental variance results
in substantial variations in the vital rates of different
species and hence species evenness, and can also affect
species richness by accelerating extinction of populations
(Leigh 1981, Foley 1994, Halley and Iwasa 1998). Indeed,
laboratory studies on soil mites have demonstrated how
environmental variance can substantially alter the shapes
of SADs (Benton et al. 2002). Engen et al. (2002, 2011)
and Lande et al. (2003) made substantial contributions
to answering the question posed by fitting a model with
demographic and environmental variance (Engen and
Lande 1996) to data from tropical butterfly communities
in Amazonian Ecuador and riverine insect communities
in Norway. However, the absolute goodness-of-fit of the
model to the empirical patterns of biodiversity was not
quantified in these studies and in addition, there was no
direct comparison of results with those from a neutral
model with only demographic variance. These limitations
preclude a rigorous quantitative assessment of how well
models with and without environmental variance are able
to fit static and dynamic patterns of diversity
simultaneously.
Progress was made in a recent study by Kalyuzhny et al.
(2015), which extended Hubbell’s spatially implicit neutral
model (Hubbell 1997, 2001) by adding temporal environmental variance and testing the resulting model against

decadal monitoring data from the 50-ha tropical forest
tree community at Barro Colorado Island (BCI). The
authors found that the model simultaneously produced
SADs and temporal species-abundance fluctuations that
closely matched empirical data from BCI, thus showing
that a stochastic model incorporating demographic and
environmental variance can provide a parsimonious
description of both static and dynamic biodiversity patterns (Kalyuzhny et al. 2015). There were, however, some
important limitations to this study: (1) The model was
tested with data from just one tree community, whereas
the environmental drivers of dynamics are known to be
markedly different across tropical forests (Chisholm et al.
2014); (2) The model was tested for trees above just one
size threshold (diameter at breast height [DBH] of 10 cm),
whereas environmental variance is known to strongly
affect trees below this threshold (Chisholm et al. 2014;
Appendix S1); and (3) Goodness-of-fit metrics were used
that did not penalize the additional complexity in the
model with environmental variance, thus limiting the rigor
of their quantitative comparison of the two models.
Here we build on previous studies by performing a
more general quantitative assessment of how important
environmental variance is in capturing static and
dynamic patterns of biodiversity. Specifically, we
compare a stochastic model containing demographic
and environmental variance with a simpler neutral
model containing only demographic variance, and we
do this (1) for two tropical tree communities on opposite
sides of the globe, to assess the generality of results with
respect to geographic location; (2) for two different
DBH thresholds, to test the robustness of results to
inclusion of small tree individuals that are highly exposed
to environmental variance; and (3) using relative and
absolute goodness-of-fit metrics, with the former penalizing the full model for its extra parameters. Thus, our
study advances previous work by addressing the three
important limitations highlighted earlier.
Methods
We first present an overview of our model with demographic and environmental variance, which is followed
by a description of its parameterization. Then, we detail
how this model was compared with a neutral model to
quantify whether the addition of environmental variance
improves fits to observed static and dynamic patterns of
biodiversity, taking into account the extra parameters in
the full model.
Overview of full model
The model explores the abundance dynamics of a set of
populations of different species at a local spatial scale.
During one time step, each species’ population gains a
random number of individuals from seed production by
mature individuals and subsequent local recruitment, and
loses a random number of individuals to mortality. The
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expected (or intrinsic) per capita recruitment rates for
species in a given time step differ, reflecting differential
species-specific responses in recruitment processes to prevailing environmental conditions. The expected rates are
randomly changed from one time step to the next, reflecting
temporal environmental variation. For simplicity, we
assume that environmental variance has no effect on mortality rates: in the model, the expected per capita mortality
rates for all species are the same in any time step. In
practice, the environment does affect mortality rates as
well, but for the two tropical forest tree communities that
we investigate in our study, this effect is typically much less
than that on recruitment rates (by a factor of approximately 1.5–3.0; Appendix S1). Once the expected
recruitment rates are chosen, they are used together with
the expected mortality rate to define probability distributions by which the actual numbers of recruits and mortalities are determined. This introduces demographic variance
into the modeled recruitment and mortality processes.
Our model also includes dispersal, which is represented
as an influx of a fixed number of immigrants to the local
community in each time step. The immigrants are
assumed to originate from a surrounding metacommunity, as in Hubbell’s neutral model (Hubbell 1997,
2001). New species appear in the local community
because of immigration and it is always possible that a
species reaching zero abundance in the local community
at a particular time step would have a non-zero abundance in a future time step because of immigration (i.e.,
local extinctions are temporary).
To prevent the abundance of a species in the local community from reaching unrealistically high values because of
high random numbers of recruits in consecutive time steps,
it is necessary to impose a carrying capacity. In the first set
of simulations, we impose a carrying capacity on each
species, representing negative density dependence caused by
natural enemies or intraspecific processes (Janzen 1970,
Connell 1971, Harms et al. 2000, Webb et al. 2006, Comita
et al. 2010, Bagchi et al. 2014). In a second set of simulations, we test sensitivity of our results to the form of carrying
capacity by imposing a capacity only on the community as
a whole, which represents limits arising from finite resources
used by all species, such as space (Hubbell 2001). The use
of a per-species carrying capacity implicitly causes stronger
intraspecific interactions relative to interspecific interactions
for species with abundances that surpass the capacity,
thereby helping to stabilize community dynamics. However,
we find that in practice, the capacity was rarely reached,
such that this stabilization effect is weak (as described in
Results and discussed in Discussion). The effect is absent
altogether in the version of the model with a community
carrying capacity, in common with strictly neutral models
that have been used in ecology (e.g., Models II and III in
Caswell 1976, Hubbell 1997).
In our model, recruitment, mortality, and dispersal for
each species are modeled independently, such that there
are no direct interspecific interactions. We use this modeling approach to retain parsimony and facilitate
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parameterization. It also helps in comparison of our results
with those from previous studies, which have commonly
used this approach (e.g., Vallade and Houchmandzadeh
2003, Volkov et al. 2003, 2007, Chisholm and O’Dwyer
2014).
Each simulation of model dynamics is initialized with
an empty local area with no individuals of any species.
New species then colonize by migrating from the surrounding metacommunity, and local community
dynamics are simulated until the total number of individuals and the total number of species in the local community have both reached stochastic steady states. Fig. 1
is a schematic diagram of the model, showing the key
biological processes represented. Further details on the
model are provided in Appendix S2, including a
description of its mathematical structure.
Application of model to tropical forests
We used decadal data from two 50-ha plots monitored by the Center for Tropical Forest Science-Global
Earth Observatories (CTFS-ForestGEO) network: the
Barro Colorado Island (BCI) plot in Panama and
the Pasoh plot in peninsular Malaysia. The BCI plot
(9°9′ N, 79°51′ W) has been monitored longest in the
CTFS-ForestGEO network and in total seven censuses
have been performed over 1982–2010, with the first
census interval spanning 3 yr and the rest 5 yr. Data
from all seven censuses were used (available online). The
Pasoh plot (2°59′ N, 102°19′ E) has been monitored
longest in Asia and five censuses have been performed
over 1987–2005. Again, the first census interval spanned
3 yr and the rest 5 yr, and data from all five censuses
were used in our analyses. The mean annual temperature (MAT) at the two plots is similar at approximately
26°C and 27°C on average for BCI and Pasoh, respectively, but precipitation at the BCI plot is more seasonal
and abundant, with an estimated total annual precipitation (TAP) of 2600 mm on average compared with
1600 mm on average for the Pasoh plot (Leigh 1999,
Tani et al. 2003). Both plots are located in lowland areas
(Leigh 1999, Davies et al. 2003) and are composed
mainly of shade-
tolerant tree species with relatively
slow growth and low mortality (Condit et al. 1999).
However, the individual density and, in particular,
species richness is greater at Pasoh than on BCI.
At BCI, a major driver of tree abundance changes over
the last 30 yr has been climate. The absolute changes in
MAT and TAP across consecutive censuses at BCI were
0.415°C and 423 mm on average, respectively (using
WorldClim data from Anderson-Teixeira et al. 2014). A
severe drought during the 1983 El Niño Southern
Oscillation (ENSO) caused differential mortality and
recruitment across species (Condit et al. 1996): some
drought-
sensitive species, such as Poulsenia armata,
Acalypha diversifolia, and Piper aequale, declined by up
to 50% in 8 yr, while other species, such as Palicourea
guianensis and Psychotria graciliflora more than
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[A] Start with empty local
model community

[B1] Randomly sample I individuals
from model metacommunity and
add them as immigrants to local
model community

[B5] For species in the local model
community with more individuals
than the per-species carrying
capacity, reduce the number of
individuals to this carrying capacity

[B2] Randomly choose expected
recruitment rate for each species in
the local model community and using
these, randomly determine number
of recruits produced by each species

[B3] Randomly determine number of
mortalities for each species in the
local model community, using a fixed
expected mortality rate

[B4] Add recruits to and remove
dead individuals from the local
model community

Fig. 1. Schematic diagram of the model with environmental variance and a per-species carrying capacity. Each iteration of the
loop B1–B5 corresponds to one model time step.

quadrupled their populations over the same period. At
Pasoh, the absolute changes in MAT and TAP across
consecutive censuses were 0.254°C and 422 mm on
average, respectively (Anderson-
Teixeira et al. 2014).
Such climatic fluctuations trigger mast-fruiting events
(Appanah 1985) that have the potential to cause large
fluctuations in the abundances of many tree species, in
particular the dominant dipterocarps.
We parameterized the model at each plot separately.
For each plot, we used the census data to first fix values
of the expected mortality rate and to derive plausible
ranges for three parameters describing an asymmetric
Laplace distribution (ALD) that governs expected
recruitment rates (Condit et al. 2006, Chisholm et al.
2014; Appendix S3). We then fixed values of the time step
ΔT and the per-species carrying capacity Ks (or community carrying capacity Kc) according to the census data
and established plausible ranges for the fundamental
biodiversity number θ for the metacommunity and the
number of immigrants per time step I. For each parameterization, values of the five parameters with ranges
(θ, I, and the three parameters of the ALD) were tuned
within these ranges using an evolutionary algorithm
(Kelsey and Timmis 2003, Kelsey et al. 2003) to estimate
the maximum likelihood of the model producing
empirical species richness values, community sizes, SADs
and temporal species-abundance fluctuations. This estimated maximum likelihood was then used to calculate a
corresponding AIC value. In addition, we measured the
absolute goodness-
of-
fit of the maximum likelihood
model to the four patterns of biodiversity.
For each plot, we parameterized our model once for
tree individuals with diameter at breast height (DBH)
≥10 cm and again for individuals with DBH ≥1 cm, to

test robustness of results to the size threshold. The
parameterization methodology is described in more
detail in Appendix S3, with the parameter values and
ranges given in Appendix S3: Table S1. Details of the
method used for estimating the maximum likelihood of
a model together with details on the absolute goodness-
of-fit metrics used are provided in Appendix S4.
Comparison with neutral model
To quantitatively test how well our model with demographic and environmental variance fits static and
dynamic biodiversity patterns compared with a neutral
model that has only demographic variance, we compared AIC and absolute goodness-of-fit values of the
two models. The neutral model was constructed by
removing environmental variance from our full model,
which was done by setting the expected recruitment rate
to be constant across species and time (Appendix S3).
This reduces the number of free-fitting parameters from
five to three.
Results
Model with demographic and environmental variance
The maximum-likelihood fits of the full model to the
forest census data were generally good at both sites and
both DBH thresholds, when using a per-species carrying
capacity (Table 1; for parameter values, see Appendix
S5: Table S1). For any of the four combinations of site
and DBH threshold, model species richness values were
within 1.2–2.1% of empirical values on average, whereas
model community abundances were within 3.4–9.4% of
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empirical values on average (Appendix S5: Figs. S1 and
S2; Table 1). Model SADs were different from observed
SADs by 10.9–25.5% on average (Fig. 2a, c, e, g; Table 1),
where the difference between a pair of model and
observed SADs is measured as the sum of absolute differences between the numbers of species in each log2
abundance class, expressed as a percentage of the
observed total number of species. In addition, for the
model and observed SADs the middle 95% of R2 values
were within 0.68–0.98. The 95% range of R2 values for
the Pasoh model with a 1 cm DBH threshold had a
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smaller upper bound (0.86) compared with the other
models, reflecting greater underestimates of the number
of species in intermediate abundance classes (Fig. 2g;
Table 1). The sums of absolute temporal species-
abundance fluctuations were within 3.7–11.6% of
empirical values on average (Fig. 3a, c, e, g; Table 1).
Neutral model with only demographic variance
Our neutral model was able to provide reasonably
good fits to observed static patterns of biodiversity in the

Table 1. Values of six indicators describing the goodness-of-fit of the two tree-community models to empirical data.
Mean error in
Site

DBH
threshold
(cm)

Environmental
variance?

BCI

10

yes

BCI

10

no

BCI

1

BCI

Maximum
likelihood

AIC

Species
richness
values, ρ̄ S

Community
abundances,
ρ̄ J

SADs,
ρ̄ SAD

Temporal
species-
abundance
fluctuations,
ρ̄ ΔN

14.0

0.0205
230
(224, 243)

0.149
(0.681,
0.950)

0.0581
1390
(1250, 1630)

<0.000112

>24.2

0.0190
230
(219, 239)

0.154
(0.654,
0.943)

0.479
1390
(681, 771)

yes

0.0322

16.9

0.0131
303
(294, 314)

0.180
(0.700,
0.944)

1

no

<0.000112

>24.2

0.0802
303
(318, 339)

0.198
(0.671,
0.926)

0.116
15 900
(13 200,
22 500)
0.815
15 900
(2800, 3110)

Pasoh

10

yes

11.0

0.0134
670
(649, 694)

0.108
(0.876,
0.981)

0.0368
1830
(1670, 1990)

Pasoh

10

no

>24.2

0.0316
670
(670, 714)

0.118
(0.861,
0.979)

0.366
1830
(1100, 1210)

Pasoh

1

yes

10.7

0.0115
812
(787, 821)

0.255
(0.732,
0.863)

Pasoh

1

no

>24.2

0.0484
812
(832, 868)

0.0462
21,000
(18,600,
22,600)
0.0276
21,000
(20,700,
22,500)
0.0938
226,000
(182,000,
291,000)
0.00629
226,000
(222,000,
229,000)
0.0343
27,900
(25,700,
30,800)
0.0137
27,900
(26,900,
28,800)
0.0445
312,000
(282,000,
348,000)
0.0106
312,000
(304,000,
314,000)

0.0641
18 400
(15 500,
20 300)
0.766
18 400
(4150, 4480)

0.137

0.617

<0.000112

0.691

<0.000112

0.209
(0.821,
0.913)

Notes: The eight model parameterizations include/exclude environmental variance, have DBH thresholds of 10 cm or 1 cm, and
are for the Barro Colorado Island (BCI) or Pasoh 50-ha plot. For each parameterization, apart from the one for Pasoh with no
environmental variance and a DBH threshold of 1 cm, the model was run for 10 000 time steps (each step corresponding to 5 yr)
with the best-fit parameter values (maximizing an estimate of the likelihood) and the last four indicators calculated using simulated
data from the final 9000 time steps, when the model was at a steady state. For the parameterization for Pasoh with no environmental
variance and a DBH threshold of 1 cm, 12 000 time steps were run to account for slower convergence to steady state dynamics.
AIC, Akaike information criterion. The last four indicators measure absolute goodness-of-fit and are the mean errors ρ̄ S, ρ̄ J , ρ̄ SAD
and ρ̄ ΔN , which measure the normalized absolute errors between model and observed values of four statistics representing the four
patterns of biodiversity considered, averaged over the final 9000 time steps. Each error was normalized by dividing by the observed
value, so, for example, a normalized absolute error of 0.01 would mean an error that is 1% of the observed value. Explicit equations
for these mean errors are given in Appendix S4. For ρ̄ S, ρ̄ J and ρ̄ ΔN , the empirical mean values of the corresponding statistic over all
censuses are also shown, followed by the middle 95% of model values. For ρ̄ SAD, the middle 95% of R2 values between the empirical
mean species-abundance distribution (SAD) over all censuses and the model SADs are given.
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Fig. 2. Comparisons of empirical (mean over censuses; black points) and fitted theoretical (gray bars with lines covering middle
95% of values) species-abundance distributions for the Barro Colorado Island (BCI) and Pasoh tree communities, considering stems
with DBH ≥10 cm or ≥1 cm. Left panels show fits of the full model with environmental variance; right panels show fits of a model
without environmental variance (a neutral model). The distributions were plotted using the binning method of Preston (1948). For
details of model parameterization and simulations, see Methods and Appendices S3 and S4.
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Fig. 3. Comparisons of empirical and theoretical temporal species-
abundance fluctuations for the BCI and Pasoh tree
communities, considering stems with DBH ≥10 cm or ≥1 cm. Abundance fluctuations (vertical axes) are measured as squared
2
changes in species abundances ((Nt + 1 − Nt) + 1) and are plotted against initial abundance (Nt; x-axes). Empirical data for the
interval between the second and third censuses are shown as black dots; theoretical distributions are shown as gray shaded regions
bounded by black curves, corresponding to the middle 95% of values. The black curves are derived by smoothing over model values
using LOESS, and are therefore jagged over abundance ranges with few model values. Left panels show fits of the full model with
environmental variance; right panels show fits of a model without environmental variance (a neutral model). For details of model
parameterization and simulations, see Methods and Appendices S3 and S4.
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two forest communities (Figs. 2b, d, f, h; Appendix S5:
Figs. S1 and S2; Table 1), consistent with previous studies
(Hubbell 2001, Volkov et al. 2003, 2007, Kalyuzhny et al.
2015). The model produced species richness values and
community abundances that were different from observed
values by 1.9–8.0% and 0.6–2.8% on average, respectively
(Table 1). In addition, the model SADs were different
from the observed SADs by 11.8–20.9% on average, with
the middle 95% of R2 values lying within 0.65–0.98
(Table 1).
However, the weakness of the neutral model relative to
the full model with environmental variance is that demographic variance alone gives poor fits to temporal patterns: the sums of absolute temporal species-abundance
fluctuations were different from the empirical values by
36.6–81.5% on average (Fig. 3b, d, f, h; Table 1). Plotting
the changes in abundance as a function of initial abundance clearly illustrates that these large differences were
because of severe underestimates of the magnitudes of
abundance fluctuations, particularly for large populations (Fig. 3a, c, e, g). Thus, the full model with environmental variance reproduces empirical dynamic patterns
much more accurately than the neutral model. Together
with the full model producing fits to static patterns that
are comparable to those of the neutral model, this resulted
in AIC values that were much lower for the full models
(lower by more than 7, indicating much better fits
accounting for the number of parameters; Table 1). We
found similar quantitative results when the per-species
carrying capacity was increased by one or two on a log2
scale, or when a community carrying capacity was used
instead (Appendix S5). The latter result was found despite
stronger density dependence of species growth rates when
a community carrying capacity was imposed instead of a
per-species carrying capacity, in the sense that the capacity
was exceeded more frequently for the best-fit models.
Comparing the best-
fit non-
neutral models, the community capacity was exceeded once every three time steps
on average, whereas the per-species capacity was exceeded
once every 20 time steps on average. Comparing the
best-
fit neutral models, the community capacity was
exceeded once every two time steps on average, whereas
the per-species capacity was never exceeded.
Discussion
Overall, we found that on ecological timescales,
observed static and dynamic community patterns for
tropical forest tree communities at two sites (BCI and
Pasoh) and two DBH thresholds (1 and 10 cm) can be
well explained by a model that combines neutral dynamics
and environmental variance. These are non-trivial results
because good fits to SADs under environmental variance
require a particular balance between growth, mortality
and immigration for hundreds of species, a balance that
is not guaranteed to exist a priori. We reached the findings
by fitting a new dynamic community model with demographic and environmental variance to tree census data
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for each site and DBH threshold, and comparing the fits
to those from a corresponding neutral model without
environmental variance, using AIC values and absolute
goodness-of-fit measures. Our examination of two sites
and DBH thresholds allows a more general assessment
than a recent study by Kalyuzhny et al. (2015) for the
BCI community and a DBH threshold of 10 cm, especially because stems with DBH below 10 cm experience
the strongest environmental filtering in forest tree communities (Appendix S1) and because environmental
regimes can differ markedly between sites (Chisholm
et al. 2014). Our use of AIC values allowed fair model
comparisons that account for the extra two parameters
used to represent environmental variance in the non-
neutral model; such comparisons were lacking in the
study of Kalyuzhny et al. (2015). Below, we discuss our
results in more detail as well as future directions suggested by our study.
Our results demonstrate that a model with just demographic variance, environmental variance and local
immigration provides a good first-order approximation
to forest dynamics. However, the surfeit of species with
intermediate abundances at Pasoh (for a DBH threshold
of 1 cm; Fig. 2g) relative to model predictions suggests
a role for additional biological mechanisms, in particular
niche-stabilization mechanisms associated with resource
limitation (MacArthur and Levins 1967, Tilman 2004).
Their inclusion may lead to an even better description of
the data: stabilization mechanisms prevent species from
becoming too rare or too common, thereby elevating the
number of intermediately abundant species. Alternatively,
the discrepancy could have been caused mainly by our
model lacking environmentally driven variation in mortality rates, which was stronger at Pasoh than BCI
(Appendix S1). However, the good fits of our model to
temporal fluctuations in abundances suggest that environmentally driven variation in recruitment rates is the
underlying key mechanism. Yet another mechanism that
could explain the discrepancy is temporal autocorrelation in the effects of environmental variance across
censuses, which is also missing in our model. This temporal autocorrelation may arise because of climatic
events that operate on decadal time-scales, such as the
El Niño Southern Oscillation. Indeed, Kalyuzhny et al.
(2015) found some evidence of temporal autocorrelation
in environmental effects at the BCI. Quantification of the
importance of these other mechanisms will likely be clarified by future analyses combining more extensive data
sets with stochastic community models.
In ecological communities, species’ population growth
may be limited by a carrying capacity that acts as an
important density-
dependent stabilizing mechanism.
Although the imposition of a carrying capacity on each
species in our models contributes to density dependence,
this effect was weak because the carrying capacity was
reached infrequently for our best-fit models with environmental variance and was never reached for our best-fit
neutral models. When a community carrying capacity was
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used instead of a carrying capacity for each species, the
capacity was exceeded more frequently. However, the
quantitative fit of the model with environmental variance
relative to the neutral model was similar across the two
cases (Appendix S5). Thus, our results suggest that a community carrying capacity causes greater density dependence
constraining the growth rates of species, but that this does
not strongly influence static and dynamic patterns of biodiversity. Future work should test the robustness of these
tentative conclusions to more general forms of density
regulation (our carrying capacities act as simple reflecting
boundaries) and broader parameterizations.
In this study, we have represented the effects of environmental variance indirectly through their influence on
changes in tree species abundances. This is a common
approach to modeling environmental variance (Lande
et al. 2003), but if we want to make predictions for local
species richness, abundances and abundance fluctuations
using environmental data alone, it will be essential to have
models that link specific environmental changes to particular fluctuations in species abundances. Due to the
potential importance of climatic factors in causing environmental variance at BCI and Pasoh, we tested whether
the absolute changes in mean annual temperature (MAT)
or total annual precipitation (TAP) across two consecutive
census years at each of the two sites were related in a simple
fashion to the corresponding sums of absolute changes in
species abundances. However, at both sites and DBH
thresholds, a linear regression of either climate variable
against the latter on a log–log scale gave statistically insignificant relationships (P > 0.299), typically with low R2
(all <0.24 except for one value of 0.49). This suggests that
the determinants of abundance fluctuations are more
complex and could involve non-climatic environmental
factors. For example, insect outbreaks can also be
important environmental drivers: an outbreak of
Eulepidotis superior larvae in 1985 heavily defoliated one
of the BCI plot’s most common trees, Quararibea
asterolepis (Wong et al. 1990), although the abundance of
this species declined by only 9% in the following 20 years.
In addition, differential rates of seed predation before and
after dispersal (Ickes et al. 2001, Sun et al. 2007) could
explain why mast-fruiting tree species at Pasoh exhibited
different abundance trends. For example, counting all
individuals with DBH ≥1 cm, the abundance of the mast-
fruiting dipterocarp species Shorea leprosula declined by
50% over the first four censuses (1987–2000), before
increasing by 48% from the fourth to fifth census (2005).
In contrast, the abundance of S. parvifolia, another mast-
fruiting dipterocarp species, declined by 54% over the first
four censuses and declined by a further 15% from the
fourth to fifth census. The list of environmental factors
driving abundance fluctuations thus appears to be riddled
with idiosyncrasies. A mechanistic model incorporating
species-specific responses to all of these factors would be
complex and difficult to parameterize and interpret. It
must be hoped that, with the gathering of data on more
species from more sites, generalities will emerge that can
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form the basis of parsimonious models that explicitly link
changes in environmental variables to the dynamics and
community structure of highly diverse forests.
In conclusion, we have demonstrated that a simple
community model that integrates environmental variance with demographic variance can provide decent
approximations to both static and dynamic patterns of
biodiversity in tropical forest tree communities. This is
an important validation step that is an advance on previous studies that typically only consider fits to static or
dynamic biodiversity patterns, rather than both at the
same time. Our model, together with that of Kalyuzhny
et al. (2015), represents a logical extension of the flourishing branch of ecological theory that followed popularization of the neutral theory of biodiversity at the
beginning of this century (Hubbell 2001). Although our
model is not itself neutral, it is parsimonious and retains
a strong symmetry, and it may yet yield analytical solutions. Being parsimonious, our model can be readily
parameterized for other communities, such as coral reef
benthic communities, and then used to further test the
generality of our results across different taxa and habitat
types. In addition, we have focused on local-scale abundance fluctuations, but it could be that temporal environmental variance is spatially correlated over regional
scales, with potentially important impacts on biodiversity
patterns (Kessler and Shnerb 2014). Our model can be
extended to investigate these impacts and test the generality of our results across different scales. Lastly, our
model provides new opportunities to quantify how
increasing environmental variance changes the extinction
risk of species populations and hence species diversity
(Adler and Drake 2008). It is known that environmental
variance decreases extinction times in stochastic models
(Leigh 1981, Foley 1994, Halley and Iwasa 1998), suggesting that community models incorporating environmental variance could provide more accurate predictions
of extinction risk and corresponding species ages than
neutral models (Nee 2005, Chisholm and O’Dwyer 2014).
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