
PR
EL
IM
IN
AR
Y

A minimal model of a forest after neutral theory

Matthew D. Schwartz
Department of Physics, Harvard University

James P. O’Dwyer
Department of Plant Biology, University of Illinois at Urbana-Champaign

Abstract

Community models aim to shed light on the composition and dynamics of ecological systems;
properties like which species are rare, which are common, and how their populations change over
time. Neutral theory is an ambitious example of this type of model. Treating individuals alike,
neutral theory predicts the overall shape of rarity and abundance. But it doesn’t tell us which
species will gain or lose over time, and its predictions for timescales in forest communities under-
estimate the pace of change. Coupling this model to environmental variation, and incorporating
species’ life-history differences, have been proposed independently as remedies for these failings.
But neither has made predictions for each species’ dynamics within a community, or its long-run
abundance. Here we develop a new, minimal model, joining these two processes with immigra-
tion from outside. This minimal model successfully predicts the dynamics and abundances for
species in the Barro Colorado forest dynamics plot, in Panama. Species are characterized by
their measured life histories; how fast they grow, survive and reproduce. We also show that
environmental variation over time couples in a surprisingly simple way to the community, as a
single common effect on growth rates, shared across all species. These two features allow the
model to predict species dynamics, while regional commonness and rarity, alongside a simple
competition-colonization trade-off, predict relative abundances in the plot. Our model could a
priori have been very complex; but what we read from the censuses is much simpler than the
ingredients of the model would have allowed, and yet predicts dynamics and abundances well.
Given appropriate data, our approach can be applied across any forest. Whether a comparably
simple model performs as well at different locations remains an open question.

Keywords: Barro Colorado Island; environmental stochasticity; forest dynamics; immigration; life
history; matrix population model; neutral theory; species abundance distribution; stage structure;
tropical forest

1 Introduction

A model of a forest community is asked two things above all. One is which species will gain or
lose trees over the coming decades, the forecast that repeated censuses are taken to inform. The
other is which species the forest holds in the long run and at what abundance, the oldest question
of community ecology (Preston, 1948). With them come the stand’s census-to-census fluctuations
and its distribution of stems over sizes. Three kinds of answer have been offered. Niche theory
explains where each species is common by its match to soil, water and light (Engelbrecht et al., 2007;
Condit et al., 2013), but seldom in numbers for a whole community. Demographic models project
a population, or a few functional types standing for many species, from measured rates of growth,
survival and reproduction (Lefkovitch, 1965; Caswell, 2001; Moorcroft et al., 2001). Stochastic
community models, descending from the lottery model (Chesson and Warner, 1981), predict the
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distribution of abundance across species from births, deaths and recruitment into limited space.
Neutral theory is their tractable extreme: every individual, whatever its species, has the same odds
of dying, reproducing and arriving from the surrounding region (Hubbell, 1979, 1997, 2001). It
fits species-abundance distributions across many kinds of community with two or three parameters
(Volkov et al., 2003; Rosindell et al., 2011), has a closed-form stationary state and sampling formula
(McKane et al., 2000, 2004; Etienne, 2005), and by that parsimony became the standard null model
against which richer models are judged (McGill, 2003; Chave, 2004).

Its limits are of two kinds, one structural, since a species-symmetric model cannot name a
species, the others contingent, predictions inconsistent with the repeated censuses of the 50-ha plot
on Barro Colorado Island (BCI), Panama (Condit et al., 2012, 2017). There, species composition
changes several times faster than demographic drift allows, and the excess over drift grows with a
species’ abundance (Chisholm et al., 2014; Kalyuzhny et al., 2015; Fung et al., 2016, Schwartz &
O’Dwyer, companion manuscript). Two remedies for this excess have been proposed independently.
The first, environmental variance, reproduces the observed rate of change at BCI in otherwise
neutral models in which each species responds separately to a fluctuating environment (Chisholm
et al., 2014; Kalyuzhny et al., 2015; Fung et al., 2016). Other non-neutral mechanisms favor
whichever species is currently rare (Chesson, 2000). One of the oldest such mechanisms proposed
for tropical trees is the pressure of natural enemies near a species’ own adults (Janzen, 1970; Connell,
1971), a density dependence since measured at BCI and across plots worldwide (Comita et al., 2010;
Kalyuzhny et al., 2023; Hülsmann et al., 2024). A whole-community model, however, needs each
mechanism quantified for every species at once, and so far enemy effects, niche differences and
species-specific environmental responses have been characterized a few species at a time or by one
estimated parameter per species.

Life-history variation, the second remedy, is measured directly and for whole communities.
Species differ in how fast they grow, how long they live and when they reproduce, in ways that
partly determine which species gains stems in a decade. Repeated censuses measure these rates
(survival, growth and recruitment by size) for every species (Condit et al., 2017; Jops et al., 2025).
Demographic noise acting on stage-structured populations is by itself not enough. With each
species’ life history in it, that noise raises the amplitude of abundance change above the unstructured
neutral value and toward what the censuses show, without reaching it (Jops et al., 2025). More to
the point, it is silent on direction: it says how far a species is likely to move and not which way; and
the model that established it left immigration out by design, so it makes no statement about which
species the forest holds in the long run or at what abundance. A forecast needs both. The direction
of each species’ change must then come from its measured rates, and its long-run abundance from
regional immigration, as in neutral theory, where locally common species are largely the regionally
common ones.

Our minimal model joins two bodies of work that have mostly run in parallel, and the join
turns out to predict more than the sum of its parts with a model simpler than either part would
lead one to expect. It combines stage-structured demography (Lefkovitch, 1965; Caswell, 2001),
regional immigration and a shared fluctuating environment under one carrying capacity for all
censused stems, each dead stem being replaced by a seedling drawn at random from those of all
species (Fig. 1). Immigrant seedlings arrive at a fixed rate in proportion to each species’ share
of the surrounding forest, computed with the plot itself left out so that it does not seed its own
external pool. Two forms of the immigrant stream are run in parallel. In the first, the naive one,
arrivals are weighted by regional abundance alone, and a species’ local life history then decides how
many standing trees each arrival yields. In the second, arrivals are weighted by regional abundance
and against that local yield exactly, a competition-colonization trade-off (Levins and Culver, 1971;
Hastings, 1980; Tilman, 1994) in its simplest form.
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The environmental part of such a model could easily be its most heavily parametrized. Once
populations have stage structure, environmental variation can have it too, a good or bad year acting
on seedling establishment, sapling growth or adult survival, and on each species differently. That
is more realistic than an unstructured response but has more parameters than even one response
per species. Stage structure could also do the opposite: one factor shared by all species and acting
on one life stage moves species with different life histories by different amounts, because each has a
different fraction of its stems passing through that stage at the time, so that a single shared effect,
with an amplitude and a memory, might do what unstructured models need a response per species
to do. Not all of that freedom need be present in a real forest, or needed for a forecast, and one
of our questions is whether allowing for stage structure reveals a hidden simplicity or inflates the
model, which we answer by admitting a factor for every species on every transition and estimating
its form from the forest’s own transition data.

Here we ask one minimal model for both predictions, parametrizing it for 84 BCI species, those
with published projection matrices (Jops et al., 2025) that gained or lost at least one tree of 10 cm
dbh over the censuses: each species’ change in abundance one and two censuses ahead, the test a
species-symmetric theory cannot take, and the long-run relative abundances by name, with that
state’s abundance distribution, size structure and census-to-census fluctuations (Chisholm et al.,
2014; Kalyuzhny et al., 2015). Demanding both from one small set of shared constants keeps
the model simple enough for its residuals to mean something: where it misses, the discrepancy
points to a mechanism. We find that each species’ measured life history forecasts the direction and
relative size of its change a decade ahead, better than models without life-history information, and
that the long-run rank order of species follows regional abundance. We estimate the form of the
environmental noise, whether all species share it and which rates it multiplies, from the recorded
stem transitions. What a repeated census allows is to read the form rather than assume it, and at
Barro Colorado the reading is unexpectedly simple: the effect of the environmental noise amounts
to one number per census interval, the same for every species, acting on growth, the promotion of
stems from one size class to the next, with an amplitude and a memory. Our model differs from
the community model of Jops et al. (2025) in adding regional immigration, simulating all species
together under a cap on censused stems, and testing each named species’ abundance and decadal
change.

2 Material and methods

2.1 The minimal model

We represent each species s as a stage-structured population (Lefkovitch, 1965; Caswell, 2001), a
vector ns(t) of stem counts in a seedling class below the census threshold and in diameter classes
above it. We project this vector one census interval ∆t ahead by the species’ measured matrix,

ns(t+∆t) = As ns(t), As = Us + Fs, (1)

where Us contains survival and movement among classes and Fs seed production. We realize the
projection stem by stem, with multinomial draws for survival and movement and Poisson draws for
seed production (Fig. 1). A stem here is interpreted as one individual, counted once at its largest
stem, which is how census tables count. The rates in each matrix As were measured in the standing
community and so already include part of the effect of competition.

The one capacity in the model stands for competition for space and resources. We cap the
censused stems of all species together at their observed number, averaged over censuses. When a
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censused stem dies its place is filled by a seedling drawn at random, whatever its species, from that
interval’s candidates, those whose own transitions take them out of the seedling class (Chesson
and Warner, 1981). If candidates outnumber vacancies this lottery admits as many as fit, the
others remain seedlings, and no standing stem is removed. The seedling class therefore has no cap,
and its size is a prediction. We leave seedlings outside the cap because smaller stems use fewer
resources, so that a cap treating a large tree and a seedling as equivalent would be biologically
unreasonable. By the same reasoning the capped stems could be weighted by basal area, or by
some other scaling of resource use with size, a generalization we explore in Supporting Information
S4, where the predicted composition proves insensitive to it. As a simple approximation to the
variation of resource use with size, then, we cap the number of individuals in the census and leave
seedlings outside it.

Immigration enters as a fixed arrival rate, M seeds per interval in expectation (Section 2.3),
divided among species by weightings ws that sum to one, the seedling class of species s receiving
a Poisson number of immigrant seeds with expectation Mws each interval. An imposed stream of
this kind, the form neutral theory itself uses, is what keeps every species present in the long run:
with no supply from outside, a mixture of species each with growth rate exactly one drifts until one
species is left. The weightings derive from regional relative abundance ps, each species’ fraction of
reproductive-size stems in the region’s census plots, the focal plot excluded. A species the regional
sample happens to miss is entered at the smallest weighting any sampled species receives, reflecting
what we take to be its rarity in the regional pool.

Environmental variation enters as the year effect, one random factor gt per census interval. In
general form it may multiply any transition of any species’ matrix: survival, and so mortality, in
any class; the promotion of a stem from one diameter class to the next at any size; and, through
the fecundity row, seed production and the establishment of seedlings. It may be common to all
species or drawn separately for each, with or without memory between intervals, and its form,
like the mean rates, is estimated from each forest’s transition data. With T the set of transitions
multiplied, the same in every species, the year effect acts in interval t as

[As]ij → gt [As]ij , (i, j) ∈ T,

ln gt Gaussian, E[gt] = 1, sd(ln gt) = σg, corr(ln gt, ln gt+∆t) = ϕ = e−∆t/τg ,
(2)

with unpromoted stems staying in their class and all other entries unchanged. We estimate T and
the amplitude σg from the transition data at Barro Colorado and set the memory τg by assumption
(Sections 2.4 and 2.5). There T proves to be the growth (promotion) rates of the three sapling
classes, out of classes 2, 3 and 4, so that the shared effect acts on the growth of small trees and not
on mortality, whose common variation is weaker and out of step with it, nor on seed production
and establishment.

2.2 Stationary state and local gain

For a tractable analytical result we first remove the environmental variation, setting gt = 1 in
Eq. (2), and replace each stem-by-stem draw by its expectation, a mean-field approximation. The
stationary state of these deterministic dynamics has a closed form (Supporting Information S2);
the stochastic simulations restore both the demographic noise and the environmental variation.
Competition then enters through a single number common to all species, the fraction d of candidate
recruits left in the seedling class (class 1) for lack of a vacancy. We write Ud,s for Us with its class-1
promotion entries multiplied by 1−d and the removed probability returned to the class-1 diagonal,
and e1 for the unit vector on class 1. The stationary stage vector of species s is

n̄s = M ws

(
I − Ud,s − Fs

)−1
e1, (3)
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species 1 species 2 species 3 ... species 84

one capacity for all censused stems, every species together

seedling pool, class 1: no capacity of its own

seeds of the
standing trees

each species' share of
the surrounding region

immigrant seed,
in proportion

the year effect: one value per census interval, the same for every species

average
interval

good intervals:
saplings grow faster

time

a run of poor intervals (memory):
saplings grow slowerin this interval every growth arrow

of every species is multiplied
by the same factor

form of the year effect
in general in this model

acts on any rate sapling growth
species may differall alike
memoryany assumed

one species' rates as a table:
where a stem of each class
is one census interval later

class 1

8
1 8

from class

grows a class
stays
drops back
dies
sets seed

lottery for room deaths open room

Figure 1: The minimal model. The censused stems of every species stand under one capacity,
shared by all species together (diameter classes 2 to 8; classes 5 to 8, shaded and labeled ‘counted’,
are the large trees). Each species is a ladder of diameter classes that its stems climb at the species’
own measured rates, a stem staying, advancing, dropping back or dying in each census interval;
five of the 84 species are drawn. Deaths open room, and seedlings enter by a lottery for that room,
irrespective of species. The seedling pool (class 1) has no capacity of its own and is fed by the
seeds of standing trees and by immigrant seed arriving in proportion to each species’ share of the
surrounding region (lower left). The year effect (top) is one value per census interval, good and
poor intervals coming in runs; within an interval it multiplies the growth arrows of every species
by the same factor. The key (top right) contrasts the general form such a factor could take with
its form in the model, which the Barro Colorado transition data select (Material and methods 2.5:
sapling growth, all species alike) except for the memory, which is assumed. Right: one species’
rates as the table the model uses (As of Eq. (1)). Occupancies, interval values, arrow weights and
regional shares are illustrative, and no value in the drawing is particular to one forest.
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with d fixed by the capacity condition, that the censused stand hold its observed number of stems,
and therefore an output of the model (Table 1).

Because every projection matrix has growth rate one, Eq. (3) factorizes (Supporting Information
S2): above the seedling class every species stands in its own stable stage structure. The stationary
number of large trees (the four largest diameter classes) of species s is

c̄s = M wsGs, Gs =
(1− d) Ωs

dµs
, (4)

with µs its seedling mortality per interval and Ωs the number of large trees per seedling in its stable
structure. The local gain Gs, the number of large trees standing per arriving seed, summarizes the
whole life history: every species falls short of replacement by about dµs per interval, and its
abundance is its immigration divided by that shortfall, projected into the large-tree classes. Under
the first scheme, the regional pool (ws = ps), the large-tree composition is proportional to psΩs/µs,
independent of M and d. Under the second, the compensated scheme, we offset the local advantage
of species with large gains by also weighting arrivals inversely to the gain, ws ∝ psµs/Ωs ∝ ps/Gs,
a competition-colonization trade-off (Levins and Culver, 1971; Hastings, 1980; Tilman, 1994). By
Eq. (4) the composition is then ps itself, whatever d and M .

With equal gains the composition would follow regional abundance, and without immigration
drift would leave one species, life history acting only through demographic variance (Jops and
O’Dwyer, 2023). With immigration and unequal gains, that inequality is an induced fitness differ-
ence (Jops et al., 2025) acting only through competition for recruitment from the seedling class.
The advantage of the steadier life history in the two-species problem of Turkia and Shnerb (2025)
acts here through Gs rather than beside it: the abundance standing per immigrant is a lineage’s
expected lifetime, which at growth rate one varies inversely with demographic variance, and Gs

is that quantity for a structured life history, so that across species the gain falls as demographic
variance rises. Equations (3) and (4) are mean-field results, not exact expectations of the stochas-
tic model, whose lottery is nonlinear, but the simulations with full demographic noise reproduce
them: no species drifts to fixation, long-run abundances match the closed form (under the regional
pool the median species within 0.6%, the large-tree total within 0.5%), and the small departures
show no trend with demographic variance (Supporting Information S2), so that demographic noise
scatters the composition about the mean-field state without displacing it or favoring the steadier
life histories further. With the year effect on, the simulated composition stays at the closed form’s
and only the fluctuations about it change (Supporting Information S2).

2.3 Barro Colorado data and model constants

On the BCI plot every free-standing stem of at least 1 cm diameter at breast height (dbh) is
recensused every five years (Condit et al., 2012, 2017, 2019), and we use the censuses of 1982–2015
(seven intervals, the first lasting three years, 33 years in all). Of the 90 species with published stage-
structured matrices (Jops et al., 2025; Jops and O’Dwyer, 2024), we follow the 84 that recruited or
lost one or more trees of at least 10 cm dbh over these censuses, and keep the matrices’ eight stages
(Table 1). Other stage structures, from four classes to a continuum, lead to the same qualitative
conclusions (Supporting Information S1). The matrices act as five-year operators, matching the
census interval, and their published normalization sets the long-run growth rate of every species to
exactly one. Fecundity is not observed directly. Jops et al. (2025) inferred it from the diameter
class at which trees of each species typically reach reproductive maturity and a seed output rising
as the square of diameter, and found their conclusions insensitive to the exponent.
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The two predictions we ask for, each species’ change a decade ahead and its long-run abundance,
are measured on the species’ large trees, stems of at least 79.4mm dbh (classes 5–8). This is the
published class edge nearest the 10-cm threshold at which trees are conventionally counted and
plots compared (Condit et al., 2002); all-stem results are in Supporting Information S7. Four
community-level constants complete the model, with no free parameter per species (Table 1): the
capacity (the mean count of censused stems of the modeled species over the censuses of 1982–2010,
200,721), the arrival rate, and the amplitude and memory of the year effect, which alone acts on
both timescales.

We estimate the regional shares ps from the network of census plots across Panama (Condit
et al., 2022, 2016), excluding BCI and the six plots on or beside the island. The nine species absent
from the remaining plots take the smallest sampled share. The arrival rate is the product of two
numbers, neither of which needs to be precise, because no censused prediction depends on M and
the seedling density (Section 3.4) responds to it only through the immigrant share of the seed input:
an immigrant fraction of recruits m̂ ≈ 0.026, the value at which Hubbell’s model best reproduces
the census-to-census turnover of the plot’s trees of at least 10 cm dbh, and a nominal whole-stand
seed production B of 2.80 million seeds per interval, the order the matrices’ fecundity rows give
for a stand of this size, not a measured seed rain. Their product is M = m̂B = 73,729 seeds per
interval (m̂ unrounded), about 15% of the seedling input at stationarity under the regional pool,
the rest being seed of the standing trees, which the matrices fix; varying M widely in simulations
leaves the predicted composition unchanged (Supporting Information S2). The class-1 rates come
from a separate census of free-standing woody stems at least 20 cm tall and below 1 cm dbh in
19,313 one-square-meter plots (Comita et al., 2023a,b). We compare their mean density over the
fourteen censuses of 2001–2018 with the model’s seedling pool in Section 3.4.

2.4 Year-to-year variation in the transition rates

For every species and interval the censuses count the stems of each diameter class promoted to
the next, the deaths, and the recruits across 10mm dbh. These counts fix each species’ mean
projection matrix and, taken interval by interval, show how the rates vary about their means,
which the year effect must represent (Fig. 2). Sapling growth, the promotion rates out of the
three smallest censused classes, varies in common across species, high from 1982 to 1990, low from
1990 to 2000 and near its mean since. One shared component accounts for 71% of its systematic
between-interval variance. Promotions among large trees follow that component with a loading
of 0.86 (90% CI 0.75–0.97). Recruitment across 10mm dbh per standing stem, itself a growth
transition out of the seedling pool, follows the common variation with a larger amplitude. Species
respond in the same direction: of the 175 sapling-promotion series of individual species, 99% move
with the common component estimated from the other species.

Mortality has a common component weaker than that of sapling growth and not synchronized
with it, both below and above the large-tree threshold. Yet within a species small-stem mortality
varies about as much as growth (median species’ standard deviation 0.19 on the log scale, versus
0.19–0.27 for the sapling promotions), and this variation is largely particular to the species. We
measure it (Supporting Information S3) and, by the criterion of the next subsection, leave it out
of the model. A year effect particular to each species has no persistent direction and no synchrony
across species, so that to first order it leaves each species’ mean matrix, and hence the decadal fore-
cast and the long-run composition, unchanged, and partly cancels in the large-tree total. A single
environmental effect on growth shared by every species can, by contrast, produce large differences
between species in how their abundances move, because it acts through stage structures that differ,
whereas coupling each species’ mortality separately to unmeasured environmental variables would

7



PR
EL
IM
IN
AR
Y

Table 1: Constants of the model: the rates are estimated from individual stems’ growth,
survival and recruitment transitions, the capacity is the census total of stems and
the immigrant fraction comes from the turnover of stems between censuses, and the
memory of the year effect is assumed; none is fitted to any species’ abundance, to
changes in abundance or to the variability of any count. Values for the 84 species at
Barro Colorado, with the meaning of each, its source (published per species, set once for the whole
community from a census quantity, or a modeling choice) and the quantity from which it is set.
Classes 2–8 of the matrices are diameter classes whose lower edges nearly double from class to
class, starting at 10mm, with class 5 beginning at 79.4mm. Class 1, the seedling class, holds stems
below 10mm, whose rates were estimated from the annual seedling census. The amplitude and set
of transitions of the year effect are estimated, and its memory set, in Material and methods 2.5
(alternative forms in Supporting Information S3).

quantity symbol meaning source and value

projection
matrices

Us, Fs five-year survival and growth (Us) and
fecundity (Fs) among eight stages;
long-run growth rate one

published per species: fits to the BCI censuses of
1982–2015 and the seedling census (Jops et al., 2025)

species
followed

s the 84 species that have a published matrix
and that recruited or lost one or more trees
of at least 10 cm dbh over the censuses used

the plot’s censuses; the other six species, none of
which had a tree of at least 10 cm dbh, are listed in
Supporting Information S1

large trees stems of at least 79.4mm dbh (classes 5–8),
the published class edge nearest the 10-cm
threshold at which plots are conventionally
compared (Condit et al., 2002)

the abundance compared throughout; all-stem results
in Supporting Information S7

capacity censused stems of those species, classes
2–8, all species together

set once: the observed censused-stem total, mean over
the censuses of 1982–2010, 200,721

regional shares ps share of reproductive-size stems in the
regional plots; a species the sample misses
takes the smallest share

set once: the Panama plot network with BCI and its
six neighbors excluded (Condit et al., 2022)

immigrant
fraction

m̂ fraction of recruits that are immigrants
from outside the plot

set once: the value at which Hubbell’s model best
reproduces the census-to-census turnover of BCI trees
of at least 10 cm dbh, 0.026; affects only the seedling
pool

arrival rate M immigrant seeds per interval, m̂B with B a
nominal whole-stand seed production of
2.80 million seeds per interval

73,729; no censused prediction depends on it; it
supplies about 15% of the seedling input under the
regional pool and can move the predicted seedling
pool by no more than about that share

year effect,
amplitude

σg standard deviation of ln gt (gt has mean
one)

estimated from the transition data: the component of
the three sapling promotion rates common to all
species has a standard deviation of 0.22 in log rate
over the seven intervals, which a year effect sampled
at the census dates reproduces at σg = 0.32 (90% CI
0.17–0.84)

year effect,
memory

τg correlation time of gt not estimable from the censuses (Material and
methods 2.5); assumed: 18 years (ϕ = 0.76 per
five-year step), with 5–40 years carried (Supporting
Information S3 and S8)

year effect,
transitions

T the set of transitions gt multiplies; at BCI
the three sapling promotions, out of classes
2, 3 and 4, with one amplitude

estimated from the transition data: one component
common to all species, on growth, and no factor on
mortality (Fig. 2; Supporting Information S3, where
simulations with a shared factor on each transition in
turn lead to the same choice)

immigration
weighting

ws regional share ps (regional pool), or ps/Gs

with Gs the local gain (compensated
scheme); both are reported

modeling choice; the two extremes (Material and
methods 2.2)

derived d fraction of candidate recruits not admitted
to the censused stand

output: 0.153 under the regional pool

derived large-tree total (classes 5–8) output, compared in Results with the observed
seven-census mean of about 21,700 (21,000–22,200
census by census)

derived seedling pool below 10mm output, compared with the seedling census in Results

8



PR
EL
IM
IN
AR
Y

make the model conceptually and practically complex, for a gain to be settled by test rather than
assumed.

Each species’ own mortality variation, which we estimate net of the sampling noise of finite
stem numbers, does add to its census-to-census movement though not to its direction, the long-run
order or the total’s movement, and in Section 3.3 we add it at its measured size to the simulations
as a generalization of the minimal model.

Every statement above also holds on 1985–2015 (Supporting Information S3); the first interval,
1982–1985, when small stems were censused by a different method, shows the largest common
deviations in growth (Fig. 2).

2.5 Selecting the environmental terms and setting their constants

The transition data offer more environmental terms than a predictive model should keep, year effects
common to all species and particular to each, on growth, mortality and recruitment, all measurable.
We choose among them by asking which are large enough to change a prediction rather than which
can be detected, and then set the two constants of the term kept, its amplitude and memory.
In penalized comparisons of year-effect structures fitted to the 4,228 transition counts by species,
interval and rate (4.0 million stem-intervals; Supporting Information S3), every candidate term is
detectable and the Bayesian information criterion retains nearly all. What the model should include
is decided differently. A term enters the model if it is large enough to move a species’ decadal change,
the long-run composition or the stand’s census-to-census movement, and is otherwise left out with
its measured size reported. By that test we include the interval effects on growth common to all
species and leave out the species’ deviations from them, which account for 10% of the systematic
between-interval variance in sapling promotion (Supporting Information S3).

We therefore let gt of Eq. (2) multiply the three sapling promotions of every species (the set
T ) with one amplitude, leaving promotions among large trees at their mean rates, since these
do not change the large-tree total. Simulations with a shared factor on each transition in turn
support the choice (Supporting Information S3). On seed production or establishment (the usual
assumption) the variation is absorbed within the sapling classes, each holding a stem for 13 to
25 years, comparable to the memory τg assumed below, so that T omits establishment despite its
shared variation. On survival the variation reaches the large trees only by changing the total or
the order of species. Only on sapling promotion does large-tree recruitment vary as observed with
the total and the order intact.

Simulated at the census dates and sample sizes, the year effect reproduces the spread of the
pooled sapling path in Fig. 2 at σg = 0.32 (90% CI 0.17–0.84), or 0.27 without the first interval.
The seven serially correlated intervals cannot constrain the shared factor’s memory, and nothing
else in the census does. Species’ relative performance does persist, the rank correlation of their net
gains in trees ≥ 10 cm dbh between consecutive intervals being 0.33 across 255 species and decaying
over two to three decades (Supporting Information S3), but a factor common to all species moves
them together and produces no such persistence in records simulated from the model, whatever
its correlation time; the persistence belongs to species-specific variation the model leaves out. We
therefore take τg = 18 years (ϕ = 0.76 per five-year step) as an assumption and carry the range 5
to 40 years, over which the amplitude estimated from the transitions moves from 0.23 to 0.43.

2.6 Forecast and stationarity tests

Because almost no seedling reaches the large-tree classes within two intervals (Supporting Informa-
tion S5), we project a species’ large-tree count Ns one or two censuses ahead from its matrix As
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Figure 2: Between-census variation of nine transition rates for the 84 modeled species at Barro
Colorado, 1982–2015 (census data; species-level statistics in Supporting Information S3). Top row,
sapling promotions (classes 2 → 3, 3 → 4, 4 → 5); middle row, promotions among large trees
(5 → 6, 6 → 7, 7 → 8); bottom row, mortality below and above 79.4mm dbh, and recruitment
across 10mm per standing stem. Gray lines, single species’ log-rate deviations from their own
seven-interval means, for species with an expected count of at least twenty events per interval (n
in each panel; none for 7 → 8). Bold line and band, the component common to all species with its
standard error; numbers, the standard deviation of that component. Dashed line, the three sapling
promotions pooled into one rate (the pooled sapling path, standard deviation 0.22), from which σg
is estimated. One vertical scale throughout. Sapling growth varies between intervals in common
across species, promotions among large trees follow it, and the common component of mortality is
weaker and not synchronized with growth.
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and observed stage vector ns(t) alone:

∆5Ns(t) =
8∑

k=5

[
As ns(t)

]
k
−Ns(t), ∆10Ns(t) =

8∑
k=5

[
A2

s ns(t)
]
k
−Ns(t), Ns(t) =

8∑
k=5

ns,k(t).

(5)
Applying the matrices of Jops et al. (2025) at the first five censuses (420 species-start pairs, one
species at one starting census) tests only consistency, because the matrices were estimated from
every interval. For the forecast we re-tabulated the rates the same way from the first four censuses
and applied them at 1995, 2000 and 2005 (252 pairs). This is the position of most forest plots,
which have only a few censuses: the test asks what could have been predicted then, the whole
series serving instead to resolve each species’ life history more finely (Supporting Information S5).
The comparator available uses only the counts: each species’ trend, its mean change per interval
outside the predicted window (over 1982–1995 for the forecast), continued; Supporting Information
S5 adds other predictors without demography.

For the projections and the trend we compute the fraction of nonzero observed changes predicted
in the right direction and the Spearman correlation over pairs (90% CI by bootstrap over species).
A reversal is an observed change opposite in sign to the species’ own net change from the first census
to the start; we count how many a predictor anticipates among pairs where neither change is zero,
in sample at every start census after the first, for the published matrices and for each species’ trend
up to that start, which cannot reverse (out of sample in Supporting Information S5). We also test
the observed changes in Ns against neutral drift under Hubbell’s model fitted to this plot, by the
rank correlation across species between the change in large trees after 1990 and the demographic
momentum measured by then (Caswell, 2001), the eventual change a species’ size structure implies
under its early rates (Supporting Information S6).

The stationary composition under either immigration scheme follows from Eqs. (3) and (4),
and we compare predicted large-tree abundances with census means, since the censuses are serially
correlated. We measure agreement in rank order by Spearman correlation, in absolute abundance
by the identity-line R2 on log abundance (negative when the observed mean alone fits better)
and in the abundance distribution by Kolmogorov distance. For fluctuations we compare model
and census values of the median absolute five-year relative change of the large-tree total and the
between-census coefficient of variation of large-tree recruitment. Within ten abundance bands we
compare the mean squared five-year change in a species’ large trees. The tolerances for these
comparisons, a factor of two by abundance band and a factor of three on the seedling total, were
set in advance (Supporting Information S8).

3 Results

3.1 Decade-ahead change of each species

Within the census series (in sample), the matrices of Jops et al. (2025) project changes in each
species’ large trees whose rank correlation with the observed changes is 0.81 (90% CI 0.75–0.87)
one census ahead and 0.86 two ahead (Fig. 3a). Out of sample, rates from the 1982–1995 censuses
alone are applied at 1995 and the next two censuses (Fig. 3b): the forecast one could have made in
1995, and the kind available at the many plots censused only a few times. These forecasts have a
rank correlation of 0.71 (90% CI 0.60–0.80) with the observed changes one census ahead and 0.68
two ahead, and their sign is right in 74% of the pairs whose count changed. Matrices from the
whole series do better chiefly because more censuses resolve each species’ life history more finely,
not because they have seen the outcome (Supporting Information S5): the better a life history
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is measured, the better the forecast. Within a species, forecast and observed deviations of each
start from the species’ mean change are positively correlated as well (0.47), so that the forecasts
also time each species’ changes. They also anticipate changes of direction: of the 128 species-start
pairs one census ahead, at every start after the first, whose observed change reverses the species’
net change since 1982, the published matrices (in sample) anticipate 78, 61% (90% CI 52–69%),
the misses presumably reflecting rates changing within the decade (Supporting Information S5).
In absolute numbers these forecasts run high (+1,729 large trees in sum against -517 observed one
census ahead), the early rates coming from the intervals of fastest sapling growth. What makes
these forecasts is each species’ own life history, its measured rates, acting on the standing variation
in its stage structure that past environmental variation has left. The forecast thus tests those
rates and that structure alone: run through the full model, with reproduction, immigration and
the capacity acting, the predictions rank almost identically (rank correlation 0.999; Supporting
Information S5), so the mechanisms of long-run abundance are tested only in Section 3.2.

None of the model’s predecessors, neutral, demographic or environmental (Jops et al., 2025;
Chisholm et al., 2014; Kalyuzhny et al., 2015; Fung et al., 2016), can make such a forecast. Under
neutral drift among equivalent species, Hubbell’s model at the plot’s own fitted parameters, nothing
measured by 1990 could rank the later changes. At Barro Colorado alone that null, neutral drift
among equivalent species, is rejected with more than 99.9% confidence: demographic momentum
measured in the 1980s ranks the 75 species’ changes in large trees from 1990 to 2015 at Spearman
+0.67, P < 10−5, which none of 600,000 simulated neutral forests and reassignments of the scores
reaches (Supporting Information S6). A neutral model whose species share one set of size-dependent
rates is rejected as firmly (Supporting Information S6). The simplest alternative that does give
a direction uses no biology, each species’ own past trend continued. Out of sample it ranks the
later changes at 0.54 and 0.51, below the forecasts by +0.17 (90% CI +0.09 to +0.27) one census
ahead and by a positive margin in every other division of the censuses (Supporting Information
S5); it can never anticipate a reversal, and it amounts to a net growth rate per species that does
not persist between decades, which is why our model keeps every species at growth rate one and
lets immigration set absolute abundances.

3.2 Long-run composition under the two immigration schemes

Under the regional pool (arrivals weighted by regional relative abundance ps), stationary large-tree
abundance is proportional to psGs by Eq. (4). A forest need not be near this state, which our
model reaches only after about 12,000 model years, and 33 years of censuses can compare the
present composition with it but not establish that the forest has arrived. Plots subject to large
disturbances make the point directly: in the Luquillo forest of Puerto Rico hurricanes reset the
stand’s structure and shift its composition at intervals far shorter than any approach to a stationary
state (Zimmerman et al., 1994; Uriarte et al., 2019). At Barro Colorado the observed order of species
already broadly matches the stationary order under the regional pool (Spearman correlation 0.67,
95% CI 0.51–0.79; Fig. 4a). But the regional shares ps alone correlate with observed abundance
at 0.72 (95% CI 0.56–0.83), so that the local dynamics do not improve the predicted order. In
absolute numbers the regional pool distributes the stems wrongly, between species and therefore
between size classes, with identity-line R2 = −0.693 on log abundance, a large-tree total 2.6 times
that observed and 16 species below one stem (5 observed). Recruitment without regard to species
favors the life histories whose seedlings most often become large trees, the gain Gs varying by 0.84
in log10 units (standard deviation) over the 79 species reaching that size. That dependence is the
pool’s one prediction beyond the regional shares, and the census rejects it: abundance relative to
regional share should rise with the gain, at log-log slope one, and instead falls (slope −0.20, 90% CI
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(b) Rates from 1982–1995 applied at 1995, 2000 and
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Figure 3: Predicted versus observed change in each species’ large trees (stems ≥ 79.4mm dbh,
classes 5–8) two censuses ahead at Barro Colorado, one point per species-start pair (one species at
one starting census). Symbol area scales with the species’ large-tree abundance at the start, the
line is the identity, and the axes are logarithmic away from zero. (a) Projection matrices from all
censuses of 1982–2015, applied at the first five censuses (420 pairs), a test of consistency because
the matrices come from those censuses. (b) Matrices from the censuses of 1982–1995 alone, applied
at 1995, 2000 and 2005 (252 pairs), a forecast because none of the predicted intervals enters the
rate estimates; in absolute numbers these forecasts are biased upward (Supporting Information S5
and S8). Predictions are each species’ matrix applied twice to its observed stage vector (Eq. (5));
observations are census counts. Rank correlations 0.86 (a) and 0.68 (b); sign, error, the trend
comparator and one-census panels are in Supporting Information S5.

−0.32 to −0.07). A large local gain does not make a species common on this plot today, although
the species now gaining share are those the gain favors, moving toward the pool’s composition at
a pace of centuries (Supporting Information S7). The pool fails, then, largely because local life
history biases the competition it feeds, through the gain Gs.

By Eq. (4), equalizing the gains across species through fecundity and weighting arrivals against
the gain (ws ∝ ps/Gs) both give the same large-tree composition, ps itself. The second correction,
the compensated scheme, takes one factor per species from its published matrix and no new pa-
rameter. It is a phenomenological repair, what a competition-colonization trade-off would produce,
not a measured property of arriving seed. It does better than the alternatives on every count
(Fig. 4b, c): it keeps the rank order (rank correlation 0.727), brings absolute abundances close to
the census (R2 = +0.495 against −0.693 for the regional pool) and the large-tree total to 1.25 times
the observed. As a species abundance distribution, where the regional pool’s stationary stand is
too steep (Kolmogorov distance 0.290), of the two weightings it is the closer to the census (0.127).
It is also closer than a dispersal-limited neutral model (Hubbell, 2001; Volkov et al., 2003) fitted,
for this comparison only, to the abundance distribution of the same 79 species (0.18). Since the
compensated scheme’s rank order is that of the regional shares whatever the local demography, its
own tests are the stand’s fluctuations (Section 3.3) and the seedling density (Section 3.4). Under
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Figure 4: Stationary large-tree abundances (stems of at least 79.4mm dbh, classes 5–8; Material and
methods 2.2, year effect switched off) under the two immigration schemes, compared with the 1982–
2015 Barro Colorado censuses. (a) Regional pool, arrivals weighted by regional share ps: predicted
versus observed mean abundance for the 84 species (log axes, identity line); Spearman ρ = 0.666,
identity-line R2 = −0.693 on log abundance. (b) Compensated scheme, arrivals weighted by ps/Gs,
inversely to the local gain Gs (a competition-colonization trade-off): ρ = 0.727, R2 = +0.495. (c)
Ranked log10 abundance of the 79 species reaching the large-tree classes: census (points), both
schemes (lines), Hubbell’s dispersal-limited neutral model fitted, with its two parameters free, to
the census abundance distribution of the same species (dotted; θ = 21, m = 0.0085). The neutral
fit is separate from the m̂ of Table 1 and uses neither the regional shares nor species’ identities.
D, Kolmogorov distance from the census. Intermediate weightings and stems by size class are in
Supporting Information S4 and S7.

either scheme the absolute abundances, unlike the rank order, hold only for species of exactly equal
long-run fitness, which the published normalization imposes and the censuses cannot certify: with
every transition probability redrawn at its census sample size and the matrices left unnormalized,
the predicted dominant usually changes and the identity-line R2 turns negative, while the median
rank correlation stays at 0.64 and 0.70 (Supporting Information S7). The total, the R2, the named
dominant and the abundance distribution are therefore consequences of the model at equal fitness;
the rank order and the decadal forecasts are its tested predictions. The two schemes read this
forest differently, regional supply and local life history jointly setting abundance under the pool,
arrivals offsetting the local gain under compensation. On the standing large trees the census favors
compensation wherever the two differ; against it stand the seedling total below and the direction
of recent change, which follows the gain. We therefore adopt the compensated scheme as the sta-
tionary reference, to be tested by the composition of arriving seed, keep the naive pool beside it,
and report the two extremes, no compensation and exact compensation.

3.3 Fluctuations of the whole stand

Without the year effect our model is too steady: under the regional pool the five-year changes of
the modeled large-tree total are smaller than observed by a factor of 12. With the year effect, one
factor common to all species, estimated from the sapling transitions and not from any abundance
series, brings the stand’s movement to about what the censuses show. Recruitment into the large-

14



PR
EL
IM
IN
AR
Y

tree classes then varies between censuses with a coefficient of variation of 0.21 (measured 0.18), and
the total’s median five-year relative change under the regional pool is 0.016 (observed 0.0127). The
composition remains that of Eq. (4), and the mean squared five-year change of species in the top
two of ten abundance bands is within a factor of two of that observed (Supporting Information S8).
A factor with nothing species-specific in it reproduces so much species-level fluctuation because the
same good or poor interval for sapling growth moves each life history by a different amount; the
rest of an abundant species’ movement is largely its own steady trend, which its matrix carries. The
factor falls short in two places. First, species with 16 to 255 large trees move 2.4 to 3.3 times more
in the census than in the model. Second, under the compensated scheme, whose total otherwise
fluctuates like the pool’s, the stationary stand is 32% lower than without the year effect. This
thinning may be an artifact of confining the year effect to sapling growth, or it may be real: if
the observed stand is what competition under environmental noise leaves standing, the capacity
behind it is larger than the observed count, and the size of the community is itself an outcome of
competition and the year effect rather than a datum. We have not re-set the capacity.

Each species’ own mortality variation, added at its measured size as a generalization of the
minimal model (Section 2.4), improves the species-level agreement somewhat and changes little
else. Every species fluctuates more, abundant species most, and the observed mean squared change
then falls within the simulated range in 7 bands under either scheme (5 and 6 without the term,
and 6 with each species’ mean survival held at its measured value, which a mean-one factor on
the hazard otherwise raises slightly). But the shared growth variation still moves the total 3.6
to 4.3 times as much as the mortality term alone, and the composition is unchanged; under the
compensated scheme the term also offsets the thinning, but only through that slight rise in survival
(Supporting Information S3). At intermediate abundance the census’s mean squared change is still
2.1 to 2.7 times the model’s, leaving species-specific deviations in sapling growth as the term to
test next.

3.4 The seedling pool

Among our predictions only the stationary seedling pool involves the arrival rate, and only weakly.
Standing seedlings are the seed input times a seedling’s expected lifetime, and most of the input is
seed of the standing trees, fixed by the capacity and the matrices, immigrant seed supplying close
to the fraction d of it (Supporting Information S2). Hence M = m̂B, whose factor B is set and not
measured (Section 2.3), can move the densities below by about that fraction at most, and their ratio
between the schemes hardly at all. Under the regional pool we find 2.5 seedlings per m2, compared
with 1.9–2.8 for the modeled species in the seedling census (Comita et al., 2023b). This density
is 1.10 times the census mean (0.89–1.35 census by census) and within a factor of three, whereas
the compensated scheme gives 4.8 times the mean, beyond that factor. Because the compensated
scheme favors species whose seeds yield few large trees, the stand stays at capacity only with a
larger seed input and every species closer to replacement (d = 0.026 of candidate recruits left
waiting instead of 0.153), each arriving seed then leaving 1/(dµs) seedlings standing (Supporting
Information S2), and a lower arrival rate does not remove the excess, because d falls with it. The
seedling total thus tells against the compensated scheme’s stationary stand, at the one stage the
model treats most simply. Species by species the model predicts large-tree composition far better
than small-stem composition: both schemes order the seedling layer poorly and the saplings little
better (rank correlation 0.23 to 0.45 within classes 2 to 4 under the compensated scheme, whose
class totals are nevertheless right; Supporting Information S7 and S9). This failure of composition,
not of level, enters with the recruits: the observed seedling composition resembles neither the
region’s nor the plot’s large-tree composition, and may reflect conspecific density dependence in
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seedling survival (Comita et al., 2010), which our model omits and which is the next term to test.

4 Discussion

Community ecology has wanted a model that says, for a real forest and by name, which species
will gain or lose trees over the coming decades and which the forest holds in the long run, and
the two traditions that might have supplied one grew up apart: stochastic community models,
neutral theory first among them, predict abundance distributions but no species’ direction, while
stage-structured demography measures every species’ rates but says nothing about the long run.
Our minimal model closes that gap with little more than the two already contain: each Barro
Colorado species keeps its measured rates, all species compete under one capacity, and immigrant
seed arrives by regional abundance weighted against each species’ local advantage, a competition-
colonization trade-off (Levins and Culver, 1971; Hastings, 1980; Tilman, 1994). One environmental
effect on sapling growth, shared by every species and estimated from the same censuses, supplies
the variation between years. So built, the model’s measured rates predict what its predecessors
could not, each named species’ change in large trees a decade ahead, and predict it well. In the
long run it recovers the census order of species’ large trees, and at exactly equal long-run fitness
their absolute abundances and abundance distribution too, where arrivals by regional abundance
alone recover only the order. Its clear misses lie below 79.4mm: sapling and seedling composition
under either scheme, and under compensation a seedling layer several times too dense.

The transition data, not a modeling choice, placed the year effect on sapling growth, the tran-
sition in which the censuses show variation shared across species. In the model growth moves no
stem into or out of the censused stand, which the capacity holds; the factor changes large-tree
numbers because the last sapling promotion is the entry into the large-tree classes, so that a good
year takes more saplings of every species into those classes and a poor year fewer, and because a
stem that has crossed then stands for decades, each year’s pulse of entrants becomes a departure
that outlasts it. What drives the factor is not identified, though seven intervals constrain it. The
common component was high through 1982–1990, the first of those intervals spanning the El Niño
drought that killed many trees (Condit et al., 1995), lowest in 1990–1995, and has recovered since,
as diameter growth did plot-wide (Condit et al., 2017); no steadily changing driver such as rising
CO2 or warming gives a fall and recovery. Canopy opening, which droughts and storms synchro-
nize across a plot (Condit et al., 1995; Rutishauser et al., 2020; Araujo et al., 2021), would act
on sapling growth just where the transitions place the factor and so mimic environmental noise,
but the light-demanding species follow the factor no more strongly than the shade-tolerant. Of
the climatic drivers, light, temperature and rainfall (Graham et al., 2003; Feeley et al., 2007; Clark
et al., 2010; Dong et al., 2012), no series we examined tracks the factor beyond chance, the drier
intervals having if anything the faster growth and the sunnier dry seasons the slower, and none
has a memory near the two decades we assume (Supporting Information S3). Two features stay
unexplained under any driver: every species responds in the same direction, and both the factor’s
runs of good and poor intervals and the species’ own departures from their mean rates persist for a
decade or two, the latter a persistence the model does not reproduce (Material and methods 2.5).
Mortality variation, by contrast, is largely particular to each species, the kind of response earlier
models assumed (Chisholm et al., 2014; Kalyuzhny et al., 2015; Fung et al., 2016); added at its mea-
sured size it brings the abundant species’ movement close to that observed and changes little else
(Section 3.3). Measured life histories and a single common effect on growth acting through them
thus account for most of the faster-than-drift change that motivated the model, and species-specific
couplings add little for their cost.
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Beside the two kinds of model the Introduction contrasted, stochastic community models and
species demography, which ours joins, stands a third kind, built from physiology to predict some-
thing else. Ecosystem-demography and cohort models (Moorcroft et al., 2001; Medvigy et al.,
2009; Longo et al., 2019b,a) scale physiology, through parameter-rich functional types, to biomass,
fluxes and their response to climate, and are benchmarked at this plot (Fisher et al., 2015, 2018;
Koven et al., 2020); with species entered as types they are not built to say which named species
gain trees next decade or which the plot holds in the long run, although the nearest of them to
ours (Rüger et al., 2020) predicts this forest’s composition through succession from five functional
groups. Species-resolved models like ours have no physiology and say nothing directly about fluxes.
The division need not stand: given every species’ stems by size, biomass and fluxes could follow
from allometry and physiology added on top. The shared growth variation is a stand-wide signal
that weather-driven models ought to reproduce. These results also speak, with data, to an old
question: whether a plant community is an integrated whole (Clements, 1916) or a set of species
that merely share a place, each answering the environment on its own (Gleason, 1926), the individ-
ualistic view that the gradient analyses of the 1950s upheld (Curtis and McIntosh, 1951; Whittaker,
1956). At Barro Colorado there is something shared by all species in their response to the environ-
ment, coherent even in direction, while the idiosyncrasy in how species’ abundances then move is
mediated by their life histories, which differ widely. The community responds to a single, coherent
environmental signal, but the signal is rendered invisible by life-history diversity. Individuality is
preserved, and indeed generated, by demography.

Our parametrization is particular to Barro Colorado, and so are the simplifying features the
transition data supported, one year effect common to species and acting on growth and a seedling
class with no limit of its own, together with the memory assumed for that effect; the construction
is not, and what limits its transfer is data. Data will be the obstacle at most forests, and there is
more than one route around it. A new plot needs two censuses of tagged stems for the projection
matrices, several intervals for the year effect, and a regional sample for immigration. Several dozen
large plots already have such censuses (Davies et al., 2021), and where series are short, inventories
pooled across sites can supply survival rates and repeated airborne surveys growth (Araujo et al.,
2021). Demographic rates inferred from population-genomic samples, which have already predicted
community dynamics in a temperate forest (O’Dwyer et al., 2025), could provide other parts of the
matrices.

What remains open follows from where the results come from, one forest and rates re-derived
from its early censuses. First is the driver of the shared growth variation, and with it the memory,
which nothing in the censuses fixes; annual growth set against monthly climate at this and other
Panamanian plots may identify the one and bound the other. Second is each species’ own growth
variation, testable as its mortality variation was. Third is the size of a species’ decadal change,
which the early rates over-predict with intervals still too narrow (Supporting Information S5 and
S8), and fourth the composition of the layers below 79.4mm, where density-dependent seedling
survival is the term to test (Section 3.4). The Barro Colorado results nevertheless suggest that a
forest census already contains most of what such forecasts need: four censuses of tagged stems were
enough to rank the species by their change in large trees over the following two decades, a regional
sample to predict which species are common, and one number per interval, estimated from the same
stems, to reproduce how the whole stand moves. Later censuses here, and the same construction
elsewhere, will test all three.

17



PR
EL
IM
IN
AR
Y

Acknowledgements

We thank R. Condit, S. P. Hubbell, R. B. Foster, R. Pérez, S. Aguilar and S. Lao for making
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[Computational resources: to be completed; the CPU-hours of the registered runs are recorded in
the run ledgers, and an energy estimate is to follow.]

Data accessibility

All data analyzed here are public, and we used them under the licenses stated with each source. The
1982–2015 censuses of the 50-ha BCI plot are the complete-plot release archived on Dryad (Condit
et al., 2019, doi:10.15146/5xcp-0d46, CC0); the plot and its census methods are described by Condit
(1998) and Hubbell et al. (1999). The seedling and small-sapling census of the same plot is the
Dryad release of Comita et al. (2023a, doi:10.5061/dryad.05qfttf85, CC0), described by Comita
et al. (2023b). We took each species’ stage-structured projection matrix from the Zenodo archive
of Jops and O’Dwyer (2024, doi:10.5281/zenodo.14563651, CC BY 4.0) that accompanies Jops et al.
(2025). We built the regional species pool from the Panama plot-network tables of Condit et al.
(2016, Smithsonian, doi:10.5479/data.stri.2016.0622, CC BY 4.0); the network’s current archive is
on Dryad (Condit et al., 2022, doi:10.15146/mdpr-pm59, CC0). Species’ light responses, functional
traits and the climate series, which we use only for exploratory comparisons with the year effect
(Supporting Information S3), come from further public datasets listed with their DOIs and licenses
in Supporting Information S10. All of our code, the stochastic simulation engine, the closed-form
solver, the estimation of the year effect and every analysis script behind the numbers, tables and
figures reported here and in the Supporting Information, is held with its run records in the project
repository and will be archived with a README and a DOI [repository and DOI to be added
before submission]; it will be available to reviewers at submission, together with the derived tables
from which all results can be reproduced. The archive also contains the projection matrices that
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we estimated from the 1982–1995 censuses alone for the out-of-sample forecasts, and the code that
computes those matrices from the census data.
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