WAGENINGEN

UNIVERSITY & RESEARCH

Coexistence of Tropical Forest Tree Species Along the
Demographic Buffering Spectrum

Global Change Biology

Yang, Xianyu; Angert, Amy L.; Zuidema, Pieter A.; Santos, Gabriel S.; Lyu, Shengman et al
https://doi.org/10.1111/gcbh.70310

This publication is made publicly available in the institutional repository of Wageningen University
and Research, under the terms of article 25fa of the Dutch Copyright Act, also known as the
Amendment Taverne.

Article 25fa states that the author of a short scientific work funded either wholly or partially by
Dutch public funds is entitled to make that work publicly available for no consideration following a
reasonable period of time after the work was first published, provided that clear reference is made to
the source of the first publication of the work.

This publication is distributed using the principles as determined in the Association of Universities in
the Netherlands (VSNU) 'Article 25fa implementation' project. According to these principles research
outputs of researchers employed by Dutch Universities that comply with the legal requirements of
Article 25fa of the Dutch Copyright Act are distributed online and free of cost or other barriers in
institutional repositories. Research outputs are distributed six months after their first online
publication in the original published version and with proper attribution to the source of the original
publication.

You are permitted to download and use the publication for personal purposes. All rights remain with
the author(s) and / or copyright owner(s) of this work. Any use of the publication or parts of it other
than authorised under article 25fa of the Dutch Copyright act is prohibited. Wageningen University &
Research and the author(s) of this publication shall not be held responsible or liable for any damages
resulting from your (re)use of this publication.

For questions regarding the public availability of this publication please contact

openaccess.library@wur.nl


https://doi.org/10.1111/gcb.70310
mailto:openaccess.library@wur.nl

'.) Check for updates

Global Change Biology

WILEY

& Blobal Change Biology

| RESEARCH ARTICLE

Coexistence of Tropical Forest Tree Species Along the
Demographic Buffering Spectrum

Xianyu Yang!?3( | Amy L. Angert®® | Pieter A. Zuidema*® | Gabriel S. Santos® 2 | Shengman Lyu®© |

Lalasia Bialic-Murphy? | Jian Zhang!

IState Key Laboratory of Biocontrol, School of Life Sciences, Sun Yat-sen University, Guangzhou, P. R. China | 2Institute of Integrative Biology, ETH
Ziirich, Ziirich, Switzerland | 3Biodiversity Research Centre and Department of Botany, University of British Columbia, Vancouver, British Columbia,
Canada | “Forest Ecology and Forest Management Group, Wageningen University, Wageningen, the Netherlands | National Institute of the Atlantic
Forest, Santa Teresa, Brazil | ®Department of Ecology and Evolution, University of Lausanne, Lausanne, Switzerland

Correspondence: Jian Zhang (zhangjian6@mail.sysu.edu.cn)
Received: 13 February 2025 | Revised: 25 May 2025 | Accepted: 2 June 2025

Funding: This work was supported by the Innovation Program of Shanghai Municipal Education Commission (2023ZKZD36), National Natural Science
Foundation of China (32030068), Stichting DOB Ecology (18626), and Bernina Initiative through the ETH Foundation (202-2F-S318).

Keywords: demographic buffering | environmental fluctuation | integral projection model | species coexistence | tree demography | tropical forest

ABSTRACT

Organisms have evolved diverse adaptive strategies to cope with environmental fluctuations. Slow-growing long-lived species
tend to exhibit low temporal variability in population growth (strongly buffered demographically), whereas fast-growing short-
lived species optimize growth in favorable years (weakly buffered). These patterns set up the expectation that differentiation
in demographic buffering may reduce disparities in long-term fitness among species, enhancing the potential for coexistence
in variable environments. Yet, this expectation has never been empirically tested for trees. Here, we quantified differences in
long-term population growth among 204 co-occurring tropical trees spanning a life-history spectrum from strongly to weakly
buffered. We found that interspecific differences in demographic buffering reduced disparities in long-term population fitness at
low densities, highlighting demographic differentiation as a key mechanism promoting coexistence in fluctuating environments.
However, simulated increases in temperature, precipitation, and drought variability produced divergent fitness responses among
species and exacerbated interspecific fitness disparities. Together, these findings provide a novel perspective on the mechanisms
that underpin the astounding tree diversity in tropical forests.

1 | Introduction Under this framework, fitness invariance persists despite spe-

cies differences in vital rates, as interspecific trade-offs act

Tropical forests harbor the highest tree diversity on Earth, a
phenomenon thought to be maintained by mechanisms that
ensure all persistent species in a community have nearly iden-
tical per capita relative fitness (Hubbell 2001, 2006). These
mechanisms shape diverse life-history strategies, ranging
from conservative, slow-growing species to acquisitive, fast-
growing ones (Salguero-Gomez et al. 2016; Riiger et al. 2020),
forming an important paradigm for explaining tree species di-
versity in tropical forests (Riiger et al. 2018; Grady et al. 2024).

© 2025 John Wiley & Sons Ltd.

to equalize fitness (Lin et al. 2009). Prominent examples in-
clude the well-recognized growth-survival trade-off and the
more recently identified stature-recruitment trade-off, which
together characterizes the spectrum of life-history variation
among co-occurring tropical trees (Condit et al. 2006; Russo
et al. 2021; Kambach et al. 2022). However, these studies fo-
cusing on static patterns of biodiversity overlook a critical
aspect of natural systems: fluctuations in environmental con-
ditions. This missing dimension is crucial for understanding
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the forces that drive species coexistence and for predicting
community assembly under future climate scenarios, which
project increasing climate variability and more frequent ex-
treme events in regions hosting the highest biodiversity
(Bathiany et al. 2018).

Emergent research highlights a critical link between life-
history variation and environmental fluctuations (McDonald
et al. 2017; Le Coeur et al. 2022; Jops et al. 2025; Gascoigne et al.
2025). At one end of the spectrum, slow-growing, conservative
species may tend to buffer against environmental fluctuations
by minimizing temporal variation in vital rates (i.e., strongly
buffered), resulting in low temporal variability in vital rates and
stable population fitness even under adverse conditions (Morris
and Doak 2004; Hilde et al. 2020). Conversely, fast-growing, ac-
quisitive species may exhibit weaker buffering, allowing them to
track and benefit from environmental fluctuations (i.e., weakly
buffered) (Koons et al. 2009; Jongejans et al. 2010). This weak
buffering typically arises from nonlinear responses of vital
rates to environmental variability, enabling species to substan-
tially increase their vital rates during favorable conditions (Le
Coeur et al. 2022; Gascoigne et al. 2025). This strategy enhances
long-term fitness, despite it coming at the cost of reduced fit-
ness during unfavorable periods (Le Coeur et al. 2022). Most
studies of demographic buffering have focused on variations in
key vital rates that most strongly influence population fitness
(Koons et al. 2009; Jongejans et al. 2010). Recent findings, how-
ever, indicate that compensation among vital rates can also play
a crucial role in buffering against environmental fluctuations
(Villellas et al. 2015). Such compensation can occur within a
single time step, allowing species with rapid growth and high re-
productive output to recover quickly after environmental stress,
thereby exhibiting weak buffering (Jongejans et al. 2010; Le
Coeur et al. 2022). Differences in demographic buffering among
species induce temporal variation in relative competition advan-
tages, preventing prolonged dominance by any single species.
Consequently, this variation may reduce disparities in long-term
population fitness, thereby increasing the potential for coexis-
tence (Figure 1).

The concept of demographic buffering has been explored across
multiple organismal groups, including animals, insects, and
herbaceous plants (McDonald et al. 2017; Hilde et al. 2020; Le
Coeur et al. 2021). Despite these advances, whether tree spe-
cies demonstrate predictable differences in temporal population
dynamics along the demographic buffering spectrum remains
largely unresolved. Life-history traits are hypothesized to pro-
vide critical insights into this spectrum, as species with long
lifespans are generally expected to be positioned toward the
strongly buffering end (Morris et al. 2008; Hilde et al. 2020).
Nonetheless, empirical evidence does not consistently support
these predictions, with some long-lived plant species shown
to be demographically labile (Jongejans et al. 2010; McDonald
et al. 2017). Furthermore, species’ positions along the buffering
spectrum may shift as climate variability intensifies. In partic-
ular, temporal fluctuations in temperature, precipitation, and
drought have increasingly impacted demographic rates in trop-
ical tree species in recent decades (Zuidema et al. 2022). In ad-
dition to the unknown role of demographic differentiation along
the buffering spectrum in shaping fitness disparities among
co-occurring species, an unresolved topic is how demographic
differentiation responds to escalating climate fluctuations in
tropical forests.

To address this knowledge gap, we investigated three piv-
otal questions: (1) Do tropical tree species exhibit predictable
differences in their temporal population dynamics along the
demographic buffering spectrum? (2) To what extent does
demographic differentiation along the buffering spectrum re-
duce differences in long-term fitness among co-occurring spe-
cies? (3) How do these long-term fitness disparities respond
to increased climatic variability? To answer these questions,
we developed species-specific integral projection models
(IPMs) for 204 co-occurring tree species in a 50-ha tropical
forest plot located in central Panama. These models utilized
25years of vital-rate data from six censuses, allowing us to
estimate the long-term fitness (4s) under observed climate
conditions. This 25-year sequence included temporal fluctu-
ations in temperature, precipitation, and drought (Figure S1).
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FIGURE 1 | Conceptual illustration of demographic buffering to environmental fluctuations, and how this may differ between species. (a)

Variation in demographic buffering may induce temporal mismatches in population growth under variable environments, reducing fitness differ-

ences between strongly and weakly buffered species and increasing the potential for coexistence. (b) Species are ordered along the demographic buff-

ering spectrum according to the environmental fluctuation effect, which is the overall effect of environmentally induced temporal variation in vital

rates on long-term population fitness. The environmental fluctuation effect ranges between 0 and 1, where values close to zero means that temporal

variation in vital rates has a negligible impact on long-term population fitness, indicating strong demographic buffering.
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We then used IPMs to quantify the proportional contribution
of environmentally induced temporal variation in vital rates
to the long-term fitness for each species—termed the “envi-
ronmental fluctuation effect”—to position species along the
demographic buffering spectrum. Then, we evaluated how
differences in long-term fitness among species responded to
varying degrees of life-history differentiation by manipulat-
ing temporal variability in vital rates. Finally, we simulated
increased temporal variability in climatic variables to explore
the impact of environmental fluctuations on differences in the
long-term fitness among species.

2 | Materials and Methods
2.1 | Demographic, Climate, and Competition Data

We utilized data collected from the 50-ha plot located on Barro
Colorado Island (BCI) in Panama (Condit et al. 2019). The study
site has a seasonally dry tropical climate, with a mean annual
temperature of 27°C and an average annual precipitation of
2650mm. The dry season, from January to April, receives only
10% of the total annual rainfall. The plot was first established
and censused in 1981-1982, followed by subsequent surveys
done every Syears, from 1985 through 2015. In each census,
the living stems >1cm diameter at breast height (DBH) were
identified, measured, and mapped (Condit et al. 2017). However,
we excluded the data from the first two censuses due to small
but significant differences in subsequent surveys (Condit
et al. 2017). We also excluded species with less than 50 individ-
uals in any census. The final demography dataset used in this
study comprised a total of 408,946 individuals of 204 tree species
from 1990 to 2015.

We selected three monthly climate variables, including tem-
perature, precipitation, and relative humidity, all of which
we obtained from the Physical Monitoring Program of the
Smithsonian Tropical Research Institute. Given the well-
documented influence of dry-season drought on tropical tree
demographics (Zuidema et al. 2022), we derived vapor pres-
sure deficit (VPD) from temperature and humidity data, as
detailed in Supporting Information. For each census interval,
we calculated monthly averages for temperature and precipi-
tation, as well as seasonal averages for VPD. To address poten-
tial multicollinearity (Figure S1) and incorporate key climate
conditions, we included monthly temperature (Tmomhly),
monthly precipitation (Pmomhly), and dry-season drought
(VPD dry) as the primary climate variables in our subsequent
vital-rate models.

To account for local competition, we calculated the neigh-
borhood competition index (NCI) for each tree (Hegyi 1974;
detailed in Supporting Information), which is a widely used
metric in forest research (Weng et al. 2022). The index quanti-
fies competition based on the size and distance of neighboring
trees within a 20-m radius of each focal tree. We here calcu-
lated the index using only neighbors larger than a target indi-
vidual to assess size asymmetry in competition for light and
other resources. We calculated NCI using both conspecific
and heterospecific neighbors, represented by NCI and

consp
NCI respectively. The NCI was then used to calculate

hersp hersp

the long-term population growth for species at low densities
(invasion growth rate) while maintaining the effect of hetero-
specific competition.

2.2 | Integral Projection Models

IPMs describe the dynamics of continuously size-structured
populations over discrete time intervals (Easterling et al. 2000;
Ellner and Rees 2006). For each species, we constructed IPMs
(details in Supporting Information) to estimate population
growth rate (1) at each census, with vital rates (survival, growth,
and fecundity) modeled as continuous functions of individual
size (DBH). Error distributions and link functions were speci-
fied to correspond to standard logistic regression for survival,
ordinary least squares regression for growth, and Poisson or
negative binomial regression for recruit number, depending
on the data distributions. Data from all censuses were pooled
for each species to construct separate global generalized linear
mixed models for survival and growth. These models incor-
porated fixed effects for tree size, climatic variables (Tmomhly,
Pmomhly, and VPD dry), and local competition (NCI), with census
treated as a random effect. For the number of recruits, we fitted
a global generalized linear model that included the sum of re-
productive tree sizes, climatic variables, and local competition
as predictors. We employed an all-subsets regression approach
to select environmental variables for each vital-rate model. This
method involved fitting a series of candidate models that con-
sidered all possible combinations of environmental variables,
with the optimal model selected based on the corrected Akaike
information criterion (AICc). We excluded interaction terms and
quadratic terms due to convergence issues.

Since data on individual reproductive states are not available,
we set the reproduction probability to 100% for all individuals
with a size exceeding half of the species’ maximum diameter
(D0 (Visser et al. 2016). While this approach does not allow
us to capture size-dependent variation in fecundity, it serves as a
proxy for the mean number of recruits produced per tree within
each census, which is useful for calculating species-level long-
term fitness (1s) differences. To ensure the robustness of our
demographic model outputs, we analyzed the effect of lowering
and increasing the thresholds to 25% and 75% of D, .. We found
that these changes had minimal impact on estimates of As,
with average differences of only 0.001 and —0.004, respectively
(Figure S2). The size distribution of recruits was modeled with a
normal distribution based on the empirical mean and standard
deviation observed in each census.

2.3 | Population Growth Rate

We used the fitted vital-rate models to construct the IPM
kernel (Supporting Information) for each census, which we
then converted into a transition matrix with 50 categories
using the midpoint rule (Easterling et al. 2000; Zuidema et al.
2010). We calculated the dominant eigenvalue of this matrix
to represent the population growth rate over the census inter-
val. Because censuses are conducted at 5-year intervals at the
BCI plot, we obtained the annual population growth rate (1)
by adjusting the dominant eigenvalue by taking the 5th root.
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This adjustment standardizes the population growth rate to
a single-year timescale, enabling direct comparisons across
species and censuses.

The stochastic population growth rate (4s) is widely used in de-
mographic studies as an indicator of a species’ long-term fitness
(Morris and Doak 2002). It represents the expected population
growth under environmental variability, accounting for fluctua-
tions in vital rates across years. In a stochastic environment, As
is determined by the multiplicative effects of “bad” and “good”
years on population growth and is mathematically defined as the
long-run geometric mean of annual growth rates. We estimated
As using a well-established small noise approximation, imple-
mented in the R package “popbio” (Tuljapurkar 1990; Stubben and
Milligan 2007). A detailed description of the calculation method,
including equations and model assumptions, is provided in the
Supporting Information. The estimated As values and their con-
fidence intervals for all species studied are presented in Table S1.

To assess the contributions of different vital rates (survival
probability, growth, number of recruits, and size distribution of
recruits) to temporal differences in 4 across censuses, we con-
ducted a retrospective life table response experiment analysis
(Supporting Information). We attributed the proportion of vari-
ance in 1 to changes in each vital-rate parameter, calculating
the contribution of each vital rate by summing all associated
coefficients (e.g., the contribution from survival is the sum of
the survival slope and intercept contributions). Finally, the con-
tributions of all vital rates to temporal variability in A were nor-
malized to facilitate comparison (Figure S3).

2.4 | Test for Demographic Buffering

To assess how tree species align along the demographic buffering
spectrum (Q1), we used stochastic elasticities with the R package
“Rage” to quantify the effects of temporal variation in vital rates
on the As (Tuljapurkar et al. 2003; Haridas and Tuljapurkar 2005;
Haridas et al. 2009). Stochastic elasticities (ES ) estimate the sen-
sitivity of s to small changes in the mean and variance of a given
matrix element, a;; (or vital rate v). The sum of stochastic elastic-
ities across all matrlx elements (3 E? ) equals to 1. This can be
partitioned into elasticities to the mean CE “) and to the tempo-
ral variance (3 E") components. Under the small-variance ap-
proximation, the st60hast1c growth rate is reduced relative to the
deterministic rate due to environmental variation (Haridas and
Tuljapurkar 2005). This can be expressed as:

DA

This equation shows that ), E} is a summary measure of how
temporal variability in vital rates affects long-run fitness: more
negative values reflect greater reductions in population fitness.
In our study, we used the absolute value of this term (} E"

termed the “environmental fluctuation effect,” to index each
species’ position along the demographic buffering spectrum. A
value near zero indicates that temporal variation in vital rates
has minimal impact on 4s, placing the species at the strongly
buffered end of the spectrum. This approach provides a process-
based, comparative measure of buffering strength across species.

log(4,) ~ log(4,) +

Unlike correlation-based methods, which may yield spurious
results due to mathematical interdependencies and overlook
lagged or nonlinear demographic effects (McDonald et al. 2017),
our elasticity-based framework explicitly incorporates temporal
lags and nonlinear demographic feedback, offering a more ro-
bust evaluation of stochastic buffering (Supporting Information
and Figure S4).

To assess whether the observed interspecific variation in demo-
graphic buffering could arise purely from demographic stochas-
ticity, we conducted a randomization test (Supporting Information
and Figure S5). In this test, individual-level demographic data was
shuffled across censuses while preserving total population size,
generating null expectations for interspecific variation in environ-
mental fluctuation effects. To test whether demographic buffering
represents an independent life-history axis, we performed a phylo-
genetically informed principal component analysis (pPCA) using
demographic traits (Supporting Information and Figure S6).

To further explore the demographic basis of interspecific buff-
ering variation, we decomposed the stochastic elasticity of vari-
ance in As into survival/growth and recruitment sub-kernels
(Gascoigne et al. 2025). For each species, we calculated the pro-
portion of total variance elasticity attributable to recruitment-
related terms and tested its correlation with the environmental
fluctuation effect (Figure S7).

We then explored how life-history traits influence species’ po-
sitions along the demographic buffering spectrum by using
phylogenetically corrected regression models. Specifically, we
implemented phylogenetic generalized least squares (PGLS) to
account for shared ancestry among species. We examined the
relationships between environmental fluctuation effects and
traits: maximal lifespan, damping ratio, population size, and
temporal variation of population size. The species-level phy-
logeny was generated using V.PhyloMaker2, and PGLS models
were fitted with the maximum-likelihood estimation of Pagel's 4
using the caper package in R (Orme et al. 2013). Pagel's A quanti-
fies the strength of the phylogenetic signal in the trait-buffering
relationship, with values near 0 indicating trait independence
from phylogeny and values near 1 suggesting strong phyloge-
netic conservatism. Maximal lifespan was calculated from the
transition matrix—considering transitions dependent solely on
survival and growth—as the age at which cumulative mortality
reached 95% in a cohort of individuals with an initial DBH of
1cm (Horvitz and Tuljapurkar 2008; Supporting Information).
Damping ratio, calculated as the ratio of the subdominant to
dominant eigenvalues of each transition matrix (Capdevila
et al. 2020), reflects the intrinsic speed at which a population
returns to its stable structure after perturbation. While it does
not capture all aspects of transient dynamics (e.g., amplification
or sensitivity to initial conditions; Stott et al. 2011), the damp-
ing ratio is widely used as a standardized proxy for population
resilience. It is also strongly correlated with measures of maxi-
mum amplification and attenuation (Capdevila et al. 2020), rein-
forcing its relevance in comparative demographic analyses. We
used the R package “popbio” for all calculations. Population size
was defined as the total number of individuals recorded across
all census periods, and its temporal variability was quantified
as the coefficient of variation (CV) in species-level abundance
across censuses.
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2.5 | The Role of Demographic Differentiation in
Reducing Fitness Disparities Among Species

To investigate the impact of demographic differentiation on re-
ducing differences in long-term fitness among co-occurring spe-
cies (Q2), we conducted a perturbation analysis (Caswell 2001).
Specifically, we adjusted the interspecific variance of temporal
variability in vital rates (Vary.,(c?)) by +20% to simulate
broader or narrower differences in species' responses to envi-
ronmental fluctuations (Figure 4). Species were classified as
strongly or weakly buffered based on whether their environ-
mental fluctuation effect was below or above the median of all
species. To simulate broader demographic differentiation, we in-
creased the temporal variance (by 1%) of the intercepts and slopes
in the vital-rate models (survival, growth, and reproduction)
for weakly buffered species and decreased it by 1% for strongly
buffered species, while holding their mean values constant. The
reverse adjustment was applied to simulate narrower differen-
tiation. These modifications altered the standard deviation of
the intercepts and slopes without changing their mean values,
thereby increasing or decreasing interspecific differences in en-
vironmental fluctuation effects (Varimersp<| > Eg: )), without
modifying the climate time series.

Species coexistence can be assessed by their capacity to grow
from low density in the presence of interspecific interactions (i.e.,
invasion growth rate) (Chesson 2000; Hallett et al. 2019; Ellner
et al. 2022). Therefore, to characterize species' ability to coexist
with other species, we calculated the species-specific invasion
growth rate (s ; ) by re-running the IPMs with conspecific com-
petitive interactions set to zero while keeping interspecific com-
petition intact (NCI onsp =0). We calculated disparities in invasion
growth rates for all species pairs, specifically the mean pairwise
differencesin s ; (A (48 iy ) This metric is defined as the av-
erage of the absolute differences in As ,  across all pairs of species:

Apair(/lsfinv) = w 2 | /lsfinv,i - A'Sfinv,j |
i<j
where Nis the number of species, and/ls_mv’l. and/ls_inv, jare thein-
vasion growth rates of species i and j, respectively. A lower value
of this metric indicates reduced disparities in invasion growth
rates among species. Under the scenario of 20% wider interspe-
cific differences, we further evaluated changes in A, (48 jpy) tO
assess the contribution of each vital rate to A ;. (s

pair( _inv )+

2.6 | Effects of Climatic Variability on Fitness
Disparities Among Species

To assess how the long-term fitness disparities among species
respond to increased climatic variability over time (Q3), we first
identified the predominant climatic factor limiting the As of each
species. Using a perturbation analysis, we examined the effect of
environmental variables on As by varying each factor individually
while holding all other variables constant at observed values. We
calculated proportional changes in As by increasing the temporal
variance of each environmental variable by 1%. The variable with
the highest elasticity value was considered the most influential for
each species. If a factor's second-highest elasticity was more than

half that of the largest, it was also included as predominant. We
summed the number of species with positive and negative elastic-
ities across the studied species to identify trends. By determining
these key variables on a per-species basis, we gain insight into
the collective impact of increasing climatic variability on species'
long-term fitness. Additionally, we analyzed how A; (/ls_im,) re-
sponded to changes in climatic variability. If As exhibited a pre-
dominantly positive response and A, (8 i) decreased, this
would suggest that greater climatic variability enhances species’
long-term fitness while reducing inequalities in invasion growth
rates among species, which may potentially increase the chance of
stable coexistence.

3 | Results

3.1 | Variation Along the Demographic Buffering
Spectrum

Substantial interspecific variations in environmental fluctu-
ation effects were detected across 204 tropical tree species,
spanning four orders of magnitude (Figure 2a; Table S1). The
lowest value (0.07x1073) occurred in Sloanea terniflora and
the highest (0.53) in Piper cordulatum. These variations signifi-
cantly exceeded that obtained using randomized demographic
data (p <0.001; Figure S5), indicating that observed differences
in buffering are not solely due to demographic stochasticity.
And phylogenetically corrected PCA revealed that the environ-
mental fluctuation effect loaded most strongly on PC4 (-0.59),
orthogonal to the first three components (Figure S6; Table S2),
suggesting that buffering represents a complementary, partially
independent axis of life-history variation. Species with larger
environmental fluctuation effects exhibited greater temporal
variability in annual population growth rates (1) (Figure 2b).
Life table response experiment analysis showed that temporal
variation in A was driven primarily by variation in the number
of recruits (50%), followed by growth (23%), the size distribu-
tion of recruits (14%), and survival (13%) (Figure S3). To eval-
uate whether species-level buffering is specifically linked to
reproductive variation, we decomposed the stochastic elasticity
of variance in A into survival/growth and recruitment compo-
nents. On average, 54% of the total variance elasticity was at-
tributable to recruitment. However, the relative contribution of
recruitment showed no significant correlation with the environ-
mental fluctuation effect (r=0.07, p=0.32; Figure S7), suggest-
ing that interspecific buffering variation is not solely driven by
reproductive dynamics.

Species' environmental fluctuation effects were significantly
associated with life-history traits after phylogenetic correction
(Figure 3). Species with stronger demographic buffering (i.e.,
lower environmental fluctuation effects) had longer lifespans
(PGLS slope=-0.98, p<0.001), larger population sizes (-0.17,
p<0.05), and lower temporal variability in abundance (0.77,
p<0.001). Damping ratio was positively associated with envi-
ronmental fluctuation effects (2.57, p<0.001). Corresponding
Pagel's A values (0.29-0.54) indicated a low to moderate phylo-
genetic signal. Additionally, As was positively associated with
lifespan and damping ratio but negatively with population vari-
ability (Figure S8). Most species (93%) showed an inverse rela-
tionship between the temporal variance and the importance of

50f13

85UB017 SUOLUWIOD 8AITE.1D) 3{cfedl|dde au Ag peusenob e sspiie VO ‘8sn J0 Sa|nJ o} Akeiq 18Ul UO A8 |IA LD (SUORIPUOD-PUE-SWISILI0Y" A8 | 1M Aked Ut |Uo//:Sdny) SUORIPUOD pue swie | 8y} 89S [5202/20/2T] uo Akeiqiauljuo A8|1m peuyiol(dig YoIeessy pue AisieAlun usbuiueBem Aq 0TE0L GOB/TTTT OT/I0p/L0d A8 | im Ake.q 1ul|uo//:sdny wouy pspeoiumod ‘9 'SZ0Z '9872G9ET



—_—
)&

pulation growth rate (As
o N R
[}

o
©

©
™

o

Stochastic po

1e-04 1e-03

1e-02 1e-01

(strongly buffered)«Environmental fluctuation effect—(weakly buffered)

(b)

<12

-
N

=
o

©
©

Anngal population growth rate
™

Census period

FIGURE2 | Demographic differentiation along the buffering spectrum within a species-rich tropical forest community. (a) Stochastic population

growth rate (4s) of 204 studied tree species spanning a demographic spectrum from strongly to weakly buffered. Each point denotes a tree species,

with error bars indicating the range of observed annual population growth rate (1) across censuses. The x-axis is log-transformed to aid visualization.
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and red, respectively, in panel (b).

vital rates (Figure S4), consistent with the demographic buffer-
ing hypothesis.

3.2 | Demographic Differentiation Reduces
Differences in Population Growth Among Species

When we simulated increased interspecific variance of tempo-
ral variability in vital rates (Var;y e, (6?)), we found a marked
rise in the interspecific variance of environmental fluctuation

effects (Val‘imerspﬂ Y Eg: )), indicating greater differences in
species' responses to environmental fluctuations (Figure 4a).
Concurrently, a decline in mean pairwise differences in in-
vasion population growth rates (Apair(/lsiinv)) suggests a re-
duction among species in differences in population growth.
For example, a 20% simulated increase in Varimersp(az) led to

a 30% increase in Varintersp(| z E;’f ) and a 0.3% decrease in
Apair(lsiinv), suggesting that greater differentiation in species’
responses to environmental fluctuations is linked to broader
interspecific differentiation in demographic buffering and re-
duced fitness disparities. Under the scenario of a 20% increase
in Varj, e, (02), the reduction in A (4s ;) is primarily con-

tributed by changes in the temporal variability of survival
probability (Figure 4b).

3.3 | Responses of Fitness Disparities to Climatic
Variability

A simulated 1% increase in the temporal variability of tempera-
ture, precipitation, and dry-season VPD led to more species ex-
periencing a decline in their As compared with those showing
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lifespan, 0.35 for damping ratio, 0.54 for population size, and 0.36 for its coefficient of variation, indicating a low to moderate phylogenetic signal.

an increase (Figure 5a). For example, increased temperature
variability resulted in 82 species (40%) experiencing a decrease
in 1s, while 64 species (31%) showed an increase. Similar pat-
terns were observed for increased variability in precipitation
and dry-season VPD. These findings indicate that increased
climatic variability has divergent effects on species’ long-term
fitness. Furthermore, the increased variance in all climate
variables consistently led to a rise in Ay (4s i) (Figure 5b),
indicating that greater climatic variability amplifies fitness dis-
parities among species.

4 | Discussion

Compelling intuitive arguments suggest that demographic dif-
ferentiation may provide an unrecognized pathway for species
coexistence (Adler et al. 2007; Ellner et al. 2022). However,
these hypotheses have rarely undergone rigorous quantitative
evaluation. To our knowledge, this study is the first empirical

assessment of the expectation that tropical trees systemati-
cally vary in life-history strategies along a buffering spectrum,
potentially reducing long-term differences in population
growth and enhancing coexistence likelihood. This perspec-
tive complements the well-established fast-slow and stature-
recruitment continua within tropical tree communities,
providing a broader framework for understanding life-history
strategies. A randomization test showed that the observed
life-history differentiation among species does not solely arise
from demographic stochasticity (Figure S5), supporting recent
findings that life-history variation helps explain abundance
fluctuations in the BCI forest (Jops et al. 2025). However, in-
creasing climate variability imposes species-specific fitness
impacts, amplifying disparities in long-term fitness and po-
tentially disrupting coexistence by exacerbating competitive
asymmetries. Together, these results highlight the importance
of demographic differentiation in maintaining tropical tree
diversity and offer a foundation for modeling shifts in forest
community assembly under climate change.
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4.1 | Demographic Buffering Is Correlated With exhibit stronger demographic buffering. Conversely, species
Life-History Traits with acquisitive life histories are more responsive to envi-

ronmental fluctuations. These patterns highlight the close
Our results demonstrate that species with longer lifespans, relationship between demographic strategies and life-history

lower damping ratios, and larger population sizes tend to traits (Jiang et al. 2022; Hilde et al. 2020). Specifically, species
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with longer lifespans tend to adopt demographic strategies
that minimize temporal variation in vital rates, particularly
mature-stage survival, thereby enhancing population sta-
bility under environmental fluctuations (Morris et al. 2008;
Jongejans et al. 2010). Conversely, shorter-lived species often
capitalize on fluctuations in their reproduction and growth
during early life stages to exploit favorable conditions (Hilde
et al. 2020; Le Coeur et al. 2022). Additionally, weakly buff-
ered species, which are also characterized by demographic
liability, may enhance their potential for recovery through de-
mographic stochasticity and nonlinear responses, particularly
in conditions of environmental variability and smaller popu-
lation sizes (Le Coeur et al. 2022). Thus, while the present re-
sults regarding the importance-variability correlation of vital
rates support the idea that demographic buffering is generally

favored in tree species (Figure S4), our analysis reveals that
species with larger population sizes tend to exhibit stronger
demographic buffering. This pattern is consistent with theo-
retical expectations that environmental stochasticity, which
buffering mitigates, plays a greater role in fitness variation for
large populations—while in small populations, demographic
stochasticity dominates and may obscure the effects of envi-
ronmental variability (Engen et al. 1998). A randomization
test showed that the observed interspecific variation in buff-
ering strength is unlikely to result solely from demographic
stochasticity, supporting the interpretation that demographic
buffering represents an ecologically structured and meaning-
ful axis of life-history variation. Together, these results reveal
a more intricate and species-specific response to environmen-
tal fluctuations among tropical woody plants than previously
recognized (McDonald et al. 2017).

Previous studies have suggested that tree demographics do
not adhere strictly to a single axis of life-history variation
(Bialic-Murphy et al. 2024; Stott et al. 2024). Recent theoret-
ical work has proposed the demographic buffering spectrum
as a third axis of life-history strategies, alongside the fast-
slow and stature-recruitment continuums (Riiger et al. 2020;
Salguero-Gomez 2021; Jaggi et al. 2024). Unlike the other
two axes, which promote diversity through trade-offs among
vital rates (Detto et al. 2022), demographic buffering reflects
a trade-off within each vital rate, between its contribution to
long-term fitness (importance) and its temporal variability.
In species with strong buffering, vital rates that are critical
for fitness tend to exhibit lower year-to-year variability, sta-
bilizing population growth (Hilde et al. 2020). Our findings
support this framework, demonstrating the presence of a de-
mographic buffering spectrum among tropical tree species
and providing a complementary perspective for understand-
ing life-history variation and species coexistence under fluc-
tuating conditions.

4.2 | Species Coexistence Along the Demographic
Buffering Spectrum

Life-history studies suggest that demographic trade-offs
among tropical tree species contribute to diversity mainte-
nance by influencing species’ long-term dynamics (Russo
et al. 2021). However, in the context of quantitative coexis-
tence theory, fitness equalization typically refers to the equal-
ization of species’ competitive abilities, which do not directly
correspond to stochastic fitness measures. Here, we examine
a different perspective: how demographic buffering influ-
ences species' responses to environmental fluctuations and
may contribute to long-term species persistence. Our find-
ings indicate that variation in demographic buffering affects
disparities in stochastic population growth rates (4s) under
fluctuating conditions, potentially influencing coexistence
through two complementary processes. First, demographic
differentiation among species may reduce their disparities in
intrinsic growth rate, which depend primarily on abiotic con-
ditions. For example, during early census periods influenced
by extreme drought events between 1982 and 1992 (Condit
et al. 2017), strongly buffered species (e.g., Sloanea terni-
flora, Trophis racemosa, and Posoqueria latifolia) maintained
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annual population growth rates (1) close to 1. Their stability,
driven by small survival rate fluctuations (Figure S4), may
enhance persistence under deteriorating conditions (Hilde
et al. 2020). In contrast, weakly buffered species (e.g., Piper
cordulatum, Palicourea deflexa, and Psychotria chagrensis)
exhibited significant declines in A during severe drought pe-
riods but later rebounded, reflecting post-drought recovery
(Condit et al. 2017). Since intrinsic growth rate is an import-
ant component of competitive ability (Godoy and Levine 2014;
Hart et al. 2018), reducing disparities in intrinsic growth rates
can diminish differences in competitive ability among spe-
cies, promoting coexistence through equalizing mechanisms
(Chesson 2000). Second, temporal mismatches in population
dynamics between strongly and weakly buffered species re-
duce long-term interspecific competition, influencing species’
persistence. Weakly buffered species tend to fluctuate more,
taking advantage of favorable conditions, whereas strongly
buffered species maintain stability under unfavorable con-
ditions. This asynchrony may lead to reduced competitive
overlap over time, potentially increasing niche differentiation
(Chesson 2000; Godoy and Levine 2014; Chu and Adler 2015).

However, whether this contributes to stabilizing coexistence
mechanisms requires further investigation. Demographic
buffering is related to, yet distinct from, other fluctuation-
dependent mechanisms like storage effects and relative
nonlinearity of competition (Chesson 2000; Stump and
Vasseur 2023). Storage effects enable species to persist under
fluctuating conditions by accumulating resources or individ-
uals during favorable periods, thereby smoothing over the
impacts of environmental variability (Usinowicz et al. 2017;
Ellner et al. 2019). Similar to strong demographic buffer-
ing, storage effects promote species persistence by ensuring
consistent long-term fitness despite temporal fluctuations.
However, the storage effect primarily relies on asynchronous
reproductive output across species and does not explicitly
account for species-specific sensitivities to environmental
change (Usinowicz et al. 2012). Recent critiques have also
highlighted limitations in its general applicability and poten-
tial for overstating coexistence potential under temporally
autocorrelated environments (Stump and Vasseur 2023). In
contrast, demographic buffering incorporates temporal vari-
ation in all vital rates (e.g., survival, growth, reproduction),
which means it directly influences a species’ sensitivity to en-
vironmental fluctuations and reduces long-term disparities in
population growth rates, thereby serving as both a stabilizing
and equalizing mechanism. On the other hand, the relative
nonlinearity of competition promotes coexistence by enhanc-
ing intraspecific competition relative to interspecific competi-
tion under fluctuating resource conditions (Letten et al. 2018;
Zepeda and Martorell 2019). While weak demographic buff-
ering shares similarities with relative nonlinearity, the latter
enhances intraspecific competition via environmental fluctu-
ations, whereas weak demographic buffering relies on non-
linear responses of vital rates to environmental variability,
inducing temporal shifts in species’ comparative advantages
(Le Coeur et al. 2022; Gascoigne et al. 2025). In summary,
while demographic buffering shares similarities with storage
effects and relative nonlinearity, it uniquely fosters temporal
mismatches in population dynamics and reduces disparities in
long-term population growth rates. This dual role underscores

the distinct contribution of demographic buffering to species
coexistence, setting it apart from other fluctuation-dependent
mechanisms.

4.3 | The Impact of Environmental Variability on
Tree Diversity

Increasing climatic variability in tropical regions due to climate
change heightens the urgency to understand its impacts on trop-
ical tree diversity and coexistence (Zuidema et al. 2022). Tropical
forests are particularly sensitive to changes in temperature vari-
ability, as many species are already near their thermal tolerance
limits (Sullivan et al. 2020). In our study, more species experi-
enced a decline in long-term fitness compared with those that
showed an increase in response to increasing temperature vari-
ability (Figure 5a), suggesting that temperature variability may
reduce the likelihood of population persistence. As these forests
approach critical physiological thresholds (Doughty et al. 2023),
even long-lived species, which typically buffer against short-
term climatic variability, could face elevated extinction risks
from intensified climatic extremes. This could exacerbate biodi-
versity loss and lead to the thermophilization of tropical forests,
where heat-tolerant species dominate.

Conversely, forests accustomed to hotter and drier baseline con-
ditions might be partially protected due to their prior adapta-
tion to extreme circumstances (Bennett et al. 2023). However,
the observed increases in fitness inequalities among species
(Figure 5b) indicate that rising variability of VPD can amplify
species’ differences in long-term fitness, probably undermining
coexistence. This is consistent with previous findings from the
BCT forest, where droughts during and after El Nifio events sig-
nificantly increased mortality among moisture-demanding spe-
cies (Condit et al. 2017). Such selective pressures could ultimately
erode tropical forest biodiversity by favoring drought-tolerant
species over others (Lebrija-Trejos et al. 2023), potentially re-
shaping community composition and ecosystem functions.

4.4 | Caveats and Limitations

The study of demographic buffering and its potential role in co-
existence comes with inherent limitations. First, while our re-
sults suggest that demographic buffering may influence species
coexistence, we do not directly test a coexistence mechanism.
Specifically, we did not quantify density-dependent competition
or niche differentiation, which are key equalizing and stabiliz-
ing processes in coexistence theory (Wright 2002; Levine and
HilleRisLambers 2009; Adler et al. 2010). Moreover, although
we interpret reduced interspecific variation in stochastic growth
rates As as being consistent with fitness equalization, we ac-
knowledge that As is not equivalent to invasion fitness as for-
mally defined in modern coexistence theory. Our simulations
do not incorporate species interactions or invasion analyses and
therefore cannot directly assess competitive asymmetry. The
term “equalization” in our study refers to the potential for demo-
graphic buffering to reduce performance disparities among spe-
cies under environmental variability and at low densities, rather
than to formal mechanisms of coexistence. We also note that our
analysis did not explicitly partition the relative contributions of
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demographic and environmental stochasticity nor assess how
their importance varies with population size. Therefore, our
findings should be interpreted as theoretical rather than empiri-
cal in this context. Future research should explicitly link demo-
graphic buffering to competition intensity, resource acquisition,
immigration, and environmental stochasticity to assess its role
in promoting long-term persistence (Hart et al. 2016; Van Dyke
et al. 2022; Jops et al. 2025).

Second, our estimates lacked direct quantitative data on indi-
vidual seed production, potentially underestimating the extent
of demographic buffering differentiation among species. This
limitation is particularly relevant because seed reproduction
often exhibits asynchronous and delayed responses to environ-
mental fluctuations, which may contribute to the storage effect
(Usinowicz et al. 2017; Evers et al. 2023). Moreover, reproductive
output varies significantly with individual size, and for many
species, there are substantial time lags (often > 10years) between
seed production and seedling emergence (Visser et al. 2016).
Incorporating size-specific reproductive output and seedling es-
tablishment data (Comita et al. 2023) in future studies will help
refine our understanding of reproduction’s role in demographic
buffering.

Lastly, our framework for evaluating the environmental fluc-
tuation effect primarily focuses on species-level life-history
strategies, making it challenging to disentangle the relative
contributions of specific demographic rates. Recent advances in
fitness decomposition methods (e.g., nonlinear responses and
variance-covariance structures; Condit et al. 2017; Le Coeur
et al. 2022; Tuljapurkar et al. 2023) and stochastic life table re-
sponse experiments (Tuljapurkar 1990; Jacquemyn et al. 2012;
Davison et al. 2013) offer promising approaches for future re-
finement. Moreover, temporal autocorrelation, the tendency for
consecutive years to experience similar environmental condi-
tions, can substantially influence recovery times and amplify
nonlinear demographic responses, potentially favoring particu-
lar life-history strategies under recurrent stress (Gascoigne et al.
2025). Incorporating structured temporal dynamics into future
modeling could deliver further insights into how environmen-
tal stochasticity may alter demographic buffering and species
coexistence.
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