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Abstract. Growth in individual size or biomass is a key demographic component in popu-
lation models, with wide-ranging applications from quantifying species performance across
abiotic or biotic conditions to assessing landscape-level dynamics under global change. In for-
est ecology, the responses of tree growth to biotic interactions are widely held to be crucial for
understanding forest diversity, function, and structure. To date, most studies on plant–plant
interactions only examine the additive competitive or facilitative interactions between species
pairs; however, there is increasing evidence of non-additive, higher-order interactions (HOIs)
impacting species demographic rates. When HOIs are present, the dynamics of a multispecies
community cannot be fully understood or accurately predicted solely from pairwise outcomes
because of how additional species “interfere” with the direct, pairwise interactions. Such HOIs
should be particularly prevalent when species show non-linear functional responses to resource
availability and resource-acquisition traits themselves are density dependent. With this in
mind, we used data from a tropical secondary forest—a system that fulfills both of these condi-
tions—to build an ontogenetic diameter growth model for individuals across 10 woody-plant
species. We allowed both direct and indirect interactions within communities to influence the
species-specific growth parameters in a generalized Lotka–Volterra model. Specifically, indirect
interactions entered the model as higher-order quadratic terms, i.e., non-additive effects of
conspecific and heterospecific neighbor size on the focal individual’s growth. For the whole
community and for four out of 10 focal species, the model that included HOIs had more statis-
tical support than the model that included only direct interactions, despite the former contain-
ing a far greater number of parameters. HOIs had comparable effect sizes to direct
interactions, and tended to further reduce the diameter growth rates of most species beyond
what direct interactions had already reduced. In a simulation of successional stand dynamics,
the inclusion of HOIs led to rank swaps in species’ diameter hierarchies, even when
community-level size distributions remained qualitatively similar. Our study highlights the
implications, and discusses possible mechanisms, of non-additive density dependence in highly
diverse and light-competitive tropical forests.

Key words: competition; diameter growth; facilitation; higher-order interaction; indirect effect; light
limitation; secondary succession; Singapore.

INTRODUCTION

A key pursuit in ecology is to predict the spatiotempo-
ral dynamics of populations (Sutherland et al. 2013).
Achieving this goal requires a detailed understanding of
the ecological processes that drive species’ demographic
performance, such as biotic interactions between species
that share resource pools (Tilman 1982). Most studies of

resource competition focus on the interactions between
species pairs, even when more than two species are
involved (Levine et al. 2017). These “species pair”
approaches assume that a focal species is simply influ-
enced by the sum of all pairwise interactions between
itself and its direct neighbors, although such an additive
assumption has long been recognized as likely to be a
major oversimplification (Abrams 1983, Adler and Mor-
ris 1994, Billick and Case 1994, Wootton 1994). Non-
additive biotic interactions occur when the direct effect
of a neighbor species is modified by other individuals of
the same or another species. If this happens, then the
strengths of pairwise interactions are no longer constant
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across communities that vary in composition. When the
whole is more than the sum of its parts, even a precise
understanding of interactions between species pairs in
isolation is insufficient to accurately predict population
dynamics in a multispecies assemblage (Billick and Case
1994, Levine et al. 2017, Kleinhesselink et al. 2019, Let-
ten and Stouffer 2019).
Various biological mechanisms have been proposed

for how non-additive biotic interactions may arise.
Although their definitions continue to be refined, these
mechanisms fall into two general categories: non-linear
density dependence and interaction modification. Both
processes have been loosely referred to as higher-order
interactions (HOIs), but Kleinhesselink et al. (2019)
recently clarified the distinction referring to them respec-
tively as “soft” and “hard” HOIs. Non-linear density
dependence, or soft HOIs, is the phenomenon in which a
focal species’ performance does not change linearly with
changing neighbor densities, and emerges when species
have non-linear functional responses to resource avail-
ability (Letten and Stouffer 2019). Consider, for exam-
ple, a saturating functional response such as the size
growth–light availability relationship in many plants
(Rüger et al. 2011, Poorter et al. 2019): at low neighbor
density, light resource is plentiful; a small increase in
neighbor density, therefore, depletes light at the plateau
of the focal individual’s light-response curve, where the
competitive impact on size growth is minimal. However,
the impact on size growth becomes greater when addi-
tional increases in neighbor density deplete light toward
the steeper region of the focal’s light-response curve. Soft
HOIs also emerge when a neighbor species’ density
changes between infrequent sampling events due to pair-
wise interactions, because its effect on the focal species
will be apparently different from linear expectations even
when the pairwise-interaction coefficient remains con-
stant (Kleinhesselink et al. 2019). Billick and Case (1994)
referred to these non-additivities due to continuously
changing population densities not captured by discrete-
time models as “indirect effects” and draw synonymy to
“interaction chains” as defined by Wootton (1993).
Importantly, non-linear density dependence can occur for
a focal pair even without a third, intermediary species
(Kleinhesselink et al. 2019, Letten and Stouffer 2019).
Interaction modification, or hard HOIs, conversely,

arises when a third, intermediary species does not only
directly interact with the focal species, but also induces
behavioral or plastic changes in the direct-neighbor spe-
cies, thereby modifying the direct-interaction strength or
direction between the focal pair (Wootton 1993, Billick
and Case 1994). In multitrophic systems, for example,
the mere presence of a top predator may induce behav-
ioral change in a meso-predator, therefore modifying the
latter’s predation rate on its prey (Adler and Morris
1994). In single-trophic plant–plant interactions, an
intermediary species may indirectly influence the focal
species by causing plastic change in the direct competi-
tor of the focal species. For instance, the presence of a

deep-rooted intermediary species may cause a direct-
competitor species to produce shallower roots and there-
fore compete more intensely with a shallow-rooted focal
species (Levine et al. 2017). Similarly in a light-limiting
forest, an intermediary species just outside of a focal spe-
cies’ light-interception radius may shade the focal species’
direct neighbors, thereby preventing (or delaying) the
direct neighbors from attaining a taller canopy position
to shade the focal species. These mechanisms will mani-
fest phenomenologically as non-negligible HOIs, and are
expected to be common in systems where resource-
acquisition traits such as size are themselves density
dependent (Kleinhesselink et al. 2019). This is because the
intermediary species depletes more resources from the
focal pair while simultaneously altering the focal pair’s
growth. Such a double impact shifts the focal pair’s abil-
ity to acquire and deplete each other’s resources thereby
modifying their pairwise-interaction strength.
Regardless of their mechanistic basis, signals of non-

additivity can be statistically detected by fitting quadra-
tic or interaction terms in a phenomenological model
(Letten and Stouffer 2019). Recently, Mayfield and Stouf-
fer (2017) presented an analytical framework to quantify
and compare direct, pairwise interactions to indirect HOIs
through an extension of the phenomenological Lotka–
Volterra competition model. The basis of this framework
is a regression model that (1) fits the performance of focal
species as an additive response to pairwise-interaction
effects from direct neighbors and (2) also includes higher-
order quadratic terms to allow the strength of these pair-
wise interactions to be moderated by species outside of or
within the focal pair (i.e., introduces density dependence
to the pairwise-interaction coefficients). Note that we fol-
low Kleinhesselink et al. (2019) to emphasize that higher-
order terms are distinct from hard HOIs. Higher-order
terms are statistical parameters in our phenomenological
model that help to capture non-additivities, which do not
distinguish the different mechanisms that induce soft and/
or hard HOIs from one another. That said, the main pur-
pose of testing if these higher-order quadratic terms are
non-zero without sacrificing model parsimony (Pomerantz
1981) is to determine whether or not observed community
dynamics can be sufficiently predicted by pairwise interac-
tions alone.
Tropical tree communities naturally meet the condi-

tions under which HOIs are predicted to prevail, yet
studies that test for HOIs remain scarce in forest sys-
tems. Tropical forests are known for their high primary
productivity and biomass accumulation rate during suc-
cession (e.g., Poorter et al. 2016), which have led to rapid
canopy closure that imposes strong light limitation to
the understorey (e.g., Yee et al. 2019). While HOIs can
already arise from the non-linear size-growth response
of tree individuals to light extinction due to increasing
neighbor densities, the fact that size itself also determi-
nes how much light is depleted through shading allows
even more room for intermediary species to modify pair-
wise interactions and give rise to HOIs. Moreover, the
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relative longevity of perennial trees provides more time
for these indirect biotic effects to build up and manifest
as detectable HOI signals. In this study, we therefore
examine if HOIs are important predictors of the diame-
ter growth of 10 tree species in a tropical secondary for-
est. While density dependence has received attention in
tropical forest studies (e.g., Harms et al. 2000, Comita
et al. 2010, Kunstler et al. 2016), the vast majority of
them considered only direct interactions. Some studies
have incorporated non-linear density dependence (soft
HOIs; Pacala et al. 1996, Uriarte et al. 2004), but they
have not included hard HOIs. With increasing empirical
evidence showing pronounced effects of HOIs in herba-
ceous plant communities (e.g., Weigelt et al. 2007, May-
field and Stouffer 2017, Xiao et al. 2020) and recently in
temperate tree communities (Li et al. 2020), it is becoming
important to assess the ubiquity of HOIs across natural
systems. If HOIs emerge easily under a wide range of con-
ditions (Kleinhesselink et al. 2019, Letten and Stouffer
2019), their effects probably need to be captured by com-
munity models to accurately predict the outcome of mul-
tispecies interactions both quantitatively (e.g., abundance
and size distributions) and qualitatively (e.g., coexistence
vs. competitive exclusion; Levine et al. 2017). We expect
HOIs to emerge in our tropical forest system and, if so, to
add to the growing empirical evidence for HOIs in annual
and perennial plant communities.

METHODS

Data collection

The community data originated from Yee et al. (2019)
who surveyed a secondary lowland tropical forest in the
Central Catchment Nature Reserve, Republic of Singa-
pore (known locally as the “Mandai forest”; 1°24.80N,
103°47.50E). Regenerating for at least 80 yr, the Mandai
forest is a mixture of young and old secondary forest
patches characterized by both early- and late-
successional native plant species. The climate is tropical
with annual precipitation of 1,300–2,700 mm/yr and
mean daily temperatures of 26–29°C across the study
period. Yee et al. (2019) originally designed the study to
track the recovery of woody-plant communities from a
windstorm disturbance on 11 February 2011. Within
3 months following the windstorm, 40 10 × 10 m2 plots
were established randomly in blowdown areas with a
minimum 40 m distance between plots. Five annual cen-
suses were conducted between April and August in
2011–2015, during which we counted, identified and
measured the diameter-at-breast-height (DBH, cm) of
all woody stems ≥1 cm DBH in each plot.
For this study, we selected the 10 focal tree species that

were the most common species by abundance and pro-
vided sufficient data for the analyses that followed. These
species naturally span a range of slow-to-fast diameter
growth and included Archidendron clypearia (Jack)
I.C.Nielsen, Calophyllum wallichianum Planch. & Triana

var. incrassatum, Elaeocarpus mastersii King, Garcinia
parvifolia Miq., Gironniera nervosa Planch., Macaranga
bancana (Miq.) Mull. Arg., Palaquium obovatum (Griff.)
Engl., Prunus polystachya (Hook. f.) Kalkm., Syzygium
borneense (Miq.) Miq., and Timonius wallichianus
(Korth.) Valeton. Total abundances of each focal species
ranged from 116 to 956 (median = 287) giving a total of
3,268 observations (see Appendix S1: Table S1).

Statistical model

We calculated the absolute growth rate, Gm;i;p;q (cm/yr),
of focal individual m of species i observed in plot p
and year q as the increment in diameter, D (cm), between
the census intervals, t (yr): Gm;i;p;q ¼ Dm;i;p;qþ1�Dm;i;p;q

tqþ1�tq
, and

then modeled growth as a function of diameter using the
size-decline growth equation (Zeide 1993, see also
Chong et al. 2017),

Gm;i;p;q ¼ aDb
m;i;p;qe

�cDm;i;p;q : (1)

In Eq. 1, parameter a mainly determines the initial
growth rate at small diameters; Db

m;i;p;q is the “size expan-
sion” component of diameter growth where b describes the
power relationship between absolute growth rate and size;
and c describes the exponential decline in absolute growth
rate with size due to various physiological limitations.
Importantly, we included the “size-decline” component,
e�cDm;i;p;q , instead of fitting a simple power law function
(aDb

m;i;p;q) to improve parameter estimation by preventing
the biotic interaction coefficients (see α and β below)
from compensating for reductions in size growth due to
internal causes, such as metabolic costs of being large.
As all of a, b, and c are expected to be positive and
non-zero, Eq. 1 qualitatively predicts absolute growth
rate to increase with diameter at smaller sizes followed
by a decline as size increases. This results in the hump-
shaped growth–diameter relationship observed in many
tree species and forest systems (e.g., Kunstler et al.
2016) including ours.
Although Eq. 1 is intended for non-zero, positive

growth values, we included negative and zero growths
because they constituted 24% of observations. Removing
them could overestimate growth or lose information about
biotic interactions. Therefore, we assumed that absolute
growth rate Gm;i;p;q followed a Gaussian distribution with
mean μm;i;p;q and variance σ2i . While mean diameter
growth μm;i;p;q remains constrained to the positives, the
variance σ2i allows non-positive growths to realize due to
stem shrinkage or measurement errors. To fulfill the Gaus-
sian assumption, we followed Condit et al. (2017) and per-
formed a modulus transformation on Gm;i;p;q to rein in the
right-skewed positive and left-skewed negative values:

G0
m;i;p;q ¼

Gλ
m;i;p;q, Gm;i;p;q ≥ 0

� ð�Gm;i;p;qÞλ
h i

, Gm;i;p;q < 0:

8<
:
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We used the power λ = 0.55 (also within the range of
Condit et al. 2017) because it gave transformed growth,
G0

m;i;p;q with the lowest skewness. The statistical model is
therefore:

G0
m;i;p;q ∼ Normalðμm;i;p;q, σ2i Þ

Note that we reparameterized Eqs. 1 and 2 and then 3
by defining the logarithmic initial growth rate at small
diameters, a0 ¼ loga, so that the three growth parame-
ters a0, b, and c had more similar scales, which assisted
model convergence.
The diameter growth model was originally intended to

be fit to data from a single species. To accommodate our
community data pooled across multiple species, we
expanded Eq. 3 under the multilevel modeling frame-
work such that each of the growth parameters (a0, b, and
c) are partitioned into population-level estimates (“fixed
effects”) and multiple species-specific estimates (“ran-
dom effects”). In our multilevel model, a0, b, and c are
then estimated to be, respectively, a00, b0, and c0 on aver-
age while varying by a0i, bi, and ci for species i. To further
account for spatiotemporal variations in diameter
growth, we included both plot-specific and year-specific
effects—a0p and a0q—on the average logarithmic growth
rate a0, such that a0 ¼ a00 þ a0i þ a0p þ a0q, b ¼ b0 þ bi, and
c ¼ c0 þ ci. Incorporating plot-specific “random” effects
also helps to account for differences in edge effects in
our spatially implicit model. Eq. 3 therefore becomes:

f Dm;i;p;q
� � ¼ Dðb0þbiÞ

m;i;p;q e
ða00þa0iþa0pþa0qÞ� c0þcið ÞDm;i;p;q : (4)

To incorporate biotic interactions into the diameter
growth equation, we first modified Eq. 4 to include the
cumulative effect of direct interactions with neighboring
species, g A j;p;q

� �
on Gm;i;p;q in a generalized Lotka–Vol-

terra fashion:

μm;i;p;q ¼ f Dm;i;p;q
� � � g A j;p;q

� �
g A j;p;q
� � ¼ exp � ∑

11

j¼1
αijA j;p;q

 !
,

(5)

where A j;p;q is the total basal area (cm2) of neighbor spe-
cies j in plot p and year q, and αij are pairwise-interaction
coefficients that quantify the per-basal-area direct effects
of species j on growth of the focal species i. Note that we
included all neighbor individuals in the calculation of
A j;p;q. We generalized the Lotka–Volterra form in Eq. 5
such that αij can be positive or negative to encompass both
competitive and facilitative interactions. The cumulative

proportional effect of direct interactions on focal species i
is then the sum of αijA j;p;q across all neighbor species.
When i ¼ j, αij ¼ αii is the measure of intraspecific direct
interaction. Note that there are 11 instead of 10 neighbor
species ( j ¼ 1, 2, . . . , 11) because we included the total
basal areas of all remaining non-focal species in each com-
munity as an 11th neighbor group (Martyn et al. 2021).
Including these other species helps to minimize the chance
of falsely concluding the presence of HOIs when inaccurate
growth prediction could stem from unaccounted direct
interactions (Billick and Case 1994).
We next incorporated the cumulative effects of indi-

rect HOIs among species into Eq. 5 following Mayfield
and Stouffer (2017):

μm;i;p;q ¼ f Dm;i;p;q
� � � g A j;p;q

� � � hintra A j;p;q
� � � hinter A j;p;q

� �
(6)

hintra A j;p;q
� � ¼ exp � ∑

11

j¼1
βijjA

2
j;p;q

 !
(7)

hinter A j;p;q
� � ¼ exp � ∑

11

j¼1
∑
11

k¼jþ1
βijkA j;p;qAk;p;q

 !
, (8)

where βijj captures the higher-order (i.e., quadratic) effect
of neighbor j on the direct interaction between species j
and focal species i, and is from this point forwards called
“intraspecific HOI” (after Mayfield and Stouffer 2017), as
this higher-order term takes place between conspecifics of
species j. Conversely, βijk captures the higher-order effect
of a heterospecific neighbor k’s total basal area, Ak;p;q, on
the direct interaction between neighbor species j and focal
species i, and is from this point forwards called “interspeci-
fic HOI”. In Kleinhesselink et al. (2019), the intraspecific
HOI terms, βijj , were referred to as soft HOIs as they still
only involve the directly interacting species pair. This helps
to distinguish them from the interspecific hard HOI
interactions, βijk, that involve a third species that could
modify how the first two species interact in a multispecies
community. In this study, we include both soft and hard
higher-order interactions as non-additive terms in the
HOI-inclusive model as they all capture non-additivities in
any neighbor species’ biotic influence over the focal
species. Alternatively, Eqs. 7 and 8 can be written as:

hintra A j;p;q
� � ¼ exp �βiiiA

2
i;p;q � ∑

11

j≠i
βijjA

2
j;p;q

 !

hinter A j;p;q
� � ¼ exp � 1

2
∑
11

j≠i
βiijAi;p;qA j;p;q

 

� 1
2
∑
11

j≠i
βijiA j;p;qAi;p;q � ∑

11

j≠i
∑
11

k¼jþ1
βijkA j;p;qAk;p;qÞ, :

so that the intraspecific and interspecific direct-
interaction coefficients can each be compared with their
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HOI counterparts: namely, (1) αii with βiii and 1
2 βiij and

(2) αij with 1
2 βiji, βijj , and βijk.

Model fitting and comparison

Prior to model fitting and to assist model conver-
gence, we standardized Dm;i to unit standard deviation
and also normalized and standardized Aj to a mean of
zero and unit standard deviation. We fitted three mod-
els in total (Eqs. 4, 5, and 6) and estimated the parame-
ters through Bayesian inference by fitting non-linear
hierarchical models in Stan (Stan Development
Team 2018) using the brm function in the brms
package (Bürkner 2017) in R. For the population-level
“fixed” parameters, we used a weakly informative Nor-
mal(0, 10) prior for a00 and Halfnormal(0, 10) priors
for both b0 and c0. For the standard deviations of
group-level “random” parameters (i.e., all parameters
with subscript i, p, or q, including α and β), we used a
weakly informative Student-t prior with three degrees
of freedom, zero mean and one standard deviation. The
parameter posterior distributions were obtained after
four chains of 3,000 Hamiltonian Monte Carlo (HMC)
warmup iterations followed by 1,000 HMC sampling
iterations. We considered models as converged when
the R̂ values of all parameters across chains were
< 1:05 (Vehtari et al. 2019).
To assess if the inclusion of direct and/or higher-

order interaction terms are necessary for a parsimo-
nious explanation of diameter growth, we compared
the null, direct-interaction-only, and HOI-inclusive
models (i.e., Eqs. 4, 5, 6, respectively) using three
goodness-of-fit measures: Bayes R2, Widely Applicable
Information Criteria (WAIC), and Leave-One-Out
cross-validation Information Criteria (LOOIC). These
goodness-of-fit measures were chosen to complement
one another: Bayes R2 quantifies the expected fit or
variance explained by a model; both WAIC and
LOOIC also measure the expected fit of a model, but
they penalize a model with a greater number of effec-
tive parameters (“overfitted”) and therefore predicts
poorly out-of-sample. LOOIC also provides additional
checks against WAIC because the former is more
robust against weak priors and influential data (Veh-
tari et al. 2017). Bayes R2, WAIC, and LOOIC were
computed for the whole dataset, as well as separately
for each focal species. Because both WAIC and LOOIC
are sums across observations and therefore increase
with sample size, they need to be standardized to a
fixed number of observations for a fair comparison
among focal species that varied in sample size. There-
fore, for each species, we additionally bootstrapped its
observations with replacement to n ¼ 116, which is the
lowest number of observations among the 10 focal spe-
cies (Appendix S1: Table S1). We performed this
resampling 1,000 times and obtained the median
WAIC and LOOIC with distribution percentiles at
n ¼ 116.

Simulation

The above analysis examines variation in instanta-
neous annual diameter growth rate. We additionally
explored how the exclusion or inclusion of HOI in mod-
eling would influence predicted forest-stand structure
and community dynamics over a longer timeframe. To
do so, we used both the direct-interaction-only and
HOI-inclusive models to numerically simulate the tem-
poral change in diameter for each focal species growing
under three recruitment scenarios. All simulations were
assumed to take place under an average spatiotemporal
condition, so both plot and year effects (ap and aq) were
set to zero in each time step.
To have a realistic initial neighborhood composition,

we used a joint species distribution model published
from the same study site (Lai et al. 2020) to predict the
recruitment of each focal species in a given plot under
100% canopy openness and other environmental vari-
ables (i.e., leaf litter depth, soil nitrogen, phosphorous,
potassium, and forest type) at their averages in the first
census since wind disturbance. We specifically compared
“low,” “median,” and “high” initial recruitment scenar-
ios, which correspond to the 5th, 50th, and 95th per-
centiles of predicted recruitments. Because the Lai et al.
(2020) model also predicts that recruitment of other non-
focal species would constitute roughly half (50.9%) of the
total recruitment across species in a plot, we replaced
these non-focal recruits with our focal recruits by dou-
bling the predicted focal recruitments to obtain the focal
species’ initial abundances; this resulted in 16, 26, and 46
initial stems for the “low,” “median,” and “high” initial
recruitment scenarios, respectively (Appendix S1:
Table S2). We assumed that all recruits begin at 1-cm
DBH and then used parameters inferred from both the
“direct-interaction-only” model (Eq. 5) and the “HOI-
inclusive” model (Eq. 6) to simulate individual diameter
growth of focal species under the three recruitment sce-
narios at daily timesteps over 2 years, the time taken for
canopy closure in our study site (Yee et al. 2019).

RESULTS

Compared with both the null and direct-interaction-
only models, the HOI-inclusive model had a greater pre-
dictive accuracy across the pooled or species-specific
observations, as judged by the Bayes R2 (Fig. 1a). A
greater R2 is not surprising given that the HOI-inclusive
model has approximately 90 more effective parameters.
Nevertheless, the HOI-inclusive model was still judged
by both WAIC and LOOIC as a far better model for the
pooled data (Fig. 1b, c). When WAIC and LOOIC were
resampled and calculated for each species separately, the
HOI-inclusive model performed better than both the
null and direct-interaction-only models (ΔWAIC< � 2
and ΔLOOIC< � 2) for four out of the 10 focal species
as well as for all focal species pooled, but performed as
well or worse for the other six focal species.

February 2022 HIGHER-ORDER INTERACTIONAND TREE GROWTH Article e03588; page 5



The standardized HOI coefficients (β) among focal
species have magnitudes that are comparable to those of
direct interactions (α; Fig. 2). The medians of most
direct-interaction coefficients between conspecifics (αii;
70%) and their corresponding HOI coefficients (βii;
64%) have positive signs, i.e., competitive (Fig. 2a).
More than half of the medians of the interspecific direct
interactions (αij ; 58%) and their corresponding HOI
coefficients (βij ; 70%) are competitive (Fig. 2b). Overall,
35% of these interaction coefficients have negative medi-
ans, i.e., facilitative. The interaction coefficients involv-
ing non-focal neighbor species also have similar

magnitudes and tendencies to be positive compared with
that of the focal species (Appendix S1: Fig. S1). In most
observed cases, however these interaction coefficients
manifested as small effects with 90% of focal individuals
experiencing 0.94–1.01 proportional change in annual
diameter growth rates due to an individual neighbor tree
(i.e., growth rate was reduced multiplicative to 94% or
slightly increased to 101% of its maximum value; Appen-
dix S1: Fig. S2a).
When the effects of individual neighbor trees are com-

pounded in a multispecies assemblage, these direct inter-
actions and HOIs cumulatively reduced focal species’

Model Null Direct-interaction-only HOI-inclusive
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FIG. 1. Comparing the goodness-of-fit among the null model (gray), direct-interaction-only model (red), and HOI-inclusive
model (blue) in terms of (a) Bayes R2, (b) difference in WAIC, and (c) difference in LOOIC for each focal species or all focal species
pooled. In (a), circles and horizontal bars denote the median and 95% credible intervals of Bayes R2, respectively. In (b) and (c)
respectively, circles, thick and thin horizontal bars denote the median, 50%- and 95%-tile intervals of the resampled ΔWAIC and
ΔLOOIC to n ¼ 116 compared with the null model, while vertical dashed lines denote �2ΔWAIC or ΔLOOIC from zero. The num-
bers adjacent to each species are the actual ΔWAIC or ΔLOOIC summed across all observations without resampling. See Appendix
S1: Table S1 for key to species abbreviations.
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FIG. 2. The relationship between direct-interaction coefficients (α) and HOI coefficients (β). Both axes are standardized coeffi-
cients that have comparable magnitudes. In (a), intraspecific direct-interaction coefficients (αii) are plotted with their corresponding
HOI coefficients (βiii or 1

2 βiij, together denoted βii). Similarly in (b), interspecific direct-interaction coefficients (αij) are plotted with
their corresponding HOI coefficients (12 βiji, βijj or βijk, together denoted βij). Points are median estimates with 50%- and 95%-tile
intervals across the posteriors (thick and thin bars; arrows denote 95%-tile intervals that extend beyond the plot limits).
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annual diameter growth rates by varying magnitudes
(Figs. 3, 4). Under the average neighbor basal areas,
direct interactions reduced the diameter growth rates of
eight out of 10 focal species, whereas HOIs always fur-
ther reduced diameter growth rates (Fig. 3). This
resulted in 90% of focal individuals having their
observed diameter growth fall between one-third (34%)
and slightly above (103%) of their average potential
growth rates due to all biotic interactions in combina-
tion (Appendix S1: Fig. S2b). In absolute terms, this
translates to a median reduction in peak growth of
�0:09 cm=yr for the slowest-growing species, Calophyl-
lum wallichianum var. incrassatum (labeled CALOWA),
up to �6:53 cm=yr for the fastest growing species, Pru-
nus polystachya (PRUNPO; Fig. 3). The median cumula-
tive effects of intraspecific direct interaction, e�αiiAi ,
which were multiplicative ranged between 0.86–1.00
across focal species (X-axis in Fig. 4a). The median
cumulative effects of the HOIs, e�βiiiA

2
i �1

2∑
11
j≠iβiijAiA j , which

modify intraspecific direct interactions had a similar
range 0.85–1.00 (Y-axis in Fig. 4a). Conversely,
the median cumulative effects of interspecific direct
interactions, e�∑11

j≠iαijA j had a narrower range (0.97–1.04)
than their corresponding interaction modifiers,
e�∑11

j≠iβijjA
2
j�1

2∑
11
j≠iβijiA j jAi�∑11

j≠i∑
11
k¼jþ1βijkA jAk that lay between

0.85–0.98 (Fig. 4b). Combined, there is a weak negative
association between the median cumulative effect of all
HOIs, ehintra Ajð Þþhinter Ajð Þ (ranged 0.71–0.96) and that of
all direct interactions, eg Ajð Þ (ranged 0.83–1.04; Fig. 4c).

In addition to the aforementioned instantaneous effect
of HOIs on focal species’ diameter growth, we examined
the short-term effect of HOIs by simulating the pen10
focal species growing together over 2 years under low,
median, and high recruitment scenarios, and then com-
pared the community size structures resulting from the
direct-interaction-only and the HOI-inclusive models
(Fig. 5). Between the two models, there was no qualita-
tive difference in community size structure at the end of
the second year across the three recruitment scenarios
(Fig. 5a, b). However, there were clear rank swaps in the
size hierarchy: the species identity of individuals that grew
most and least changed when HOIs were taken into
account (Fig. 5c). Overall, rank swaps in the final diame-
ter between models occurred with greater magnitudes as
the initial recruitment decreased, even for the focal species
whose HOI-inclusive model was not the best model as
judged by either WAIC or LOOIC. Focal species varied
in the direction, magnitude, and consistency of rank swap
across recruitment scenarios. When HOIs were included,
the top-three fastest growing species (with the highest a0i
in Eq. 4) P. polystachya (PRUNPO), Macaranga bancana
(MACABA), and Gironniera nervosa (GIRONE) ranked
lower under the low recruitment scenario, but their rank
reductions were mitigated under median and high recruit-
ment densities. In contrast, the slower-growing species
tended to have increased or similar size rank in the
presence of HOIs, with the slow-growth C. wallichianum
var. incrassatum and intermediate-growth Palaquium

FIG. 3. Median of absolute instantaneous growth rate of focal species, Gm;i, with increasing diameter-at-breast-height (DBH, D;
cm) under three combinations of biotic interaction terms: no biotic interactions (black curves), direct interactions only (red), and
all biotic interactions including HOIs (blue). For the two latter scenarios, predictions were made with all neighbors set at their aver-
age total basal areas at any space and time. For a baseline for comparison, gray curves show the absolute growth rate of an “aver-
age” species (prediction without species-specific “random” effects) when all types of biotic interaction are taken into account.
Diameter growth values were modulus-transformed prior to analyses but are here back-transformed to their original scale. Note the
different scales on the Y-axes. The diameter ranges in each panel have been truncated to cover each species’ observed range.
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obovatum (PALAOB) having the most consistent positive
rank swap when HOIs were included.

DISCUSSION

Building on early literature that questioned the conse-
quences of ignoring non-additive biotic interactions
(e.g., Neill 1974, Abrams 1980, Wootton 1994), recent
empirical work has provided evidence for non-negligible
HOIs in various natural systems (e.g., Weigelt et al.
2007, Mayfield and Stouffer 2017, Li et al. 2020, Xiao
et al. 2020) and prompted theoretical research into the
conditions under which HOIs should be expected to
emerge (Kleinhesselink et al. 2019, Letten and Stouffer
2019). Tropical forests meet two of the proposed condi-
tions for emergent HOIs: (1) resource-acquisition traits,
such as size, that are themselves density dependent, and
(2) growth in size that responds non-linearly to resource
availability. Using a tropical secondary forest dataset
from Singapore, we found that the inclusion of HOIs
improved the prediction of tree diameter growth for the
whole community and for at least four out of 10 focal
tree species at the species level in this dataset. The
inferred HOIs have comparable standardized effect sizes
to direct interactions, and tend to further reduce diame-
ter growth rates beyond what direct interactions had
already reduced. Even for the other focal species that
were less sensitive to the instantaneous effect of HOIs,

HOIs could still influence their diameter growth rate by
suppressing their competitors’ or facilitators’ size over a
longer period of time (as discussed below).
Although our phenomenological model does not

mechanistically pinpoints the exact indirect processes
leading to HOIs, it adds to the accumulating empirical
support for HOIs by demonstrating the presence of non-
additive density dependencies in perennial plant systems.
That said, mechanisms that gave rise to the detected
non-additivities in our study site were likely to be a mix
of non-linear density dependencies and interaction mod-
ifications. As mentioned earlier, these mechanisms
include the non-linear functional response of size growth
to light availability (Kleinhesselink et al. 2019). As
neighbor basal areas build up during succession, the
strength of biotic interactions change with accelerating
or decelerating rates depending on where the forest
stand is along the light availability gradient. Such indi-
rect effects due to changing neighbor densities (Billick
and Case 1994) are likely to have the rapid diameter
growth of some focal species under some conditions
(greater than the 1� cm=yr cutoff that defines fast
growth in Rüger et al. 2018). Between our annual cen-
suses, these fast-growing neighbors could reach large
sizes and reduce (or encourage) the growth of neighbors,
thereby reducing (or increasing) the latter’s effect on a
focal individual through an interaction chain (Levine
et al. 2017). Alternatively, non-additivities in our study

FIG. 4. Comparing the observed cumulative effects of direct interactions and HOIs on the absolute instantaneous growth rate
of a focal species. In (a), the cumulative effects of intraspecific direct interactions, e�αiiAi , are compared against their corresponding

cumulative HOI effects, e�βiiiA
2
i �1

2∑
11
j≠iβiijAiA j . In (b), the cumulative effects of interspecific direct interactions, e�∑11

j≠iαijA j , are compared

against their corresponding cumulative HOI effects, e�∑11
j≠iβijjA

2
j�1

2∑
11
j≠iβijiA jAi�∑11

j≠i∑
11
k¼jþ1βijkA jAk . In (c), the cumulative effects of all direct

interactions, eg Ajð Þ are compared against the cumulative effects of all HOIs, ehintra Ajð Þþhinter Ajð Þ. Both axes represent the proportional
change in the average absolute diameter growth rate of a focal individual: a focal individual experiences decreases in growth rate
when 0< cumulative effects < 1 (“competitive effect”) but increases in growth rate when cumulative effects > 1 (“facilitative
effect”). Each circle represents a focal species’ median with 50%- and 95%-tile intervals across individuals (thick and thin bars;
arrows denote 95%-tile intervals that extend beyond the plot limits). Blue-filled circles are the four focal species with the HOI-
inclusive model as the best supported as judged by WAIC (see Fig. 1b). The dashed diagonal line denotes an isocline where there is
no total proportional change in the absolute growth rate due to the total cumulative effect of both axes cancelling each other out,
i.e., values of both axes multiply to 1. The lower and upper dotted diagonal lines denote a total cumulative effect that halves and
doubles the absolute growth rate, respectively. The diameter ranges in each panel have been truncated to cover each species’
observed range. Note the log-scale on both axes.
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could arise from interaction modification when an inter-
mediary species induces plastic changes in the direct-
neighbor’s morphophysiological traits, such as stem
inclination or side-branching due to phototropism or a
narrower crown due to investment in a more slender
stem to overcome shading (Sterck et al. 2001, Iida et al.
2012), therefore casting more or less shade on the focal
individual. If this architectural change is long-term, then
the modified pairwise interaction will persist even after
the intermediary species’ basal area stopped changing.
The list of mechanisms here may include an explanation
as to why our HOIs exacerbated, rather than mitigated
(as in Li et al. 2020), the reduction in diameter growth
rates attributable to direct interactions.
More controlled setups are required to conclusively

identify mechanisms, but it is clear from our results that

HOIs are often crucial at least for the purpose of accu-
rate prediction. At the species level, the HOI-inclusive
model more accurately predicted the diameter growth
for four out of 10 focal species. Although this may seem
to indicate that many other species are insensitive to
HOIs, we argue that HOIs should not necessarily be
considered unimportant for these species in a
community-wide context. For observational data, the
results for any given focal species can depend as much
on what that species is, as with which neighbors it hap-
pens to be next to. As a result, there are contexts in
which a species that is more sensitive to direct than
higher-order interactions can still be affected by HOIs;
for example, when it is responding to an HOI-sensitive
direct neighbor. This could be especially prevalent when
this type of neighbor species is locally common or
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FIG. 5. Two-year diameter growth simulations of the 10 focal species growing under low, median, and high recruitment scenar-
ios: (a) predictions from the direct-interaction-only, (b) predictions from the HOI-inclusive model, and (c) the ratio of simulated
diameter between HOI-inclusive and direct-interaction-only models. Each line represent an focal species color-coded by yellow to
blue representing increasing initial growth rates at small diameters, a0i (Eq. 4). Although some species may have multiple individual
recruits (Appendix S1: Table S2), each line is the median per species for visual clarity (see Appendix S1: Fig. S3 for individual-tree
lines). Density plots with quartile lines along the Y-axes show the size distribution of individuals trees at year 2.
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attains a very large size. In our short-term simulation,
for example, M. bancana (MACABA) was a focal spe-
cies with the direct-interaction-only model performing
as well as the HOI-inclusive model. When HOIs were
included during simulation, however, M. bancana exhib-
ited a clear rank swap in diameter especially under the
low recruitment scenario as it responded to changes in
the size of their HOI-sensitive neighbors. When initial
recruitment was high, the fast-growing M. bancana, as
well as P. polystachya and G. nervosa, exhibited less rank
reduction in diameter, which could be important for
these species to survive under densely recruited canopy
gaps in the long run. That these species-level rank swaps
happened frequently—even when community-level stem
size distributions remain qualitatively unaffected—fur-
ther highlights that ignoring HOIs could lead to very dif-
ferent predictions of community structure. Our results
suggest that predictions with and without HOIs are
more likely to diverge when individuals are growing
more rapidly, as in our low recruitment scenario with
lower competition initially or for some highly productive
systems with sudden resource fluxes. As basal areas
build up rapidly at the beginning of gap succession, light
depletion often happens more rapidly and the non-linear
size-growth responses of tree species constantly regulate
interaction strengths among themselves.
The context dependence of HOIs prompts the question

“What is the right scale to test for HOIs?” Seemingly weak
HOI effects on the instantaneous diameter growth rates of
HOI-insensitive species can accumulate and become long
lasting when integrated over the longer lifecycle of peren-
nial plant species, as well as over larger spatial extents,
where indirect effects of intermediary species domino
through direct neighbors via interaction chains. It follows
that a neighbor’s response to biotic interactions can be just
as important as the focal’s response, because the former
continuously determines the neighbor’s size and therefore
their cumulative effects on the focal species. Indirect inter-
actions therefore challenge how we conceptualize a focal
individual’s biotic milieu or interaction radius: “Does it
extend from a single spatial point as in many pairwise-
interaction studies (e.g., Uriarte et al. 2004, Adler et al.
2010, Comita et al. 2010) or should it be a larger area that
includes the neighbors’ neighbors and their decaying yet
percolating effects on the focal individual?” Due to a lack
of spatial data, we were unable to address these questions
explicitly here but highlight them as important areas for
future studies. We also acknowledge that without delimit-
ing or estimating the interaction radii (as in Uriarte et al.
2004, Comita et al. 2010, Li et al. 2020) some errors could
have entered our parameter estimation (Detto et al. 2019).
Future studies should be aware that HOIs—as well as
direct interactions—may be common, but are simply too
weak to be detected (Abrams 1983, Billick and Case 1994,
Kleinhesselink et al. 2019), especially over very short time-
scales, when neighbor densities are measured inaccurately
(Detto et al. 2019), or if HOIs are only important at a cer-
tain life stage.

Due to limited data, we only examined one of the many
vital rates impacting perennial plants: size growth. We
also lack the data to examine how the effects of biotic
interactions on such a single vital rate carry over to influ-
ence the final reproductive fitness and therefore per capita
population growth—the key variable of modern coexis-
tence theory. Other vital rates (e.g., survival and repro-
duction) that contribute unequally to per capita
population growth (Moll and Brown 2008, Adler et al.
2014, Visser et al. 2016) can offset the strong biotic effects
on size growth (Broekman et al. 2019). A stronger test of
coexistence demands the quantification of the relative
contribution of direct and HOIs to multiple vital rates
across life stages, and then the estimation of net effects of
these biotic interactions on per capita population growth
using tools such as population integral projection models
(e.g., Chu and Adler 2015). Knowing the effects of neigh-
bors on other vital rates will also improve our diameter
growth simulation (or any other simulation of community
dynamics) by incorporating mortality and recruitment.
As the size growth of perennial plants is not only den-

sity dependent but also size dependent, another approach
is to allow biotic interactions to not only influence the ini-
tial diameter growth rate (i.e., the parameter a as in this
study) but also the ontogenetic effect of size on growth
(i.e., the parameter c in Eq. 1). The latter allows one to
test if larger-sized individuals are less sensitive to biotic
interactions, and if such a size-conferred storage effect is
important for stabilizing size-structured communities
(Warner and Chesson 1985, Kohyama 1993). Doing so,
however, not only further increases the number of parame-
ters in a model that is already data hungry, but also
demands more data collection from larger individuals that
are inherently rare in the field (Needham et al. 2018).
Although it is possible to circumvent this problem by cal-
culating neighbor basal area from taller neighbor individ-
uals only (e.g., Coomes and Allen 2007), we did not do so
because (1) the different height–diameter allometry among
species means that a larger-diameter neighbor is not
always taller and (2) defining a taller indirect neighbor is
not straightforward (i.e., taller than the focal, the direct
neighbor, or both?). Facing the dilemma between trying to
fully capture the interplay between size-dependence and
density dependence, while keeping the question statisti-
cally and logistically tractable, a solution may be to select
only a few interaction coefficients that are non-zero with
different statistical approaches and biological foresight
(Martyn et al. 2021). In this and many previous studies
(including those that have lumped species into conspecifics
versus heterospecifics), the decision to include or not
HOIs has been treated as an “all or none” question, tanta-
mount to assuming that HOIs from all neighbor species
are either equally important or equally unimportant (Mar-
tyn et al. 2021). Although there have been attempts to
identify important neighbor species by fitting numerous
nested models varying in the identity and number of
neighbor species (e.g., Mayfield and Stouffer 2017), imple-
menting this in the Bayesian framework can be

Article e03588; page 10 HAO RAN LAI ETAL. Ecology, Vol. 103, No. 2



computationally impractical. The advancing field of Baye-
sian variable or model selection (Tenan et al. 2014) can be
a good place to start looking for a solution to relax this
biologically irrational “all or none” assumption.

CONCLUSION

We showed that HOIs are a non-negligible phe-
nomenon at the community level in a tropical forest and
an important predictor of diameter growth for a subset
of focal tree species. Our study represents one of the
early attempts to test for HOIs in perennial plant sys-
tems (see also Li et al. 2020). With a high number of
HOI parameters that increase exponentially with species
number, we expected the effects of most HOIs to be
small, if not undetectable. Yet we detected the presence
of HOIs even with a relatively small dataset, suggesting
that many larger datasets can reveal more conclusively
the prevalence, direction, and magnitude of HOIs in
perennial systems. Although our small dataset limited us
to a handful of focal species, the fact that these focal spe-
cies are all common implies that HOIs are necessarily a
widespread phenomenon experienced by many tree indi-
viduals across the landscape, even if HOIs turn out to be
“unimportant” to a large number of rarer species. Last
but not least, the empirical quantification of HOIs can
only inform us so much about the where and when of
biological non-additivity. Much is left to be discovered
about the mechanistic why and how of this emergent
phenomenon in multispecies communities.
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