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Abstract

The Janzen-Connell hypothesis proposes that density and distance-dependent mor-
tality generated by specialist natural enemies prevent competitive dominance. Much
literature on Janzen-Connell mechanisms comes from the neotropics, and evidence

of the role of distance and density-dependence is still relatively sparse. We tested the
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predictions of the Janzen-Connell hypothesis in a South-East Asian system dominated
by mast fruiting species. We hypothesized that seedling survival would decrease with
distance and density, seedling growth would increase, and herbivory would decrease,
according to the predictions of the Janzen-Connell hypothesis. Experiments were
conducted to determine the strength of the Janzen-Connell mechanism by manipu-
lating the density and identity of tree species as a function of the distance from parent
trees. Survival of conspecific seedlings was reduced near adult trees of one species,
but not another. High densities of seedlings decreased the growth of conspecific
seedlings of both species. In both species, herbivory rates decreased with distance
in low-density areas. This study indicates that dipterocarp species experienced weak
Janzen-Connell effects of distance and density dependence at the growth stage stud-
ied. Future studies in this system might focus on earlier life-history stages such as

seeds and small seedlings, as well as studying mortality during mast-seeding events.
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1 | INTRODUCTION in hyperdiverse tropical forests (Bagchi et al., 2014; Chesson, 2000;

Dalling et al., 1998; Steege et al., 2015; Terborgh, 2012). In trop-

Tropical rainforests are the most diverse ecosystems in terms
of community structure and species diversity (Chazdon, 20083;
Edwards et al., 2014; Gardner et al., 2009; Steege et al., 2015). It
has been a challenge for ecologists to understand the process that

maintains diversity in plant communities, and this is especially true

ical forests the number of species appears to greatly exceed the
number of limiting resources (Hutchinson, 1961). Under such cir-
cumstances the competitive exclusion principle predicts that the
superior species will drive other species to extinction (Hardin, 1960;
Levin, 1970).
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Various hypotheses have been proposed to explain the diversity
of tropical forests (Connell, 1971; Connell, 1978; Hubbell, 2001;
Janzen, 1970; Schoener, 1974). Niche partitioning is a mechanism
that explains high diversity through minimizing competition be-
tween species (Schoener, 1974). Kraft et al. (2008) showed that
niche partitioning can contribute to the maintenance of forest diver-
sity, and other studies have indicated that there is niche partitioning
in dipterocarp forests (Gunatilleke et al., 2006; Potts et al., 2002).
However, this mechanism is unlikely on its own to explain coexis-
tence (Barot, 2004; Brown et al., 2013; Wright, 2002).

One of the leading theories for explaining tropical forest diver-
sity is the Janzen-Connell hypothesis (Connell, 1971; Janzen, 1970).
The Janzen-Connell hypothesis suggests that specialized natural
enemies (pathogens, seed predators, and herbivores) play a vital role
in maintaining the diversity of tropical plant species in a density-
dependent manner. This works through reducing the survival of
seeds and seedlings near conspecific adults where seed density
is the highest. According to this hypothesis, if natural enemies are
sufficiently specialized, they aggregate on high densities of seeds
or seedlings of their hosts close to adult trees (Dalling et al., 1998;
Freckleton & Lewis, 2006; Fukue et al., 2007; Hillsmann et al., 2021;
Swamy & Terborgh, 2010; Traveset, 1990). The density-dependent
nature of the resultant mortality prevents competitive exclusion
(Comita & Stump, 2020). This is because locally abundant species
will experience higher mortality than rare ones, thus allowing the
rarer species to survive and coexist. This density-dependence acts
as a stabilizing mechanism that can promote the maintenance of di-
versity (Chesson, 2000).

Based on field experiments there is growing evidence that natu-
ral enemies play a role in generating density and distance-dependent
mortality (Bagchi, Press, & Scholes, 2010; Bagchi, Swinfield,
et al., 2010; Brook & Bradshaw, 2006; Comita et al., 2014; Comita
& Stump, 2020; Song et al., 2021; Song & Corlett, 2021). There is
substantial evidence that seed survival increases with distance
from the conspecific adults while high densities of seed or seedlings
increase mortality in the tropics (Massey et al., 2006; Matthesius
et al., 2011; Norghauer et al., 2006; Peres & Baider, 1997; Swamy
& Terborgh, 2010; Terborgh et al., 1993), as well as some evidence
in temperate systems as well (Jia et al., 2020; Packer & Clay, 2000).

Despite an accumulation of evidence, there are some limita-
tions and gaps in the literature, however. Studies on Janzen-Connell
effects come from the Neotropics, particularly in Central and
South America (Augspurger & Kitajima, 1992; Dalling et al., 1998;
Forget, 1992; Peres & Baider, 1997; Roberts & Heithaus, 1986;
Sanchez-cordero & Martinez-gallardo, 2010; Stevenson et al., 2005;
Swamy & Terborgh, 2010). By comparison, there is a relative dearth
in Africa (Chapman & Chapman, 1996; Hart, 1995; Matthesius
et al., 2011), and Asia (Bagchi, Press, & Scholes, 2010; Bagchi,
Swinfield, et al., 2010; Krishnan et al., 2022; Massey et al., 2006;
Takeuchi & Nakashizuka, 2007; Viswanathan et al., 2020).

This geographic gap is important to address because, globally,
forests differ from each other in important ways. For example,
Asian dipterocarps are unique for their mast reproduction and

fruiting. In Southeast Asian forests, the dominant Dipterocarp spe-
cies are usually involved in community wide mast fruiting events
(Appanah, 1993; Ashton, 1988). It has been hypothesized that sys-
tems undergoing mast-fruiting may not experience strong density
and distance-dependent predation because of predator satiation
(Cannon et al., 2021; Curran & Webb, 2000; Webb & Peart, 1999).
This is because all species produce large numbers of seeds simulta-
neously, and there will be insufficient predators to generate signifi-
cant mortality.

Several studies have found that predator satiation, espe-
cially in Dipterocarps, weakens the Janzen-Connell mechanism
(Ashton, 1988; Curran & Webb, 2000; Paoli et al., 2006). Several
characteristics of Dipterocarp seeds and seedlings such as large
size, poor chemical defense, and being energy rich make them at-
tractive food for wild pigs, Sus barbatus (Ashton, 1988; Curran &
Webb, 2000), and weevil beetles, family: Curculionidae (Bagchi
et al., 2011; Lyal & Curran, 2000). From the perspective of main-
taining diversity, generalist natural enemies are expected to have a
low diversity-enhancing effect compared with specialists (Curran &
Leighton, 2000; Freckleton & Lewis, 2006; Gilbert, 2005). Theory
suggests that generalist natural enemies should not generate
Janzen-Connell mechanisms (Freckleton & Lewis, 2006). More re-
cent work has shown that limited amounts of generalism can nev-
ertheless still yield diversity enhancement (Sedio & Ostling, 2013).
Bagchi, Swinfield, et al. (2010); Bagchi, Press, and Scholes (2010)
have shown evidence for distance-dependence in dipterocarps,
however overall, there is little understanding of the role of Janzen-
Connell mechanisms in hyperdiverse forests with mast-seeding.

Here we examine the effect of distance and density on two
Bornean dipterocarp species, Parashorea malaanonan and Shorea
johorensis. We manipulated the density and type of tree species
(Parashorea malaanonan and Shorea johorensis) as a function of the
distance from conspecific adult trees. We experimentally tested the
strength of Janzen-Connell hypothesis in these two native diptero-
carp species, specifically addressing the following hypotheses: (1)
the survival of conspecific seedlings will decrease with proximity
to conspecific adult trees (distance-dependence) and within high
density of conspecific seedlings (density-dependence) compared to
heterospecific seedlings; (2) high density of conspecific seedlings
will decrease the growth of conspecific seedlings; (3) Herbivory
rates in conspecific seedling will decrease with increasing distance
from conspecific adult trees; and (4) Leaf herbivory in new leaves

decrease with increasing distance from conspecific adult trees.

2 | MATERIALS AND METHODS
2.1 | Studysystem

This study was conducted at the Danum Valley Field Centre, Sabah,
East Malaysia (4° 58’ N, 117°48' E) which is located at eastern bor-
der of Danum Valley Conservation Area (DVCA). Danum Valley
Conservation Area (Class 1 forest reserve) is 43,800ha of primary
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lowland dipterocarp forest with relatively little human disturbance
(Marsh & Greer, 1992). The soils in DVCA are orthic acrisols, devel-
oped on sandstone and mudstone. Clay percentage in these soils
ranging from 30% to 60% with acidity ranges from 5.3 to 4.0. The
mean minimum and maximum temperature at the field center is
22.6 and 31.2°C respectively, while mean annual rainfall is 2881 mm
(Walsh et al., 2011).

The Dipterocarpaceae is a family of hardwood trees, and is typ-
ically the dominant family in the tropical forests of South East Asia
(Ashton, 1988). Although this family is generally found in South East
Asia, India, Sri Lanka, Philippines, Madagascar, Africa and Papua
New Guinea (Adjers et al., 1995; Appanah, 1993; Ashton, 1988),
Borneo is the region with highest diversity of Dipterocarpaceae
(Ashton, 1982). Dipterocarps fruits are large and winged but usu-
ally dispersed over shorter distances (<60-80m) in closed-canopy
forest (Smits, 1994; Whitmore, 1984). Dipterocarpaceae generally
exhibit community-wide mast fruiting events (Ashton, 1988; Curran
& Leighton, 2000), typically during El Nino years (Ashton, 1988;
Bebber et al., 2004).

Our study focuses on two dominant dipterocarps in the re-
gion, Parashorea malaanonan and Shorea johorensis. Parashorea ma-
laanonan is one of the native dipterocarp species in this region (18.6
stems/ha) (Stoll & Newbery, 2005). Parashorea malaanonan is classi-
fied as White Seraya Light Hardwood and known as a fast-growing
dipterocarp species in Borneo (Bagchi, Press, & Scholes, 2010;
Bagchi, Swinfield, et al., 2010). Shorea johorensis is native diptero-
carp species, fast-growing and big emergent trees that can usually
be found in Danum Valley Conservation Area, with 24.6 stems/ha
(Brown & Whitmore, 1992; Stoll & Newbery, 2005). It belongs to
Light Red Meranti group, and frequently used in plywood and ve-
neer. Following recent community-wide mast fruiting events, seed-
lings of these two dipterocarp species were easy to locate and are

often intermingled.

2.2 | Field experiment

Conspecific adult trees of P. malaanonan and S. johorensis were lo-
cated by searching along a 2km network of trails adjacent to the
field center. These two species were distinguished in the field based
on their key characteristics (Soepadmo et al., 2004).

At each conspecific adult tree (diameter at breast height >30cm),
one transect was set up from 2m to 30m away from conspecific
adult tree. We checked that there were no adult trees within a dis-
tance of 30 m of each parent. Twelve 1m x 1 m plots (1 m?) were es-
tablished along each transect, consisting of four experimental plots
each at distances 2m, 15m, and 30m from the conspecific adult
tree, respectively (following Bagchi, Swinfield, et al., 2010; Bagchi,
Press, & Scholes, 2010). Each plot was randomly assigned to one
of four treatments: (1) low density of seedlings (4 seedlings m™),
(2) high density of seedlings (12 seedlings m2), (3) mixed species
with low density of seedlings, and (4) mixed species with high den-
sity of seedlings. The above setup was replicated for 10 trees of

Ecology and Evolution 30f12
=t N YY) LEY- |22

each species (i.e., 240 quadrats were established in total for both
species).

Seedlings of the two species were obtained from the Innoprise—
FACE Foundation Rainforest Rehabilitation Project (INFAPRO) nurs-
ery, near Danum Valley Field Centre. Currently, this nursery has
stocks of 28 native dipterocarps species and six other indigenous
species. All the dipterocarp seedlings in this nursery are collected
from recent mast fruiting events. Germinated seeds of the two-
study species were planted in polybags in July 2014 and kept in the
nursery: thus, the seedlings used in this study were 2years old.

In all experimental plots, existing plants were removed but leaf
litter on the ground was left. Seedlings were planted using a planting
bar. This is used to prepare holes for seedlings planting. Planting bars
provide suitable holes for small seedlings particularly in small plots
and prevent excessive disturbance to the forest soil. In total across
all treatments 96 seedlings were planted in 12 plots (four plots for
each distance) adjacent to each conspecific adult tree.

2.3 | Measurements

All seedlings were tagged with numbered aluminum labels and iden-
tified to species (or to the lowest taxonomic level possible) with the
help of a botanist. The heights of all seedlings were measured by
using a 1 m rule. Seedlings height were measured at the beginning
of the experiment and at the end of the experiment. Stem diameters
were measured just below the cotyledon scar using a digital vernier
caliper (Haase, 2008). All leaves surviving from the first census and
new leaves produced during the interval were recorded for each
seedling.

In order to estimate the rate of herbivory, five leaves were se-
lected from each seedling and labeled with a unique number written
in permanent ink on the underside of leaves during the first census
(July 2016). Visual estimates were employed in this study where her-
bivory damage is estimated as the percentage of leaf surface area
removed (Stotz et al., 2000). All seedlings were re-measured in June
2017. The number of marked leaves missing, and herbivory of new
leaves also were recorded. In each plot, a spherical densiometer was
used to determine canopy openness and light availability to seed-

lings (Lemmon, 1956).

2.4 | Statistical analyses

The survival and growth data were analyzed separately for each of
the focal species. To test for effects of distance and density treat-
ment on survival of conspecific seedling, seedling data were analyzed
using generalized linear models (GLMs) with a quasi-binomial distri-
bution and logit link function (Survival ~ as.factor (Tree) + Distance *
Species Identity * Density). The quasi-binomial distribution was used
to account for overdispersion. To analyze the effects of distance and
density on growth and herbivory of planted seedlings, a linear model
was used (Height/Diameter/Herbivory ~ as.factor (Tree)+ Distance
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* Density * Mixture. monoculture). All statistical analyses were con-
ducted in the statistical software environment R version 4.2.0 (R
Core Team, 2022).

3 | RESULTS
3.1 | Effects of distance and density on survival of
seedlings

There was a significant effect of distance from P. malaanonan adult
trees on the survival of seedlings (Table 1; F. 169=9.544, p=.002).
Survival of conspecific and heterospecific seedlings was highest at
the furthest distance (30m) while lowest at the nearest distance
(2m) (Figure 1a). Closest to the adult (2 m), conspecific seedlings suf-
fer higher mortality compared to heterospecific seedlings in both
high- and low-density treatment. However, there was no marginal
effect of density on survival when the distance to adults was statisti-
cally controlled (Table 1; Fl, 167=2.279, p=.133).

Around S. johorensis adult trees, there was no significant trend
in survival with distance for seedlings of both species (Table 1;
Fi 149=0.389, p=.534). Furthermore, no significant effects of den-
sity on conspecific or heterospecific seedlings survival (Table 1;
Fy 16,=0.019, p=.891).

3.2 | Effects of distance and density on
growth of seedlings

Overall, there was evidence that density affected the growth of
seedlings, however little evidence of an effect of distance. There was
a significant effect of density on height increments of both conspe-
cific seedlings of P. malaanonan (Figure 2a,b, Table 2; F1, 06 =4.679,

p=.033) and S. johorensis (Figure 2c,d, Table 2; F1, 0s=4.970,
p=.028). Height increment conspecific seedlings of P. malaanonan
increased by 5.27cm in low-density plot compared to high-density
plot. For S. johorensis conspecific seedlings, height increment in-
creased by 2.27cm in low-density plot compared to high-density
plot. However, no significant effect of distance from adult tree
was observed on height increment for both conspecific seedlings
for P. malaanonan (Table 2; F1, 06=0.031, p=.860) and S. johorensis
(Table 2; F; 4,=0.904, p=.344).

There was a significant effect of mixture and monoculture
planting treatment on diameter increment of conspecific seedlings
around trees of P. malaanonan (Figure 3a,b, Table 2; F,, 103=9:438,
p=.022). Diameter increment of conspecific seedlings around trees
of P. malaanonan increased by 0.6 cm in monoculture plot compared
to mixed species planting treatment plot. A weakly significant in-
teraction was observed between the density treatment and the
mixed and monoculture planting treatments (Table 2; Fy. 103=3.988,
p=.048).

Surrounding S. johorensis adult trees, there was a significant
positive effect of distance on diameter increment of conspecific
seedlings (Figure 3c,d: Fi 102=7.013, p=.009). Diameter decreased
by 0.56cm between near and far treatments. Furthermore, a sig-
nificant positive effect of density treatment was also observed
on diameter increment of conspecific seedlings (F1, 102=10.724,
p=.001). Diameter increment conspecific seedlings of S. johorensis
increased by 0.51cm in low-density plot compared to high-density
plot. There was a significant interaction between distance and den-
sity (F; 10,=4.304, p=.041). Thus, diameter increment increased
with distance from adult trees at low, but not high densities (see
Table 2).

We found no significant effect of distance and density treat-
ment on number of leaves of conspecific seedlings around both P.

malaanonan and S. johorensis adult trees (Table 2).

TABLE 1 Summary of analysis of

Parashorea malaanonan Shorea johorensis . R .
variance tables for generalized linear
Resid model to investigate the effect of distance
df df F (p-value) df Resid df F (p-value) and density treatment on survival of
seedlings around Parashorea malaanonan
Tree 9 170 4.691 9 170 0.899 (.528) . .
and Shorea johorensis adult trees. Terms
(1.518e-05))*** .
were tested sequentially.
Distance 1 169 9.544 (.002)** 1 169 0.389 (.534)
Species identity 1 168 1.254 (.264) 1 168 0.027 (.869)
Density 1 167 2.279 (.133) 1 167 0.019 (.891)
Distance * 1 166 0.006 (.939) 1 166 0.001 (.972)
Species
identity
Distance * 1 165 1.585 (.210) 1 165 0.005 (.944)
Density
Species. ldentity 1 164 0.089 (.766) 1 164 0.170(.681)

* Density

Note: Values in the bracket is p-value.
*Significant level at p<.05.
**Significant level at p <.01.; ***Significant level at p <.01.
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FIGURE 1 Seedling survival at
conspecific and heterospecific seedlings
as a function of distance from P.
malaanonan adult trees at high (a) and low
(b) and distance from S. johorensis adult
trees at high (c) and low (d) in distance-
density experiment. Error bars represent
standard error of the mean after
transforming to the proportion scale.

FIGURE 2 Effects of distance and
density on height increment of conspecific
seedlings from adult P. malaanonan

(a, b) and S. johorenisis (c, d) trees with
monoculture (a, ¢) or mixture (b, d)
planting treatment. Error bars represent
standard error of the mean.

Ecology and Evolution 50f 12
=t N YY) LEY- |22

(a) High Density (b) Low Density
1.00+ 1.00+
0.95- 0.95-
©
2
2 0.904 0.90+
=]
7]
0.85- 0.85-
0.80 P. malaanonan adult trees 0.80 P. malaanonan adult trees
2 15 30 2 15 30
(o) (d)
1.00
1.00+
0.95-
0.95-
©
£ 0.90
£ 0.90 :
7]
0.85- 0.85- Species.identity
® conspecific
A heterospecific
0.80 S. johorensis adult trees 0.80 S. johorensis adult trees
2 15 30 2 15 30
Distance from parent tree (m) Distance from parent tree (m)
(a) Monoculture (b) Mixture
154
€
=107 A.
c 22 S
) . ™
E e LN
g e S
2 . |
= 5 - I
=
= | ]
21 I
b o
0_
P. malaanonan adults P. malaanonan adults
2 15 30 2 15 30
(e (d)
15 15
Density
- High
E & Low
.10 10
t
)
£
o
7]
[=
= 51 L e e 5 L _----
5 | & T £
[}
b i/ ! i
0 0
S. johorensis adults S. johorensis adults

2 15 30
Distance from parent tree (m)

2 15 30
Distance from parent tree (m)

9SUQDIT suoWWo)) 2Aneax) a[qearjdde ayy £q pauraAos are sa[oNIR Y oSN JO SA[NI 10J AIRIQIT 2UI[UQ) AJ[TAY UO (SUONIPUOI-PUB-SULIAY/W0d K[1M"ATeIqIjaur[uoy/:sdny) suonipuoy) pue sua [, oyl 23S *[£707/40/ST] uo Areiqry auruQ A9[IA ‘PIeIJRYS JO ANsIoatun £q $000T €299/2001 0 1/10p/wod" Kajim Kreiqrjautjuo//:sdny wolj papeoumo( ‘+ ‘€70T ‘8SLLSHOT



MALIK ET AL.

60f12 WI LEY-ECOIOgy and Evolution

Open Access,

TABLE 2 Summary of analysis of variance tables of linear
models on effect of distance and density on growth increment
for conspecific seedlings at Parashorea malaanonan and Shorea
johorensis adult trees. Terms were tested sequentially.

Parashorea

malaanonan Shorea johorensis

df  F(p-value) df F(p-value)
Log height
Tree 9 2.831(.005)* 9  2.916(.004)**
Distance 1 0.031(.860) 1 0.904(.344)
Density 1 4.679 (.033)* 1 4.970(028)*
Mix.mono 1 0.188 (.665) 1 0.685(.409)
Distance * Density 1 0.156 (.694) 1 0.334 (.565)
Distance * Mixed/ 1 0.025 (.875) 1 0.690(.408)

Monoculture

Density * Mixed/ 1 0.220 (.640) 1 0.525(471)
Monoculture

Log diameter

Tree 9 2.833(.005)** 9 1.976 (.049)*

Distance 1 0.145 (.705) 1 7.013 (.009)**

Density 1 1.519 (.221) 1 10.724 (.001)**

Mixed/Monoculture 1 5.438 (.022)* 1 1.688(.197)

Distance * Density 1 0.163(.688) 1 4.304 (.041)*

Distance * Mixed/ 1 0.559 (.456) 1 0.216(.643)
Monoculture

Density * Mixed/ 1 3.988 (.048)* 1 0.159 (.691)

Monoculture

Log number of leaves

Tree 9 1.563(.136) 9 8.429
(2.542e-09)
Distance 1 0.791 (.376) 1 0.050(.824)
Density 1 0.271 (.604) 1 1.354(.247)
Mixed/Monoculture 1 2.547 (.114) 1 0.259 (.611)
Distance * Density 1 0.005 (.947) 1 0.035(.852)
Distance * Mixed/ 1 0.023(.880) 1 3.172(.078)
Monoculture
Density * Mixed/ 1 1.501 (.223) 1 0.843(.361)

Monoculture

Note: Values in the bracket is p-value.
*Significant level at p<.05.; **Significant level at p<.01.

3.3 | Effects of distance and density on herbivory

There was a consistent decline in herbivory with distance from
parents of both species, as well as evidence for impacts of density
as well (Table 3). In the low-density treatment, herbivory rates of
P. malaanonan seedlings and S. johorensis decreased with distance
from adult P. malaanonan trees (Figure 4) (Fi, 103=5-675,p=.019). A
significant interaction was observed between distance and density
variables (FL 103=2.165, p=.003), with a negative effect of distance
in the low density, but not the high-density treatment (Figure 4a,b).

Around S. johorensis adult trees, there was a significant effect
of distance on herbivory rate on S. johorensis seedlings indicat-
ing that herbivory rates decreased with distance from adult trees
(FL 102=6.363, p=.013). The herbivory rate of S. johorensis seed-
lings was negatively affected by seedling density as low density
exhibited high herbivory rates compared to high-density plots
(Fl, 102=7-969, p=.006). Furthermore, mixture and monoculture
planting treatment also had a highly significant effect on herbivory
rates in S. johorensis seedlings (Figure 4c,d, F1. 102=9.038, p=.003)
(see Table 3).

3.4 | Effects of distance from parents and density
on herbivory of new leaves

There was no significant effect of distance and density on pro-
duction of new leaves in seedlings of either. We also found no
significant effects of distance and density on leaf herbivory in P.
malaanonan seedlings. However, there was a significant positive ef-
fect of distance on herbivory of new leaves in S. johorensis seedlings
(F1, 108=5.990, p=.016). Effects of distance on herbivory varies sig-
nificantly between density treatment. Thus, there was a significant
interaction between distance and density (FL 108=4.547, p=.035)
(see Table 4).

4 | DISCUSSION

Understanding distance and density-dependence in plant commu-
nities is essential for understanding species diversity in tropical for-
ests (Liu et al., 2012; Schupp & Jordano, 2011). Our study revealed
that the two species exhibited contrasting effects of distance and
density-dependence, compared with the predictions of the Janzen-
Connell hypothesis. We showed that survival of seedlings located
near the adult trees was reduced for P. malaanonan indicating
distance dependence occurs, but density dependence does not.
Distance and density dependence were not detected in S. johoren-
sis seedlings. However, we found that in both species, high den-
sities of conspecific seedlings decreased the growth of seedlings.
Moreover, herbivory rates on conspecific seedlings of both species
decreased with distance. In addition, our study demonstrated that
leaf herbivory for new leaves varies with the distance from the focal

adult tree.

4.1 | Effect of distance and density on survival

The effect of distance on survival was stronger for conspecific
seedlings than heterospecific seedlings around P. malaanonan adult
trees, while there was no effect of density on conspecific seed-
lings. For density-dependence to promote species coexistence,
conspecific seedling must be affected more than heterospecif-
ics (Hille Ris Lambers et al., 2002). Our finding is supported by
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FIGURE 3 Effects of distance and
density on diameter increment of
conspecific seedlings from adult P.
malaanonan (a, b) and S. johorensis (c, d)
trees with monoculture (a, c) or mixture (b,
d) planting treatment. Error bars represent
standard error of the mean.

FIGURE 4 Effects of distance and
density on herbivory rates of conspecific
seedlings from adult P. malaanonan

(a, b) and S. johorenisis (c, d) trees with
monoculture (a, ¢) or mixture (b, d)
planting treatment. Error bars represent
standard error of the mean.

Bagchi, Swinfield, et al. (2010); Bagchi, Press, and Scholes (2010)
who found that survival of naturally occurring P. malaanonan seed-

lings suffered greater reductions near conspecific adult trees than

heterospecifics.
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However, we found contrasting results for conspecific seedlings
around S. johorensis conspecific adult trees. In this case the survival
of conspecific seedlings is unaffected by either distance or density.
Connell (1971) and Janzen (1970) emphasized that natural enemies
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Parashorea malaanonan

Shorea johorensis

TABLE 3 Summary of analysis of
variance tables of linear models on effect

df F (p-value) df
Tree 9 2.542 (.011)* 9
Distance 1 5.675 (.019)* 1
Density 1 0.759 (.386) 1
Mixed/Monoculture 1 1.293(.258) 1
Distance * Density 1 9.165 (.003)** 1
Distance * Mixed/ 1 1.759 (.188) 1

Monoculture

Density * Mixed/Monoculture 1 0.025 (.875) 1

Note: Values in the bracket is p-value.
*Significant level at p <.05.; **Significant level at p<.01.

TABLE 4 Summary of analysis of variance tables of linear models
on effect of distance and density on leaf recruitment and herbivory
damage of conspecific seedlings at Parashorea malaanonan and
Shorea johorensis adult trees. Terms were tested sequentially.

Parashorea
malaanonan Shorea johorensis
df  F(p-value) df  F(p-value)
Log Number of new leaves
Tree 9 1.185(.314) 9 1.230(.285)
Distance 1 0.004 (.947) 1 0.345 (.558)
Density 1 1.945 (.166) 1 1.478 (.227)
Mixed/Monoculture 1 1.877 (.174) 1 0.083(.774)
Distance * Density 1 0.366 (.547) 1 2.633(.108)
Distance * Mixed/ 1 0.001 (.976) 1 0.011 (.916)
Monoculture
Density * Mixed/ 1 0.433(.512) 1 0.113(.738)
Monoculture
Herbivory of new leaves
Tree 9 4713 9 3.282(.073)
(3.572e-05)
Distance 1 0.243 (.624) 1 5.990 (.016)*
Density 1 2.177 (.143) 1 1.949 (.166)
Mixed/Monoculture 1 0.379 (.539) 1 0.229 (.633)
Distance * Density 1 0.290(.591) 1 4.547 (.035)*
Distance * Mixed/ 1 2.122(.149) 1 0.031 (.860)
Monoculture
Density * Mixed/ 1 3.932(.050) 1 1.334(.251)

Monoculture

Note: Values in the bracket is p-value.
*Significant level at p <.05.

must be host specific to generate distance and density dependence
to favor heterospecifics. Generalist natural enemies attack wide
variety of hosts that could influence the survival of conspecific
seedlings at S. johorensis adult trees: if the enemies of S. johorensis
are generalist, then this would weaken density and distance depen-
dence. Another possibility is that density-dependence may occur at

of distance and density on herbivory rates
of conspecific seedlings at Parashorea
malaanonan and Shorea johorensis adult
trees. Terms were tested sequentially.

F (p-value)

2.275(.023)*
6.363 (.013)*
7.969 (.006)**
9.038 (.003)**
1.762 (.187)
1.031(.312)

1.012(.317)

earlier life-history stages (see below). Recent meta-analysis by Song
et al. (2021) showed that there is large variation of distance—and
density-dependent mortality within genera even if the species are

from same family.

4.2 | Effect of distance and density on growth

We observed that the negative effect of density on height incre-
ment in both P. malaanonan seedlings and S. johorensis seedlings was
stronger in high-density treatments compared to low densities. A
study by Linkevicius et al. (2014) demonstrated that intense com-
petition can lead to negative effects on height increment in high-
density treatment plots. Such results suggest that when seedlings
occur at high densities, intraspecific resource competition and
microbe-mediated processes in soils can affect the growth of the
seedling, resulting in negative density-dependent processes.

We found that diameter increments of S. johorensis seedlings are
highly affected by distance and density. Stoll and Newbery (2005)
found that conspecifics seedlings and small trees show decreased
growth close to adult conspecific trees in dipterocarps. It is possi-
ble that adult trees may take phosphorus from conspecific seed-
lings that occur near to them via the root system. Several studies
have suggested that ectomycorrhizal fungi found in the root system
would increase phosphorus uptake from nearby nutrient sources
and transfer to their host plants (Brearley, 2012; Perez-Moreno &
Read, 2000; Tibbett & Sanders, 2002).

4.3 | Effect of distance and density on herbivory
Results from our experiment revealed that there is effect of distance
and density on herbivory rate in conspecific seedlings. Distance-
dependent herbivory rates on conspecific seedlings were observed.
However, no evidence of density dependence was found as her-
bivory rates in low-density plots are higher than high-density plots.
It is possible because leaf herbivores are satiated with high densities
of seedlings (Aide, 1992; Crawley & Long, 1995).
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4.4 | Lack of density dependent mortality

In this study, we failed to detect density dependence in either spe-
cies at seedling stage. Several factors may have contributed to these
results. First, it could be that the density range used in this study could
have been too limited, with only 12 seedlings in the high-density 1
m? plots. Impacts of density could be more likely to be detected with
a larger range of density manipulations. For instance, Watkinson and
Harper (1978) demonstrated that negatively density-dependent rela-
tionship was observed in density of greater than 100 flowering plants
per 0.25m?. Secondly, density dependence may not have been de-
tected in seedlings of the age that we used in this study. Different life
stages such as seed-seedling transition and young seedlings could per-
haps experience stronger density dependence because they may be
more vulnerable. Several studies found that strong density-dependent
effects in very young seedlings and seed-seedling transitions in tropi-
cal species (Freckleton & Lewis, 2006; Silva Matos et al., 1999).

Cannon et al. (2020) similarly reported weak evidence for
density-dependence in a suite of Bornean rainforest trees. Webb
and Peart (1999) found evidence for local density-dependence in the
survival of only five of 15 species they tested. Both of these studies
found limited evidence of an impact of fungal pathogens in generat-
ing mortality or density-dependence, in contrast with many studies
from the neotropics that have found such effects.

4.5 | Further directions

The Janzen-Connell hypothesis suggests that natural enemies
such as insect herbivores and pathogens must be host specific.
Host specificity is required to drive Janzen-Connell mechanism in
plant communities (Ali & Agrawal, 2012; Clark & Clark, 1984). Dyer
et al. (2007) demonstrated that insect herbivores are more special-
ized in the tropics. However, recent studies found that tropical in-
sect herbivores are more general in their host preferences (Gilbert
& Webb, 2007; Novotny & Basset, 2005; Weiblen et al., 2006). In
our study, we did not test for the host specificity of natural enemies
which is an important element of the Janzen-Connell mechanism.
This could highlight the role of host specificity in maintaining for-
est diversity. Ghazoul (2016) highlighted that how pathogens may
be more critical than insects to maintain distance and density de-
pendence in dipterocarp forests. A recent study by Spear and
Broders (2021) showed that generalist pathogens contribute to
maintenance of forest diversity in tropical area. Thus, experimental
studies on density and distance dependence involving natural en-
emies host specificity on community level could highlight to what
extent that natural enemies can maintain forest diversity.

5 | CONCLUSION

Overall, distance and density-dependent effects vary for both spe-
cies tested in this study. Future studies could consider early life
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history stages (i.e., seed stage, seed-seedling transition, and young
seedlings) and whole-life cycle studies to detect distance and den-
sity dependence and their role in maintaining tropical forest diver-
sity. With greater exposure to natural enemies, impacts of distance
and density-dependent effects are more likely to increase.

AUTHOR CONTRIBUTIONS

Nazrin Malik: Conceptualization (equal); data curation (lead); formal
analysis (lead); funding acquisition (lead); investigation (lead); meth-
odology (lead); project administration (lead); visualization (equal);
writing - original draft (lead); writing - review and editing (equal).
Rob Freckleton: Conceptualization (supporting); data curation (sup-
porting); formal analysis (supporting); investigation (supporting);
methodology (supporting); project administration (supporting);
supervision (equal); validation (equal); writing - review and editing
(equal). David P Edwards: Conceptualization (supporting); investiga-
tion (supporting); project administration (supporting); supervision
(supporting); visualization (supporting); writing - review and editing
(supporting).

ACKNOWLEDGMENTS

We thank the Danum Valley Management Committee and the
Economic Planning Unit of the Prime Minister's Department and
Yayasan Sabah for permission to conduct this research at Danum
Valley, Sabah. We are grateful to Royal Society research assistants
especially Ahmad for help in planting of seedling and growth meas-
urements, and to Andrew Watkinson for comments on a previous

version.

FUNDING INFORMATION

None.

DATA AVAILABILITY STATEMENT

All data that support the findings of this study such as experimen-
tal datasets, analyses and supporting figures are available on Data
Dryad at https://doi.org/10.5061/dryad.9cnp5hqgp?.

ORCID
Nazrin Malik "= https://orcid.org/0000-0002-4558-800X
David Edwards "= https://orcid.org/0000-0001-8562-3853

Robert P. Freckleton "= https://orcid.org/0000-0002-8338-864X

REFERENCES

Adjers, G., Hadengganan, S., Kuusipalo, J., Nuryanto, K., & Vesa, L. (1995).
Enrichment planting of dipterocarps in logged-over secondary for-
ests: Effect of width, direction and maintenance method of plant-
ing line on selected Shorea species. Forest Ecology and Management,
73(1-3), 259-270.

Aide, T. M. (1992). Dry season leaf production: An escape from herbiv-
ory. Biotropica, 24(4), 532.

Ali, J. G., & Agrawal, A. A. (2012). Specialist versus generalist insect
herbivores and plant defense. Trends in Plant Science, 17(5),
293-302.

Appanah, S. (1993). Mass flowering of dipterocarp forests in the asea-
sonal tropics. Journal of Biosciences, 18(4), 457-474.

9SUQDIT suoWWo)) 2Aneax) a[qearjdde ayy £q pauraAos are sa[oNIR Y oSN JO SA[NI 10J AIRIQIT 2UI[UQ) AJ[TAY UO (SUONIPUOI-PUB-SULIAY/W0d K[1M"ATeIqIjaur[uoy/:sdny) suonipuoy) pue sua [, oyl 23S *[£707/40/ST] uo Areiqry auruQ A9[IA ‘PIeIJRYS JO ANsIoatun £q $000T €299/2001 0 1/10p/wod" Kajim Kreiqrjautjuo//:sdny wolj papeoumo( ‘+ ‘€70T ‘8SLLSHOT



MALIK ET AL.

10 of 12 .
Ecol Evol
WI LE Y-E¢°logy and Evolution

Ashton, P. S. (1988). Dipterocarp biology as a window to the under-
standing of tropical Forest structure. Annual Review of Ecology and
Systematics, 19, 347-370.

Ashton, P. S. (1982). Dipterocarpaceae. In C. G. G. J. Van Steenis (Ed.),
Flora malesiana, series 1, spermatophyta (Vol. 9, pp. 237-552).
Martinus Nijhoff Publishers.

Augspurger, C. K., & Kitajima, K. (1992). Experimental studies of seed-
ling recruitment from contrasting seed distributions. Ecology, 73(4),
1270-1284.

Bagchi, R., Gallery, R. E., Gripenberg, S., Gurr, S. J., Narayan, L., Addis,
C. E., Freckleton, R. P, & Lewis, O. T. (2014). Pathogens and insect
herbivores drive rainforest plant diversity and composition. Nature,
506(7486), 85-88.

Bagchi, R., Philipson, C. D., Slade, E. M., Hector, A., Phillips, S., Villanueva,
J. F, Lewis, O. T,, Lyal, C. H., Nilus, R., Madran, A., Scholes, J. D.,
& Press, M. C. (2011). Impacts of logging on density-dependent
predation of dipterocarp seeds in a south east Asian rainforest.
Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences, 366(1582), 3246-3255.

Bagchi, R., Press, M. C., & Scholes, J. D. (2010). Evolutionary history and
distance dependence control survival of dipterocarp seedlings.
Ecology Letters, 13(1), 51-59.

Bagchi, R., Swinfield, T., Gallery, R. E., Lewis, O. T., Gripenberg, S.,
Narayan, L., & Freckleton, R. P. (2010). Testing the Janzen-Connell
mechanism: Pathogens cause overcompensating density depen-
dence in a tropical tree. Ecology Letters, 13(10), 1262-1269.

Barot. (2004). Mechanisms promoting plant coexistence: Can all the pro-
posed processes be reconciled? Oikos, 106(1), 185-192.

Bebber, D. P., Brown, N. P., & Speight, M. R. (2004). Dipterocarp seed-
ling population dynamics in Bornean primary lowland forest during
the 1997-8 El Nifio-southern oscillation. Journal of Tropical Ecology,
20(1), 11-19.

Brearley, F. Q. (2012). Ectomycorrhizal associations of the
Dipterocarpaceae. Biotropica, 44(5), 637-648.

Brook, B. W., & Bradshaw, C. J. A. (2006). Strength of evidence for den-
sity dependence in abundance time series of 1198 species. Ecology,
87(6), 1445-1451.

Brown, C., Burslem, D. F. R. P., lllian, J. B, Bao, L., Brockelman, W., Cao,
M., Chang, L. W., Dattaraja, H. S., Davies, S., Gunatilleke, C. V.
S., Gunatilleke, I. A. U. N., Huang, J., Kassim, A. R., LaFrankie, J.
V., Lian, J., Lin, L., Ma, K., Mi, X., Nathalang, A,, ... Law, R. (2013).
Multispecies coexistence of trees in tropical forests: Spatial signals
of topographic niche differentiation increase with environmental
heterogeneity. Proceedings. Biological Sciences/the Royal Society,
280(1764), 20130502.

Brown, N. D., & Whitmore, T. C. (1992). Do dipterocarp seedlings re-
ally partition tropical rain forest gaps? Philosophical Transactions:
Biological Sciences, 335(1275), 369-378.

Cannon, P. G., Edwards, D. P., & Freckleton, R. P. (2021). Asking the
wrong question in explaining tropical diversity. Trends in Ecology &
Evolution, 36(6), 482-484.

Cannon, P. G., O'Brien, M. J,, Yusah, K. M., Edwards, D. P., & Freckleton,
R. P. (2020). Limited contributions of plant pathogens to density-
dependent seedling mortality of mast fruiting Bornean trees.
Ecology and Evolution, 10(23), 13154-13164.

Chapman, C. A., & Chapman, L. J. (1996). Frugivory and the fate of dis-
persed and non-dispersed seeds of six African tree species. Journal
of Tropical Ecology, 12(4), 491-504.

Chazdon, R. L.(2003). Tropical forest recovery: Legacies of human impact
and natural disturbances. Perspectives in Plant Ecology, Evolution and
Systematics, 6(1-2), 51-71.

Chesson, P. (2000). Mechanisms of maintenance of species diversity.
Annual Review of Ecology and Systematics, 31, 343-358.

Clark, D. A., & Clark, D. B. (1984). Spacing dynamics of a tropical rain
Forest tree: Evaluation of the Janzen-Connell model. The American
Naturalist, 124(6), 769-788.

Open Access,

Comita, L. S., Queenborough, S. A., Murphy, S. J., Eck, J. L., Xu, K,
Krishnadas, M., Beckman, N., Zhu, Y., & Gémez-Aparicio, L. (2014).
Testing predictions of the Janzen-Connell hypothesis: A meta-
analysis of experimental evidence for distance- and density-
dependent seed and seedling survival. Journal of Ecology, 102(4),
845-856.

Comita, L. S., & Stump, S. M. (2020). Natural enemies and the mainte-
nance of tropical tree diversity: Recent insights and implications
for the future of biodiversity in a changing World1. Annals of the
Missouri Botanical Garden, 105(3), 377-392.

Connell, J. H. (1971). On the role of natural enemies in preventing com-
petitive exclusion in some marine animals and in rain forest trees. In
P.J. P.J. & G. Gradwell (Eds.), Dynamics in populations (pp. 298-312).
Centre for Agricultural Publishing and Documentation..

Connell, J. H. (1978). Diversity in tropical rain forests and coral reefs
high diversity of trees and corals is maintained. Science, 199(4335),
1302-1310.

Crawley, M. J., & Long, C. R. (1995). Alternate bearing, predator satiation
and seedling recruitment in Quercus robur L. The Journal of Ecology,
83(4), 683.

Curran, L. M., & Leighton, M. (2000). Vertebrate responses to
Spatiotemporal variation in seed production of mast-fruiting
Dipterocarpaceae. Ecological Monographs, 70(1), 101-128.

Curran, L. M., & Webb, C. O.(2000). Experimental tests of the spatiotem-
poral scale of seed predation in mast-fruiting Dipterocarpaceae.
Ecological Monographs, 70(1), 129-148.

Dalling, J. W., Hubbell, S. P., & Silvera, K. (1998). Seed dispersal, seedling
establishment and gap partitioning among tropical pioneer trees.
Journal of Ecology, 86(4), 674-689.

Dyer, L. A., Singer, M. S,, Lill, J. T., Stireman, J. O., Gentry, G. L., Marquis,
R. J, Ricklefs, R. E., Greeney, H. F., Wagner, D. L., Morais, H. C., &
Diniz, I. R. (2007). Host specificity of lepidoptera in tropical and
temperate forests. Nature, 448(7154), 696-699.

Edwards, D. P., Magrach, A., Woodcock, P., Ji, Y., Lim, N. T. L., Edwards, F.
A., Larsen, T. H., Hsu, W. W.,, Benedick, S., Khen, C. V., Chung, A. Y.
C., Reynolds, G, Fisher, B., Laurance, W. F., Wilcove, D. S., Hamer,
K.C., & Yu, D. W. (2014). Selective-logging and oil palm: Multitaxon
impacts, biodiversity indicators, and trade-offs for conservation
planning. Ecological Applications, 24(8), 2029-2049.

Forget, P. (1992). Seed removal and seed fate in Gustavia su-
perba (Lecythidaceae). The Association for Tropical Biology and
Conservation, 24(3), 408-414.

Freckleton, R. P, & Lewis, O. T. (2006). Pathogens, density depen-
dence and the coexistence of tropical trees. Proceedings. Biological
Sciences / the Royal Society, 273(August), 2909-2916.

Fukue, Y., Kado, T, Lee, S. L., Ng, K. K. S., Muhammad, N., & Tsumura,
Y. (2007). Effects of flowering tree density on the mating system
and gene flow in Shorea leprosula (Dipterocarpaceae) in peninsular
Malaysia. Journal of Plant Research, 120, 413-420.

Gardner, T. A., Barlow, J., Chazdon, R., Ewers, R. M., Harvey, C. A,,
Peres, C. A., & Sodhi, N. S. (2009). Prospects for tropical forest
biodiversity in a human-modified world. Ecology Letters, 12(6),
561-582.

Ghazoul, J. (2016). Dipterocarp biology, ecology, and conservation. Oxford
University Press.

Gilbert, G. S. (2005). Dimensions of plant disease in tropical forests.
In D. F. R. P. Burslem, M. A. Pinard, & S. E. Hartley (Eds.), Biotic
Interactions in the Tropics: Their Role in the Maintenance of Species
Diversity, (Gause 1934) (pp. 141-164). Cambridge University Press.

Gilbert, G.S.,&Webb, C. O.(2007). Phylogenetic signal in plant pathogen-
host range. Proceedings of the National Academy of Sciences, 104(12),
4979-4983.

Gunatilleke, C. V. S., Gunatilleke, I. A. U. N., Esufali, S., Harms, K. E.,
Ashton, P. M. S., Burslem, D. F., & Ashton, P. S. (2006). Species-
habitat associations in a Sri Lankan dipterocarp forest. Journal of
Tropical Ecology, 22(4), 371-384.

9SUQDIT suoWWo)) 2Aneax) a[qearjdde ayy £q pauraAos are sa[oNIR Y oSN JO SA[NI 10J AIRIQIT 2UI[UQ) AJ[TAY UO (SUONIPUOI-PUB-SULIAY/W0d K[1M"ATeIqIjaur[uoy/:sdny) suonipuoy) pue sua [, oyl 23S *[£707/40/ST] uo Areiqry auruQ A9[IA ‘PIeIJRYS JO ANsIoatun £q $000T €299/2001 0 1/10p/wod" Kajim Kreiqrjautjuo//:sdny wolj papeoumo( ‘+ ‘€70T ‘8SLLSHOT



MALIK ET AL.

Haase, D.L.(2008). Understanding forest seedling quality: Measurements
and interpretation. Tree Planters' Notes, 52(2), 24-30.

Hardin, G. (1960). The competitive exclusion principle. Science, 131,
1292-1297.

Hart, T. B. (1995). Seed, seedling and sub-canopy survival in monodomi-
nant and mixed forests of the lturi Forest, Africa. Journal of Tropical
Ecology, 11(3), 443-459.

Hille Ris Lambers, J., Clark, J. S., & Beckage, B. (2002). Density-dependent
mortality and the latitudinal gradient in species diversity. Nature,
417(6890), 732-735.

Hulsmann, L., Chisholm, R. A., & Hartig, F. (2021). Is variation in conspe-
cific negative density dependence driving tree diversity patterns at
large scales? Trends in Ecology & Evolution, 36(2), 151-163.

Hubbell, S. P. (2001). The unified neutral theory of biodiversity and biogeog-
raphy. Princeton Univ. Press.

Hutchinson. (1961). Paradox of the plankton. The American Naturalist,
95(882), 137-145.

Janzen, D. H. (1970). Herbivores and the number of tree species in tropi-
cal forests. The American Naturalist, 104(940), 501-528.

Jia,S.,Wang, X., Yuan, Z,, Lin, F., Ye, J., Lin, G., Hao, Z., & Bagchi, R. (2020).
Tree species traits affect which natural enemies drive the Janzen-
Connell effect in a temperate forest. Nature Communications, 11(1),
286.

Kraft, N. J., Valencia, R., & Ackerly, D. D. (2008). Functional traits and
niche-based tree community assembly in an Amazonian forest.
Science, 322(5901), 580-582.

Krishnan, A., Osuri, A. M., & Krishnadas, M. (2022). Small mammals re-
duce distance dependence and increase seed predation risk in trop-
ical rainforest fragments. Biotropica, 54(6), 1428-1439.

Lemmon, P. E. (1956). A spherical densiometer for estimating forest over-
story density. Forest Science, 2(4), 314-320.

Levin, S. A. (1970). Principle. The American Naturalist, 104(939), 413-423.

Linkevicius, E. D. G. A. R. A. S., Kuliesis, A. N. D. R. I. U. S., Roehle, H.,
Schroeder, J., & Aleinikovas, M. (2014). The impact of competition
for growing space on diameter, basal area and height growth in pine
trees. Baltic Forestry, 20(2), 301-313.

Liu, X., Liang, M., Etienne, R. S., Wang, Y., Staehelin, C., & Yu, S. (2012).
Experimental evidence for a phylogenetic Janzen-Connell effect in
a subtropical forest. Ecology Letters, 15(2), 111-118.

Lyal, C. H. C., & Curran, L. M. (2000). Seed-feeding beetles of the weevil
tribe Mecysolobini (Insecta: Coleoptera: Curculionidae) developing
in seeds of trees in the Dipterocarpaceae. Journal of Natural History,
34,1743-1847.

Marsh, C. W., & Greer, A. G. (1992). Forest land-use in Sabah, Malaysia: An
introduction to Danum Valley. Philosophical Transactions of the Royal
Society of London. Series B: Biological Sciences, 335(1275), 331-339.

Massey, F. P, Massey, K., Press, M. C., & Hartley, S. E. (2006).
Neighbourhood composition determines growth, architecture and
herbivory in tropical rain forest tree seedlings. Journal of Ecology,
94(3), 646-655.

Matthesius, A., Chapman, H., & Kelly, D. (2011). Testing for Janzen-
Connell effects in a west African montane Forest. Biotropica, 43(1),
77-83.

Norghauer, J. M., Malcolm, J. R., Zimmerman, B. L., & Felfili, J. M.
(2006). An experimental test of density- and distant-dependent
recruitment of mahogany (Swietenia macrophylla) in southeastern
Amazonia. Oecologia, 148(3), 437-446.

Novotny, V., & Basset, Y. (2005). Host specificity of insect herbivores
in tropical forests. Proceedings. Biological Sciences/the Royal Society,
272(1568), 1083-1090.

Packer, A., & Clay, K. (2000). Soil pathogens and spatial patterns of seed-
ling mortality in a temperate tree. Nature, 404(6775), 278-281.

Paoli, G. D., Curran, L. M., & Zak, D. R. (2006). Soil nutrients and beta
diversity in the Bornean Dipterocarpaceae: Evidence for niche
partitioning by tropical rain forest trees. Journal of Ecology, 94(1),
157-170.

. 11 of 12
Ecology and Evolution _
o~ WI LEY-1

Peres, C. a., & Baider, C. (1997). Seed dispersal, spatial distribution
and population structure of Brazilnut trees (Bertholletia excelsa)
in southeastern Amazonia. Journal of Tropical Ecology, 13(4),
595-616.

Perez-Moreno, J., & Read, D. J. (2000). Mobilization and transfer of nu-
trients from litter to tree seedlings via the vegetative mycelium of
ectomycorrhizal plants. The New Phytologist, 145(2), 301-309.

Potts, M. D., Ashton, P. S., Kaufman, L. S., & Plotkin, J. B. (2002). Habitat
patterns in tropical rain forests: A comparison of 105 plots in
Northwest Borneo. Ecology, 83(10), 2782-2797.

R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Roberts, J. T., & Heithaus, E. R. (1986). Ants rearrange the vertebrate-
generated seed shadow of a neotropical fig tree. Ecology, 67(4),
1046-1051.

Sanchez-cordero, V., & Martinez-gallardo, R. (2010). Postdispersal fruit
and seed removal by forest-dwelling rodents in a lowland rainforest
in Mexico. Journal of Tropical Ecology, 14(2), 139-151.

Schoener, T. W. (1974). Resource partitioning in ecological communities.
Science, 185(4145), 27-39.

Schupp, E. W., & Jordano, P. (2011). The full path of Janzen-Connell
effects: Genetic tracking of seeds to adult plant recruitment.
Molecular Ecology, 20(19), 3953-3955.

Sedio, B. E., & Ostling, A. M. (2013). How specialised must natural en-
emies be to facilitate coexistence among plants? Ecology Letters,
16(8), 995-1003.

Silva Matos, D. M, Freckleton, R. P., & Watkinson, A. R. (1999). The role
of density dependence in the population dynamics of a tropical
palm. Ecology, 80(8), 2635-2650.

Smits, W. (1994). Dipterocarpaceae: Mycorrhizae and regeneration. http://
www.cabdirect.org/abstracts/19946797862.html

Soepadmo, E., Saw, L. G., & Chung, R. C. K. (2004). Tree flora of Sabah and
Sarawak: Volume 5. Sabah Forestry Department, Forest Research
Institute Malaysia (FRIM), Sarawak Forestry Department.

Song, X., & Corlett, R. T. (2021). Enemies mediate distance-and density-
dependent mortality of tree seeds and seedlings: A meta-analysis
of fungicide, insecticide and exclosure studies. Proceedings of the
Royal Society B, 288(1943), 20202352.

Song, X., Lim, J. Y., Yang, J., & Luskin, M. S. (2021). When do Janzen-
Connell effects matter? A phylogenetic meta-analysis of conspe-
cific negative distance and density dependence experiments.
Ecology Letters, 24(3), 608-620.

Spear, E. R., & Broders, K. D. (2021). Host-generalist fungal pathogens
of seedlings may maintain forest diversity via host-specific impacts
and differential susceptibility among tree species. New Phytologist,
231(1), 460-474.

Steege, H., Pitman, N. C. A, Killeen, T. J., Laurance, W. F., Peres, C.
A., Guevara, J. E., Salomao, R. P, Castilho, C. V., Amaral, I. L., de
Almeida Matos, F. D., de Souza Coelho, L., Magnuss, W. E., Phillips,
O. L., de Andrade Lima Filho, D., de Jesus Veiga Carim, M., Irume,
M. V., Martins, M. P., Molino, J.-F., Sabatier, D., ... Gamarra, L. V.
(2015). Supplementary Materials for Estimating the global conser-
vation status of more than 15,000 Amazonian tree species. Science
Advances, 1(10), 9-11.

Stevenson, P. R,, Link, A., & Ramirez, B. H. (2005). Frugivory and seed
fate in Bursera inversa (Burseraceae) at Tinigua Park, Colombia:
Implications for primate conservation. Biotropica, 37(3), 431-438.

Stoll, P., & Newbery, D. M. (2005). Evidence of species-specific neigh-
borhood effects in the dipteracarpaceae of a Bornean rain forest.
Ecology, 86(11), 3048-3062.

Stotz, H. U., Pittendrigh, B. R., Kroymann, J.., Weniger, K., Fritsche, J.,
Bauke, A., & Mitchell-Olds, T. (2000). Induced plant defense re-
sponses against chewing insects. Ethylene signaling reduces re-
sistance of Arabidopsis against Egyptian cotton worm but not dia-
mondback moth. Plant Physiology, 124(3), 1007-1018.

9SUQDIT suoWWo)) 2Aneax) a[qearjdde ayy £q pauraAos are sa[oNIR Y oSN JO SA[NI 10J AIRIQIT 2UI[UQ) AJ[TAY UO (SUONIPUOI-PUB-SULIAY/W0d K[1M"ATeIqIjaur[uoy/:sdny) suonipuoy) pue sua [, oyl 23S *[£707/40/ST] uo Areiqry auruQ A9[IA ‘PIeIJRYS JO ANsIoatun £q $000T €299/2001 0 1/10p/wod" Kajim Kreiqrjautjuo//:sdny wolj papeoumo( ‘+ ‘€70T ‘8SLLSHOT



MALIK ET AL.

12 of 12 .
Ecol Evol
WI LE Y-E¢°logy and Evolution

Swamy, V., & Terborgh, J. W. (2010). Distance-responsive natural ene-
mies strongly influence seedling establishment patterns of multi-
ple species in an Amazonian rain forest. Journal of Ecology, 98(5),
1096-1107.

Takeuchi, Y., & Nakashizuka, T. (2007). Effect of distance and density on
seed/seedling fate of two dipterocarp species. Forest Ecology and
Management, 247(1-3), 167-174.

Terborgh, J., Losos, E., Riley, M. P., & Riley, M. B. (1993). Predation by ver-
tebrates and invertebrates on the seeds of five canopy tree species
of an Amazonian forest. Vegetatio, 107-108(1), 375-386.

Terborgh, J. W. (2012). Enemies maintain hyperdiverse tropical forests.
The American Naturalist, 179(3), 303-314.

Tibbett, M., & Sanders, F. (2002). Ectomycorrhizal symbiosis can en-
hance plant nutrition through improved access to discrete organic
nutrient patches of high resource quality. Annals of Botany, 89(6),
783-789.

Traveset, A. (1990). Post-dispersal predation of Acacia farnesiana seeds
by Stator vachelliae (Bruchidae) in Central America. Oecologia, 84(4),
506-512.

Viswanathan, A., Ghazoul, J., Lewis, O. T., Honwad, G., & Bagchi, R.
(2020). Effects of forest fragment area on interactions between
plants and their natural enemies: Consequences for plant diversity
at multiple spatial scales. Frontiers in Forests and Global Change, 2,
88.

Walsh, R. P. D., Bidin, K., Blake, W. H., Chappell, N. A., Clarke, M. A,,
Douglas, ., Ghazali, R., Sayer, A. M., Suhaimi, J., Tych, W., &
Annammala, K. V. (2011). Long-term responses of rainforest ero-
sional systems at different spatial scales to selective logging and
climatic change. Philosophical Transactions of the Royal Society B:
Biological Sciences, 366, 3340-3353.

Open Access,

Watkinson, A. R., & Harper, J. L. (1978). The demography of a sand dune
annual: Vulpia fasciculata: 1. The natural regulation of populations.
The Journal of Ecology, 66, 15-33.

Webb, C., & Peart, D. R. (1999). Seedling density dependence promotes
coexistence of Bornean rain forest trees. Ecology, 80(6), 2006-2017.

Weiblen, G. D., Webb, C. O., Novotny, V., Basset, Y., & Miller, S. E. (2006).
Phylogenetic dispersion of host use in a tropical insect herbivore
community. Ecology, 87(7), S62-S75.

Whitmore, T. C. (1984). A vegetation map of Malesia at scale 1:5 million.
Journal of Biogeography, 11(6), 461-471.

Wright, J. S. (2002). Plant diversity in tropical forests: A review of mech-
anisms of species coexistence. Oecologia, 130(1), 1-14.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Malik, N., Edwards, D., & Freckleton,
R. P. (2023). Distance and density dependence in two native
Bornean dipterocarp species. Ecology and Evolution, 13,
€10004. https://doi.org/10.1002/ece3.10004

9SUQDIT suoWWo)) 2Aneax) a[qearjdde ayy £q pauraAos are sa[oNIR Y oSN JO SA[NI 10J AIRIQIT 2UI[UQ) AJ[TAY UO (SUONIPUOI-PUB-SULIAY/W0d K[1M"ATeIqIjaur[uoy/:sdny) suonipuoy) pue sua [, oyl 23S *[£707/40/ST] uo Areiqry auruQ A9[IA ‘PIeIJRYS JO ANsIoatun £q $000T €299/2001 0 1/10p/wod" Kajim Kreiqrjautjuo//:sdny wolj papeoumo( ‘+ ‘€70T ‘8SLLSHOT



	Distance and density dependence in two native Bornean dipterocarp species
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study system
	2.2|Field experiment
	2.3|Measurements
	2.4|Statistical analyses

	3|RESULTS
	3.1|Effects of distance and density on survival of seedlings
	3.2|Effects of distance and density on growth of seedlings
	3.3|Effects of distance and density on herbivory
	3.4|Effects of distance from parents and density on herbivory of new leaves

	4|DISCUSSION
	4.1|Effect of distance and density on survival
	4.2|Effect of distance and density on growth
	4.3|Effect of distance and density on herbivory
	4.4|Lack of density dependent mortality
	4.5|Further directions

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	REFERENCES


