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ABSTRACT

The role of trait evolution in shaping the functional and ecological diversity of tropical forests remains poorly understood.
Analyses of trait variation as a function of evolutionary history and environmental variables should reveal the drivers of spe-
cies distributions, as well as generate insights valuable to conservation. Here, we focus on the Dipterocarpaceae, the key plant
family underpinning the hyperdiversity of South-East Asian tropical forest canopies and of major conservation concern due to
over-exploitation for timber, cultivation, and climate change. Our objectives are to (i) assess whether dipterocarp species traits
are phylogenetically conserved through a phylogenetic signal, indicating phylogenetic niche conservatism (PNC); (ii) determine
the drivers of dipterocarp species distribution; (iii) examine the relationship between morphological traits with habitat factors;
and (iv) assess the correlation between conservation status and phylogeny. We compiled a dataset of species-level plant traits
of the Dipterocarpaceae together with population-level ecological trends. We found substantial evidence of phylogenetic con-
servatism of plant traits in dipterocarp species, with a moderate to strong phylogenetic signal, and that the elevational gradient
shapes dipterocarp species distribution pan-tropically. Morphological traits including height and diameter show phylogenetically
dependent relationships with soil type, while shade tolerance traits are related to survival. We find that conservation status is
related to phylogeny and correlated with population trend status, suggesting that decreasing population trends correlated with
conservation status. Overall, our analyses show that functional traits and ecological trends of dipterocarp species are shaped by
the phylogenetic history. Our study highlights that conservation strategies require consideration of the consequences of these
relationships for long-term population changes.

1 | Introduction that drive diversity. Hypotheses such as the Janzen-Connell

mechanism (Janzen 1970; Connell 1971) and the neutral the-

Tropical forests are the most mega-diverse terrestrial eco-
systems globally (Poore 1991; Slik et al. 2015). Coexistence of
many species within the same community has led to the vast
floristic richness in tropical forests (Whitmore 1984; Poore
1991), with much work undertaken by ecologists to under-
stand and explain this variation. A great deal of this effort has
been expended in trying to understand the ecological factors

ory (Hubbell 2001) offer different perspectives on the factors
that drive diversity. Although there is growing support for
the Janzen-Connell mechanism (Swamy and Terborgh 2010;
Comita et al. 2014; Zhu et al. 2015), both theories are basically
ecological in nature (Hubbell 2001). Thus, they do not consider
the role of evolution or traits in shaping distributions or diversity
within tropical forests.
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At the pantropical scale, species adapt to contrasting environ-
ments through the evolution of their functional traits, and vari-
ation in these with environmental conditions is a fundamental
feature of biological diversity (Ackerly 2004). Pavoine and
Bonsall (2011) highlighted the need to assess the relationship
between evolutionary processes, species traits variances, and
species interaction with the environment to fully understand
the factors that drive variation in traits across different environ-
ments. Thus, in addition to understanding ecological diversity,
there is also a need to document and explain diversity in species
traits.

A key concept in understanding large-scale patterns in trait
variation is phylogenetic niche conservatism (PNC; Harvey
and Pagel 1991). As defined by Wiens and Graham (2005),
this is the tendency of closely related species with common
evolutionary history to share similar ecological, morpholog-
ical, physiological, and life-history traits. There are multiple
mechanisms and drivers of PNC, but essentially, it results
from physiological and ecological constraints on species that
limit them to a restricted set of ecological or environmental
niches (Harvey and Pagel 1991; Wiens and Graham 2005;
Cooper, Freckleton, and Jetz 2011). Consequently, whole taxa
can be limited to a similar subset of environments (Harvey
and Pagel 1991; Wiens and Graham 2005; Cooper, Freckleton,
and Jetz 2011). In the face of ongoing Anthropogenic threats
to biodiversity, this means that extinction is likely to be non-
randomly distributed with respect to phylogeny and thus it is
important to characterize PNC.

A suite of tests for PNC exist, which revolve around measur-
ing a phylogenetic signal in key traits (Blomberg, Garland,
and Ives 2003; Cooper, Freckleton, and Jetz 2011; Pavoine and
Bonsall 2011). These tests are based on phylogenetic compara-
tive methods (PCMs), which have been developed to measure
a phylogenetic signal in trait variance (Harvey and Pagel 1991;
Freckleton, Harvey, and Pagel 2002; Blomberg, Garland,
and Ives 2003; Fritz and Purvis 2010; Cooper, Thomas, and
FitzJohn 2016). Such approaches measure PNC by measur-
ing how trait variation is associated with phylogeny (Kreier
and Schneider 2006; Cooper, Freckleton, and Jetz 2011; Liu
et al. 2012, 2016) and can potentially address the prediction of
PNC that closely related species should share similar traits than
distantly related ones.

Although testing for a phylogenetic signal seems like a logical
approach to investigate PNC, there are potential pitfalls and
several studies have pointed that these methods can be limited
and are dependent on the assumptions made, as well as the ex-
istence of possible statistical biases (Freckleton 2009; Cooper,
Freckleton, and Jetz 2011; Losos 2011; Blomberg et al. 2012;
Cooper, Thomas, and FitzJohn 2016). It is important to recog-
nize at the outset that when modeling comparative data, several
different processes could yield the same outcome in the phyloge-
netic dispersion of traits (Revell et al. 2008). In modeling PNC,
it is necessary to specify the process by which it is believed PNC
may evolve, as well as to clearly specify ‘null’ alternatives. This
is because both phylogenetic signals, and the lack of them, could
conceivably both be the consequence or not of PNC depending
on the specific underlying process (Cooper, Freckleton, and
Jetz 2011).

We study the Dipterocarpaceae family, which globally comprises
695 species within 16 genera. Dipterocarp species are highly re-
garded for their timber market value, which has been a major
economic contributor to South-East Asian countries (Appanah
and Turnbull 1998). The distribution of the dipterocarps is
mainly limited to tropical and sub-tropical regions, in which
mean annual rainfall exceeds 1000 mm. The three dipterocarp
subfamilies occur in specific regions: Dipterocarpoideae in Asia,
Pakaraimoidae in South America, and Monotoideae in Africa
(Ghazoul 2016). A study by Bansal et al. (2022) highlights how
past environmental conditions, including climate and land
connectivity, shaped the distribution and diversification of dip-
terocarp species. For instance, changes in sea levels and the
configuration of landmasses over geological time scales played a
crucial role in this process.

There is evidence of environmental constraints on dipterocarp
distributions. A large number of species occur below 1000 m alti-
tude. For instance, high dipterocarp species richness is observed
in lowland rainforests with elevation up to 300 m in Peninsular
Malaysia, Thailand, Sumatra, and Borneo (Ashton 1982;
Ashton, Givnish, and Appanah 1988; Ghazoul 2016). Soil type
appears to have contributed to this distribution pattern: the rich-
est dipterocarp communities occur on the yellow sandy humult
soil regions compared to homogenous clay soil regions (Russo
et al. 2005; Katabuchi et al. 2012; Ghazoul 2016). An important
question is whether niche conservatism operates in limiting dip-
terocarp species adaptations to these environmental factors, and
whether any such evolutionary conservation might limit species
distributions.

Based on testing for the existence and strength of PNC, we in-
vestigated how plant traits vary among dipterocarps. Our objec-
tives were to (1) measure the phylogenetic signal in the plant
traits of all known dipterocarp species to assess the degree to
which PNC shapes trait distributions; (2) analyze how different
ecological adaptations were associated with species distribution;
(3) assess to which extent the morphological traits and species
performance correlated with habitat and soil type to understand
how traits are shaped by environmental factors; and (4) analyze
the correlation between conservation status and phylogeny in
the Dipterocarpaceae family to determine whether PNC contrib-
utes to extinction threats.

2 | Materials and Methods
2.1 | Study Group

We based our study on the Dipterocarpaceae. These are sub-
canopy, canopy, or emergent trees, with many species ex-
ceeding 50m in height (Ashton, Givnish, and Appanah 1988;
Ghazoul 2016). Their distribution encompasses tropical and
sub-tropical countries, where the mean annual rainfall gener-
ally exceeds 1000 mm, including Papua New Guinea, the South-
East Asian countries, China, India, Sri Lanka, Seychelles,
Madagascar, Angola, Equatorial Guinea, Gabon, Tanzania,
Zambia, Zaire, and Zimbabwe and Guyana shields (Ashton,
Givnish, and Appanah 1988; Appanah 1993; Ghazoul 2016).
According to Ashton (1982), Borneo has the greatest diver-
sity of Dipterocarpaceae. Owing to economic growth, these
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dipterocarp forests have been heavily degraded by logging and
shifting cultivation, plus converted into other land uses such as
rubber and oil palm plantations (Warren-Thomas, Dolman, and
Edwards 2015; Wilcove et al. 2013).

Approximately 695 speciesand 16 generahave been described that
belong to the Dipterocarpaceae (Christenhusz and Byng 2016).
The family has a pantropical distribution and is divided into
three subfamilies: Dipterocarpoideae (mainly South-East Asia),
Monotoideae (Africa and Madagascar), and Pakaraimoideae
(single species Pakaraimea dipterocarsaceae, endemic to the
Guyana Shields) (Ashton 1982, 1988; Ghazoul 2016). The source
of nomenclature for the dipterocarp species used in this study
was according to Symington (1974), Maguire et al. (1977),
Ashton (1977, 1982, and 1988), Kostermans (1978, 1981, 1982,
1983, and 1992), and Londono et al. (1995).

Characteristically, the Dipterocarpaceae are involved in mast-
fruiting events, with synchronous intermittent (often > 7years)
production of large seed crops (Janzen 1974; Appanah 1993;
Kelly and Sork 2002). Dipterocarps are pollinated by various in-
sects during general flowering, with most dipterocarps in low-
land forests being pollinated by bees, with beetles also playing
a role (Momose et al. 1998), and occasionally birds (Momose
et al. 1998; Sakai 2002).

2.2 | Data Collection

We compiled plant traits data for 544 dipterocarp species from
a range of resources (Table S1). These included (1) a literature
search in Google Scholar with search term ‘Dipterocarpaceae’
yielding 13,400 results; (2) key monographs by Symington (1974)
and Ghazoul (2016); and (3) internet plant databases (ITUCN Red
List), Forest Research Institute Malaysia (FRIM) website, Plant
Use.net, PROSEA—Plant Resources of SouthEast Asia (https://
prosea.protadu.org/). Data that we collected for each species are
(see Table S1 for details):

1. Taxonomy (sub-family, tribe, genus, section, and
sub-section).

2. Habitat—forest habitat inhabited by dipterocarp plants
(i.e., lowland forest, upper hill dipterocarp forest, and mon-
tane forest)

3. Geographic distribution: altitudinal data, estimated Extent
of Occurrence, and Area of Occupancy.

4. Habitat Soil Type: We recorded the soil type inhabited by
the plants.

5. Quantitative plant traits: We recorded plant height, diam-
eter at breast height (DBH), growth rate, leaf length, mean
seed weight per kilo, fruit length, fruit width, wing length,
dispersal, survival, and wood density.

6. Qualitative plant traits: We recorded shade tolerance,
chromosome number, flowering frequency, anthesis time,
flower size, flower reward, flower color, pollinator agents,
number of wings, seed dispersal agent, and wood type.

7. Threat and imperilment: We recorded conservation status
(using IUCN red list status), population trend (IUCN 2018),

habitat destruction, and percentage of habitat declined
[Forest Research Institute Malaysia (FRIM) database;
Maycock et al. 2012].

2.3 | Phylogenetic Tree

Bansal et al. (2022) employed phylogenetic methods to trace the
evolutionary history of dipterocarps. They used genetic data
(fossil pollen and molecular data), and, comparing it with fos-
sil pollen records, they aimed to reconstruct the lineage and di-
versification patterns of these trees. For our study, using the R
package “S. PhyloMaker”, we constructed a phylogenetic tree by
grafting dipterocarp genera and species included in this study
onto a backbone phylogenetic hypothesis (Qian and Jin 2016).
We used the PhytoPhylo mega-phylogeny as the backbone (Qian
and Jin 2016) and an updated and expanded version of Zanne
et al.'s species-level phylogeny (Zanne et al. 2014). Zanne et al.'s
phylogeny comprises about 30,771 seed plants and was time-
calibrated for all branches using seven gene regions available in
GenBank as well as fossil data. Moreover, PhytoPhylo includes
all families of extant seed plants (Qian and Zhang 2014) with 5
times more genera and over 55 times more species than the new-
est angiosperm supertrees (i.e., R20120829) (Qian and Jin 2016).

For genera and species that were not found or were missing from
the PhytoPhylo mega-phylogeny, we took three approaches: (1)
adding genera or species as polytomies within their families; (2)
randomly adding genera or species within their families or gen-
era; and (3) adding genera or species to their families or genera
with the same approach used in the online software Phylomatic
and BLADJ (Branch Length Adjuster). Using these three ap-
proaches, three phylogenies were generated at each level of reso-
lution such as family, genus, and species (see Appendix C2).

2.4 | Phylogenetic Niche Conservatism

As noted above, following Cooper, Freckleton, and Jetz (2011), it
is important to define PNC because multiple definitions are pos-
sible. Here, we consider that PNC occurs when closely related
species are similar through having inherited their niches from
ancestors; conversely, PNC is absent when species traits are evo-
lutionarily labile and there is no relationship between traits and

phylogeny.

To achieve Objective 1, we calculated a phylogenetic signal for
environmental factors and each plant trait in our study to mea-
sure the degree of phylogenetic conservatism across traits. We
used Pagel's 1 to identify phylogenetic dependence based on
prediction of the Brownian model of trait evolution (Pagel 1999;
Freckleton, Harvey, and Pagel 2002). This parameter varies be-
tween 0 and 1: 1=0 suggests no phylogenetic signal, and 1=1
suggests perfect phylogenetic dependence under the Brownian
motion model. We estimated A values for each trait by using the
pgls function from R package caper (Orme 2013).

For Objective 2, we assessed the drivers of geographic distribu-
tion of dipterocarp species by using elevational gradient data
and soil type as predictor variables and geographic extent and
extent of occurrence as response variables in the linear model.
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The A statistic was also used to control for phylogenetic signals
in the linear models (Freckleton, Harvey, and Pagel 2002).

For Objective 3, we determined the relationship between mor-
phological traits (e.g., height and DBH) and species performance
(i.e., growth and survival) as response variables with habitat soil
type and shade tolerance traits as predictor variables.

Finally, for Objective 4, we used conservation status as the
response variable and population trends and habitat destruc-
tion as predictor variables in the linear model to assess cor-
relation between conservation status and phylogeny in the
Dipterocarpaceae family, as well as to explore whether PNC con-
tributes to extinction threats. These linear models were fitted by
using the pgls function in caper package in R software.

3 | Results
3.1 | Phylogenetic Signal in Individual Traits

Lower and upper elevation limit showed phylogenetic depen-
dence, with values of 1 0.675 and 0.468, respectively (p <0.001
for tests of A =0, Table 1), indicating some degree of phylogenetic
conservatism in altitudinal preferences. The geographic range
of distribution in dipterocarp species showed weak phylogenetic
dependence with the A value of 0.048 (p <0.05 for A=1; Table 1).
However, no phylogenetic signal was observed in the estimated
area of occupancy (p ns for A=0; ns for 1=1).

Of the morphological traits, plant height, diameter at breast
height (DBH), flower size, flower reward, and shade tolerance
showed phylogenetic dependence with A values ranging from
0.41 to 0.831 (all p <0.001 for tests of 1=0; Table 1). Leaf length
and flower reward nectar traits were significantly conserved in
dipterocarp species with A values of 0.216 and 0.221, respectively
(p<0.05 in A=0; Table 1). Survival showed phylogenetic inde-
pendence (p ns for A=0; <0.001 for 1=1). Flowering frequency
in dipterocarp species showed phylogenetic dependence with 4
of 0.687 (p<0.001 in A=0; Table 1). For all genetic traits, there
was phylogenetic dependence in dipterocarp species with all
A value of 1 except for the outcrossing rate (p<0.001 in 1=0;
Table 1).

In terms of seed traits, both fruit length and wingless seed exhib-
ited phylogenetic dependence with A values of 0.500 and 0.505,
respectively (p<0.001 in A=0; Table 1). Seed weight showed
a phylogenetic signal with a high A value of 0.996 (p <0.001 in
A=0; Table 1). Functional wing length and fruit width had A of
0.167 and 0.383 (p, 0.05 for A=0). In addition, timber type and
wood densities showed phylogenetic dependence with 4 values
of 0.841 and 0.442, respectively (all p <0.001 in A=0; Table 1).

3.2 | Drivers of Geographic Distribution
The upper elevation limit showed significant association

with species distribution with weak phylogenetic dependence
(4=0.227, p<0.001 in 1=0; Table 2; Figure 1). In all models

TABLE 1 | Pagel's lambda value based on the dipterocarp
phylogenetic tree in a model for single trait only.

y~1
Trait (y) n s P(1=0) P(4=1)
Elevation
Lower elevation limit 523  0.675 o ok
(m)
Upper elevation limit 523  0.468 ok sk
(m)
Geographic distribution
Widespread/endemic 541  0.216 ok ok
Estimated extent of 172 0.048 * ik
occurrence
Estimated area of 11 0.000 ns ns
occupancy
Habitat Soil type
Soil type (Clay) 310 0.196 * sk
Soil type (Sandy) 310 0.263 o ek
Soil type (Loam) 310 0.456 ok ok
Soil type (Limestone) 310  0.000 ns ok
Morphological traits
Height 387  0.547 ok Ak
Diameter at breast 353 0.410 ok o
height
Growth rate 29  0.758 ns ns
Shade tolerance 241  0.732 ok ok
Leaf length (cm) 381 0.216 * otk
Flower size (mm) 392 0.831 ok ok
Flower reward 323 0.221 * o
(Nectar)
Flower reward 323 0.122 o ok
(Pollen)
Flower reward 323 0.047 ok ok
(Corolla)
Survival (%) 51  0.000 ns ok
Flowering event
Flowering frequency 543  0.687 ek ek
Anthesis (Day) 142 0 ns ok
Anthesis (Night) 142 1 ok ns
Genetic traits
Chromosome no. 544 1 o ns
(x=7)

(Continues)
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TABLE1 | (Continued)

y~1
Trait (y) n s P(1=0) P(=1)
Chromosome 544 1 ok ns
no.(x=10)
Chromosome 544 1 ok ns
no.(x=11)
Polyploidy 544 1 ok ns
Outcrossing rate 19 0 ns ok
Seed traits
Fruit length (mm) 282 0.500 ok ok
Fruit width (mm) 239  0.383 o ok
Seed weight (seed per 65  0.996 ok ns
kilo)
Wingless seed 543 0.505 ok ok
Functional wing=2 543 1 ok ns
Functional wing=3 543 1 ok ns
Functional wing=5 543 1 ok ns
Functional wing 111  0.167 x ok
length
Wing loading 25 0.000 ns *
Timber type and density
Wood type 484  0.841 R o
Wood densities 238  0.442 ok ok

Abbreviation: ns, not significant.
*p<0.05; **p <0.01; ***p <0.001.

for distribution versus elevational gradient, there were weak
phylogenetic signals with 4 values ranging from 0.202 to 0.227
(p<0.001 for both A=0 and A =1; Table 2). The upper elevation
limit exhibited a significant relationship with the estimated ex-
tent of species occurrence but showed no phylogenetic depen-
dence (p ns for 1=0; Table 2).

Of the variables measuring soil types, only the presence of
limestone showed a significant effect on species distribution
(Table 3), with a weak phylogenetic signal (1=0.275, p<0.001
in A=0; Table 3). There was a significant relationship between
limestone soil type and estimated extent of occurrence (Table 3),
but none of all these soil types showed phylogenetic dependence
(all p ns for 1=0; Table 3).

3.3 | Morphological Traits and Habitat Factors

Based on our results, clay soil type showed a significant rela-
tionship with tree height, although there was no association
of height with other soil types or shade tolerance (Table 4a),
with significant phylogenetic dependence (1=0.533, p<0.001;
Table 4a). Meanwhile, habitat soil type such as clay and sandy
exhibited significant association with tree diameter (Table 4b)
and mild phylogenetic dependence with A values of 0.450 and
0.427, respectively (p <0.001 in A=0; Table 4).

In all the models of growth versus soil types and shade tolerance,
there were no significant relationships (Table 4c). Furthermore,
no phylogenetic signals were observed in all growth versus soil
types and shade tolerance models, with 4 values not distinguish-
able from either 0 or 1. When survival was modeled against soil
types and shade tolerance, only shade tolerance traits showed
a statistically significant association with survival (Table 4d;
Figure 2). However, none of the models showed phylogenetic de-
pendence (all p ns for 1=0; Table 4d).

TABLE 2 | F and A values for phylogenetic linear models testing the relationships between (a) species distribution and elevational gradient; (b)

extent of occurrence and elevational gradient.

Elevational gradient (FP)

n Lower limit (Iwr) Upper limit (upr) A P(A=0) P(A=1)
(a) Geographic extent
Distribution~ lwr 519 0.073"s 0.207 ok ok
Distribution~ upr 519 6.423* 0.227 ok ok
Distribution ~ lwr +upr 518 0.080ms 10.268** 0.202 ok ok
(b) Extent of occurrence (EOO)
EOO~lwr 171 0.001"s 0.048 * ok
EOO~upr 171 9.516** 0.048 ns ek
EOO ~1wr + upr 170 0.001™ 11.529%** 0.044 ns ok
Abbreviation: ns, not significant.
*p<0.05; **p <0.01; ***p <0.001.
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FIGURE 1 | Relationship of the upper elevation limit of each dipterocarp genera between the geographic range. Total species—544, number

of species in each genera; vateriopsis—1; Pseudomonotes—1; Upuna—1; Hopea—113; Dryobalanops—8; Anisoptera—10; Dipterocarpus—=67;

Parashorea—14; Vatica—75; Cotylelobium—5; Shorea—192; Pakaraimaea—1; Neobalanocarpus—1; Vateria—3; Stemonoporus—26; Monotes—23;

Marquesia—3.

TABLE 3

of occurrence and habitat soil types.

| Fand A values for phylogenetic linear models testing the relationships between (a) species distribution and habitat soil types; (b) extent

Soil type (FP)

n Clay (c) Sandy (s) Loam (1) Limestone (Is) A P(A=0) P@Ai=1

(@) Geographic extent

Distribution ~ Clay 307 3.130™ 0.300 ok ok
Distribution ~ Sandy 307 1.005" 0.278 ok ok
Distribution ~ Loam 307 1.220" 0.282 ok ok
Distribution ~ Limestone 307 5.104* 0.275 ok ok
Distribution ~ c+s+1+1s 304 3.112m 0.059ms 0.883"s 4.375*% 0.288 ok ok
(b) Extent of occurrence (EOO)

EOO~Clay 110 0.195" 0.000 ns ok
EOO ~Sandy 110 0.016™¢ 0.000 ns ook
EOO~Loam 110 0.403"s 0.000 ns ok
EOO ~Limestone 110 20.227%** 0.052 ns ok
EOO~c+s+1+1s 107 0.304"s 0.006™ 0.591"s 21.003%** 0.066 ns ok

Abbreviation: ns, not significant.
*p<0.05; **p<0.01; ***p <0.001.
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3.4 | Conservation Status and Phylogeny

The species population trend exhibited a significant relation-
ship with conservation status (Table 5; Figure 3), with strong
evidence for phylogenetic dependence (1=0.536, p<0.001 in
A=0; Table 5; Figure 3). Furthermore, habitat destruction and
percentage of habitat decline also showed significant associa-
tion with conservation status but was not related to phylogeny
(both p ns for 1=0; Table 5; Figures 4 and 5).

4 | Discussion
4.1 | PNC in Dipterocarp Species Traits

Our results revealed that there were significant phylogenetic
signals in most of the plants traits we measured. This phyloge-
netic signal is consistent with PNC in these traits, defined as a
tendency of closely related species to exhibit similar trait values.
PNC in Dipterocarpaceae might be associated with a suite of
different evolutionary processes with implications for our un-
derstanding of biogeography and the future impacts of climate
change (Wiens and Graham 2005).

The phylogenetic associations of dipterocarps have been diffi-
cult to uncover. Reasons include hybridization between species
and interspecific heterogeneity in molecular and morphological
traits (Ashton 1988; Dayanandan et al. 1999; Gamage et al. 2006).
In the Shorea genus, for example, interspecific hybridization is
known in aseasonal rainforest in Malaysia and Indo-Burma
(Ashton 1982; Ishiyama et al. 2008; Kamiya et al. 2011). The
evolutionary history of this group is complex, but the existence
of a phylogenetic signal in a suite of traits indicates that despite
this complexity, some conservatism in traits exists. The obvious
question, therefore, is whether this impacts distributions or pop-
ulation status in terms of conservation or population trends.

4.2 | Environmental Adaptations and Species
Distribution

We found evidence that the upper elevation limits of diptero-
carp species are related to distribution (widespread species have
wider limits). Many dipterocarp species are restricted to low-
land forest, and species richness gradually decreases from above
~400m above sea level. For instance, dipterocarp species in
Sumatra, such as Shorea pauciflora, Shorea macroptera, Shorea
singkawang, and Anisoptera megistocarpa, are strictly limited
to elevations up to 200 m (Ghazoul 2016). To date, there is little
information on how elevational gradients have influenced plant
endemism (Kessler 2002). Our results showed that upper eleva-
tions limit species’ extent of occurrence, but this does not relate
to phylogeny. This suggests that limits on extent of occurrence
affect all species and do not affect different clades differentially.

Our analyses demonstrated that the soil types inhabited by spe-
cies are related to phylogeny, suggesting that dipterocarp clades
have undergone evolutionary adaptation to edaphic types. This
is supported by Ashton and Ashton (2014), who found that the
occurrence of dipterocarps in Borneo is related to particular
soil types. Tropical forest soils are heterogenous, and the most

TABLE 4 | F and A values for a phylogenetic linear model testing
the relationship between morphological traits on soil types and shade

tolerance.
n FP s P(A1=0) P(A=1)

(a) Height
Clay 289  6.697**  0.533 A A
Sandy 289  2.938%  0.516 otk otk
Loam 289  0.120"  0.543 ook otk
Limestone 289  0.024™  0.542 ok otk
Shade 171 0.416™  0.582 A A
tolerance
(b) Diameter at breast height (DBH)
Clay 273 5.072* 0.450 otk otk
Sandy 273 4.566* 0.427 ok ok
Loam 273 0.833" 0473 ok Ak
Limestone 273  0.627"%  0.470 ok R
Shade 162 0.136™  0.504 otk otk
tolerance
(¢) Growth
Clay 20  0.146™  0.392 ns ns
Sandy 20  0.715"  0.264 ns ns
Loam 20 0.001™  0.433 ns ns
Limestone 20 3.046™  0.858 ns ns
Shade 21 0.108™  0.490 ns ns
tolerance
(d) Survival
Clay 37 1.855"¢  0.000 ns R
Sandy 37 0.727"¢  0.000 ns R
Loam 37 1.018"  0.000 ns ok
Limestone 37 0.028"  0.000 ns ok
Shade 31 5.314*  0.000 ns ok
tolerance

Abbreviation: ns, not significant.
*p<0.05; **p<0.01; ***p <0.001.

common soil types in tropical forests are ultisols and oxisols,
which are highly weathered clay soils with low nutrient content
and pH value (Shamshuddin and Fauziah, 2010; Ghazoul 2016).
Only limestone soil type showed a significant relationship with
distribution and species extent of occurrence. This result may be
due to lack of soil type information in our data, although lime-
stone soils (alfisols) are rich in nutrients but are less common
(Potts et al. 2002; Ghazoul 2016). Several studies stated that the
role of symbiont mycorrhiza on the limestone area could affect
species distribution due to different assemblage of [ectomycor-
rhiza may be required on alkaline limestone soils as opposed to
other more acidic soil types (Johnson, Liu, and Burslem 2023;
Rineau and Garbaye 2009).
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FIGURE2 | Survival rate of 32 dipterocarp species based on their shade tolerance trait.
TABLE 5 | F and 4 values for phylogenetic linear models testing low nutrient content (Chazdon 2003; Palmiotto et al. 2004; Paoli,

the relationship between conservation status on population trend and
habitat destruction.

n FP A P(A=0) P@A=1)
Red list status
Population 397  75.287***  0.536 ok o
trend
Habitat 397  34.812%**  0.401 ns HEK
destruction
Percentage 397  8.984**  0.000 ns ok
of habitat
decline

Abbreviation: ns, not significant.
*p<0.05; **p <0.01; ***p <0.001.

4.3 | Morphological Traits, Habitats, and Life
History Strategies

Our results suggest that habitat soil types showed significant
relationships with tree height and diameter, particularly in clay
and sandy soil types. Soil plays a significant role in shaping dip-
terocarp forest communities and plant growth (Paoli, Curran,
and Zak 2006). Many tropical species especially dipterocarp
grow in highly weathered clay soils, which are acidic and have

Curran, and Zak 2006; Peay et al. 2010). However, the presence
of humus content and ectomycorrhizal fungi association in dip-
terocarp species contributed to tree height and diameter growth
by enhancing and retaining the nutrient uptake (Brearley, Press,
and Scholes 2003; Ducousso et al. 2004; Baillie et al. 2006; Paoli,
Curran, and Zak 2006; Tedersoo et al. 2007).

Our data showed that survival was associated with shade tol-
erance traits, but there was no imprint of phylogeny. Shade-
tolerant species show high survival, potentially for many years.
For instance, a long-term study by Delissio et al. (2002) found
that between 38% and 61% of seedlings of four shade-tolerant
dipterocarps (Cotylebium melanoxylon, Dipterocarpus globosus,
Dryobalanops beccarii, and Shorea beccariana) survived over
a decade in the understory. However, shade-tolerant diptero-
carp species unable to capitalize available light in canopy gap
as light-demanding and intermediate species. Shade-tolerant
species like most dipterocarp species thrive in low-light en-
vironments, using adaptations that allow them to efficiently
photosynthesize and grow slowly, while light-demanding
species require full sunlight to flourish, exhibiting traits that
maximize growth and photosynthesis in bright conditions
(Barker, Press, and Brown 1997; Widiyatno et al. 2020). These
differences highlight their distinct strategies for survival and
competition in various ecosystems. Our results emphasized
that the plant life-history strategies traits influence the species'
survival.
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4.4 | Conservation Status of Dipterocarp

Timber exploitation of dipterocarps, which have high commer-
cial value, is a major driver of their decline in tropical forests.
Furthermore, some dipterocarps like Dipterocarpus lamellatus
and Shorea blumutensis occur in small population sizes and
limited geographic distributions, suggesting that they could be
heavily affected by exploitation and habitat loss and thus threat-
ened by extinction (Yeong, Reynolds and Hill, 2016). Our find-
ings revealed that the population trend influenced conservation
status in dipterocarp species. This pattern was related to phylog-
eny, with the results showing a moderate phylogenetic signal.
This is supported by various studies that found extinction risk
is correlated with phylogeny (Purvis et al. 2005; Sjostrom and
Gross 2006; Willis et al. 2008; Fritz and Purvis 2010).

Understanding evolutionary history in deciding conserva-
tion priorities could maximize conservation of biodiver-
sity (Faith 1992; Faith, Reid, and Hunter 2004; Redding and
Mooers 2006). In our analysis, habitat destruction (i.e., logging,
urbanization, and agricultural plantation) and loss of extensive
habitat are major factors affecting the conservation status of dip-
terocarps. Due to their high value in the global timber trade and
rapid deforestation for oil palm and rubber, dipterocarp timbers
face threats from habitat destruction and timber exploitation.
For example, in Sabah, the projected percentage of habitat loss
was 21% for Shorea micans and 99.5% for Dipterocarpus lamel-
latus, suggesting that 32 of the 33 dipterocarp species studied

would have been classified as “Threatened” under ITUCN Red
List criteria (Maycock et al. 2012). Our findings highlighted the
conservation priorities of dipterocarp in the future for sustain-
able forest.

Dipterocarps, primarily native to Southeast Asia, are also
found in tropical regions of India and Africa, where they play
an important ecological and economic role. In India, species
like Shorea robusta are prominent in the Western Ghats and
northeastern forests, contributing to timber production, resin
harvesting, and biodiversity (Nandy, Ghosh, and Singh 2021;
Sahoo et al. 2024). These trees are vital for maintaining trop-
ical forest structure, stabilizing soils, and supporting wildlife.
However, over-exploitation of timber, logging, and habitat loss
due to deforestation pose significant threats to their survival in
the region. In Africa, while true Dipterocarps are less common,
genus like Marquesia and Monotes play a similar ecological
role in West and Central African rainforests, providing timber
and resin for local use, but are also at risk due to deforestation
(Meerts, Rougelot, and Sosef 2017).

Despite their different geographical distributions, dipterocarps
in both regions are essential for forest ecosystems, contributing
to nutrient cycling and forest canopy structure. In India, the
economic value of dipterocarps is more significant due to the
scale of timber industries and resin collection, while in Africa,
these species are less commercially exploited but still vital for
local communities (Ghazoul 2016). Conservation concerns in
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both regions arise from habitat destruction, illegal logging, and
agricultural expansion, which threaten these trees. Efforts to
protect dipterocarp forests are crucial to maintaining the biodi-
versity and ecological services they provide.

5 | Conclusion

We found substantial evidence of phylogenetic conservatism
of plant traits in dipterocarp species, with a moderate phylo-
genetic signal in our results. Our findings showed that eleva-
tional gradients are involved in shaping dipterocarp species
distribution across the range of the group. Morphological traits
such as height and diameter show phylogenetically depen-
dent relationship with the habitat soil types. This study high-
lighted the significance of plant traits analysis and revealed
the association between plant traits and environmental factors
pan-tropically. However, taxonomy of dipterocarps remains
challenging at some levels. One limitation in this study is that
there was no complete phylogeny for all 544 dipterocarp spe-
cies. Notwithstanding that, phylogenetic analysis seems to be a
powerful tool to highlight conservation priorities in dipterocarp
biodiversity, since phylogenies provide an additional measure
of biodiversity that complements species richness. Considering
evolutionary distinctiveness should play a role in prioritizing
species for conservation.
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