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ABSTRACT

Southeast Asian savannas are some of the least studied ecosystems, with understanding of their function and resilience lim-
ited by a lack of understanding of grass species richness and composition. Since savannas are characterized by their grassy
ground layer, we conducted field surveys in Thailand and Cambodia to assess grass community composition under different
dominant tree genera. We conducted field surveys in four savanna ecosystems characterized by (i) Dipterocarpus, (ii) Pinus,
(iii) Pterocarpus, and (iv) Shorea tree genera. In each, we recorded grass species composition and richness. We assessed differ-
ences in composition using PERMANOVA, patterns of grass species discovery using species accumulation curves, and common
species with relative frequency distributions. In total, we recorded 160 unique grass species. These savannas support distinct
grassy assemblages, with diverse patterns of species accumulation, richness, and overlap. Common grasses were frequently
shared between ecosystems. Grass assemblages were functionally similar, comprising mostly C4 perennial species. Across the
ecosystems, grass communities were mostly composed of tribe Andropogoneae, although we recorded common fire-adapted C3
grasses including Vietnamosasa ciliata (A. Camus) T.Q. Nguyen and Vietnamosasa pusilla (A. Chev. & A. Camus) T.Q. Nguyen.
The savanna ecosystems of Thailand and Cambodia are characterized by Dipterocarpus, Pinus, Pterocarpus, and Shorea tree
species, which support distinct grass assemblages. Diversity varies across savanna landscapes, with the highest grass species
diversity found in the Dipterocarpus and Shorea savannas. Increased sampling is necessary to fully characterize the grass flora
of Southeast Asian savannas and their responses to environment.
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1 | Introduction

The savannas of Southeast Asia are some of the most poorly
known in the world and are threatened by conversion to ag-
riculture, afforestation schemes (Joshi et al. 2018; Kumar
et al. 2020) and accelerating climate change (Ratnam
et al. 2016). These threats are exacerbated by the legacy of co-
lonial perceptions of savannas as degraded forests (Ratnam
et al. 2011). Savannas, which are maintained by fire (Bond
and Keeley 2005) and/or herbivory (Staver et al. 2021), feature
a more or less continuous grass cover (Bond and Parr 2010)
and support tree cover from 0% to closed canopy formations
(Archibald, Bond, et al. 2019; Archibald, Hempson, and
Lehmann 2019), and are a dominant vegetation formation
across mainland Southeast Asia (Mistry 2000). However, bo-
tanical research in Asian savannas has been limited, with
even basic floristic surveys few in number and scope, and
especially lacking in countries such as Laos and Cambodia,
and Indonesian islands including the Lesser Sunda Islands
(Middleton et al. 2019; Mistry 2000; Stott 1984, 1990).

Asian savannas support the livelihoods of millions of people,
with many ecosystem services partially to fully dependent on
the herbaceous layer (Mistry 2000). Such contributions include
wallowing and grazing for livestock (BirdLife International
Cambodia Programme 2012), watershed protection (Nguyen
and Baker 2016), habitat for herbivores and birds (Rawat and
Adhikari 2015; Sankaran 2009), and carbon sequestration
(Kumar et al. 2021). While studies on Asian savanna systems
have increased in recent years, these primarily focused on
the tree component (e.g., Gopalakrishna et al. 2024; Nguyen
et al. 2019; Nguyen and Baker 2016; Pletcher et al. 2022;
Schwartz et al. 2025, but see Khaing et al. 2019; Sutomo
et al. 2020; Sutomo and van Etten 2021) and understanding
of their composition, function, and resilience remains limited,
hampered by a lack of understanding of ground layer richness
and diversity.

Asian savannas are distributed across a wide range of mean
annual rainfall from 700 mm to 3200 mm (Ratnam et al. 2016),
higher rainfall than savannas on other continents (Archibald,

Bond, et al. 2019; Lehmann et al. 2011). These savannas are
generally characterized by their dominant tree floras, such as
the lontar savanna in Indonesia, named after the lontar palm
(Borassus flabellifer) (Kurniawan and Yuniati 2015). Savannas
in Asia can be separated into broad ecological categories
such as deciduous, which in some areas includes the mis-
classified Deciduous Dipterocarp Forest (DDF) (Tornorsam
et al. 2024) and spiny savanna (Ratnam et al. 2016), and co-
niferous, including pine savanna which is often interspersed
with DDF. In Thailand and Cambodia, we focused on three
classes of deciduous savannas, characterized by the genera
Dipterocarpus C.F.Gaertn., Pterocarpus Jacq., and Shorea
Roxb. ex C.F. Gaertn., and coniferous savanna dominated by
the genus Pinus L. Details of this classification are provided in
the Methods, but broadly follow Ratnam et al. (2016), where
fire-maintained mixed deciduous savannas and Pinus savan-
nas occur across East, South, and Southeast Asia. Tropical
pine savanna systems are also scattered through North and
Central America, and include extensive lowland pine savan-
nas in Belize (Michelakis et al. 2014).

Across Southeast Asia, trees from different plant families
dominate savannas. It is unknown whether this variability
aligns with grass species richness and composition, how-
ever it is likely that between deciduous and pine savannas at
least, large differences are present in part due to key differ-
ences in tree characteristics such as allometry and nutrient
cycling (Ratnam et al. 2016). Where different savanna types
are found, associations with distinct tree floras may result in
distinct herbaceous floras, such as under the infertile soil con-
ditions of pine savanna (Kellman and Miyanishi 1982) where
ground layer flora display adaptations to low soil fertility as
well as frequent fire, often resulting in high levels of ende-
mism (Noss et al. 2015). Additionally, associations between
tree and herbaceous floras may reflect not only their influence
on soil fertility (Zhou et al. 2018) but also their joint responses
to underlying environmental factors including soil conditions
(Marage and Gégout 2009), climate, and disturbance regimes.
While Asian pine savannas are likely to be functionally sim-
ilar to those in tropical America (Ratnam et al. 2016), Asian
deciduous savannas are more floristically similar to African
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savannas and miombo (Dexter et al. 2015) perhaps due to his-
torical herbivore assemblages of similar size classes (Ratnam
et al. 2019).

Grass composition directly affects the physiognomic structure of
the savanna (Solofondranohatra et al. 2018) as well as impacting
landscape fire variability and herbivore consumption through
trait differences (Archibald and Hempson 2016; Simpson et al.
2022). The grassy ground layer of Asian savannas contains
considerable undescribed species diversity that, given current
levels of unprecedented biodiversity loss and increasing land
transformation (Zhao et al. 2006), is at risk of extinction before
being described (Nerlekar et al. 2022). Further, the seasonal
flowering of grassy taxa poses a challenge for recording spe-
cies and accurately assessing species richness and composition,
and this knowledge gap hinders management and protection of
the ground layer (Bond and Parr 2010). We undertook surveys
of the ground layer grassy flora in four savanna ecosystems
across Cambodia and Thailand to characterize richness and
composition.

We addressed the following questions:

1. Do grass communities in savannas differ depending on the
dominant tree genera?

2. If grass communities differ, how many grass species are
shared between the savanna ecosystems?

2 | Methods
2.1 | Study Regions and Sites

We conducted field surveys in four savanna ecosystems across
Cambodia and Thailand to characterize the grass species com-
position and richness of these ecosystems.

We investigated the ground layer grass diversity and richness
at 50 savanna sites in Northeastern Cambodia and Central and
Eastern Thailand (Figure 1a). Sampling took place in October
and November 2018 at the end of the rainy season to maximize
grass flowering for species identification. Following Ratnam
et al. (2016), we categorized sites to reflect differences in envi-
ronment and tree composition to examine four distinct savannas
(Table S1).

2.1.1 | Dipterocarpus Savanna (Dipterocarpaceae)

Dipterocarpus savanna was sampled in Cambodia in the
BirdLife International-managed Western Siem Pang Protected
Area. Western Siem Pang covers a 654km? mosaic of savanna
and forest which experiences fire (pers. obs.). The dominant
tree species are Dipterocarpus obtusifolius Teijism. ex Miq.,
Dipterocarpus tuberculatus Roxb., Dipterocarpus sp., Shorea si-
amensis, and Terminalia catappa L (Figure 1b). The 10 sites in
Dipterocarpus savannas span an altitude of 56-122m (Table S1)
and experience seasonal rainfall, with a mean rainfall of
2184mm and a mean annual temperature of 26.7°C (Fick and
Hijmans 2017) (Figure S1). Both Shorea and Dipterocarpus are

in the family Dipterocarpaceae, but relative to the Shorea eco-
systems sampled, the Dipterocarpus sites are characterized by
higher rainfall and temperatures (Fick and Hijmans 2017). The
soils in Western Siem Pang are old and shallow, often with a
thick plinthite or even lateritic layer (BirdLife International
Cambodia Programme 2012).

2.1.2 | Pinus Savanna (Pinaceae)

Pinus savanna, dominated by Pinus merkusii Jungh. & de Vriese
or Pinus kesiya Royle ex. Gordon (Figure 1c), was sampled in
Thailand in Phu Soi Dao and Thung Salaeng Luang National
Parks which cover 340 and 487 km? respectively and experience
fire (pers. obs.). The 10 Pinus savanna sites sampled span an
altitude of 828 m-1547 m (Table S1), and have seasonal rainfall
with a mean rainfall of 1124mm and a mean annual tempera-
ture of 21.6°C (Fick and Hijmans 2017) (Figure S1). Soils in Phu
Soi Dao vary from pH4.78-6.20, and soil organic matter ranges
from 0.89 to 10.70 (Pongthornpruek et al. 2013). The geology in
Thung Salaeng Luang is shale and sandstone (Boonyanuphap
and Hansawasdi 2011).

2.1.3 | Pterocarpus Savanna (Fabaceae)

Pterocarpus savanna, characterized by Pterocarpus macrocar-
pus and other Pterocarpus sp., Buchanania lanzan Spreng., and
Xylia sp., was sampled in Thailand in Nam Nao and Phu Phan
National Parks which cover 966 and 664 km?, respectively, and
experience fire (pers. obs.). The seven sites in Pterocarpus sa-
vanna (Figure 1d) span an altitude of 218-821 m (Table S1), and
experience seasonal rainfall, with a mean rainfall of 1080 mm
and a mean annual temperature of 21.6°C (Fick and Hijmans
2017) (Figure S1). The geology in Phu Phan is sandstone
(Veeravinantanakul et al. 2018).

2.1.4 | Shorea Savanna (Dipterocarpaceae)

Shorea savanna, dominated by Shorea obtusa Wall. ex Blume,
Shorea siamensis Miq., Pterocarpus macrocarpus Kurz, Ochna
integerrima (Lour.) Merr., and Vitex pinnata L (Figure le), was
sampled in Thailand in Nam Nao, Phu Phan, Phu Soi Dao and
Thung Salaeng Luang National Parks which experience fire
(pers. obs). The 23 sites in Shorea savanna span an altitude 218-
752m (Table S1), and experience seasonal rainfall with a mean
rainfall of 1317mm, and a mean annual temperature of 21.4°C
(Fick and Hijmans 2017) (Figure S1). The geology in Phu Phan
is sandstone (Veeravinantanakul et al. 2018) and the geology in
Thung Salaeng Luang is shale and sandstone (Boonyanuphap
and Hansawasdi 2011).

2.2 | Grass Richness and Composition

Grass species composition was collected following the protocol
outlined in Vorontsova et al. (2016) and Lehmann et al. (2014).
Each site comprised four transects each of 25m radiating from
the centre of a 0.25ha area in North, South, East, and West di-
rections. At the centre of a site, a circular plot 1 m in diameter
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FIGURE1 | (a)Map of Thailand and Cambodia that displays sites colored by savanna type, with protected areas in pink, protected area data from

NEP-WCMC and IUCN (2024), Protected Planet: The World Database

on Protected Areas (WDPA) and World Database on Other Effective Area-

based Conservation Measures (WD-OECM) [Online], May 2024, Cambridge, UK: UNEP-WCMC and IUCN. Available at: http://www.protectedp
lanet.net/. Photo examples of each of the four savanna types sampled are depicted in (b) Dipterocarpus, (c) Pinus, (d) Pterocarpus and (e) Shorea. Photo

credits: ¢, d and e by Watchara Arthan, b by Jess Rickenback.

was located. Circular plots are recommended for sampling grass
and forb diversity (Lehmann et al. 2014) in part due to a cir-
cle containing less edge than a square (Packalen et al. 2023),
thus reducing uncertainty regarding decisions over sampling

inclusion. The circular plot method has successfully been used
to examine ground layer plant composition across Madagascar
(Vorontsova et al. 2016; Solofondranohatra et al. 2018, 2020)
and Zambia (Wieczorkowski et al. 2024). One meter diameter
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circular plots were placed at 5 m intervals along each of the four
transects. In total, 21 X 1 m diameter plots constituted a site that
assesses a total of 16.5m? for herbaceous species richness and
composition. In each plot, each species was recorded as present
whether fertile or sterile. Data from a site therefore comprises
counts of all grass species over 21 plots covering a 16.5m? area
that results in a frequency measure for each species at a site.
Species were recorded a maximum of once per plot, and thus at
each site, one species could be recorded a maximum of 21 times.

For Cambodian specimens, two vouchers per species were made
and specimens deposited at the National Herbarium of Cambodia
(RUPP) with duplicates deposited at the Royal Botanic Garden
Edinburgh (E). For fertile Thai specimens, one voucher was
made and deposited at Bangkok Forest Herbarium (BKF). To
resolve genus- and species-level identifications, a combination
of local floras, reference to herbarium specimens, and consul-
tations with taxonomic experts at the Royal Botanic Garden
Edinburgh and Royal Botanic Gardens, Kew was employed.

2.3 | Analyses of Grass Species Composition

To characterize the prevalence of grass species at each savanna
type, and thus further infer patterns of species occupancy and
functional composition, we identified the most common grasses by
dividing the number of plots a species was recorded in by the over-
all number of plots in that savanna ecosystem to give a measure of
relative frequency. We assigned these species to tribe, along with
characterizing growth form as rhizomatous and/or caespitose and
their life history as annual or perennial using GrassBase (Clayton
et al. 2006), Plants of the World Online (POWO 2022), floras and
peer-reviewed articles (Table S2). These taxonomic, morphologi-
cal and life history characters have previously been shown to be
important in understanding the responses of grass communities
to disturbance (e.g., Solofondranohatra et al. 2021) and were vi-
sualized to show species common among savanna types both in
composition but also in function.

To understand site level distinctiveness of grass species composi-
tion of the Pinus, Pterocarpus, Shorea and Dipterocarpus savannas,
apermutational multivariate analysis of variance (PERMANOVA)
in “vegan” v2.5-7 (Oksanen et al. 2020) was undertaken using grass
species as present or absent via a community dissimilarity matrix
created using the vegan package and the functions “adonis2” and
“vegdist” using the “jaccard” method (appropriate for presence-
absence data). To avoid pseudoreplication, presence/absence data
were aggregated at the site level (21 plots per site). We also tested
the assumption of homogeneity of multivariate dispersion using
the “betadisper” function. We set the community dissimilarity
matrix as the independent variable and savanna type as the depen-
dent variable and conducted pairwise comparisons between the
grass communities of all savanna types. In order to assess grass
composition robustly we ran the analyses under different scenar-
ios; first we retained all species to acknowledge the dispropor-
tionate contribution of rare species to patterns of local richness in
other tropical ecosystems (Hubbell 2013). Second, we removed all
singletons and doubletons—species recorded only once or twice
in the dataset—to avoid a strong signal of difference caused sto-
chastically. Finally, to assess the possibility of skewed results by
the inclusion of 32 unknown species, analyses were undertaken

both with the full data set and with unidentified species removed.
We visualized the overall distinctiveness of grass communities be-
tween savanna types using Euler plots in “eulerr” v7.0.0 (Larsson
2022) where plots are area-proportional.

To determine how well our field collections characterized grass
species assemblages among savanna types, the rank of grass
species among sites was compiled by summing the number of
sites in each savanna type where a unique species was recorded.
On the basis of this, patterns of grass species discovery were
calculated at a site level using the specaccum function in the
package “vegan” v2.5-7 (Oksanen et al. 2020) to infer species ac-
cumulation curves with the random method, which adds sites in
a random order for 100 permutations.

3 | Results
3.1 | Analyses of Grass Species Composition
3.1.1 | Dipterocarpus Savanna

Across the 10 sites, median richness was 10 grass species per site
with 73 grasses recorded in total. Of these, 28 were identified to
species (38%), 26 to genus (36%), and 19 were unknown (26%).
None were found in all sites, and 34 were found at only one site.
On the basis of relative frequency analyses, the top 25% most
common grass species were the C3 grasses Vietnamosasa cili-
ata (A. Camus) T.Q. Nguyen and Sacciolepis indica Chase, and
the C4 grasses Eremochloa eriopoda C.E. Hubb, a Chrysopogon
sp., Germainia capitata Balansa & Piotr., Heteropogon triticeus
(R.Br.) Stapf ex Craib, Ischaemum muticum L., and Isachne
puberula Bor (Figure 2b). These are a mix of rhizomatous
and caespitose forms and annual and perennial life histories
(Table S2).

3.1.2 | PinusSavanna

Across the 10 sites, median richness was eight grass species per
site, with 37 grass species recorded in total. Of these, 18 were iden-
tified to species (49%), 14 to genus (38%) and five were unknown
(14%). None were found in all sites, and 21 in only one site. On the
basis of relative frequency analyses, the top 25% most common
grass species were Apocopis intermedia (A. Camus) Chai-Anan,
Schizachyrium brevifolium (Sw.) Nees ex Buse, Schizachyrium
sanguineum (Retz.) Alston, Arundinella setosa Trin., Themeda
triandra Forssk, and Pseudopogonatherum speciosum (Debeaux)
Ohwi (Figure 2c), all of which use the C4 photosynthetic path-
way, and which present as a mix of rhizomatous and caespitose,
annual and perennial (Table S2).

3.1.3 | Pterocarpus Savanna

Across the seven sites examined, median richness was 10 grass
species per site, with 34 grass species recorded in total. Of these,
28 were identified to species (82%), five to genus (15%) and one
was unknown (3%). None were found in all sites, and 15 at only
one site. On the basis of relative frequency analyses, the top 25%
most common grass species were Arundinella setosa, Tripogon
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FIGURE 2 | Representation of (a) the six most common grass species recorded in each savanna ecosystem based on relative frequency, and (b-e)
the top 25% of species from relative frequency distributions underpinning the plot in (a). In (a), species shared between savanna types are depicted in
overlapping circles. Dipterocarpus savannas (purple), Pterocarpus savannas (green), Pinus savannas (blue) and Shorea savannas (orange) have mul-
tiple shared common species. All grasses are from the tribe Andropogoneae except for those shown in bold (Arundinella setosa from Arundinelleae,
Vietnamosasa ciliata and Vietnamosasa pusilla from Bambuseae, Sacciolepis indica from Panicoideae, and Tripogon trifidus from Cynodontideae).
Annual grasses are indicated with a black outline. The relative frequency plots (b—e) show the most common 25% of grass species (C4 and C3 com-
bined) by savanna type where relative frequency represents the number of plots a species was recorded in divided by the number of plots in that
savanna type; (b) Dipterocarpus, (c) Pinus, (d) Pterocarpus, (e) Shorea.

TABLE1 | Eachsavanna type is characterized by a unique grass community based on pairwise analyses of grass species composition (presence-
absence) using a PERMANOVA in “vegan” v2.5-7 (Oksanen et al. 2020) using the “jaccard” method which is based on presence-absence data, with

savanna type as the dependent variable.

Savanna type comparison Regions p Pseudo F R? Dispersion p
All savanna types Cambodia and Thailand 0.001 2.53 0.14 0.003
Dipterocarpus vs. Shorea Cambodia and Thailand 0.001 2.48 0.07 0.69
Shorea vs. Pterocarpus Thailand 0.001 2.23 0.07 0.001
Shorea vs. Pinus Thailand 0.004 2.46 0.07 0.02
Pinus vs. Pterocarpus Thailand 0.001 3.29 0.18 0.42
Dipterocarpus vs. Pinus Cambodia and Thailand 0.001 2.7 0.13 0.13
Dipterocarpus vs. Pterocarpus Cambodia and Thailand 0.001 2.5 0.14 0.03

trifidus Munro ex Stapf, Sacciolepis indica, Schizachyrium bre-
vifolium, Eremochloa ciliata Chinnock, and Themeda triandra
(Figure 2d), of which all are C4 grasses except Sacciolepis indica
and all of which present as a mix of rhizomatous and caespitose
forms, and annual and perennial life histories (Table S2).

3.1.4 | Shorea Savanna

Across the 23 sites examined, median richness was eight grass
species per site, with 72 grass species recorded in total. Of these,
41 were identified to species (57%), 21 to genus (29%), and 10
were unknown (14%). None were found in all sites, and 36 in
only one site. On the basis of relative frequency analyses, the top
25% most common grass species were Vietnamosasa pusilla (A.
Chev. & A. Camus) T.Q. Nguyen, Heteropogon triticeus (R.Br.)
Stapf ex Craib, Heteropogon contortus (L.) P.Beauv. ex Roem.
& Schult., Themeda triandra, Pseudopogonatherum speciosum,
Apocopis intermedia, Ischaemum barbatum, Arundinella setosa,
and Chyrsopogon gryllus (L.) Trin (Figure 2e). Vietnamosasa
pusilla is a rhizomatous C3 bamboo and was by far the most
common species within the Shorea savanna. The remaining
common grass species are all C4 and present as a mix of rhi-
zomatous and caespitose forms, and annual and perennial life
histories (Table S2, Figure 2e).

3.2 | Distinctiveness of Grass Communities
Among Savanna Types

Common species, as assigned based on relative frequency distri-
butions, frequently occurred in more than one savanna ecosys-
tem (Figure 2a). Sacciolepis indica was a common grass in both

Pterocarpus and Dipterocarpus savannas. Dipterocarpus also
shared the common grass Heteropogon triticeus with Shorea sa-
vanna. Pinus and Shorea savanna shared Pseudopogonatherum
speciosum as well as Apocopis intermedia. Schizachyrium brev-
ifolium and Arundinella setosa were shared common grasses in
both Pinus and Pterocarpus savannas. Only one grass was com-
mon to more than two savanna ecosystems: Themeda triandra
was common to Pinus, Pterocarpus and Shorea savannas.

PERMANOVA analyses including all grass species based on
site level presence-absence data demonstrated significant dif-
ferences among all pairwise comparisons of grass communities
of the savanna types (Table 1). The exclusion of grass species
unknown to genus level did not change the results, nor did the
exclusion of singletons and doubletons (Table S3). Dispersion
differed significantly in comparisons between Dipterocarpus
and Pterocarpus, Shorea and Pterocarpus, and Shorea and Pinus.

Visualization of the full grass species composition in “eulerr”
(Figure 3) indicates only three species found in all four savan-
nas; Arundinella setosa, Sacciolepis indica, and Schizachyrium
brevifolium, from subfamilies Arundinelleae, Paniceae, and
Andropogoneae, respectively. Species found in three of the
four savannas tend to be from the Andropogoneae, with only
1/10 of species found in 3/4 savannas from tribe Aristidoideae.
Andropogoneae species dominate all shared savannas except
species found in both Pinus and Shorea savannas which are
dominated by Paniceae. Nine species are shared solely between
Pinus and Shorea savannas, and seven between Pterocarpus and
Shorea savannas. One species, Dimeria falcata Hack., is shared
solely between Pinus and Dipterocarpus savannas, and Mnesithea
laevis (Retz.) Kunth is shared between Shorea and Dipterocarpus
savannas (Figure 3). Of the ecosystem-specific species—grasses
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Key to tribes

. Andropogoneae ‘ Eragrostideae

. Aristidoideae
@ Arundinelleae

Paniceae

@ Unknown
Bambusoideae

© Capillipedium spicigerum
© Capillipedium sulcatum
@ Eragrostis diplachnoides
@ Heteropogon contortus
Panicum elegantissimum
Panicum sp5
Sacciolepis sp5

@ Capillipedium parviflora

@ Chrysopogon gryllus

© Diectomis fastigiata

© Eremochloa ciliaris

@ Pseudopogonatherum contortus

@ Pseudopogonatherum trispicatum
Vietnamosasa pusilla © Mnesithea laevis

FIGURE3 |

@ Dimeria falcata

@ Aristida cumingiana
@ Pseudopogonatherum speciosum
@ Themeda triandra

@ Arundinella setosa
Sacciolepis indica
@ Schizachyrium brevifolium

@ Andropogon chinensis

@ Hyparrhenia diplanda
Pennisetum pedicellatum
Sacciolepis myosuroides
Sacciolepis sp4
Sacciolepis sp6
Sacciolepis sp7

@ Unknown sp1

® Unknown sp2

® Unknown sp5

@ Apocopis intermedia

@ Heteropogon triticeus

@ Ischaemum barbatum

@ Schizachyrium sanguineum

Euler plot showing grass species richness per savanna type, overlap in species composition and number, and where species are shared

between savannas, species name and tribe. Created using eulerr v7.0.0 (Larsson 2022).

TABLE 2
Data exclude unknown species.

| Each savanna type supports over 50% ecosystem-specific (i.e., only found in one savanna ecosystem) Andropogoneae grass species.

Savanna Shorea

Dipterocarpus

Pterocarpus Pinus

% Andropogoneae 52

56 75 57

which are not shared between savannas—these are comprised of
a greater diversity of tribes. Ecosystem-specific species are still
mainly comprised of grasses from tribe Andropogoneae (57%),
but a significant number of grasses are from tribe Paniceae (20%).
This majority of Andropogoneae species holds true across the four
savanna types (Table 2). In terms of subfamilies, 83% of grasses
are from subfamily Panicoideae, which includes Andropogoneae,
Paniceae, and Paspaleae (Table S4).

Grass species accumulation curves (Figure S2) indicate the need
for increased sampling of all savanna types for a full quantifi-
cation of grass species composition. While the pattern of spe-
cies discovery demonstrates that much of the grass diversity has
been captured within the sampling effort once unknown grasses
are excluded (Figure S2b), sampling at the same intensity for all
savanna ecosystems (20 sites) would have provided a fuller mea-
sure of grass composition.

4 | Discussion

Thai and Cambodian savannas support distinct grass commu-
nities with different patterns of richness and overlap. Our study
sites in North and Central Thailand and Northeast Cambodia
identified four savanna types differentiated by their grass assem-
blages as well as their tree assemblages (Table 1), irrespective of
geographical proximity among the Shorea, Pterocarpus, and Pinus

ecosystems (Figure 1a). Across the four savannas, we recorded
160 distinct grass species despite our data indicating that more
surveys are needed to fully quantify grass diversity in Southeast
Asian savannas (Figure S2). Further, sampling was limited to a
single season, and species diversity is likely to be much higher
given the nature of flowering in fire-driven ecosystems (Bond
and Parr 2010). Grass species richness differs among savanna
types, with the greatest richness in the Shorea and Dipterocarpus
savannas. Thai Pinus savanna alone supports more than double
the grass species diversity recorded in old-growth sites in Florida
pine savannas by Diaz-Toribio, Carr, and Putz (2020). We show
that common grasses, as ranked by relative frequency distribu-
tions, include species shared between savannas as well as those
unique to individual savanna ecosystems. Finally, we show the
dominance of C4 Andropogoneae grasses across all savanna eco-
systems (Figure 3). Our data suggest that more field work in these
regions is urgently needed to understand savanna ecosystems and
their ground layer diversity patterns better.

We recorded significant differences in grass communities
among the Dipterocarpus, Pinus, Pterocarpus, and Shorea sa-
vannas (Table 1). Shorea and Dipterocarpus savannas are both
dominated by trees from the family Dipterocarpaceae, but the
grass communities associated with these tree genera are some
of the most distinct (p =0.001). Different dominant tree associa-
tions, even when from the same family like the Dipterocarps, are
likely to create and maintain distinct ecological niches through
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habitat filtering, and may represent differences in underlying
soil type, despite all sites being located on sandstone formations.
However, it is possible that the strong differences in community
composition between Dipterocarpus and Shorea savannas may
be an artifact of the geographic separation between sites, with
all Shorea sampling occurring in Thailand and all Dipterocarpus
sampling in Cambodia (Figure 1a). Previous work has treated
the Dipterocarpaceae savanna as dominated by Shorea and/
or Dipterocarpus rather than differentiating between genera
(Ratnam et al. 2016; Khaing et al. 2019). Under this approach,
where Dipterocarpus and Shorea sampling are combined into
Dipterocarpaceae savanna, our results support an even greater
diversity of grasses across a wide geographical spread. For three
of the pairwise comparisons, Shorea versus Pinus, Shorea versus
Pterocarpus, and Dipterocarpus versus Pterocarpus, differences
may be partially influenced by heterogeneity in beta diversity
rather than compositional shifts alone.

Functional differentiation may underlie compositional differ-
ences, where different combinations of resistance-attraction-
avoidance traits (Archibald, Hempson, and Lehmann 2019) may
be associated with distinct savanna types. For example, Pinus
savannas support more annual grasses than any other savanna
ecosystem (Figure 2a). Annual grasses have been shown to be
less resilient to fire exclusion than perennial species (Canales
et al. 1994). By maintaining leaf cover year round, Pinus savan-
nas may increase heterogeneity in light availability through
canopy openings, which may increase species richness and alter
composition (Crandall et al. 2024; Platt et al. 2016), perhaps by
increased opportunities for fast-growing grasses. Frequent fires
fueled by pyrogenic needles are likely to suppress caespitose
clump-forming grasses, creating opportunities and physical
space for other grasses such as annuals (Platt et al. 2016).

Fire regimes may also influence compositional differences.
Grass composition in savannas directly affects the flammability
of ecosystems (Cardoso et al. 2018) and dominant theory suggests
that frequent fire should constrain grass richness (Archibald,
Bond, et al. 2019; Archibald, Hempson, and Lehmann 2019).
In the sites surveyed, the majority of shared common species
(Figure 3) and ecosystem-specific species (Table S4) are from
the C4 tribe Andropogoneae, where flammability traits have
been previously associated with lineage (Ripley et al. 2015).
Andropogoneae display a phylogenetic association with fire-
prone environments (Ripley et al. 2015) and are characteristic
of palaeotropical grassy biomes (Osborne 2008). However, re-
search in the Dipterocarp landscapes of Myanmar found that
fire frequency did not explain compositional differences be-
tween ground layer plant communities (Khaing et al. 2019).

Soil fertility or soil water availability is likely to influence pat-
terns of plant compositional differences between savanna
ecosystems. Low nutrient availability has been posited as an ex-
planatory factor for the presence of savannas where the climate
could support forests (Lehmann et al. 2011; Pellegrini 2016).
In our study sites, and in general in mainland Southeast Asia,
savannas are located on coarse sandy soils or soils with a lat-
erite layer (Stott 1984, 1990). However, the interaction is likely
complex, with low soil fertility maintaining slow rates of woody
growth in between fires (Sankaran and Ratnam 2013). Our
study sites experience seasonal precipitation regimes. Seasonal

rainfall also slows woody growth (Lehmann et al. 2011) and
increases the likelihood of fire (Archibald, Bond, et al. 2019;
Archibald, Hempson, and Lehmann 2019).

While globally the predominant and characteristic sa-
vanna grasses use the C4 photosynthetic pathway (Edwards
et al. 2010), the common grass species we recorded included
some C3 as well as C4 grasses (Table S2). C3 Paniceae species
have been shown to have similar post-fire recovery rates to C4
Andropogoneae, potentially because the reallocation to below-
ground biomass recorded post-fire also provides an advantage
for post-herbivory recovery (Ripley et al. 2015). The C3 grasses
were Sacciolepis indica in Dipterocarpus and Pterocarpus savan-
nas, Isachne puberula in Dipterocarpus savanna, as well as the
bamboos Vietnamosasa ciliata and V. pusilla in Dipterocarpus
and Shorea savannas (Figure 3b-e). The savannas studied here
receive 1000-2100 mm precipitation per year, an amount compa-
rable to Indonesian savannas, where the C3 grass Calamagrostis
australis (Moritzi) Buse is widespread in Bali Barat savanna
(Sutomo and van Etten 2021). Similarly, in wet African Miombo
ecosystems, under late dry season fire conditions the C3 grass
Trichantecium nervatum (Franch.) Zuloaga & Morrone is com-
mon (Wieczorkowski et al. 2024), and Echinolaena inflexa
(Poir.) Chase is abundant in the Brazilian Cerrado where it is an
important native C3 grass (Souza et al. 2010; Lannes et al. 2016).
Increased precipitation leads to increased woody growth (Berry
and Kulmatiski 2017), and perhaps therefore an understory
adapted to shade as well as fire. C4 grasses are outcompeted in
the shade by C3 grasses (Pilon et al. 2021), a dynamic reflected by
the dominance of C3 bamboos (V. pusilla and V. ciliata) in Shorea
and Dipterocarpus savannas at some sites. Vietnamosasa pusilla
and V. ciliata have been widely recorded as the dominant flam-
mable understory in Cambodian, Laos, Thai and Vietnamese
Dipterocarpaceae savannas (Amma et al. 2018; Haevermans
et al. 2013; Phengvichith and Hacker 2024; Ratnam et al. 2016;
Sankaran and Ratnam 2013; Stott 1984; Wong 2004).

All four savanna types shared at least one of the 25% most com-
mon species with another savanna, but no species was common
across all four savanna ecosystems (Figure 2a). Of the most
common species, two were shared by Pinus, Pterocarpus, and
Shorea savannas: Arundinella setosa and Themeda triandra.
Themeda triandra is thought to have originated in South Asia
(Dunning et al. 2017) and is an iconic grass with ecological and
economic importance as a fire climax species (Snyman et al.
2013). Arundinella setosa is widely recorded across Indonesian
savannas and dominates the Alas Purwo savanna (Sutomo and
van Etten 2021). In line with the full grass composition data
(Figure 3), the majority of shared top 25% most common species
are from tribe Andropogoneae: Apocopis intermedia, Heteropogon
triticeus, Themeda triandra, Pseudopogonatherum speciosum, and
Schizachyrium brevifolium (Figure 2). The other shared common
species are from tribe Arundinelleae—Arundinella setosa—and
tribe Paniceae—Sacciolepis indica. The latter species is native to
the Southeast Asian tropics (Barkworth et al. 2007), where it is
common to savannas and grasslands (Thompson 2012).

While the most common grass species in each ecosystem differed,
it is notable that all of them (Apocopis intermedia, Arundinella
setosa, Vietnamosasa ciliata, and V. pusilla) are rhizomatous
(Table S2). The rhizomatous strategy is a key growth form in
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stressful climates (Thakur and Miinzbergova 2022) enabling spe-
cies persistence through below ground bud banks which can last
for decades (Ott et al. 2019). Rhizomes also store nutrients and non-
structural carbohydrates which facilitate new growth and struc-
tural support (Li et al. 2021). Indeed, rhizomes enable the strongest
post-fire resprouting response of all the grass architectures (rhi-
zomatous, caespitose, stoloniferous) (Pausas and Paula 2020).
Being rhizomatous also helps grasses avoid self-shading, of signifi-
cant benefit in the savanna biome (McGlone et al. 2014).

5 | Conclusions

The savanna ecosystems of Northeastern Cambodia and Central
and Eastern Thailand are characterized by Dipterocarpus, Pinus,
Pterocarpus, and Shorea tree species, and across this region they
support distinct grass assemblages. Species accumulation curves
indicate increased sampling is necessary to fully quantify and
characterize savanna grasses, but despite this, we recorded 160
grass species, with richness highest in Dipterocarpus and Shorea
savannas. We show that while some common grasses overlap
between savannas, grass composition varies under different tree
genera, suggesting that variation in tree flora, as well as abiotic
conditions such as soil nutrients and fire, may maximize grass
species diversity across savanna landscapes. Across the sa-
vanna ecosystems, while most grasses were from the C4 tribe
Andropogoneae, common grasses in Dipterocarpus, Pterocarpus,
and Shorea savannas included fire-adapted C3 species. Overall,
our data suggest that increased sampling across multiple sea-
sons and a greater geographic range is necessary to capture the
functional and floristic diversity of Southeast Asian savannas.
Given that grass communities differ so strongly between differ-
ent savannas, future work should explore whether such compo-
sitional differences are reflected in the forb communities.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Environmental data for
sites in each savanna type of (a) mean annual precipitation, (b) precip-
itation seasonality, () annual mean temperature and (d) annual tem-
perature range. Bioclimatic data were extracted using site geolocations
from WorldClim 2.1 at a 2.5min resolution (Fick and Hijmans 2017).
Figure S2: (a) Species accumulation curves for all grass species, and
(b) for all grass species identified to genus, calculated with specaccum
function in the package “vegan” v2.5-7 (Oksanen et al. 2020) which
infer species accumulation curves using the random method, which
adds sites in a random order, for 100 permutations. Table S1: Site char-
acteristics including location information and breakdown of dominant
tree species recorded at each site. Table S2: Most common grass species
recorded in the savanna types, their tribes, functional traits and distri-
butions. Table S3: Each savanna type is characterized by a unique grass
community based on pairwise analyses of grass species composition
(presence-absence) using a PERMANOVA in “vegan” v2.5-7 (Oksanen
et al. 2020) using the ‘jaccard’ distance which is based on presence-
absence data, with savanna type as the dependent variable based on a
reduced dataset where all singletons and doubletons are excluded, and
where unknown grasses are included or excluded. Homogeneity of mul-
tivariate dispersion was tested using “betadisper” function. Table S4:
Ecosystem-specific grasses, tribe, and subfamily.

Biotropica, 2026

13 of 13



	Grass Communities Differ Floristically Under Different Dominant Trees in Savannas in Thailand and Cambodia
	ABSTRACT
	บทคัดย่อวัตถุประสงค์
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Regions and Sites
	2.1.1   |   Dipterocarpus Savanna (Dipterocarpaceae)
	2.1.2   |   Pinus Savanna (Pinaceae)
	2.1.3   |   Pterocarpus Savanna (Fabaceae)
	2.1.4   |   Shorea Savanna (Dipterocarpaceae)

	2.2   |   Grass Richness and Composition
	2.3   |   Analyses of Grass Species Composition

	3   |   Results
	3.1   |   Analyses of Grass Species Composition
	3.1.1   |   Dipterocarpus Savanna
	3.1.2   |   Pinus Savanna
	3.1.3   |   Pterocarpus Savanna
	3.1.4   |   Shorea Savanna

	3.2   |   Distinctiveness of Grass Communities Among Savanna Types

	4   |   Discussion
	5   |   Conclusions
	Author Contributions
	Acknowledgments
	Disclosure
	Conflicts of Interest
	Data Availability Statement
	References


