18

Ito E. et al.

Topographical patterns of species composition in a deciduous
dipterocarp forest in Kratie Province, Cambodia

ITO Eriko"*, FURUYA Naoyuki', OHNUKI Yasuhiro?, MIYAMOTO Kazuki®*, ARAKI Makoto?,
TAMAI Koji3, SHIMIZU Takanori®, IIDA Shin’ichi®, KANZAKI Mamoru*, MONDA Yukako*, KABEYA
Naoki®, YAGI Takanobu®, SHIMIZU Akira®, TORIYAMA Jumpei®, TITH Bora®, KETH Samkol®, LY
Chandararity®, OP Phallaphearaoth®, CHANN Sophal® & KIYONO Yoshiyuki’

" Hokkaido Research Center, Forestry and Forest Products Research Institute, 7 Hitsujigaoka, Toyohira, Sapporo,
Hokkaido, 062-8516 Japan.

2 Tohoku Research Center, Forestry and Forest Products Research Institute, 92-25 Nabeyashiki, Shimokuriyagawa,
Morioka, lwate, 020-0123, Japan.

3 Forestry and Forest Products Research Institute, 1 Matsunosato, Tsukuba, Ibaraki, 305-8687 Japan.
4 Graduate School of Agriculture, Kyoto University, Kyoto 606-8502, Japan.

5 Kyushu Research Center, Forestry and Forest Products Research Institute, 4-11-16 Kurokami, Chuo, Kumamoto,
Kumamoto, 860-0862 Japan.

6 Institute of Forest and Wildlife Research and Development, Forestry Administration, Street 1019, Phum Rongchak,
Sankat Phnom Penh Thmei, Khan Sen Sok, Phnom Penh, Cambodia.

" (Formerly) Forestry and Forest Products Research Institute, 1 Matsunosato, Tsukuba, Ibaraki, 305-8687 Japan.

* Corresponding author. Email iter@ffpri.affrc.go.jp

Paper submitted 2 July 2021, revised manuscript accepted 3 January 2022.

YrUSWwasU

s> 'y

¢uicvinm Rujhwalyfimwmuiw:ayeaois

Y L

mjhms:n:nng[ﬁmsmmmmmmmsannmJ%% manbijg
wAginIuneig I m gRIgRIe: MagniGis{yIgunyh :ﬁgﬁjgsjimsﬁnnﬁﬁﬁgmsjﬁn}émﬁ

Il tis
muéaisgiadymn ugenand Saippluwumenimbaanyesq ndhAmsfugajs (index of importance

o

i
value) supn oA gidunuRn §iaAmH (0,06 viAm) wiwmiTManNATuY non-metric multi-dimensional

a

scaling pimsuiidgjunmispiismaumaume ignpidunga [S‘Inhf}tjﬁﬁ‘ HIMSIGAIGMMERY
(Groups 1-4)71 [UIAGANEMESSl msu@mﬁﬂahfnﬁmﬁﬁgﬁammmimn iR rfiudng  (Shorea
siamensis) MUIASHSESSINeunIuUISIAUS gey (y9) Shugtund [LJH?{L‘I (Dipterocarpus tuberculatus)
iufia (Shorea obtusa) ygsmungntisngn (Terminalia) (ansd) fiumssgsibuniuisimun §hénu
il Lﬁ:&iém@imsﬁnnmmmmnﬁjﬁbj:mfimnquis;ﬁﬁglh (D. tuberculatus) 1gimunm §uéuminén
fiugannandmigigiaimgipme i og)as (nufbjsnsnpwis dipterocarps Ggsdiung weim
fﬁmujfmsmgm'jtmmfgmS?SLUtﬁgqgmﬁm;Lﬁs My SN U AUIMBMEs T HNUIASISIAULIANTMY
ntg Samuednugrsiiuuiansmavsyiidsmaipnedo Shim-—61 UgHURNAPIUIENNS
uinm/ TLn;mm:m;Lﬁngﬁsmﬁq:nﬂmsjgwth}tﬁﬁmmﬁmﬁﬁm isimnmsummissiimamsiqe

CITATION: Ito E., Furuya N., Ohnuki Y., Miyamoto K., Araki M., Tamai K., Shimizu T., Iida S., Kanzaki M., Monda Y., Kabeya N., Yagi
T., Shimizu A., Toriyama J., Tith B., Keth S., Ly C., Op P., Chann S. & Kiyono Y. (2022) Topographical patterns of species composition
in a deciduous dipterocarp forest in Kratie Province, Cambodia. Cambodian Journal of Natural History, 2022, 18-37.

© Centre for Biodiversity Conservation, Phnom Penh Cambodian Journal of Natural History 2022 (1) 18-37



Composition of deciduous dipterocarp forests

My Ui Ag AT Rgimimitpigpomwms A piunumaipmuindiu Ay (Ssivs
iiatauAsiiumstgsiioeg) pitasgrumssifgeadBulpnniing

Abstract

We explored species composition patterns in a 4 ha permanent sample plot to assess the topographical distributions
of various types of deciduous dipterocarp forest in Kratie Province, eastern Cambodia. A toposequence was identified
from hill tops to flood plains in the plot and soil and forest floor conditions varied along the toposequence. We also
used an index of “importance value” for dominant species in each quadrat (0.04 ha) and non-metric multi-dimensional
scaling analysis to visualize patterns of species composition. The deciduous dipterocarp forest in our study plot could
be subdivided into four types (Groups 1-4). Two common types clearly separated along the toposequence: strong
dominance of Shorea siamensis (raing phnom in Khmer) on hills (Group 1), and, dominance of Dipterocarpus tuberculatus
(khlong), Shorea obtusa (phchek), or sometimes Terminalia species on plains and flood plains (Group 4). Group 3 was char-
acterized by strong dominance of D. tuberculatus scattered throughout the plains and flood plains and suggested limited
regeneration of other species. Group 2 comprised a mixture of three dipterocarps characterized by a high number of
tree species and large amounts of forest floor vegetation. This forest type occupied foot slopes and the higher sides
of the plains, which formed the boundary area between Group 1 and Groups 3-4. Our results indicate that various
types of deciduous dipterocarp forests can coexist within a scale of several hectares, although they exhibit separation
along the toposequence. To appropriately preserve deciduous dipterocarp forests, all types of forest composition along
toposequences (rather than solely types that are limited in abundance) must be included in forest conservation efforts.

Keywords Conservation, dry dipterocarp forest, forest fire, forest floor vegetation, forest type, spatial heterogeneity,

topography, tree recruitment.

Introduction

Identification of forest types in combination with their
associated topographies and soil conditions is essen-
tial for understanding forest ecosystems. In Cambodia,
deciduous forests are predominant, comprising 38.2% of
the forested area (Ministry of Environment [MoE], 2018).
Deciduous forests primarily occur within five prov-
inces (Mondulkiri, Preah Vihear, Kratie, Stung Treng,
and Ratanakiri) in northeast Cambodia; these comprise
79.0% of deciduous forests in Cambodia (MoE, 2018). In
the Cambodian Forestry Administration (FA) forest clas-
sification system, deciduous forests include deciduous
(dry) dipterocarp forests and dry mixed deciduous
forests (FA, 2018). Deciduous dipterocarp forests are
described as “forét claire” (Rollet, 1972) or deciduous
dipterocarp forests or woodlands (Rundel, 1999); they
exist throughout Indo-Burma (Ashton, 2014) and on skel-
etal or arid soils up to approximately 600 m elevation in
Cambodia (Rollet, 1972; Rundel, 1999).

Deciduous dipterocarp forests have been further
subdivided into four types (or subtypes of forest) in
Cambodia, each representing distinct combinations of a
small number of deciduous species of Dipterocarpaceae
(Rollet, 1972). One type of deciduous dipterocarp forest is
characterized by dominance of Dipterocarpus tuberculatus
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Roxb. (khlong in Khmer), Shorea obtusa Wall. ex Blume
(phchek), and Terminalia alata Heyne ex Roth (chhlik) of the
Combretaceae, which favours plinthite soils (“laterite”
in Rollet, 1972). This most predominant type of forest
exhibits generally moderate species richness, and a
similar floristic structure extends broadly across main-
land Southeast Asia (Rundel, 1999). The second forest
type is characterized by strong dominance of Shorea
siamensis Miq. (raing phnom), which is the most tolerant
of dry habitat conditions among the deciduous species of
dipterocarps (Rundel, 1999). This type of forest occupies
sites with eroded leptosols (or lithosols) or skeletal soils,
such as soils that occur over young basalt flows (Rollet,
1972; Rundel, 1999). The third forest type is characterized
by strong dominance of Dipterocarpus obtusifolius Teijsm.
ex Miq. (tbeng) (Rollet, 1972). This type grows on sandy
soils that experience seasonal flooding (Rundel, 1999;
Hiramatsu et al., 2007; Ito et al., 2017b). The above three
types were also reported by Tani et al. (2007). The fourth
type exhibits the greatest species richness with charac-
teristic dominance by Dipterocarpus intricatus Dyer (trach)
in upper stature (Rundel, 1999; Hiramatsu et al., 2007).
Soil conditions under this forest type generally consist of
sandy siliceous soil horizons over clay or laterite layers at
20-40 cm depth (Rundel, 1999).
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As described above, these four types of deciduous
dipterocarp forests have been categorized based on
the topography, geology, and soils within the habitat.
However, the findings thus far have only described
typical habitat patterns; they have not sufficiently exam-
ined how these types are distributed in space, at which
scale, and what features exist near the boundaries
between the different forest types, i.e., transitional forms
between the different types of deciduous dipterocarp
forests. Determining the spatial distribution patterns of
typical and transitional forms, as well as their spatial
scales, would provide key information regarding the
conservation and sustainable use of these forests. Such
data would provide necessary information for conserva-
tion planning, such as the extent of area to conserve, the
site characteristics to include, and the nature of sustain-
able forest conditions for each site.

The objective of the present study was to determine
the spatial distribution patterns of the first and second
types of deciduous dipterocarp forests, and the tran-
sitional forms between these within an area of several
hectares. The study was conducted on the terrace surface
of the Mekong River in Kratie Province, on the east side
of the river. Although most topography is flat in Kratie
Province, some undulations are present in forested areas.
Topographical patterns reflect soil conditions and govern
water/groundwater flows, and thus potentially affect tree
or understory species composition and stand structure.
We established a 4 ha permanent sample plot, assessed
spatial heterogeneity in vegetation properties, and exam-
ined relationships between species composition (or
distribution) and topographic patterns.

Methods

Research site

Our 4 ha study plot (200 x 200 m) included a meteorolog-
ical observation site and was located 50 km north of the
Kratie provincial capital in eastern Cambodia (12.92°N,
106.20°E; elevation: 74-85 m; Fig. 1). The region has a
dry season extending from November to April. Annual
rainfall (mean + standard deviation) was 1,643 + 272
mm during 2000-2010 (National Institute of Statistics,
2012) and mean annual temperature was 27 °C (lida et
al., 2016). Tertiary and quaternary sedimentary rocks
and basalts underlie forests located on the Mekong River
terrace (Ohnuki et al., 2008; Toriyama et al., 2010; Ohnuki
et al., 2012). These forests experience a fire regime caused
by surface fires almost every year, and the aboveground
portion of dead forest floor vegetation almost burns
during the dry season. Logging or fuelwood collection
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Fig. 1 Location of study site (solid circle) in Kratie Province
(white area), Cambodia. Dark gray areas and lines indicate
water bodies and rivers, respectively.

was not allowed in the study forest. However, illegal
logging did occur occasionally. There was no grazing.

The study plot encompassed a toposequence from hill
tops (i.e., elevated sections in the southeastern portion
of the plot) to foot slopes, plains and flood plains (i.e.,
flat areas in the northwestern portion of the plot). The
main stream flows from west to northeast, and two small
streams enter from the south (Fig. 2A). The soil types
were outlined by Ito et al. (2017a) (Fig. 2B). Soil thickness
measurements were conducted using a dynamic cone
penetrometer at 41 points in and around the study plot
(Ohnuki et al., 2008; adding 17 points to Ito et al., 2017a;
Fig. 2C). Topography, soil type, and soil thickness were
associated with each other in the study plot (Fig. 2D). The
hills contained leptosols (Food & Agriculture Organiza-
tion soil classification), in which the basaltic bedrock was
often exposed. Leptosols are shallow (<1 m deep and
primarily <50 cm deep) debris soils (Figs. 2B-C; Ohnuki
et al., 2012). Plinthosols (i.e., clay soils that possess a hard
plinthite layer with large accumulations of iron) are
distributed in the foot slopes and plains, except near small
streams (Ohnuki et al., 2012). In the area of plinthosols
located at the foot slope near the arenosol boundary, fine
debris and large weathered basalt debris (probably trans-
ported from the hill tops) occur at a thickness of >50 cm
within a 1 m deep soil pit (Ohnuki et al., 2014). Arenosols
(i.e., thick sandy soils) are located in the flood plains and
plains near the streams. Coarse-rounded quartzite gravel
has been found on the ground surface along the stream
(Ohnuki et al., 2022). Plinthosols and arenosols exhibit
significantly deeper soils (1.0-2.5 m deep), compared

Cambodian Journal of Natural History 2022 (1) 18-37
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Fig. 2 Topographical and soil conditions of study plot. A) Microtopographic classification, B) soil types, C) soil thickness, and
D) topographic cross section. Soil type and soil thickness are modified from Ito et al. (2017a). Dashed gray lines indicate inter-
mittent streams. Square boundary line and solid black symbol indicate 4 ha study plot (200 x 200 m) and meteorological flux

observation tower, respectively.

with leptosols (Figs. 2B-C; Ito et al., 2017a). Water storage
capacity in the study plot is directly proportional to soil
thickness, considering an effective porosity identical to
the three soil types (0.15 m®> m™, Ohnuki ef al., 2008).

Tree census

We divided the 4 ha plot into 1,600 quadrats each meas-
uring 5 x 5 m. Within the plot, we recorded the girth of
all standing woody stems with values >5 cm at 1.3 m
above ground level (diameter at breast height, DBH) to
the nearest 1 mm. These data were collected in the dry
season of mid-February 2017. We also identified trees to
species level and recorded the position of each individual
based on the 5 x 5 m quadrat location. Coppiced stems
were included in basal area and stem density measure-
ments. Scientific names of species are presented in Annex
1. Though the glabrous type and hairy type of T. alata
have not been confirmed as distinct species, they differ
substantially in habitat and leaf phenology (Ito et al.,
2017a) and are treated separately for convenience in this
paper. Stand structure parameters calculated from tree
census data included basal area (m? 25 m™), stem density
(number of stems 25 m™?) and maximum stem diameter
(cm) for all species in each 5 x 5 m quadrat.

Cambodian Journal of Natural History 2022 (1) 18-37

Forest floor vegetation census

As an index of aboveground forest floor vegetation
biomass, we investigated spatial variation in the height
of understory vegetation (hereafter, understory height)
at 747 points within the 4 ha plot on 4-5 September 2011.
Understory height (cm) was measured by reading the
height of any plant (primarily grasses) touching a verti-
cally standing measuring rod. Data were interpolated
onto a 0.5 m mesh grid and then averaged for each 5 x 5
m quadrat.

Aboveground forest floor biomass was destructively
investigated on 20 November 2012. Floor vegetation was
sampled in 0.5 x 0.5 m areas at the corners of sixteen 50
x 50 m quadrats within the 4 ha plot except in the centre
of the plot (location of our meteorological tower). Each
sampling area was located 2 m forward from the corner
of quadrats towards the flux tower. This was to avoid
the influence of foot traffic and concrete-post setting on
sampling data. Following sorting of samples into the
leaves of shrubs or juvenile trees, the stems and branches
of shrubs or juvenile trees, and grasses, these were oven-
dried and weighted.

© Centre for Biodiversity Conservation, Phnom Penh
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Fire regime census

The spatial distribution of the fire regime was exam-
ined from 29 January to 1 February 2014. We recorded
whether the base of each standing tree had been burnt or
not and then calculated the percentage of burnt trees in
each of four hundred 10 x 10 m quadrats constituting the
4 ha plot. In quadrats without standing trees, we visu-
ally determined the percentage of burnt areas. The fire
regime was also directly observed from 10 February to 10
March in 2012 and 2013 at the corners of sixteen 50 x 50
m quadrats within the 4 ha plot except for the centre of
the plot. In these instances, we recorded whether the area
within 5 m in four directions from the fixed observation
point was burning or not.

Species composition analysis in 20 x 20 m subplots

For species composition analyses, we pooled tree census
data from 16 neighbouring 5 x 5 m quadrats and treated
them as a single 20 x 20 m subplot (i.e., 100 total subplots
within the 4 ha plot). The dominant tree species was
defined as the species with the highest importance value
(IV index) for each 20 x 20 m subplot. IV indexes for
every species in each quadrat were calculated as follows:
IV, = (%N, + %G, / 2

where %N is the proportion of stems of species i rela-
tive to the total number of stems for all species, and G,
is the proportion of basal area of species i relative to the
total basal area of all species (Nguyen & Baker, 2016). To
compare our data with the results of previous studies, we
calculated IV indexes only when stems with DBH 210 cm
were selected.

To explore patterns of species composition for each
20 x 20 m subplot, we employed non-metric multi-
dimensional scaling (NMDS) (Kenkel & Orléci, 1986)
with the “vegan” package (Oksanen et al., 2019) in R (R
Core Team, 2020). Bray—Curtis dissimilarity (Beals, 1984)
in species composition was calculated based on the IV
indexes, which was used to identify grouping patterns
of quadrats using NMDS. We used the “vegdist” and
“metaMDS” functions for these analyses.

To determine groups of quadrats, we used hier-
archical cluster analysis with the “cluster” package
(Maechler et al., 2019) in R (R Core Team, 2020). Bray-
Curtis dissimilarity was also used for the hierarchical
cluster analysis, wherein the quadrats were grouped
based on the number of groups objectively determined
with the largest silhouette value. We used the “hclust”
and “silhouette” functions for these analyses.

© Centre for Biodiversity Conservation, Phnom Penh

One-way analysis of variance and post hoc Tukey-
Kramer honest significant difference tests were used to
evaluate differences in understory height among the 20 x
20 m subplots with different dominant tree species. These
were also used to determine differences in basal area,
stem density, the number of total species, the number
of dipterocarp species (or number of non-dipterocarp
species) in each subplot, as well as understory height and
aboveground understory biomass among the NMDS-
identified groups mentioned above. The size (DBH)
distributions of the three dipterocarp species and other
non-dipterocarp species were examined using NMDS-
identified groups. This analysis was conducted in JMP
statistical software (ver. 10.0, SAS Institute Inc., North
Carolina, USA).

Results

Forest properties and spatial characteristics

For free-standing stems with DBH >5 cm, our study
plot comprised 13.76 m? ha™ in basal area, 555.5 stem
ha™ for stem density, and a total of 46 tree species. For
free-standing stems with DBH >10 c¢m, the study plot
comprised 12.88 m* ha™ in basal area, 358.8 stem ha™ in
stem density, and 36 tree species in total (Table 1, Annex
1).

The spatial distribution of three forest properties
(basal area, stem density and maximum stem diameter)
are shown in Figs. 3A-3C. Of the 1,600 quadrats (5 x 5 m),
999 (62.4% of the total) contained at least one tree indi-
vidual with DBH >5 cm (hereafter referred to as with-tree
quadrat). Quadrats not including individuals with DBH
>5 cm (n = 601) were frequently found in the northwest
area of the plot; fewer such quadrats were found in the
southeast area (Fig. 3). Based on the same three forest
properties (basal area, stem density, and maximum stem
diameter), the plot was also generally divided into two
areas (i.e., northwest and southeast). For with-tree quad-
rats, basal area was slightly higher in the northwest area
(Fig. 3A), stem density was slightly higher in the south-
east area (Fig. 3B) and maximum stem diameter was
considerably higher in the northwest area (Fig. 3C). In
terms of microtopography (Fig. 2A), stem density was
lower in the flood plains and higher on hills (Fig. 3B),
while maximum stem diameter was greater on flood

plains and smaller on hills (Fig. 3C).
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Fig. 3 Spatial distribution of selected forest properties in the study plot. A) Basal area, B) stem density, C) maximum DBH, D)
understory height, E) understory biomass and its composition, F) fire regime in 2014, G) fire regime in 2012, and H) fire regime
in 2013. The scales of pie charts in Fig. 3E are proportional to the total amount of understory biomass (Annex 2). In Fig. 3F, the
area around the observation tower has been cleared to prevent the spread of fire.

Table 1 Structural properties of deciduous dipterocarp Topographical locations were clearly linked to forest
forest trees at study site in Kratie Province, Cambodia. floor vegetation (Figs. 3D-E). Lower understory heights

were primarily found in the hills and flood plains (Fig.

5-10cm 210 cm 3D). The spatial distribution of understory height varied

Metrie/ species DBH DBH Total from 15 to ca. 140 cm tall (Fig. 3D). Our field observa-
Basal area (m” ha™) 0.88 12.88  13.76 tion and destructive survey of the biomass of understory
Dipterocarpus tuberculatus 0.07 4.17 4.24 vegetation indicated that in the plain and foot slope, the
Shorea obtusa 0.01 2.40 2.41 top layer of herbaceous communities primarily consisted
Shorea siamensis 0.52 219 272 of dense dwarf bamboo grass (Vietnamosasa pusilla),
Stem density (stems ha™) 197.3 3588 556.0 whereas the lower layer often consisted of other herba-
Dipterocarpus tuberculatus 148 915 1063 ce?us species belonging to 'the Gra@ineae and Fabaceae
Shorea obtusa 35 438 473 (Fig. 3E). The understory biomass in the.:se areas .ranged

) ) from 3.5 to 7.2 Mg ha™. In the flood plain, V. pusilla and
Shorea siamensis 1143 109.3 2235 other Gramineae were abundant, but their biomass
No. of species (spp. 4 ha') 38 36 46

was not significant (1.1-5.0 Mg ha™). A small colony of

Cambodian Journal of Natural History 2022 (1) 18-37 © Centre for Biodiversity Conservation, Phnom Penh
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Dillenia hookeri (phlou bat; approximately 50 cm tall) and
herbaceous species in the Cyperaceae were also observed
near the main stream. Saplings of S. obtusa were found in
one location (X50, Y200). In the southeast area, the grass
layer was generally composed of herbaceous species of
Gramineae (1.2-4.2 Mg ha™). Shorea siamensis saplings
were found in some parts of this area. Cycas siamensis
(brong) was present, but rare and not found in the
destructive sampling plots. Details of understory vegeta-
tion biomass obtained from the destructive survey in 24
sites are shown in Annex 2. The spatial distribution of fire
is shown in Figs. 3F-H. The percentage and distribution
of areas burnt varied from year to year. Visual compari-
sons of these spatial distributions indicated that under-
story height and biomass appeared to be less associated
with the frequency of fire.

Spatial distributions of dominant dipterocarp species
and other species

The study plot contained three dominant dipterocarp
species. These were D. tuberculatus, S. obtusa, and S.
siamensis, which respectively comprised 30.8%, 17.5%
and 19.7% of the total basal area of the plot and 19.1%,
8.5% and 40.2% of the total number of stems, respectively
(Table 1, Annex 1). Dipterocarpus tuberculatus was evenly
distributed in the plot, although its basal area was larger
in the northwest area (Fig. 4A). S. obtusa was scattered in
the northwest area (Fig. 4B) and S. siamensis was distrib-
uted throughout the southeast area (Fig. 4C).

The maximum number of tree species that appeared
in a 5 x 5 m quadrat was five (Fig. 5A). Among the with-
tree quadrats (1 = 999), the mean number of tree species
present in a quadrat was 1.6 and 570 quadrats (57.1%)
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Fig. 4 Spatial distributions of predominant dipterocarp species in study plot. Basal areas of A) Dipterocarpus tuberculatus, B)

Shorea obtusa, and C) Shorea siamensis.
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Fig. 5 Spatial distributions of species richness in study plot. A) All species, B) three dominant dipterocarp species, and C) all

other species.
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contained only one species (Fig. 5A). The numbers
of quadrats containing D. tuberculatus, S. obtusa and
S. siamensis were 369, 169 and 428, respectively (Figs.
4A—4C). The three dominant dipterocarp species were
rarely distributed together, in co-occurring in only six
quadrats (Fig. 5B). Among the with-tree quadrats, at least
one of the three dominant dipterocarp species occurred
in 825 quadrats (82.6%) (Fig. 5B). Of the 129 quadrats
(12.9%) in which two species of dipterocarps occurred, 76
quadrats (58.9% of the 129 quadrats) included D. tuber-
culatus and S. siamensis, 28 quadrats (21.7%) included S.
obtusa and S. siamensis and 25 quadrats (19.4%) included
D. tuberculatus and S. obtusa.

Other non-dipterocarp species (43 species in total)
occurred in 521 (52.1% of total) quadrats among the 999
with-tree quadrats. On rare occasions, 3—4 non-diptero-
carp species appeared in a quadrat (Fig. 5C).

Dominant species and species composition groups (IV
index and NMDS analysis)

Six tree species were considered dominant based on the
IV index for each 20 x 20 m subplot (Fig. 6). The dominant

Composition of deciduous dipterocarp forests

tree species in the largest number of plots was D. fuber-
culatus (n = 46), which dominated a large portion of the
northwest area. The second most dominant tree species
in the subplots was S. siamensis (n = 30), which dominated
all of the southeast area. The third most dominant tree
species in the plots was S. obtusa (n = 16), and the plots
dominated by this species occurred near the boundary
between southeastern and northwestern areas. These
three dipterocarp species were dominant in 92% of the
subplots. The other eight subplots were dominated by
three Terminalia spp. The glabrous type of T. alata (n = 3)
was dominant near the boundary between the two main
areas, similar to S. obtusa. The hairy types of T. alata (n =
3) and T. mucronata (n = 2) were occasionally dominant
near the northwest corner of the study plot. Understory
height was significantly lower in subplots dominated by
S. siamensis, compared with subplots dominated by other
species (F = 54.4, p<0.0001).

Hierarchical cluster analysis determined four distinct
groups among the 20 x 20 m subplots. NMDS analysis
showed that Group 1 was tightly clustered (Fig. 7A),
dominated by S. siamensis without exception (Fig. 7B,
Table 2) and occupied the southeast area (Fig. 7C). Group

Table 2 Characteristics of groups separated in the non-metric multi-dimensional scaling analysis.

Group

2 3 4

Dominant species*

S. siamensis (24)

D. tuberculatus
(10), S. obtusa
(10), S. siamensis

D. tuberculatus

D. tuberculatus
(13), S. obtusa
(6), T alata

No. of subplots 24
Microtopography Hills
o 433+85¢
i -1
Stem density’ (stems 0.04 ha™') [27-65]
0.55+0.09 ®
+ 2 -1
Basal area” (m* 0.04 ha™) [0.39-0.72]

No. of species’ (0.04 ha™)
No. of dipterocarp species’ (0.04 ha™)
No. of non-dipterocarp species’ (0.04 ha™)

Understory height' (cm)

30£1.4°2

Aboveground understory biomass (Mg ha™) [1.2-6.2]

5.9+ 1.8%[3-10]
23+0.7°[1-3]
3.6+1.4°[1-7]

69 + 16 < [29-127]

(6), T alata (%) (hairy) 3), T
(glabrous) (3) mucronata (2)
34 18 24

Foot slope / upper Flood plain / Flood plain /
plain lower plain lower plain
203+104° . 12.1+48¢

[8-51] 11.3£5.1¢[5-25] [6-25]

0.62+0.21°* 047+0.17° 0.51+0.19

[0.22-1.06] [0.16-0.76] [0.11-0.88]

6.6+2.6°[3-15]
2.740.5°[2-3]
3.9+2.4°[1-12]

46+ 1.5°[1-7]
1.740.5¢[1-2]
2.9+ 1.4°[0-5]

6.0+ 1.5 % [4-9]
2.04£0.5%[1-3]
3.9+ 1.5°[2-6]

. 82+16°" 84+£19°

87+ 16 [16-135] (25 123] (36.142]
44+£13¢ 26+1.7*° 43+£13*
[2.6-7.2] [1.1-7.0] [1.6-7.0]

* Figures in parentheses indicate the number of subplots dominated by that species. * Values represent mean =+ standard deviation [range].
Figures on the same row with different superscript letters indicate significant differences (p<0.05).
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Fig. 6 Spatial distributions of the dominant tree species
for each 20 x 20 m subplot. Gray lines indicate elevation
contours.

3 was also clustered (Fig. 7A), dominated by D. tubercu-
latus without exception (Fig. 7B, Table 2) and scattered in
the northwest area (Fig. 7C). Groups 2 and 4 were more
diffusely arranged (Fig. 7A) and dominated by various
species (Fig. 7B, Table 2). Group 2, in which S. siamensis
and the glabrous type of T. alata occasionally dominated,
in addition to D. tuberculatus and S. obtusa, was distrib-
uted in the border between the northwest and southeast
areas. In contrast, Group 4, where the hairy type of T.
alata and T. mucronata occasionally dominated in addi-
tion to D. tuberculatus and S. obtusa, was scattered in the
northwest area (Fig. 7C, Table 2).

Stem density was higher in Group 1 in the southeast
area, followed by Group 2 at the border between north-
west and southeast areas. Values of stem density were

Fig. 7 (right) Non-metric multidimensional scaling (NMDS)
based on the species compositions of 100 subplots. A) NMDS
by identified groups (stress value = 0.137), B) NMDS by
dominant species, and C) spatial distributions of groups
with elevation contours (gray lines).
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lower in Groups 3 and 4 in the northwest area. Basal
area did not differ in a manner similar to stem density
among groups; it was smaller in Group 3, which was only
dominated by D. tuberculatus, and significantly differed
from Group 2 (Table 2). The number of species was
larger in Group 2 and smaller in Group 3. The number
of non-dipterocarp species did not differ among groups;
thus, differences in the total number of species between
groups were attributed to differences in the number of
dipterocarp species (Table 2). Understory height was
significantly larger in Group 2, followed by Groups 3 and
4; it was lowest in Group 1 (Table 2).

The size (DBH) distributions of the dipterocarp and
non-dipterocarp species (T. alata and others) are shown
according to group (Fig. 8). Although D. tuberculatus
was found in all four groups, the shape of the DBH
distribution differed between Group 1 and the other
groups. Group 1 had no large-diameter trees, whereas
it contained many small-diameter trees (Fig. 8A). In the
other groups, the peak of the diameter distribution was
in the range of 15-30 cm (Fig. 8A). For the size distribu-
tion of S. obtusa, a peak distribution in the medium size
class was observed for all groups (Fig. 8B). The size distri-
bution of S. siamensis differed markedly among groups
(Fig. 8C). Very few S. siamensis individuals were present
in Groups 3 and 4, whereas many such individuals were
found in Group 1. In Groups 1 and 2, when sufficient
individuals were present, the size distribution exhibited
an “L” shape; smaller size was associated with greater
number of individuals. Populations of the glabrous type
of T. alata were commonly found in Groups 1 and 2, but
the size distribution was not L-shaped (Fig. 8D). The
hairy type of T. alata was found rather evenly in each class
of Group 4, although there were not enough individuals
to determine the size distribution (Fig. 8D). The overall
size distribution of the other non-dipterocarp species
was L-shaped, except for Group 3 (Fig. 8E). However,
the number of individuals of each species was small,
and only Xylia xylocarpa in Group 2 could be regarded as
having an L-shaped distribution on a species basis. The
maximum DBH for each non-dipterocarp species is listed
in Annex 1.

Discussion

Deciduous dipterocarp forest at the study site

The overwhelming dominance of one or two deciduous
dipterocarp species at the stand level is considered
a defining feature of deciduous dipterocarp forests
(Bunyavejchewin, 1983; Bunyavejchewin et al., 2011;
Nguyen & Baker, 2016). Our study site was also charac-

Cambodian Journal of Natural History 2022 (1) 18-37

Composition of deciduous dipterocarp forests

terized by the local existence of one or two of the three
deciduous dipterocarp species (Fig. 5B). We expected our
study plot would contain two types of deciduous diptero-
carp forests: one forest dominated by D. tuberculatus and
S. obtusa (=the first type in the introduction), and another
forest dominated by S. siamensis (=the second type in the
introduction). The former type corresponded to Group
4 in our NMDS analysis and occurred on the plains and
flood plains, whereas the latter corresponded to Group
1 and exclusively occurred on hills (Table 2, Fig. 7). In
addition to these two common types, our NMDS analysis
suggested the existence of Group 3, which was strongly
dominated by D. tuberculatus, and Group 2, which was
a mixture of all three dipterocarp species (Table 2). Our
study also clarified the distributions of Group 3 and
Group 2: Group 3 was distributed in a patchy manner
within Group 4, and Group 2 occupied the foot slopes
between Group 4 and Group 1 (Fig. 7).

Group 4 has been reported in several studies of
deciduous dipterocarp forest in Cambodia, including
in the Phnom Prich Wildlife Sanctuary (Pin et al., 2013),
in the Mondulkiri Protected Forest (Pin ef al., 2013), and
in Kratie Province (DDF3 in Tani et al., 2007). A forest
type similar to Group 1, dominated by S. siamensis, has
been reported in Mondulkiri Province (DDF2 in Tani et
al., 2007). However, this forest type was not exactly the
same as ours because several indicator or dominant
species (Quercus kerii, Dipterocarpus obtusifolius and T.
mucronata) were absent from Group 1 in our study. There
is also a deciduous dipterocarp forest study in south-
western Cambodia (Phnom Samkos Wildlife Sanctuary),
but the species were not described and the details of the
forest type are unknown (Wood, 2012). To the best of
our knowledge, the existence of Group 2 and Group 3 in
Cambodia is unique to our study.

Comparison of species composition with deciduous
dipterocarp forests in continental Southeast Asia

The species composition of our study site is similar
to other deciduous dipterocarp forests in continental
Southeast Asia in terms of dominant dipterocarp species,
but differs in several respects. The species composition
(Annex 1) and forest characteristics (Tables 1-2) of our
site were most similar to deciduous dipterocarp forests
in Yok Don National Park in central Vietnam (Nguyen
& Baker, 2016), which is located 170 km due east of
our study site. Compared to the Doi Inthanon National
Park, Chiangmai, Thailand, our site differed from the
pine-dipterocarp forest in the intermediate zone (850-
1400 m above sea level [asl]) in terms of the absence of
Pinus spp., and from the deciduous dipterocarp forest
in the lowlands (400-850 m asl) in terms of high abun-
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dances of D. tuberculatus and accompanying species
(i.e., low abundance of Canarium subulatum) (Robbins
& Smitinand, 1966; Bunyavejchewin, 1983; Teejuntuk et
al., 2002; Nguyen & Baker, 2016). The overall difference
of our study site from deciduous dipterocarp forests in
northern Thailand involves the non-universal presence
of S. obtusa, i.e., S. obtusa was not present everywhere in
our study site (Santisuk, 1988).

Although the topographical properties of our study
site were similar to those in the Sakaerat deciduous
dipterocarp forest of northeastern Thailand (i.e., frequent
comparatively low, undulating hills with a slightly dry
climate and shallow soils), the species composition
differed from the Sakaerat forest in terms of the absence
of Shorea roxburghii, presence of D. tuberculatus (Sahu-
nalu, 2009) and absence of D. intricatus (Sakurai et al.,
1998). Our study forest also differs from a semi-Indaing
forest (D. tuberculatus forest in Burma, a tropical dry
deciduous forest based on the Burmese classification), in
terms of the absence of teak Tectona grandis (Stamp, 1924;
Hundley, 1961; Davis, 1964).

Our observation of co-occurring dominant deciduous
dipterocarp species is also consistent with the species
compositions of other forests in the region. For example,
in lowland Thailand (Bunyavejchewin, 1983; Rundel &
Boonpragob, 1995; Teejuntuk et al., 2002) and Vietnam
(Nguyen, 2009 and references therein), several associa-
tions of dominant dipterocarp species (i.e,, dominance
type: Bunyavejchewin, 1983) have been reported: S.
obtusa and S. siamensis; D. tuberculatus and S. obtusa; and
combinations of the three species. However, the combi-
nation most frequently observed in the present study was
the combination of D. tuberculatus and S. siamensis, likely
because the wide distribution range of D. tuberculatus in
the study plot included hill tops to which S. siamensis was
limited (Figs. 4A, 4C).

Elevational differences in the distribution of these
dominance types have been found in Thailand (Bunyave-
jchewin, 1983). For instance, the S. siamensis type, which
is similar to our Group 1, was distributed at lower eleva-
tions around 280 m, while the D. tuberculatus-S. obtusa
type, which is similar to our Group 4, was reported as
occurring at altitudes of 300 to 900 m (Bunyavejchewin,
1983). However, our study site lacked elevational differ-
ences among the three dipterocarp species; more specifi-
cally, S. siamensis, D. tuberculatus and S. obtusa were
separated within a toposequence with an elevational
difference of 10 m.

Group 2 noticeably differed from our other groups in
that the three species of dipterocarps were often equally
dominant (Table 2). It is also similar to the forest type
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reported by Ogawa et al. (1961) as mixed savanna forest,
which was later renamed mixed dry dipterocarp asso-
ciation (Bunyavejchewin, 1983). This forest type is char-
acterized by component species which are numerous
and well-mixed, with no distinct dominants (Ogawa et
al., 1961). The most commonly associated genera within
mixed savanna forests are Canarium, Gardenia, Hetero-
phragma, Lannea, Terminalia, Vitex and Xylia (Ogawa et
al., 1961), although our site also included Adina, Lager-
stroemia, Mangifera, Parinarium, Saurauia and Sindora
(Annex 1). Group 2 occupied the foot slopes on the
border between the plains and hills. Its soil conditions
were consistent with previous descriptions: commonly
sandy clay loam or frequently underlaid by fine sandy
loam on plains, associated with stony sandy soils on hill-
sides (Ogawa et al., 1961; Bunyavejchewin, 1983). Other
striking features of Group 2 included larger basal area
values, higher understory height and higher species
richness (Table 2). The large basal area and high under-
story height suggest rich biomass in Group 2, which is
consistent with a previous finding that the growth of
rubber trees was highest on foot slopes along a topose-
quence (Okubo & Takeuchi, 1998).

Transitions between groups

One of our study objectives was to identify the forms of
transition between deciduous dipterocarp forest types.
Sharp boundaries often occur between different types
of dominant dipterocarp species (Nguyen & Baker, 2016
and references therein), which is consistent with the
separation of Group 1 from our other three groups (Fig.
7C). A key finding was that Group 2 functioned as the
boundary area between Groups 1 and 4 (Fig. 7C). This
separation of forest types was attributable to topose-
quence at a scale of several hundred meters (Fig. 2D),
as reported in Kampong Thom Province (Hiramatsu et
al., 2007) and peninsular Thailand (Ohkubo & Takeuchi,
1998). Group 3 was scattered along with Group 4 in the
plains and flood plains (Fig. 7C). The reasons for this
scattered distribution are discussed below, along with
factors responsible for the low abundances of tree species
other than D. tuberculatus in Group 3.

Specific distribution patterns of deciduous dipterocarp
and driving factors

Absence of S. siamensis in plains vs. light environment and
fire intensity

Shorea siamensis was noticeably absent from the lower
plain and flood plain (Figs. 4C, 8C). Marod et al. (2004)
reported that the survival and growth rates of S. siamensis
seedlings were dramatically greater in gaps than under
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the closed canopy. Understory height is expected to have
a monotonically increasing relationship with biomass of
forest floor vegetation, implying a negative correlation
between understory height and light transmittance. The
lightenvironmentnear the ground surface in the plainand
flood plain may involve excessive shade for survival of S.
siamensis seedlings, although this needs to be confirmed
by seedling trials. Variation in understory biomass, i.e.,
fuel, also leads to differences in the intensity of combus-
tion. The understory height in our study area (15-140 cm,
Fig. 3D) corresponded to a high to very high fuel hazard
(McCarthy et al., 1999), whereas the understory biomass
(1.1-7.2 Mg ha’, Fig. 3E, Annex 2) corresponded to low
to moderate surface fine fuel hazard (McCarthy et al.,
1999). Fire regimes in deciduous dipterocarp forests have
been reported in detail for north and northeast Thailand
(Stott, 1986). Fire intensity may appear to act as a critical
environmental filter of tree species composition in our
study plot, as reported previously for deciduous diptero-
carp forests (Rundel & Boonpragob, 1995; Nguyen et al.,
2019). For instance, Nguyen et al. (2019) demonstrated
that juveniles of S. siamensis, S. obtusa and D. obtusifolius
require a comparatively long fire-free period to reach
their fire-escape size, whereas juveniles of D. tuberculatus
can become saplings despite an annual fire regime. The
thin outer bark of low-height (<3 m) trees was noted as
a possible reason for the fire vulnerability of S. siamensis
(Nguyen et al., 2019). In the present study, understory
height differed significantly between hill tops, where S.
siamensis is intensively distributed, and other areas (Table
2). The absence of S. siamensis was most likely because of
light conditions, fire intensity, or both, depending on the
amount of forest floor vegetation.

Low prevalence of trees (or of trees other than D. tuberculatus)
in plains vs. spatial heterogeneity in fire intensity

Our Group 3, which occurred on the plains and flood
plains, included fewer tree populations of species other
than D. tuberculatus (Table 2, Fig. 8). In addition, when
the flood plain was mapped at a fine resolution (5 x 5
m quadrats), a significant number of tree-less quadrats
were present (Figs. 3A-3C). Factors limiting the pres-
ence of trees were smaller in scale than the toposequence
and were presumably spatially heterogeneous within
the plains and flood plains. Juveniles of D. tuberculatus
are more resistant to fire, compared with other decid-
uous dipterocarps (Nguyen ef al., 2019), suggesting that
spatial heterogeneity in fire intensity could be a limiting
factor. As discussed in the previous paragraphs, low-
intensity fire periods could be regularly expected where
understory height and biomass were low (Figs. 3D-3E).
On the other hand, a fire-free situation may occur more
randomly, as suggested by the yearly variation in scat-
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tered unburnt areas with remaining forest floor vegeta-
tion (Figs. 3F-3H). The survival of juvenile trees may only
be possible in areas where a fire-free or low-intensity fire
period lasts by chance for a comparatively long interval.

Lower prevalence of trees or low understory height in the flood
plain vs. stagnant water conditions

In some areas of the flood plain where understory height
and biomass were low (Figs. 3D, 3E), low-intensity fire
periods might be expected to continue. However, Group
3 was distributed in such areas (Fig. 7C) and tree-less
quadrats were often present (Figs. 3A-3C). Another
factor limiting the presence of trees may be stagnant
water conditions. Water retention was observed during
the rainy season in the flood plain of our study area,
including outside of the flow path (authors, unpub-
lished data). The occurrence of Cyperaceae species and
D. hookeri in these areas (Fig. 3E) is suggestive of a stag-
nant water environment. Thus, such conditions during
the rainy season could also serve as factors limiting the
survival of tree seedlings.

Low recruitment of D. tuberculatus in Groups 2, 3 and 4 and
S. obtusa in all groups vs. increase of fire events in recent years

We documented lower numbers of small-sized trees of D.
tuberculatus and S. obtusa in Groups 2, 3, and 4 (Fig. 8A)
and in all four groups (Fig. 8B), respectively. In inves-
tigating the regeneration of various types of deciduous
dipterocarp forest in central Vietnam, Nguyen & Baker
(2016) documented the absence of S. siamensis saplings
and raised concerns about the future regeneration of
forest types dominated by the species. Pin et al. (2013)
suggested that lower numbers of small D. tuberculatus
trees in Mondulkiri Protected Forest were associated
with more frequent fires. Our findings suggest that
recruitment of D. tuberculatus and S. obtusa has somehow
been suppressed in recent years. Ghazoul et al. (1998)
reported that the reproductive output of S. siamensis
was not affected when population density was reduced
from 96 to 62 flowering trees ha’, although it declined
sharply when density was further reduced to 9 trees ha™.
In our 4 ha study plot, the density of flowering diptero-
carp trees was 85 trees ha™ for D. tuberculatus, 34 trees
ha™ for S. siamensis and 32 trees ha™ for S. obtusa (2014
census: Ito et al., 2016). This suggests that the low recruit-
ment of dipterocarp species was unlikely to be due to
a lack of flowering trees. However, if fire intensity has
increased in recent years, new tree recruitment may have
been inhibited. In surveying the deciduous dipterocarp
forests of Stung Treng Province before the 1970s, Legris
& Blasco (1972) did not observe lower numbers of small
trees of the three species of dipterocarps, indicating that
their recruitment was steadily progressing in the forest
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at that time. Climate-driven changes in drought and fire
intensity in Southeast Asia may alter tree recruitment
rates and cause long-term effects on the structure and
species composition of deciduous dipterocarp forests
(Nguyen et al., 2019). Fire intensity may also be changing
due to alterations in the composition of forest floor vege-
tation and amount of biomass. Forest fires may lead to
soil degradation, such as soil erosion (Sakurai et al., 1998)
and nitrogen loss (Toda et al., 2007), which may lead to
further changes in forest floor vegetation.

Future studies are necessary to verify the above
hypotheses, particularly for the development of conser-
vation plans. Identification of site characteristics along
the toposequence and species-specific mechanisms that
govern tree recruitment are urgent tasks for this study
area.

Practical proposals for forest conservation

The most practical finding of our study is that the foot
slopes and upper side of plains were topographical loca-
tions where the three dipterocarp species coexisted with
many other tree species (Group 2, Table 2). The number of
species in Group 2 was higher than in Group 4, although
this difference was not statistically significant (Table 2)
and Group 4 has relatively moderate species richness
(Rundel, 1999). This result implies that the foot slopes
and surrounding areas are densely stocked with mother
trees of deciduous forest tree species and are a high
priority for protection. Thus, to appropriately conserve
deciduous dipterocarp forests, the overall toposequence
must be maintained. This should include hills (Group 1)
and flood plains or plains (Group 4), where typical forms
of deciduous dipterocarp forests appear, as well as their
foot-slope transition zones (Group 2).

In an applied context, understory height, which is
more easily visible than soil type and thickness, may be
useful as an indicator for spatial classification in conser-
vation planning. For example, when implementing a
reforestation project in a deforested area, S. siamensis
will be unlikely to grow in areas other than hills. In addi-
tion, locations to plant S. siamensis may be determined by
understory height during the rainy season.

The general homogeneity of the deciduous diptero-
carp forests in Southeast Asia is partly because they
are adapted to edaphically or topographically dry sites
(Stott, 1990). The toposequence of landforms found in
our 4 ha study plot had an elevational difference of 10
m for a horizontal distance of 200 m (Fig. 2D). Similar
topographic gradients of environmental and forest prop-
erties at the same scale has been reported in undulating
lands in peninsular Thailand (Ohkubo & Takeuchi, 1998).
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Our proposals for conservation can be applied to such
toposequences of land forms, and the applicable area is
expected to be considerably large.

Conclusions

We found clear spatial heterogeneity in vegetation at a
scale of several hectares in Kratie Province, Cambodia.
Strong associations of forest tree and forest floor vege-
tation with topographical properties were found along
the toposequence. Various types of deciduous diptero-
carp forests co-existed at this scale, although they were
separated along the toposequence. We propose that
along with the commonly limited forest types, the entire
toposequence must be included in forest conservation
efforts, because each type is established in an ecologically
niche-differentiated manner along the toposequence. It is
also crucial to determine the species-specific mechanisms
governing tree distribution and such research will help
to improve future forest conservation and reforestation
projects.
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Composition of deciduous dipterocarp forests
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