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Abstract

Leaf phenology is an important component of forest ecosystems as it determines the quantity and physiological activity 
of leaves, the organs that carry out photosynthesis. We assessed the phenology of leaf shedding and fl ushing in a 
lowland dry evergreen forest in Kampong Thom Province, Cambodia. Leaf litt er surveys indicated that the peak of 
leaf shedding occurred during the early dry season for tall dipterocarps (Dipterocarpus costatus and Anisoptera costata), 
but during the late dry season for mid- to low-canopy tree species. Bud scale drop phenology and canopy observations 
suggested that fl ushing occurred early in the dry season in upper-canopy dipterocarps. Stand-scale leaf mass, measured 
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Introduction
Evergreen forests occupied 15.8 % of the land area in 
Cambodia as of 2016 (Fig. 1; Ministry of Environment, 
2018). Evergreen forests in Cambodia are classifi ed into 
four subtypes, based on lowland or sub-montane loca-
tion and moist or dry climate, using the classifi cation 
system of the Terrestrial Vegetation and Land-use Patt erns 
map published by the Ministry of Environment (MoE) 
in 2007 (cited in Brun, 2013). This subdivision is based 
on elevation, with 650 m used as the boundary between 
lowland and sub-montane vegetation types, as well as 
other bioclimatic criteria that diff erentiate the humid 
coastal ranges (moist, annual precipitation ca. >2000 
mm), lower-humidity inland forests (dry) and hinter-
lands (Brun, 2013) (Fig. 2). Lowland dry evergreen forest, 
one of the four evergreen forest subtypes, is referred to 
as dry evergreen forest in the classifi cation system of the 
Cambodian Forestry Administration (FA, 2011). Lowland 
dry evergreen forests in Cambodia typically develop 
on sandy alluvial plains, where soils are deep. Despite 
the seasonal tropical climate in which litt le rain falls for 
half the year (Kabeya et al., 2007), plants in lowland dry 
evergreen forests have access to abundant groundwater 
(Araki et al., 2008; Ohnuki et al., 2008b; Toriyama et al., 
2011) via their deep root systems (Tanaka et al., 2004; 
Ohnuki et al., 2008a). This facilitates year-round foliage 
retention, resulting in evergreen forests. Such habitats 
occur to the north of the Tonlé Sap fl ood basin and west 
of the Mekong River (Fig. 3; Rundel, 1999). These areas 
are referred to as “Semi-Evergreen Forest on Alluvial 
Plains” in Rundel’s (1999) classifi cation and details of the 
forest classifi cation systems used in Cambodia have been 
described by Brun (2013).

 Lowland dry evergreen forests comprise multi-story 
forests of trees that maintain their leaves throughout the 
year, as is typical for evergreen forests (FA, 2011). Despite 
relatively constant leaf mass (Richardson et al., 2013), the 
physiological activity of the canopy in evergreen forests 
may not be constant. This is because physiological 
activity in leaves typically changes during leaf matura-

tion (Pallardy, 2010), as demonstrated by a tall diptero-
carp in a lowland dry evergreen forest (Ito et al., 2018). 
In other words, the leaf age structure of the canopy can 
govern physiological activities in the canopy (Field, 1987; 
Brodribb & Holbrook, 2005). 

 Leaf phenology refers to the recurring temporal 
aspects of natural phenomena associated with leaves, 
such as leaf fl ush, maturation, senescence and defolia-
tion. As a result, it may be important for understanding 
the seasonality of eco-hydrological processes in tropical 
dry forests (Hutyra et al., 2007; Wu et al., 2016, 2017). 
Leaf phenology may vary according to community 
composition because dynamic changes in leaf age struc-
ture within the canopy can arise from the combined 
phenology of individual tree species at the stand scale. 
Understanding stand-scale leaf phenology may provide 
insight into ecosystem structure and function in forest 
systems (Cleland et al., 2007). As a consequence, clari-
fying stand-scale leaf phenology in the lowland dry ever-
green forests of Cambodia may enhance understanding 
of forest ecosystems nationally and inform conservation 
planning for these.

 Thus far, leaf phenology in Cambodian forests has 
mainly been studied in the context of remote sensing and 
land/forest classifi cation. Clear diff erences in phenology 
have been observed between evergreen and deciduous 
forests during the dry season, whereby deciduous forests 
showed marked and spatially-uniform losses and subse-
quent gains in new leaf area, whereas evergreen forests 
exhibited less pronounced changes (e.g., Ito et al., 2008). 
Almost all remote sensing studies of the phenology of 
evergreen forests have assumed either negligible intra-
annual variability (e.g., Langner et al., 2014) or unimodal 
seasonal changes, i.e., that leaf fl ushing occurs once a 
year (Venkatappa et al., 2019; Scheiter et al., 2020). An 
exception is the study of Ito et al. (2008), who used satel-
lite imagery to demonstrate that the leaf phenology of 
Cambodian evergreen forests is spatially and tempo-
rally heterogeneous. Although Ito et al. (2008) found that 
approximately 30% of evergreen forests shed a detectable 

optically as leaf area index, showed two periods of slight, but signifi cant reduction: one in the early dry season and the 
other in the late dry season. This indicates that fl ushing in low- and mid-canopy species occurred in the last phase of 
the dry season at the latest. We propose hypothetical explanations for the ecological advantages of these discrete pheno-
logical patt erns. An anomalous leaf shedding event was also found in association with a lengthy monsoon break. Forest 
degradation, including the removal of tall dipterocarp trees, is ongoing in lowland dry evergreen forests. This may lead 
to substantial changes in lowland dry evergreen forest ecosystems by altering stand-scale leaf phenology and leaf mass. 

Keywords Anisoptera costata, Dipterocarpus costatus, ENSO, forest degradation, leaf area index, leaf phenology, 
lowland dry evergreen forest
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Fig. 1 Distribution of evergreen forests in Cambodia. Classifi cation based on FA (2011). The open square represents the 
study site and the white line indicates the basin of the Chinit River.

Fig. 2 Annual precipitation and elevation classes in Cambodia. Precipitation data obtained from the WorldClim global 
climate and weather database (htt ps://www.worldclim.org/data/index.html). The open square represents the study site and 

the black line indicates the basin of the Chinit River.
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volume of leaves twice during a single dry season (i.e., 
early and late in the dry season), they did not explicitly 
link this heterogeneity to the characteristics of the sites or 
species present in each forest. Species-specifi c leaf pheno-
logical characteristics have been widely reported for 
species in the Dipterocarpaceae (reviewed by Ghazoul, 
2016). This family includes many of the major compo-
nent species of Cambodian forests (FA & Cambodia 
Tree Seed Project, 2003), although available reports do 
not include dipterocarp species that occur in lowland 
dry evergreen forests. To the best of our knowledge, no 
reports based on empirical fi eld data exist on the stand-
scale leaf phenology of lowland dry evergreen forests in 
Cambodia.

 The objective of our study was to investigate leaf 
phenology in a lowland dry evergreen forest in central 
Cambodia. We measured leaf and bud-scale fall using 
litt er traps, directly observed leaf fl ush and optically 
measured seasonal changes in leaf mass. We also consider 
hypothetical explanations for the ecological functions of 
the phenological patt erns observed. Finally, we consider 
how extreme climate events and forest degradation 
may infl uence leaf phenology and related ecosystem 
processes.

Methods

Study site

The study site was located in Kampong Thom Province 
(12°76’N, 105°48’E; Figs 1–3), within the Stung Chinit 
River catchment where the Stung Chinit River fl ows 
through the central plains of Cambodia into Tonlé Sap 
Lake. While elevations within the Chinit catchment range 
from 19 to 653 m, 90% of the drainage area is below 140 
m (Kabeya et al., 2021). The study site was situated in a 
fl at, gently rolling alluvial plain 80–100 m above sea level 
(a.s.l.), on sandy alluvium with shale distributed in the 
upstream area (Fig. 3). The forest at the study site was 
classifi ed as lowland dry evergreen forest in the Terres-
trial Vegetation and Land-use Patt erns map published by 
MoE in 2007 (cited in Brun, 2013). The study forest had a 
basal area of 42.3 m2 ha−1 and a tree density of 1,817 trees 
ha−1 (diameter at breast height [DBH] > 5 cm), based on a 
census conducted within a 30 × 80 m permanent sample 
plot in 2011. Two tall dipterocarp species, Dipterocarpus 
costatus C.F. Gaertn and Anisoptera costata Korth., domi-
nated the upper canopy layer of the forest (Pooma, 2002; 
Tani et al., 2007) and details of the plant species composi-
tion of the study area are provided in Annex 1.

Fig. 3 Geology of Cambodia. Data provided by the Forestry Adminstration (Cambodia). The open square represents the 
study site and the black line indicates the basin of the Chinit River.
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Seasonal and interannual variations in precipitation

Cambodia has a subtropical climate driven by two 
monsoon seasons: the cool, dry northeastern monsoon 
from November to March, and the humid southwestern 
monsoon from May to October (Kabeya et al., 2021). The 
seasonal tropical climate of our study area can generally 
be divided into three seasons: an early dry season with 
litt le rain (ca. 50 mm) and decreasing air temperature 
(from 25.5 to 24.5 °C), a late dry season with litt le rain 
(ca. 100 mm, pre-monsoon rain, Kabeya et al., 2007) and 
increasing air temperature (from 25 to 28 °C), and a rainy 
season providing >90 % of the annual precipitation, with 
moderate air temperature (approximately 26°C) (Kabeya 
et al., 2008; Chann et al., 2011). We defi ned the timing 
of these three seasons as follows: early dry season (late 
October–late December), late dry season (early January–
mid May), and rainy season (late May–mid October).

 The monsoon exhibits substantial interannual vari-
ability which is closely related to El Niño/Southern Oscil-
lation (ENSO) (Räsänen & Kummu, 2013). In Southeast 
Asia and Oceania, the El Niño phase tends to result 
in high temperatures and water shortages, whereas 
substantial rainfall tends to occur during the La Niña 
phase. According to Kabeya et al. (2021) for 2007–2016 
and our data for 2000–2006 and 2017–2019 (classifi ed 
using the same methods), an El Niño phase occurred in 
the central lowlands of Cambodia during 2005, 2010 and 
2015–2016, whereas a La Niña phase occurred during 
2000–2001, 2006, 2008–2009 and 2011–2012 and a neutral 
phase during 2002–2004, 2007, 2013–2014 and 2017–2019 
(El Niño and La Niña phases were distinguished based on 
Southern Oscillation Index values of −10 and +10, respec-
tively). Based on observations in 2007–2016, the annual 
rainfall of neutral, La Niña, and El Niño years near the 
study site was approximately 1,600 mm, >1,800 mm and 
1,100–1,200 mm, respectively (Kabeya et al., 2021). 

 Kabeya et al. (2021) reported the mean onset and 
withdrawal dates of the rainy season in 2007–2016 as 26 
May (± 18 days) and 25 October (± 13 days), respectively. 
These were based on Matsumoto (1997) in defi ning “the 
onset (withdrawal) of the summer rainy season is that 
of the fi rst (last) pentad (5-days) when the mean pentad 
precipitation exceeds annual mean pentad precipitation 
[Pm = (Annual precipitation) / 73] in at least three consec-
utive pentads, following (before being) lower than it in 
more than three consecutive pentads. The middle date 
of this defi ned pentad is considered the onset or with-
drawal date”. Onset and withdrawal dates for 2004–2006 
were obtained by Kabeya et al. (unpublished data). The 
summer rainy season is sometimes divided into two rainy 
seasons based on breaks similar to short dry seasons, 
known as monsoon breaks (Matsumoto, 1997). Monsoon 

breaks were defi ned as periods when pentad precipita-
tion was lower than Pm for more than three consecutive 
pentads (Kabeya et al., 2021). A relationship between 
monsoon breaks and ENSO phase has been suggested 
(Kabeya et al., 2021). From 2007 to 2016, monsoon breaks 
were observed in 2008, 2009, 2012 and 2016 at the study 
site (e.g., four out of 10 years, with three of the four year 
being in the La Niña phase) (Kabeya et al., 2021). Breaks 
typically began around the end of July or early August 
and had a mean duration of 36 days (Kabeya et al., 2021). 

Seasonal variations in groundwater level and solar 
radiation

Soils at the study site are generally sandy and classifi ed 
as Haplic Acrisols (Alumic, Profondic) in the World Refer-
ence Base for Soil Resources (Toriyama et al., 2007, 2008). 
The depth of the groundwater table varies substantially 
due to the gently undulating nature of the overlying 
topography. The depth of the groundwater table and 
corresponding rooting depth are ca. −10 m at the end of 
the dry season (Araki et al., 2008; Ohnuki et al., 2008a, 
2008b) and the soils dry rapidly in December (Araki et al., 
2008). Interannual variations in monthly mean ground-
water levels are available for 2004–2007 (Fig. 4a, revised 
from Chann et al., 2011).

 Meteorological data have been collected at the site 
using a 60 m tall observation tower since 2004, although 
data gaps have resulted from mechanical breakdowns 
caused by lightning and other factors (Nobuhiro et al., 
2009; Chann et al., 2011). Seasonal variations in solar radi-
ation are relatively minor, despite the presence of distinct 
rainy and dry seasons. This is because rainfall is concen-
trated in the evening (Nobuhiro et al., 2010). Seasonal 
diff erences in solar radiation in the study area were typi-
cally < 10%, with the exception of the last two months of 
the rainy season, when the diff erence was 20% (Fig. 4b, 
revised from Chann et al., 2011).

Leaf phenology 

We investigated stand-scale leaf phenology using the 
following three methods. 

 1. Litt er traps—Litt er collection was used to assess leaf 
shedding phenology from September 2004 to January 
2015. This period was divided into three phases in data 
analyses. During Phase I (September 2004–February 
2007), a 1 m2 frame was employed for litt er collection 
in the study forest. During Phase II (February 2007–
February 2009), a second 1 m2 frame was added for 
litt er collection. During Phase III (March 2009–January 
2015), four litt er net traps with a total area of 2 m2 were 
employed within a 50 x 100 m forest stand. 
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 Litt er was generally collected three times per month. 
However, longer collection intervals occurred on three 
occasions during the early stages of Phase I (namely a 
47-day collection interval from 24 September 2004–10 
November 2004, a 20-day collection interval from 30 
December 2004–19 January 2005 and a 40-day collection 
interval from 19 January 2005–28 February 2005) (Fig. 5). 

 All litt er collected was divided according to species 
and the oven-dried weights for each species were 
recorded. We report the weights for tall dipterocarps 
(D. costatus [‘Chhoeuteal Bankouy’ in Khmer] and A. 
costata [‘Phdiek’]), mid-layer dipterocarps (Vatica odorata 
(Griff .) Symington [‘Chromas’] and Hopea recopei Pierre 
ex Laness. [‘Chromas Trang’]), and other mid- to under-
story tree species. Litt er collected from trees in the middle 
to understory layers included an abundance of mate-
rial from Diospyros spp. and Syzygium spp. These layers 
also included some mid-sized to tall tree species such as 
Lophopetalum duperreanum Pierre and Sindora siamensis 
Teysm. ex Miq. and further information on these species 
is given in Annex 1. Some shrub (e.g., Psydrax pergra-
cilis (Bourd.) Ridsdale) and vine (e.g., several species 
of Uvaria (Annonaceae), Willughbeia edulis Roxb. (Apoc-

ynaceae), and Peltophorum dasyrhachis (Miq.) Kurz 
(Fabaceae)) species were also represented in the litt er. 
We also counted the number of tree species producing 
fallen leaves during each collection interval. The amount 
of fallen leaves was corrected for trap area (g m−2), but 
not for collection interval, except for the longer collection 
intervals previously mentioned.

 Because Dipterocarpus species produce a distinctive 
bud scale indicative of leaf fl ushing, the amount of bud 
scales collected by litt er traps was used to estimate the leaf 
fl ushing phenology of D. costatus. These data, collected 
from October 2006 to February 2007 (during Phase I), 
were used for reference only due to errors made by local 
collectors whereby uncollected scales were carried over 
to later collection intervals. 

 2. Direct crown observations—Crown observations 
were conducted using binoculars to confi rm the leaf fl ush 
phenology of D. costatus and A. costata. Observations 
were made from 29 September 2004 to 19 September 2005 
and from 30 October 2006 to 30 June 2012. Observations 
were made three times per month, generally on the 10th, 
20th and 30th, but sometimes varied by 1–2 days. Three 
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individuals of each tree species were observed and the 
presence or absence of leaves in the canopy was recorded. 
We also recorded whether pale green leaves were present 
in the canopy, which were assumed to be freshly devel-
oped. The recording threshold was set at 10% or more of 
total leaves in the canopy being newly fl ushed. 

 3. Optical measurement of leaf area index—Seasonal 
changes in leaf area at the stand scale were estimated 
using non-destructive optical methods (plant canopy 
analyser, LAI-2000, Li-Cor, Nebraska, USA) to determine 
the leaf area index (LAI, m m−1). The LAI was estimated 
at ten points, which produced diff erent measurements. 
When using the plant canopy analyser, the sensor’s 
azimuthal fi eld of view was limited to 90°. These meas-
urements were typically made once a month from March 
2003 to May 2012, although measurement interval varied. 
In addition, we also estimated LAI on the basis of hemi-
spherical photographs (Tani et al., 2011). These were 
taken on the same day and at the same locations as the 

plant canopy analyser measurements, except in 2008 
(due to equipment loss). 

Leaf mass per area

The leaf mass per area (LMA) of D. costatus was meas-
ured from fallen leaves collected in litt er traps for inter-
vals with at least ten leaves from August 2005 to July 
2006. Five constant-area (30 mm2) discs were punched 
out from a collected leaf, oven-dried and individually 
weighed. Shrinkage of drying fallen leaves relative to 
fresh leaves was neglected. In total, 585 leaves collected 
on 14 days were measured.

Statistical analysis

Seasonal changes in leaf litt er weights in four categories 
(D. costatus, A. costata, mid-layered dipterocarps, and 
other mid- to understory species) were assessed using a 
generalized linear model (GLM) framework. The GLM 
incorporated collection date as a categorical explana-
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tory variable (10 day periods, 36 periods per year). The 
amounts of litt er per category were infl uenced by trap 
location and individual trees. Importantly, numerical 
data could not be directly compared across collection 
phases. For this reason, we incorporated collection phase 
(i.e., PHASE I, II, or III) into the GLM as a categorical 
random eff ect. We excluded data up to February 2005 
(Phase I) from the analysis due to the extended collec-
tion intervals. The hypothesis that each parameter had 
a value of zero was evaluated using t-tests. The GLM 
estimated the least square means (LSMs) of litt er weights 
in four categories for each collection date. LSMs repre-
sent the predicted values across the various collection 
dates when other model factors were held constant at 
the average coeffi  cient over all levels for each factor. The 
amount of litt er that fell during each of three periods, 
i.e., the early dry season (late October–late December), 
the late dry season (early January–mid May), and the 
rainy season (late May–mid October), was estimated by 
summing the predicted LSMs from each collection date. 
The percentage of leaf fall occurring in each period was 
calculated based on the total annual leaf fall. 

 LAI data collected between March 2003 and June 
2004 (totalling 16 measurement periods) using the plant 
canopy analyser were assessed to determine seasonal 
changes. We used a GLM framework incorporating 
measurement date as a categorical explanatory vari-
able and measurement point (n = 10) as a random eff ect. 
Signifi cant diff erences among measurement dates were 
evaluated using post-hoc Tukey-Kramer HSD tests. 

 We observed occasional fl uctuations in the plant 
canopy analyser data collected after July 2004. These 
may have been caused by the deterioration of the sensors 
during the measurement period, but this cannot be 
confi rmed. The data for the entire period, as measured 
using the two methods (plant canopy analyser and hemi-
spherical photographs), were subjected to the following 
statistical analyses to detect seasonal trends in LAI while 
mitigating the eff ects of instrument malfunctions, diff er-
ences between instruments, uneven measurement dates 
and inter-annual variations in canopy conditions due 
to tree growth and mortality. Seasonal changes in LAI 
were assessed using a GLM framework incorporating 
measurement date as a categorical explanatory variable 
(10-day periods, 36 periods per year), and measurement 
point, measurement method (plant canopy analyser or 
hemispherical photographs), measurement year, and 
the interaction of the latt er two variables as random 
eff ects. Since LAI was not measured on the same day 
every month, each measurement date was classifi ed into 
10-day periods (i.e., 36 periods per year), then converted 
into categorical data and incorporated into the GLM. No 

data were available for mid-April. The hypothesis that 
each parameter had a value of zero was evaluated using 
t-tests. The GLM estimated LSMs for each measurement 
date. Annual mean (± SD) and range were estimated by 
averaging and ranging the LSM for each measurement 
date. 

 Seasonal variations in LMA were assessed using a 
GLM framework incorporating collection date as an 
explanatory variable and individual leaf as a random 
eff ect. Signifi cant diff erences among dates were evalu-
ated using post-hoc Tukey-Kramer HSD tests. The GLM 
estimated LSMs for each sampling date. All statistical 
analysis was conducted using JMP statistical software 
(ver. 10.0, SAS Institute Inc., North Carolina, USA). 

Results

Phenology of leaf and bud scale shed

Leaf and bud scale shedding phenology are shown in 
Figs 5–7. The tall dipterocarps D. costatus and A. costata 
shed leaves during the early dry season (Fig. 5). The 
shedding peak of A. costata was 0–20 days earlier than 
that of D. costatus. For D. costatus, sporadic leaf shedding 
was observed in the early rainy season (Fig. 5). The peak 
of leaf shedding for tall dipterocarp species in the early 
dry season was generally sharp, excluding blunt peaks 
observed in 2008–2009 (Fig. 5, Phase II), or from 2014 to 
2015 (Fig. 5, Phase III). The dates of onset and termina-
tion and the duration of the rainy season or El Niño/La 
Niña phase, and the occurrence and lengths of monsoon 
breaks (derived from Kabeya et al., 2021; Kabeya et al., 
unpublished data) are also shown in Fig. 5.

 Mid- and lower layer components of the forest, 
including other dipterocarps (Vatica odorata and Hopea 
recopei) mainly shed leaves in the late dry season (Fig. 
6). The number of species shedding leaves was relatively 
large in the late dry season, with peaks in January–
February for most species (Fig. 6). The peak of leaf shed-
ding for low- and mid-canopy species was relatively 
blunt, except for a sharp peak in February 2009 (Fig. 6, 
Phase II). 

 The fall of D. costatus bud scales typically peaked 
between mid-November and mid-December (Fig. 7). The 
peak of bud scale fall (i.e., the peak of leaf fl ushing) coin-
cided with peak leaf fall in D. costatus (Fig. 5). Bud scale 
fall from D. costatus was also observed during the late dry 
season and early in the rainy season (Fig. 7).

 Leaf fall patt erns were further generalized through 
GLM analysis (Fig. 8). Signifi cantly elevated levels of leaf 
shedding continued over 40 days and 60 days in the early 
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Left axis: Amount of fallen leaves (g m 2)
Right axis: Number of tree species producing fallen leaves (number of species per collection)
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Fig. 6 Leaf shedding phenology of species in the middle and understory layers. Columns indicate the volume of fallen leaves 
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dry season for D. costatus and A. costata, respectively (Fig. 
8a–b). Peaks in leaf shedding were less clear and lasted 
longer during late dry season in mid- to low-canopy 
species (Fig. 8c–d). 

 According to our GLM, 50.8% and 58.2% of total 
annual leaf fall occurred during the early dry season for 
D. costatus and A. costata, respectively. During the late dry 
season, 27.9% and 19.9% of total annual leaf fall occurred 
for D. costatus and A. costata, respectively. Meanwhile, 
21.4% and 18.3% of the annual leaf fall for mid-layer 
dipterocarps and other mid- and understory species 
occurred in the early dry season, respectively. During 
the late dry season, 54.4% and 58.9% of annual leaf fall 
occurred for the mid-layer dipterocarps and other mid- 
and understory species, respectively. Some mid- to low-
canopy species displayed leaf shedding throughout the 
dry and rainy seasons. For example, leaf litt er from Pelto-
phorum dasyrhachis (Miq.) Kurz (Fabaceae) and Syzygium 
syzygioides (Miq.) Merr. & L.M. Perry (Myrtaceae) were-
found on 87% and 82% (respectively) of all collection 
dates in Phase III (n = 213). However, the peak of leaf 
shedding occurred during the late dry season (February) 
rather than the early dry season. 

Direct crown observations

Direct observations confi rmed that leafl ess branches were 
rarely observed on D. costatus and A. costata throughout 
the year. Leaf fl ushing occurred mainly during November 
and December in these two tall dipterocarps. The peak 
of leaf fl ushing was slightly earlier in A. costata (mid–
late November) than D. costatus (late November–early 
December) (Table 1).

Leaf area index

Leaf area index measurements collected with the plant 
canopy analyser during the fi rst study year (March 
2003 to June 2004) are shown in Table 2. Maximum 
and minimum values were observed in mid-July (4.66 
m m−1) and late April (3.85 m m−1), respectively. The 
annual diff erence (0.81 m m−1) corresponded to 17% of 
the largest observed LAI value. We consistently observed 
relatively large values during the rainy season, which 
did not diff er signifi cantly from the maximum observed 
values. Values decreased in mid-November (4.15 m m−1) 
as the rainy season shifted towards the onset of the dry 
season, and then gradually increased in late December 
and mid-January. LAI decreased rapidly between mid-
January (4.26 m m−1) and late April (3.85 m m−1), but 
began to increase again (3.88 m m−1) in mid-May, before 
the rainy season started. The increase in mid-May was 
observed in both 2003 and 2004.

 The GLM based on the full dataset estimated that 
annual mean (± SD) LAI was 3.93 ± 0.23 m m−1 and ranged 
from 3.53 to 4.39 m m−1 (Fig. 9). The annual diff erence 
(0.86 m m−1) was equivalent to 20% of the largest observed 
LAI value. The largest and second largest LAI occurred 
in early August (4.39 m m−1) and late June (4.35 m m−1), 

Jan Feb Mar Apr May Jun Jul Aug SepOct Nov Dec

0

20

40
60

F = 8.09, p < 0.0001(a) D. costatus

****
****
**** ****

Early Dry Late Dry Rainy

F = 12.13, p < 0.0001(d) Other mid/understory species

0

10

20

* *

***
***

******** ***
**** ***

Jan Feb Mar Apr May Jun Jul Aug SepOct Nov Dec

Early Dry Late Dry Rainy

F = 4.98, p < 0.0001(c) Mid-layered dipterocarps

0

5

10

15

* * * ** ** **
**

**
*

**

*

Jan Feb Mar Apr May Jun Jul Aug SepOct Nov Dec

Early Dry Late Dry Rainy

0

10

20

F = 6.10, p < 0.0001(b) A. costata

*

**

****
****
**** ****

Jan Feb Mar Apr May Jun Jul Aug SepOct Nov Dec

Early Dry Late Dry Rainy

Fa
lle

n 
le

av
es

 [g
 m

2
]

Fa
lle

n 
le

av
es

 [g
 m

2
]

Fa
lle

n 
le

av
es

 [g
 m

2
]

Fa
lle

n 
le

av
es

 [g
 m

2
]

Fig. 8 GLM analysis of leaf shedding phenology in a lowland 
dry evergreen forest in Cambodia. Fallen leaf litt er weights 
were estimated for each collection date (ten-day periods in 
each month, 36 dates per year) for four categories: (a) the tall 
dipterocarp D. costatus, (b) the tall dipterocarp A. costata, (c) 
the mid-layer dipterocarps V. odorata and H. recopei, and (d) 
other mid- and understory species. The line charts with error 
bars show the least squares means and the upper and lower 
95% confi dence intervals. Collection dates which showed 
signifi cant positive values are indicated with asterisks: **** 
< 0.0001; *** < 0.001; ** < 0.01; and * < 0.05. Statistical F- and 
p-values are given in the upper right corner of each panel. 
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respectively. The lowest and second lowest LAI occurred 
in early March (3.53 m m−1) and late November (3.55 m 
m−1), respectively. Collection dates for which t-tests indi-
cated signifi cant positive or negative parameter values 
typically occurred during the rainy and dry seasons, 
respectively. In contrast, we identifi ed two periods in the 
year when LAI gradually increased while continuously 
exhibiting neutral parameter values: mid-December to 
early January and late April to mid-May.

 The GLM results also indicated no signifi cant diff er-
ences between the two data collection methods during 
2003–2007, but signifi cantly higher and lower LAI values 
were found for the plant canopy analyser relative to 
the hemispherical photographs in 2008 and 2009–2012, 
respectively (data not shown). As potential eff ects of 
mechanical aging of the plant canopy analyser and 
missing data in hemispherical photographs could not be 
accounted for, we do not discuss inter-annual variation 
in LAI. 

Leaf mass per area

The mean LMA of D. costatus was 138.0 g m–2. LMA 
showed slight but signifi cant diff erences relative to leaf 
falling date (F₁₃,₅₆₇.₄ = 4.74, p < 0.0001, Table 3). Post-hoc 

Tukey-Kramer HSD tests indicated that leaves that fell 
early in the dry season (10 November and 19 November, 
Table 3) had relatively high LMA values. 

Discussion

Leaf phenology is discrete in lowland dry evergreen 
forests 

Our study revealed discrete leaf shedding phenology in 
two tall dipterocarp tree species, which peaked in the 
early dry season, and low- to mid-forest layer species, 
which peaked in the late dry season (Figs 5–6, 8). We also 
assessed the leaf fl ushing phenology of two tall diptero-
carp tree species based on the phenology of bud scale fall 
(Fig. 7) and canopy observations (Table 1). These fl ushed 
immediately after leaf shedding. That LAI decreased 
early in the dry season and increased soon after (Table 2, 
Fig. 9) is consistent with this observation.

 The leaf fl ushing phenology of species in the low to 
middle tree layers was not directly assessed, but may be 
indirectly estimated based on seasonal changes in LAI. 
LAI gradually decreased in the later portions of the 
dry season (Table 2, Fig. 9), when species in the low to 

Table 1 Leaf fl ushing phenology based on direct observations. Numbers of observed trees with newly fl ushed leaves in the 
crown are shown. ‘—’ indicates a value of zero. Three individual trees of each species were observed. Direct observations were 
made three times per month from February to September, but no leaf fl ushing was observed.

Species Year

Late Rainy Season Early Dry Season Mid Dry Season
October November December January

10 20 30 10 20 30 10 20 30 10 20 30

A. 
costata

2004–05 – – – – 2 3 1 – – – – –
2006–07 – – – 1 3 3 3 3 – – – –
2007–08 – 1 2 3 1 – – – – – – –
2008–09 – – – 1 2 3 2 – – – – –
2009–10 – – – 3 3 3 2 2 1 – – –
2010–11 – – – – 2 3 2 2 – – – –
2011–12 – – – 1 2 3 2 2 2 – – –

D. 
costatus

2004–05 – – – – 2 3 2 1 – – – –
2006–07 – – – 3 3 3 3 2 – – – –
2007–08 – – – 3 3 3 3 – – – – –
2008–09 – – – – – 1 2 3 3 2 – –
2009–10 – – – 1 2 3 3 3 3 2 – –
2010–11 – – – 1 1 3 3 2 1 – – –
2011–12 – – – – 3 3 3 3 3 – – –
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middle layers had shed their leaves (Fig. 6), but began 
to increase shortly before the end of the late dry season 
and continued to increase gradually throughout the fi rst 
half of the rainy season (Table 2, Fig. 9). This suggests 
that species in the low to middle layers fl ush, at the 
latest, during the last month of the dry season. However, 
it is unclear how long the fl ushing lasted, because the 
gradual increase in LAI during the fi rst half of the rainy 
season may be att ributable not only fl ushing but also leaf 
expansion. 

 Bimodal leaf shedding behaviour during the dry 
season has been observed optically in ca. 30% of the 
evergreen forests in Cambodia via analyses of satellite 
imagery (Ito et al., 2008). It is possible that the stand-scale 
leaf dynamics we observed are common in Cambodian 
evergreen forests. 

Ecological advantages of leaf fl ushing in the early dry 
season

Leaf fl ushing in the early dry season was displayed by 
a few upper-canopy species in our study i.e., D. costatus 
and A. costata (Table 1, Fig. 5). Our LMA measurements 
for D. costatus may provide insights into the advantages 

of this behaviour (Table 3). The leaf characteristics of 
dipterocarp trees depend on tree height and thick and 
hard leaves are found in the upper part of the tree canopy 
(Kenzo et al., 2006, 2012), as in other forests (e.g., Cavaleri 
et al., 2010). High LMA values imply that fallen leaves 
originated in the upper canopy layers. Relatively high 
LMAs were observed in leaves that fell in early to mid-
November, just after the onset of the dry season (Table 3). 
This suggests that the upper portion of the canopy sheds 
its leaves early in the dry season. Moreover, given the 
assumption of ca. 1-year leaf longevity (Ito et al., 2018), 
the elevated LMA of fallen leaves during the early dry 
season implies that the upper part of the tree canopy 
fl ushes leaves during the early dry season. Leaf expan-
sion requires a large supply of water (Dale, 1988). The two 
tall dipterocarp tree species considered here commonly 
reach 30–35 m in height (Toyama et al., 2013). We have 
also found that they can reach maximum heights of 45 
m and stem diameters of 130 cm (Ito et al., unpublished 
data). Thus, it may be advantageous to exchange upper-
canopy leaves in the early dry season, when the ground-
water level is still high (Fig. 4a; Araki et al., 2008). 

 Moreover, leaf fl ushing in the early dry season may 
be advantageous given seasonal variation in solar radia-

Table 2 Leaf area index (LAI, m2 m–2) values obtained in the 
lowland dry evergreen forest, Cambodia. Values lacking 
a common superscript lett er are signifi cantly diff erent at 
p<0.05 based on Tukey’s honest signifi cant diff erence.

Year Date Season Mean (n=10) SD

2003

Mar. 14 Late–Dry 3.96 fgh 0.72
Apr. 10 Late–Dry 3.97 efgh 0.82
May 18 Late–Dry 4.27 bcde 0.78
Jun. 17 Rainy 4.46 abc 1.00
Jul. 18 Rainy 4.66 a 0.90

Aug. 17 Rainy 4.54 ab 0.94
Sep. 14 Rainy 4.38 abcd 0.90
Oct. 16 Rainy 4.40 abc 0.91
Nov. 16 Early–Dry 4.15 cdefg 0.77
Dec. 21 Early–Dry 4.18 cdefg 0.78

2004

Jan. 20 Late–Dry 4.26 bcdef 0.78
Feb. 27 Late–Dry 4.07 defgh 0.84
Mar. 27 Late–Dry 4.03 efgh 0.78
Apr. 25 Late–Dry 3.85 h 0.72
May 18 Late–Dry 3.88 gh 0.70
Jun. 20 Rainy 4.02 efgh 0.73

Table 3 Seasonal changes in leaf mass per area (LMA, g 
m–2) of fallen leaves of D. costatus. Values lacking a common 
superscript lett er are signifi cantly diff erent at p<0.05 based 
on Tukey’s honest signifi cant diff erence.

Year Date Season LSM n

2005

Aug. 30 Rainy 146.4 abcd 12

Sep. 10 Rainy 129.8 e 26

Sep. 29 Rainy 143.6 abcde 18

Nov. 10 Early–Dry 151.1 ab 10

Nov. 19 Early–Dry 146.2 a 48

Dec. 10 Early–Dry 137.4 bcde 207

Dec. 20 Early–Dry 137.8 abcde 62

Dec. 30 Early–Dry 137.0 bcde 78

2006

Jan. 10 Late–Dry 135.8 abcde 24

Jan. 30 Late–Dry 134.1 abcde 17

Apr. 20 Late–Dry 137.5 abcde 16

May 9 Late–Dry 130.9 de 20

May 19 Late–Dry 132.8 cde 31

Jun. 20 Rainy 146.9 abc 16

Mean ± SD 138.0 ± 17.8
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tion. The annual diff erence in solar radiation was gener-
ally small (<10%) but decreased by 20 % in the last two 
months of the rainy season (Fig. 4b). Therefore, the early 
dry season represents a period of increased solar radia-
tion and relatively abundant soil moisture, wherein 
newly fl ushed leaves with high physiological activity 
may be advantageous to an individual tree.

Ecological advantages of leaf retention early in the dry 
season

For low and mid-canopy species, we observed leaf reten-
tion and gradual leaf shedding early and late in the dry 
season respectively (Fig. 6), and estimated leaf fl ushing 
from the last phase of the dry season (around mid-May 
in Table 2 and late April in Fig. 9). Flushing has been 
widely reported as occurring late in the dry season in 
tropical dry forests (Borchert, 1994; Elliott  et al., 2006). 
The reasons why new leaves develop prior to rainfall 
have been discussed, and the phenomenon appears to 
be particularly common among species that are drought-
tolerant (Reich & Borchert, 1984) or deeply rooted 
(Wright & van Schaik, 1994). The discrete leaf phenolog-
ical patt erns we observed raise an additional question: 
why does the phenology of low- and mid-canopy species 
diff er from that of co-existing upper-canopy species? 
While we cannot fully answer this question, we discuss 
the ecological advantages of leaf retention in the early 
dry season below.

 It should be noted that light resources for low- and 
mid-canopy species are infl uenced not only by climatic 

conditions, but also by the leaf mass of upper-canopy 
species. Our data indicate that the volume of leaves in 
the canopy is temporarily reduced early in the dry season 
by leaf shedding among upper-canopy species, whereas 
low- and mid-canopy species retain their leaves. It can be 
inferred that light availability for low- and mid-canopy 
species is optimal in the early dry season. Retaining 
leaves and continuing photosynthesis may be an adap-
tive behaviour for low- and mid-canopy species in the 
early dry season, when light conditions are most favour-
able. Light and water may be less severely limiting in 
lowland dry evergreen forests compared to other forests 
in tropical Asia (Huete et al., 2008) and the Neotropics 
(Saleska et al., 2003; Xiao et al., 2005; Huete et al., 2006; 
Hutyra et al., 2007), but the availability of these resources 
varies according to canopy position. Plants may exhibit 
a variety of adaptive phenological behaviours, and 
the main driver of leaf phenology in tropical East Asia 
remains unclear (Corlett , 2014). Further clarifi cation of the 
proximate and ultimate factors driving leaf phenology 
will advance our understanding of how extreme weather 
events may infl uence lowland dry evergreen forests. 

Anomalous leaf shedding phenology and its association 
with lengthy monsoon breaks

An anomalous, gradual leaf shed by tall dipterocarps 
occurred in the middle of the rainy season in August–
September 2008 (Fig. 5, Phase II). The La Niña phase 
was identifi ed during the 2008 rainy season, whereby a 
monsoon break began in early August 2008 and lasted 
70 days (Fig. 5; Kabeya et al., 2021). This break was twice 
the mean length of monsoon breaks observed in the 
study area (36 days: Kabeya et al., 2021). Monsoon breaks 
are regarded as short dry seasons (Kabeya et al., 2021) 
and it is possible that the unusual shedding event that 
we observed was associated with this lengthy monsoon 
break. While this situation occurred only once during 
our study period, it may be indicative of a response 
to extreme weather conditions that could occur more 
frequently in the future.

 Following the blunt peak in leaf shedding for tall 
dipterocarps in the early dry season in 2008 (Fig. 5, Phase 
II), we observed a relatively sharp peak in leaf shedding 
of low- and mid-canopy species in February 2009 (Fig. 6, 
Phase II). This may also be tied to the lengthy monsoon 
break. Plausible causes for the latt er include the direct 
eff ect of water shortage during this period. Unfortu-
nately, we do not have direct data on the quantity and 
timing of leaf fl ushing for low- and mid-canopy species 
during the 2008–2009 dry season. However, if the early 
and rapid leaf shedding was caused by water short-
ages, we can assume that the subsequent leaf fl ushing 
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would have occurred later than usual, and that stand-
scale leaf mass remained low until the onset of the rainy 
season provided suffi  cient moisture. Conversely, the 
early, gradual leaf shedding exhibited by upper-canopy 
dipterocarps may have created an unusually long period 
of favourable light conditions for low- and mid-canopy 
species. Other studies have noted the need for further 
investigation of the eff ects of anomalies in rainfall on 
forest water cycles (Tanaka et al., 2008). Comprehensive 
assessments of the impacts of long monsoon breaks on 
phenology and site environmental conditions is neces-
sary to surmise how extreme weather events will aff ect 
lowland dry evergreen forest ecosystems. 

Potential changes in leaf phenology resulting from forest 
degradation

Anthropogenic forest degradation cannot be ignored 
when assessing the future of lowland dry evergreen forest 
ecosystems in Cambodia. Deforestation in Cambodia 
has slowed, but not stopped (MoE, 2018). Due to rapid 
development in the region, evapotranspiration-related 
impacts of climate change on river fl ow in the Mekong 
River basin have become a concern (Thompson et al., 
2013). Evergreen forests have been degraded by selective 
logging (FA, 2011). Dipterocarps, which are the dominant 
species in typical lowland dry evergreen forests (Rundel, 
1999), are among the primary targets for illegal and unre-
ported logging (Kim Phat et al., 2002). Forest degradation 
and phenological changes could have signifi cant impacts 
on the regional water cycle due to feedbacks between 
vegetation and the climate system (Saleska et al., 2003; 
Richardson et al., 2013).

 Degradation in lowland dry evergreen forests may 
aff ect local meteorological conditions in the following 
three respects. First, the removal of tall dipterocarp trees 
would inevitably reduce stand biomass, as dipterocarp 
trees account for more than 50% of the total volume of 
dense (>300 m3 ha−1) forests (Kim Phat et al., 2000; Kao 
& Iida, 2006). This is likely to infl uence total evapotran-
spiration at the stand level. Second, removing large trees 
may reduce transpiration late in the dry season because 
the remaining small trees are likely unable to access deep 
soil moisture (Tamai et al., 2008).

 Third, forest degradation may alter stand-scale leaf 
phenology. Our results imply that the removal of tall 
dipterocarps would reduce newly fl ushing leaves in the 
early dry season. Tree-scale transpiration depends on the 
leaf age structure of the crown and leaf age-dependent 
physiological activity (Iida et al., 2013; Ito et al., 2018). 
Altering the proportions of young and old leaves within 
the canopy may aff ect transpiration. Our results also 
indicate that the selective logging of tall dipterocarps 

alters the bimodal seasonal patt ern in total leaf area. 
Leaf area is a key parameter for assessing transpira-
tion in forests (Stewart, 1988; Iida et al., 2016). Although 
seasonal changes in total leaf area at our study site were 
less pronounced than those observed in a deciduous 
dipterocarp forest (17–20% versus ca. 70%, Table 2, Fig. 
9; Iida et al., 2020), this variation and further alterations, 
may aff ect transpiration at the stand scale. Furthermore, 
the eff ects of forest degradation may be compounded by 
climate change, as discussed in the previous section. As a 
consequence, further studies should incorporate factors 
related to leaf phenology into a multi-layer evapotran-
spiration model (e.g., Tanaka et al., 2002, 2003) to assess 
potential future forest ecosystems. 

Acknowledgements
Our work was supported in part by a Grant-in-Aid 
for Scientifi c Research (20770021) from the Ministry 
of Education, Culture, Sports, Science & Technology 
of Japan, by the Global Environment Research Fund 
(B-072), and by the Global Environment Research Coor-
dination system funded by the Ministry of the Environ-
ment, Japan. The authors are deeply indebted to the 
director of the Forestry Administration (Ministry of Agri-
culture, Forestry and Fisheries, Cambodia) for permis-
sion to undertake fi eld research and transport samples. 
We thank Ms R. Takeuchi for supporting identifi cation of 
leaf litt er material. We express our deep sympathy for the 
loss of Dr J.F. Maxwell of the CMU Herbarium in Chiang 
Mai, Thailand, who identifi ed our plant specimens.

References
Araki M., Shimizu A., Kabeya N., Nobuhiro T., Ito E., Ohnuki 

Y., Tamai K., Toriyama J., Tith B., Pol S., Lim S. & Khorn S. 
(2008) Seasonal fl uctuation of groundwater in an evergreen 
forest, central Cambodia: experiments and two-dimensional 
numerical analysis. Paddy and Water Environment, 6, 37–46. 

Borchert, R. (1994) Soil and stem water storage determine 
phenology and distribution of tropical dry forest trees. 
Ecology, 75, 1437–1449. 

Brodribb, T.J. & Holbrook, N.M. (2005) Leaf physiology does not 
predict leaf habit; examples from tropical dry forest. Trees, 19, 
290–295. 

Brun, S. (2013) Land cover and forest classifi cation systems of 
Cambodia. UN-REDD Programme, Phnom Penh, Cambodia. 
Htt ps://prais.unccd.int/sites/default/fi les/2018-08/Working_
Paper_Land_cover_and_forest.pdf [accessed 18 August 2020].

Cavaleri, M.A., Oberbauer, S.F., Clark, D.B., Clark, D.A. & Ryan, 
M.G. (2010) Height is more important than light in deter-
mining leaf morphology in a tropical forest. Ecology, 91, 1730-
1739. 



© Centre for Biodiversity Conservation, Phnom Penh

35Leaf fall patterns in dry evergreen forest

Cambodian Journal of Natural History 2021 (1) 21–39

Chann S., Keth N., Nobuhiro T., Araki M., Tamai K., Shimizu 
T., Kabeya N., Iida S. & Shimizu A. (2011) Interannual vari-
ation in the evapotranspiration of an evergreen forest in 
Kampong Thom, central Cambodia. In Proceedings of Interna-
tional Workshop on Forest Research in Cambodia, November 2011 
(eds Shimizu A., Chann S., Sawada H., Ohnuki Y. & Tamai 
K.), pp. 21–24. Forestry and Forest Products Research Insti-
tute, Japan and Forestry Administration, Cambodia, Phnom 
Penh, Cambodia.

Cleland, E.E., Chuine, I., Menzel, A., Mooney, H.A. & Schwartz , 
M.D. (2007) Shifting plant phenology in response to global 
change. Trends in Ecology & Evolution, 22, 357–365. 

Corlett , R.T. (2014) The Ecology of Tropical East Asia (2nd ed.). 
Oxford University Press, Oxford, UK.

Dale, J. (1988) The control of leaf expansion. Annual Review of 
Plant Physiology and Plant Molecular Biology, 39, 267–295. 

Elliott , S., Baker, P.J. & Borchert, R. (2006) Leaf fl ushing during 
the dry season: the paradox of Asian monsoon forests. Global 
Ecology and Biogeography, 15, 248–257. 

Field, C.B. (1987) Leaf-age eff ects on stomatal conductance. In 
Stomatal Function (eds E. Zeiger, G.D. Farquhar & I.R. Cowan), 
pp. 367–384. Stanford University Press, California, USA.

[FA] Forestry Administration (2011) Cambodia Forest Cover 2010. 
Forestry Administration, Phnom Penh, Cambodia.

[FA] Forestry Administration & Cambodia Tree Seed Project 
(2003) Gene-Ecological Zonation of Cambodia. Cambodia 
Tree Seed Project, Forestry Administration, Phnom Penh, 
Cambodia.

Ghazoul, J., (2016) Dipterocarp Biology, Ecology, and Conservation. 
Oxford University Press, New York, USA.

Huete, A.R., Didan, K., Shimabukuro Y.E., Ratana P., Saleska, 
S.R., Hutyra, L.R., Yang, W., Nemani, R.R. & Myneni, R. (2006) 
Amazon rainforests green-up with sunlight in dry season. 
Geophysical Research Lett ers, 33, L06045. 

Huete, A.R., Restrepo-Coupe, N., Ratana P., Didan, K., Saleska, 
S.R., Ichii K., Panuthai, S. & Gamo, M. (2008) Multiple site 
tower fl ux and remote sensing comparisons of tropical forest 
dynamics in Monsoon Asia. Agricultural and Forest Meteor-
ology, 148, 748–760. 

Hutyra, L.R., Munger, J.W., Saleska, S.R., Gott lieb, E., Daube, 
B.C., Dunn, A.L., Amaral, D.F., De Camargo, P.B. & Wofsy, 
S.C. (2007) Seasonal controls on the exchange of carbon and 
water in an Amazonian rain forest. Journal of Geophysical 
Research-Biogeosciences, 112, G03008. 

Iida S., Ito E., Shimizu A., Nobuhiro T., Shimizu T., Kabeya N., 
Tamai K., Araki M., Chann S. & Nang K. (2013) Year-to-year 
diff erences in sap fl ow and crown-level stomatal conduct-
ance of two species in a lowland evergreen forest, central 
Cambodia. Japan Agricultural Research Quarterly, 47, 319–327. 

Iida S., Shimizu T., Tamai K., Kabeya N., Shimizu A., Ito E., 
Ohnuki Y., Chann S. & Keth N. (2016) Interrelationships 
among dry season leaf fall, leaf fl ush and transpiration: 
insights from sap fl ux measurements in a tropical dry decid-
uous forest. Ecohydrology, 9, 472–486. 

Iida S., Shimizu T., Tamai K., Kabeya N., Shimizu A., Ito E., 
Ohnuki Y., Chann S. & Levia, D.F. (2020) Evapotranspira-
tion from the understory of a tropical dry deciduous forest 
in Cambodia. Agricultural and Forest Meteorology, 295, 108170.

Ito E., Araki M., Tith B., Pol S., Trott er, C., Kanzaki M. & Ohta S. 
(2008) Leaf-shedding phenology in lowland tropical seasonal 
forests of Cambodia as estimated from NOAA satellite 
images. IEEE Transactions on Geoscience and Remote Sensing, 46, 
2867–2871. 

Ito E., Tith B., Keth S., Chann S., Kanzaki M., Iida S., Shimizu T., 
Kenzo T., Tamai K. & Araki M. (2018) Leaf phenology eff ects 
on transpiration: leaf age-related stomatal conductance of 
Dipterocarpus costatus during the dry season in a Cambodian 
seasonally tropical evergreen forest. Cambodian Journal of 
Natural History, 2018, 63–75. 

Kabeya N., Shimizu A., Chann S., Tsuboyama Y., Nobuhiro T., 
Keth N. & Tamai K. (2007) Stable isotope studies of rainfall 
and stream water in forest watersheds in Kampong Thom, 
Cambodia. In Forest Environments in the Mekong River Basin 
(eds Awada H., Araki M., N.A. Chappell, J.V. LaFrankie & 
Shimizu A.), pp. 125–134. Springer, Tokyo, Japan.

Kabeya N., Shimizu A., Nobuhiro T. & Tamai K. (2008) Prelimi-
nary study of fl ow regimes and stream water residence times 
in multi-scale forested watersheds of central Cambodia. Paddy 
and Water Environment, 6, 25–35. 

Kabeya N., Shimizu A., Shimizu T., Iida S., Tamai K., Miyamoto 
A., Chann S., Araki M. & Ohnuki Y. (2021) Long-term hydro-
logical observations in a lowland dry evergreen forest catch-
ment area of the lower Mekong river, Cambodia. Japan 
Agricultural Research Quarterly, 55, 177-190.

Kao D. & Iida S. (2006) Structural characteristics of logged 
evergreen forests in Preah Vihear, Cambodia, 3 years after 
logging. Forest Ecology and Management, 225, 62–73. 

Kenzo, T., Ichie T., Yoneda R., Watanabe Y., Ninomiya,I. & 
Koike,T. (2006) Changes in photosynthesis and leaf character-
istics with height from seedlings to mature canopy trees in 
fi ve dipterocarp species in a tropical rain forest. Tree Physi-
ology, 26, 865–873. 

Kenzo, T., Yoneda R., Sano M., Araki M., Shimizu A., Tanaka-
Oda A. & Chann S. (2012) Variations in leaf photosynthetic 
and morphological traits with tree height in various tree 
species in a Cambodian tropical dry evergreen forest. Japan 
Agricultural Research Quarterly (JARQ), 46, 167–180. 

Kim Phat N., Ouk S., Uozumi Y. & Ueki T. (2000) Stand dynamics 
of dipterocarp trees in Cambodia’s evergreen forest and 
management implications. A case study in Sandan District, 
Kampong Thom. Journal of Forest Planning, 6, 13–23.

Kim Phat N., Kim S., Ouk S., Uozumi Y. & Ueki T. (2002) Manage-
ment of mixed forest in Cambodia―A case study in Sandan 
district, Kampong Thom―. Journal of the Faculty of Agriculture 
Shinshu University, 38, 45–54. 

Langner, A., Hirata Y., Saito H., Sokh H., Leng C., Pak C. & Raši, 
R. (2014) Spectral normalization of SPOT 4 data to adjust for 
changing leaf phenology within seasonal forests in Cambodia. 
Remote Sensing of Environment, 143, 122–130.



© Centre for Biodiversity Conservation, Phnom Penh

36 Ito E. et al.

Cambodian Journal of Natural History 2021 (1) 21–39

Matsumoto J. (1997) Seasonal transition of summer rainy season 
over Indochina and adjacent monsoon region. Advances in 
Atmospheric Sciences, 14, 231–245. 

[MoE] Ministry of Environment (2018) Cambodia Forest Cover 
2016. Ministry of Environment, Phnom Penh, Cambodia. 
Https://redd.unfccc.int/uploads/54_3_cambodia_forest_
cover_resource__2016_english.pdf [accessed 23 June 2021].

Nobuhiro T., Shimizu A., Tanaka K., Tamai K., Kabeya N., Ito E., 
Shimizu T., Araki M. & Chann S. (2009) Evapotranspiration 
characteristics of a lowland dry evergreen forest in central 
Cambodia examined using a multilayer model. Journal of 
Water Resource and Protection, 1, 325-335.

Nobuhiro T., Shimizu A., Kabeya N., Tamai K., Iida S. & Shimizu 
T. (2010) Study of rainfall characteristics in a lowland dry 
evergreen forest, Cambodia. Kanto Journal of Forest Research, 
61, 203–206 [in Japanese].

Ohnuki Y., Kimhean C., Shinomiya Y. & Toriyama J. (2008a) 
Distribution and characteristics of soil thickness and eff ects 
upon water storage in forested areas of Cambodia. Hydrolog-
ical Processes, 22, 1272–1280. 

Ohnuki Y., Shimizu A., Chann S., Toriyama, J., Kimhean C. & 
Araki M. (2008b) Seasonal change in thick regolith hardness 
and water content in a dry evergreen forest in Kampong 
Thom Province, Cambodia. Geoderma, 146, 94–101. 

Pallardy, S.G. (2010) Physiology of Woody Plants. Academic Press, 
Burlington, USA. 

Pooma, R. (2002) Further notes on Thai Dipterocarpaceae. Thai 
Forest Bulletin (Botany), 30, 7–27. 

Räsänen, T.A. & Kummu, M. (2013) Spatiotemporal infl uences 
of ENSO on precipitation and fl ood pulse in the Mekong 
River Basin. Journal of Hydrology, 476, 154–168. 

Reich, P.B. & Borchert, R. (1984) Water stress and tree phenology 
in a tropical dry forest in the lowlands of Costa Rica. The 
Journal of Ecology, 72, 61–74. 

Richardson, A.D., Keenan, T.F., Migliavacca, M., Ryu, Y., 
Sonnentag, O. & Toomey, M. (2013) Climate change, 
phenology, and phenological control of vegetation feedbacks 
to the climate system. Agricultural and Forest Meteorology, 169, 
156–173. 

Rundel, P.W. (1999) Forest Habitats and Flora in Lao PDR, 
Cambodia, and Vietnam. WWF Indochina Programme, Hanoi, 
Vietnam.

Scheiter, S., Kumar, D., Corlett , R.T., Gaillard, C., Langan, L., 
Lapuz, R.S., Martens, C., Pfeiff er, M. & Tomlinson, K.W. (2020) 
Climate change promotes transitions to tall evergreen vegeta-
tion in tropical Asia. Global Change Biology, 26, 5106–5124.

Saleska, S.R., Miller, S.D., Matross, D.M., Goulden, M.L., Wofsy, 
S.C., da Rocha, H.R., de Camaro, P.B., Crill, P., Daube, B.C., de 
Freitas, H.C., Hutyra, L., Keller, M., Kirchhoff , V., Menton, M., 
Munger, J.W., Pyle, E.H., Rice, A.H. & Silva, H. (2003) Carbon 
in amazon forests: Unexpected seasonal fl uxes and distur-
bance induced losses. Science, 302, 1554–1557. 

Stewart, J.B. (1988) Modelling surface conductance of pine 
forest. Agricultural and Forest Meteorology, 43, 19–35. 

Tamai K., Nobuhiro T., Kabeya N., Araki M., Iida S., Shimizu 
A., Shimizu T., Chann S. & Keth N. (2008) Eff ects of selective 
cutt ing of large trees on transpiration and surface tempera-
ture: A predictive study of evergreen broad-leaf forest in 
central Cambodia. In From Headwaters to the Ocean: Hydro-
logical Change and Water Management - Hydrochange 2008, 1-3 
October 2008, Kyoto, Japan (eds Taniguchi M., W.C. Burnett , 
Fukushima Y., M. Haigh & Umezawa Y., 1st ed.), pp. 3–7. CRC 
Press, London, UK. 

Tanaka K., Kosugi Y. & Nakamura A. (2002) Impact of leaf phys-
iological characteristics on seasonal variation in CO2, latent 
and sensible heat exchanges over a tree plantation. Agricul-
tural and Forest Meteorology, 114, 103–122.

Tanaka K., Takizawa H., Tanaka N., Kosaka I., Yoshifuji N., 
Tantasirin, C., Piman, S., Suzuki M. & Tangtham N. (2003) 
Transpiration peak over a hill evergreen forest in northern 
Thailand in the late dry season: Assessing the seasonal 
changes in evapotranspiration using a multilayer model. 
Journal of Geophysical Research, 108, 4533.

Tanaka K., Takizawa H., Kume T., Xu, J., Tantasirin C. & Suzuki 
M. (2004) Impact of rooting depth and soil hydraulic prop-
erties on the transpiration peak of an evergreen forest in 
northern Thailand in the late dry season. Journal of Geophysical 
Research, 109, D23107. 

Tanaka N., Kume T., Yoshifuji N., Tanaka K., Takizawa H., 
Shiraki K., Tantasirin, C., Tangtham, N. & Suzuki M. (2008) A 
review of evapotranspiration estimates from tropical forests 
in Thailand and adjacent regions. Agricultural and Forest Mete-
orology, 148, 807–819.

Tani A., Ito E., Kanzaki M., Ohta S., Khorn S., Pith P., Tith B., 
Pol S. & Lim S. (2007) Principal forest types of three regions 
of Cambodia: Kampong Thom, Kratie, and Mondolkiri. In 
Forest Environments in the Mekong River Basin (eds Sawada 
H., Araki M., N.A. Chappell, J.V. LaFrankie & Shimizu A.), 
pp. 201–213. Springer, Tokyo, Japan.

Tani, A., Ito, E., Tsujino, M., Araki, M. & Kanzaki, M. (2011) 
Threshold determination by reference to open sky overcomes 
photographic exposure error in indirect leaf area index esti-
mation. Japanese Journal of Forest Environment, 53, 41–52.

Thompson, J.R., Green, A.J. & Kingston, D.G. (2013) Potential 
evapotranspiration-related uncertainty in climate change 
impacts on river fl ow: an assessment for the Mekong River 
Basin. Journal of Hydrology, 510, 1–30. 

Toriyama J., Ohta S., Araki M., Ito E., Kanzaki M., Khorn S., Pith 
P., Lim S. & Pol S. (2007) Acrisols and adjacent soils under 
four diff erent forest types in central Cambodia. Pedologist, 51, 
35–49. 

Toriyama J., Ohta S., Araki M., Kanzaki M., Khorn S., Pith P., 
Lim S. & Pol S. (2008) Comparison of soil physical proper-
ties in evergreen and deciduous forests in central Cambodia. 
Journal of Forest Research, 13, 15–24. 

Toriyama J., Ohta S., Araki M., Kosugi K., Nobuhiro T., Kabeya 
N., Shimizu A., Tamai K., Kanzaki M. & Chann S. (2011) Soil 
pore characteristics of evergreen and deciduous forests of the 
tropical monsoon region in Cambodia. Hydrological Processes, 



© Centre for Biodiversity Conservation, Phnom Penh

37Leaf fall patterns in dry evergreen forest

Cambodian Journal of Natural History 2021 (1) 21–39

25, 714–726. 

Toyama H., Tagane S., Chhang P., Kajisa T., Ichihashi R., Samreth 
V., Vuthy M., Sokh H., Katayama A. & Itadani H. (2013) 
Inventory of the woody fl ora in permanent plots of Kampong 
Thom and Kampong Chhnang Provinces, Cambodia. Acta 
Phytotaxonomica et Geobotanica, 64, 45–105. 

Venkatappa M., Sasaki N., Shrestha R.P., Tripathi N.K. & Ma 
H.-O. (2019) Determination of vegetation thresholds for 
assessing land use and land use changes in Cambodia using 
the Google Earth engine cloud-computing platform. Remote 
Sensing, 11, 1514. 

Wright, S.J. & van Schaik, C.P. (1994) Light and the phenology of 
tropical trees. American Naturalist, 143, 192–199. 

Wu, J., Albert, L.P., Lopes, A.P., Restrepo-Coupe, N., Hayek, 
M., Wiedemann, K.T., Guan, K., Stark, S.C., Christoff ersen, 
B. & Prohaska, N. (2016) Leaf development and demography 
explain photosynthetic seasonality in Amazon evergreen 
forests. Science, 351, 972–976. 

Wu, J., Serbin, S.P., Xu, X., Albert, L.P., Chen, M., Meng, R., 
Saleska, S.R. & Rogers, A. (2017) The phenology of leaf 
quality and its within-canopy variation is essential for accu-
rate modeling of photosynthesis in tropical evergreen forests. 
Global Change Biology, 23, 4814–4827. 

Xiao, X., Zhang, Q., Saleska, S., Hutyra, L., De Camargo, P., 
Wofsy, S., Frolking, S., Boles, S., Keller, M. & Moore Iii, B. 
(2005) Satellite-based modeling of gross primary production 
in a seasonally moist tropical evergreen forest. Remote Sensing 
of Environment, 94, 105–122. 

Annex 1 List of tree species in the study area with a DBH >5 cm 

Family Species
Tree density 
(trees ha-1) 

Basal Area 
(m2 ha-1)

Maximum 
DBH (cm)

Anacardiaceae Mangifera duppereana Pierre 33.3 0.44 22.2
Annonaceae Melodorum fruticosum Lour. 4.2 0.01 5.5
Apocynaceae Willughbeia edulis Roxb. 8.3 0.03 7.4

Apocynaceae spp. (vine) 12.5 0.04 6.9
Calophyllaceae Calophyllum sp. 4.2 0.03 9.8
Capparaceae Capparaceae sp. 16.7 0.16 14.4
Celastraceae Lophopetalum duperreanum Pierre 58.3 0.46 14.8
Clusiaceae Garcinia benthamii Pierre 4.2 0.11 18.1

Garcinia lanessanii Pierre 4.2 0.02 8.4
Garcinia merguensis Wight 4.2 0.01 5.4

Connaraceae Ellipanthus tomentosus Kurz 4.2 0.01 5.7
Dipterocarpaceae Anisoptera costata Korth. 45.8 8.73 92.7

Dipterocarpus costatus C.F.Gaertn. 25.0 10.86 129.8

Hopea recopei Pierre ex Laness. 337.5 3.96 24.1

Vatica harmandiana Pierre 8.3 0.10 16.8

Vatica odorata (Griff .) Symington 275.0 4.04 26.5
Ebenaceae Diospyros fi lipendula Pierre ex Lecomte 12.5 0.19 20.2

Diospyros montana Roxb. 4.2 0.02 8.6

Diospyros undulata Wall. 75.0 0.29 10.6

Diospyros venosa Wall. ex A.DC. 145.8 0.92 15.4
Euphorbiaceae Croton poilanei Gagnep. 8.3 0.12 18.5

Suregada glomerulata Baill. 8.3 0.02 5.6
Fabaceae Albizia corniculata (Lour.) Druce 4.2 0.05 12.7

Sindora siamensis Teijsm. ex Miq. 29.2 2.23 70.4
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Family Species
Tree density 

(trees ha-1) 
Basal Area 

(m2 ha-1)
Maximum 
DBH (cm)

Fagaceae Lithocarpus harmandii (Hickel & A.Camus) 
A.Camus 4.2 0.02 8.5

Irvingiaceae Irvingia malayana Oliver ex A.Benn. 4.2 0.46 37.4

Lauraceae Beilschmiedia inconspicua Kosterm. 12.5 0.10 13.8
Malvaceae Microcos tomentosa Sm. 12.5 0.05 8.2
Melastomataceae Memecylon caeruleum Jack 37.5 0.31 24.0

Memecylon lilacinum Zoll. & Moritzi 12.5 0.05 8.8

Memecylon sp.1 16.7 0.08 11.1

Memecylon sp.2 41.7 0.17 8.9
Myristicaceae Knema globularia (Lam.) Warb. 4.2 0.02 8.1

Myrtaceae Syzygium albifl orum (Duthie ex Kurz) Bahadur & 
R.C.Gaur 12.5 0.08 10.5

Syzygium angkae (Craib) Chantaran. & J.Parn 12.5 0.21 21.2

Syzygium chanlos (Gagnep.) Merr. & L.M.Perry 54.2 1.02 22.5

Syzygium grande (Wight) N.P.Balakr. 8.3 0.15 19.5

Syzygium oblatum (Roxb.) Wall. ex Cowan & 
Cowan 54.2 1.00 35.0

Syzygium syzygioides (Miq.) Merr. & L.M. Perry 75.0 2.33 38.0

Syzygium zeylanicum (L.) DC. 16.7 0.07 9.7

Ochnaceae Ochna integerrima (Lour.) Merr. 12.5 0.03 5.4
Pentaphylacaceae Ternstroemia wallichiana Ridl. 33.3 0.28 15.7

Peraceae Chaetocarpus castanocarpus Thwaites 16.7 0.24 21.1

Phyllanthaceae Antidesma puncticulatum Miq. 4.2 0.02 8.7

Aporosa fi cifolia Baill. 29.2 0.24 14.4

Aporosa planchoniana Baill. ex Müll.Arg. 8.3 0.02 5.5
Aporosa tetrapleura Hance 8.3 0.03 6.3
Hymenocardia punctata Wall. ex Lindl. 4.2 0.02 6.9

Polygalaceae Xanthophyllum fl avescens Roxb. 95.8 1.80 35.0

Rhizophoraceae Carallia brachiata (Lour.) Merr. 4.2 0.01 5.8
Rutaceae Clausena excavata Burm.f. 4.2 0.01 5.0
Sapindaceae Nephelium hypoleucum Kurz 12.5 0.11 14.0

Xerospermum laevigatum Radlk. ssp. laevigatum 4.2 0.01 6.3

Schoepfi aceae Schoepfi a fragrans Wall. 8.3 0.03 6.9

Stemonuraceae Gomphandra sp. 4.2 0.02 8.7

Symplocaceae Symplocos cochinchinensis S.Moore ssp.laurina 
(Retz.) Noot. 8.3 0.11 17.4

Unknown Unidentifi ed sp.01 4.2 0.05 12.7

Unidentifi ed sp.02 4.2 0.04 11.2

Unidentifi ed sp.03 4.2 0.04 11.7

Unidentifi ed sp.04 4.2 0.02 8.7

Annex 1 Cont’d  
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Family Species
Tree density 

(trees ha-1) 
Basal Area 

(m2 ha-1)
Maximum 
DBH (cm)

Unidentifi ed sp.05 4.2 0.02 7.1
Unidentifi ed sp.06 4.2 0.10 17.7
Unidentifi ed vein sp.01 12.5 0.03 6.4
Unidentifi ed vein sp.02 8.3 0.04 9.2

Total 1817 42.3 129.8

Annex 1 Cont’d  


