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Abstract
The frequent cloud cover and associated high levels of rainfall and strong winds combined with shallow acidic sand-
stone soils on the Bokor Plateau of the Elephant Mountains produce classic limiting conditions that lead to the forma-
tion of a dwarf tropical montane forest. Tree stature grades quickly from rainforest canopies 20–30 m in height on 
sheltered slopes, to lower stunted forest, and fi nally to a low sclerophyll heathland with scatt ered dwarfed treelets 3–4 
m in height in a low shrub canopy matrix. Leaf morphological traits of size and specifi c leaf weight, photosynthetic 
traits of mean maximum assimilation rate and integrated water use effi  ciency (δ13C) diff ered between dwarfed treelets 
and both woody shrubs and low-stature colonizing shrubs in only the single trait of having consistently larger leaves. 
Light response curves showed that saturating irradiance occurred at 400–500 μmol m-2 s-1, less than one quarter of full 
sun. Despite seemingly favourable conditions for photosynthesis in the afternoon, study species frequently exhibited 
stomatal closure and low to even negative rates of net assimilation.

Keywords Bokor National Park, dwarf forest, heathland, leaf traits, tropical mountain cloud forest. 

 
   

(sandstone soils)   
  -   

   -  
 (sclerophyll heathland) (shrub canopy matrix)  

 (assimilation rate)  
 ( 13C)   (  

woody shrubs low stature colonizing shrubs)   
 (saturating irradiance) -

mol m 2 s 1 / (full sun)  
  

 



© Centre for Biodiversity Conservation, Phnom Penh

78 P. Rundel et al.

Cambodian Journal of Natural History 2019 (2) 77–84

Introduction
Tropical montane cloud forests, characterized by the 
persistent presence of mist or low clouds that result in 
deposition of water on the vegetation, are widespread 
throughout tropical regions of the world (Hamilton et al., 
1995; Aldrich et al., 1997). These forests are typically low 
in stature with slow growth and are commonly described 
as dwarf forests. Their low stature and associated slow 
rates of growth have been att ributed to a complex inter-
action of diverse potential limiting factors. These include 
cloud cover that reduces solar radiation levels for photo-
synthesis, relatively low ambient air temperatures, 
strong winds, high rainfall that leaches soils and slows 
rates of mineralization and decomposition, and limited 
nutrient availability (Bruijnzeel & Proctor, 1995; Tanner 
et al., 1998; Bruijnzeel & Veneklaas, 1998; Bruijnzeel et al., 
2011).

 Examples of tropical montane cloud forests can 
be seen in southern Cambodia in the Cardamom and 
Elephant Mountains where proximity to the Gulf of 
Thailand brings unusually high levels of rainfall (Daltry 
& Momberg, 2000; Rundel et al., 2016). These mountain 
ranges are largely Mesozoic sandstone, with localized 
areas of limestone and volcanic rock. Acid lithosols 
develop over the sandstone parent material that char-
acterizes much of the Elephant Mountains. These thin 
acidic soils are heavily leached by the high rainfall and 
easily eroded in disturbed conditions.

 The weathered Bokor Plateau exhibits a classic 
example of a tropical montane cloud forest with dwarf 
trees. As the plateau slopes gently over a linear distance of 
about 4 km from near Popokvil Waterfall (920 m) south-
wards towards the coastal escarpment at the old Bokor 
Hotel (1,062 m), rainforest canopies 20–30 m in height 
fi rst give way to a stunted forest 10–15 m in height, and 
fi nally to a low sclerophyllous heathland with scatt ered 
dwarfed treelets 3–4 m in height in a low shrub canopy 
matrix of only 1–2 m. Dy Phon (1970) termed this la lande 
de myrtacées et vacciniacées because of the dominance of 
these two families.

 While the fl ora of the plateau has distinct elements 
(Rundel et al., 2017), many forest tree species occur on 
both the upper mountain slopes and the plateau itself, 
providing an opportunity for comparative studies. The 
gradient in growing conditions has been described for 
the canopy dominant Dacrydium elatum (Roxb.) Wall. 
ex Hook.f across the plateau. Trees near the Popokvil 
Waterfall are 14–16 m in height, drop to 8–10 m across the 
plateau, and finally reach only 4–6 m to the south near 
the coastal escarpment (Rundel et al., 2016). 

 Our objective in this study was to investigate compar-
ative patt erns of leaf morphological and ecophysiological 
traits in a group of 19 woody species growing near the 
coastal escarpment of the Bokor Plateau where high 
rainfall and shallow heavily weathered soils produce 
dwarfi ng conditions for forest trees. Our study species 
included monopodial treelets dwarfed from their normal 
canopy height, shrubby taxa of intermediate height, and 
low-growing shrubs that colonize open sites (Table 1). 
We looked for traits that might be associated with the 
dwarfed tree species and help explain their slow growth. 
An additional objective was to use measurements of net 
photosynthetic assimilation to establish the maximum 
rates present and potential role of heavy cloud cover and 
reduced irradiance in limiting photosynthesis.

Field Site and Methods

Study site and species

Field studies were carried out from 3–13 March 2001 on 
the Bokor Plateau of the Elephant Mountains in Bokor 
National Park, Kampot Province, Cambodia. Bokor 
National Park was established in 1997 and covers an area 
of 140,000 ha (Rundel et al., 2003; Tagane et al., 2017). Our 
measurements took place about 0.8–1.0 km north of the 
old hotel in sclerophyllous heathland habitat. The sand-
stone substrate of this area of the plateau was heavily 
weathered with shallow rocky soil and fracture lines 
forming soil pockets of coarse acidic white sand. Soil pH 
was 4.7.

 Rainfall is extremely high on the Bokor Plateau, aver-
aging more than 5,000 mm annually. Records for Bokor 
(950 m elevation) at the southern end of the plateau 
show a mean annual rainfall of 5,309 mm (Tixier, 1979), 
while the Val d’Emeraude on the southeast margin of the 
plateau receives a mean rainfall of 5,384 mm (Dy Phon, 
1970).  The distribution of this rain, however, is strongly 
seasonal, peaking in July and August. These stations have 
been reported to receive an average of 170 and 223 days a 
year of rainfall, respectively (Anonymous, 1979). The dry 
season at these stations is restricted to 2–3 months from 
December through February and rainfall drops to 50 mm 
or less in January and February at both stations. The Val 
d’Emeraude experiences rain almost every day from 
May through October, but on only 12 days on average 
in March (Dy Phon, 1970), the month of our sampling. 
Mornings during our fi eld studies were typically semi-
sunny with scatt ered clouds moving overhead, while 
heavier overcast conditions and brief periods of intense 
rain occurred almost every afternoon. Mean monthly 
temperatures are relatively constant throughout the year 
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at Bokor, varying only from a low of 19.2°C in July and 
August to a high of 21.5°C in April (Dy Phon, 1970).

Leaf trait analyses

Our study species were characterized as treelets with a 
single main stem, shrubs with a branched form of canopy 
architecture, or low shrubs with a low to prostrate 
growth form. Mean height was measured and compared 
to maximum heights at favourable forest sites as indi-
cated in the literature. Examples of leaf morphology for 
four of our study species are shown in Fig. 1. Samples of 
three leaves from each of three individual plants for each 
study species were collected for measurement of leaf 
morphological traits and these represented the youngest 
fully mature leaf on an actively growing branch. Foliar 
areas were measured on fresh leaves using a LI-COR 
portable leaf area meter (LI-COR Inc., Lincoln, Nebraska, 
USA), then archived for dry weight measurements in a 
laboratory. Specifi c leaf weight was calculated as the leaf 
dry weight per unit area.

 Stable carbon isotope ratios of 13C and 12C (δ13C) 
provide a measure of integrated water use effi  cient over 
the period in which carbon was used in leaf construction. 

Values are negative with lower (more negative) values 
indicating low water use effi  ciency while less negative 
numbers indicate higher water use effi  ciency (Ehleringer 
et al., 1986). Ground leaf samples from each species were 
analyzed for δ13C by the Stable Isotope Analysis Facility 
at the University of California, Davis. Samples were 
analyzed using a PDZ Europa ANCA-GSL elemental 
analyser interfaced to a PDZ Europa 20-20 isotope ratio 
mass spectrometer (Sercon Ltd., Cheshire, UK). The fi nal 
delta values are expressed relative to international stand-
ards V-PDB (Vienna PeeDee Belemnite).

 Gas exchange measurements were carried out using 
both a LI-COR 6200 and 6400 gas exchange instruments 
(LI-COR Inc., Lincoln, Nebraska, USA). Three individuals 
of each study species were selected for measurements and 
replicated measurements of photosynthetic assimilation 
and stomatal conductance were made in mid-morning 
and early afternoon over several days to calculate mean 
maximum rates. Light response curves were measured 
under constant leaf-to-air vapour pressure defi cit (VPD) 
and temperature conditions. The ambient temperature 
inside the leaf chamber was kept at 22°C, a level close 
to the maximum ambient daytime temperature when 
the measurements were made. The VPD was maintained 

Fig. 1 A) Lithocarpus leiophyllus, B) Machilus bokorensis, C) Syzygium antisepticum, D) Ardisia smaragdina. (© M.R. Sharifi ) 



© Centre for Biodiversity Conservation, Phnom Penh

80 P. Rundel et al.

Cambodian Journal of Natural History 2019 (2) 77–84

Fa
m

ily
 / 

sp
ec

ie
s

G
ro

w
th

 
fo

rm
H

ab
ita

t
H

ea
th

la
nd

 
he

ig
ht

 (m
)

Fo
re

st
 

he
ig

ht
 (m

)
Le

af
 a

re
a 

(c
m

2 )
SL

W
   

 
(m

g 
cm

-2
)

SL
A

      
 

(m
2  k

g-1
)

d13
C

   
(o

/o
o)

A
ss

im
ila

tio
n 

(μ
m

ol
 m

-2
 s

-1
)

C
on

du
ct

an
ce

 
(m

m
ol

 m
-2
 s

-1
)

ci
/c

a

C
al

op
hy

lla
ce

ae

  C
al

op
hy

llu
m

 c
al

ab
a 

va
r. 

cu
ne

at
um

Ls
R

s
0.

8-
1.

5
30

25
.3

14
.8

67
.4

-2
8.

1
9.

7
12

9
0.

57
C

lu
si

ac
ea

e
  G

ar
ci

ni
a 

m
er

gu
en

si
s 

Tr
Sp

2.
0-

4.
0

20
13

.8
14

.0
71

.5
-2

6.
7

4.
9

72
0.

61
Er

ic
ac

ea
e

  R
ho

do
de

nd
ro

n 
kl

os
si

i 
Sh

R
s

1.
5-

2.
5

5
16

.5
15

.6
64

.2
-3

0.
4

6.
0

74
0.

55
  V

ac
ci

ni
um

 b
ra

ct
ea

tu
m

 
Sh

R
s

1-
1.

5
6

7.
0

12
.1

82
.3

-2
9.

0
9.

6
18

6
0.

69
  V

ac
ci

ni
um

 v
is

ci
fo

liu
m

 
Tr

Sp
4.

0
6

23
.1

20
.8

48
.0

-2
9.

4
6.

7
10

5
0.

63
Fa

ga
ce

ae
  L

ith
oc

ar
pu

s e
le

ph
an

tu
m

  
Tr

R
s

2.
0-

3.
0

18
11

5.
1

17
.8

56
.0

-2
8.

0
8.

8
12

2
0.

53
  L

ith
oc

ar
pu

s l
ei

op
hy

llu
s  

Tr
C

o
1.

0-
4.

0
5

29
.2

17
.7

56
.6

-2
8.

5
10

.9
13

7
0.

49
La

ur
ac

ea
e

  M
ac

hi
lu

s b
ok

or
en

si
s  

Tr
R

s
1.

0-
4.

0
10

37
.3

17
.7

75
.3

-2
8.

9
9.

7
16

8
0.

63
M

el
as

to
m

at
ac

ea
e

  M
el

as
to

m
a 

m
al

ab
ar

ic
a 

su
bs

p.
 n

or
m

al
e  

Ls
C

o
0.

5-
1

3
7.

3
14

.2
70

.1
-2

7.
4

12
.3

25
0

0.
68

M
yr

ta
ce

ae
  R

ho
da

m
ni

a 
du

m
et

or
um

 
Ls

C
o

0.
5-

1.
5

5
6.

1
19

.3
51

.7
N

D
7.

4
11

4
0.

60
  R

ho
do

m
yr

tu
s t

om
en

to
sa

  
Ls

C
o

1.
0-

2.
0

4
12

.6
13

.5
74

.1
-2

9.
4

12
.1

23
5

0.
65

  S
yz

yg
iu

m
 a

nt
is

ep
tic

um
  

Ls
R

s
0.

3-
0.

5
15

1.
9

N
D

N
D

-2
7.

8
11

.4
22

2
0.

65
  S

yz
yg

iu
m

 c
la

vi
fl o

ru
m

  
Sh

R
s

1.
0-

2.
5

2
15

.2
17

.0
58

.7
-2

7.
2

8.
5

16
7

0.
66

  S
yz

yg
iu

m
 fo

rm
os

um
  

Tr
R

i
4.

0-
5.

0
20

90
.9

16
.4

61
.1

-2
9.

5
13

.4
27

0
0.

75
Pa

nd
an

ac
ea

e
  P

an
da

nu
s c

ap
us

i 
Sh

Sp
1.

5-
3.

5
4

N
D

18
.1

55
.2

-2
6.

6
3.

9
53

0.
58

Pe
nt

ap
hy

lla
ce

ae
  E

ur
ya

 n
iti

da
 v

ar
. n

iti
da

Sh
R

s
2.

0-
3.

0
10

5.
1

N
D

N
D

-2
8.

1
6.

4
85

0.
53

Pr
im

ul
ac

ea
e

  A
rd

is
ia

 c
re

na
ta

 su
bs

p.
 c

ra
ss

in
er

vo
sa

  
Ls

C
o

1.
0-

1.
5

3
7.

7
10

.0
10

0
-2

8.
5

7.
8

14
4

0.
66

  A
rd

is
ia

 sm
ar

ag
di

na
Ls

C
o

1.
0-

1.
5

1.
5

9.
6

14
.3

70
.1

-2
7.

9
6.

4
11

6
0.

67
R

ut
ac

ea
e

  A
ch

ro
ny

ch
ia

 p
ed

un
cu

la
ta

  
Tr

R
s

2.
0-

3.
0

35
23

.0
14

.1
70

.8
-2

8.
0

9.
6

18
2

0.
72

M
ea
n

24
.8

15
.7

66
.7

-2
8.
3

8.
7

14
9.
0

0.
62

Ta
bl

e 
1 

G
ro

w
th

 fo
rm

, h
ab

ita
t, 

m
ea

n 
le

af
 a

re
a 

an
d 

ec
op

hy
si

ol
og

ic
al

 tr
ai

ts
 o

f 1
9 

co
m

m
on

 s
pe

ci
es

 in
 th

e 
he

at
hl

an
d 

co
m

m
un

ity
 o

f t
he

 B
ok

or
 P

la
te

au
. 

K
ey

: G
ro

w
th

 fo
rm

—
Ls

=L
ow

 s
hr

ub
, T

r=
Tr

ee
le

t, 
Sh

=s
hr

ub
; H

ab
ita

t—
Rs

=R
oc

ky
 s

oi
l, 

Ri
=R

ip
ar

ia
n,

 S
p=

So
il 

po
ck

et
s,

 C
o=

C
ol

on
iz

er
.



© Centre for Biodiversity Conservation, Phnom Penh

81Leaf traits on the Bokor Plateau

Cambodian Journal of Natural History 2019 (2) 77–84

at 0.5–0.9 kPa. The CO2
 concentration inside the leaf 

chamber was kept constant at 375 mmol mol-1 for the light 
response curves with CO2 supplied from a pressurized 
12-gram gas cylinder. For the CO2 response curves, light 
was provided by an internal red/blue LED light source 
(LI6400-02B) and kept constant at a saturating intensity 
of 900 μmol m-2 s-1. Gas exchange measurements allowed 
a calculation of the ratio of internal CO2 concentration 
within the leaf tissue to that of the ambient air. This ci/ca 
ratio provides a second indication of water use effi  ciency, 
with a higher ratio indicating less draw down of internal 
CO2 concentration with bett er stomatal control and thus 
more effi  cient use of water. Although March is usually a 
relatively dry month at Bokor, our measurements were 
frequently interrupted by short but intense showers 
during the afternoon.

Results 
Nineteen common woody species present 1.0–1.5 km 
north of the old hotel on the Bokor Plateau were selected 
for comparative study (Table 1). Seven of these were 
treelets with a single main stem: Garcinia merguensis 
Wight, Vaccinium viscifolium King & Gamble, Lithocarpus 
leiophyllus A. Camus (Fig. 1A), Lithocarpus elephantum 
(Hance) A. Camus, Machilus bokorensis Yahara & Tagane 
(Fig. 1B), and Syzygium formosum (Wall.) Masam. and (L.) 
Miq. The small stature of these treelets at the study site, 
typically 3–4 m in height, masks their potential to grow as 
tall forest trees up to 20 m or more in height in favourable 
sites (Table 1). This dwarfi ng is notable in Achronychia 
pedunculata for instance, which was only 2–3 m in height 
at the study site but can reach 35 m in moist forests.

 Five study species had an upright shrubby form of 
growth: Rhododendron klossii Ridl., Vaccinium bracteatum 
Thunb., Syzygium clavifl orum (Blume) Merr. & L.M> 
Perry, Pandanus capusi Mart. and Eurya nitida Korth. 
var. nitida. These species were typically 2–4 m in height, 
similar to the stature of the treelets, but had the poten-
tial to reach intermediate heights of 5–10 m in favourable 
sites. In addition, we sampled two low shrubs that never 
reached above 1.5 m in height and were often much 
lower. These were Calophyllum calaba L. var. cuneatum 
Symington ex M.R.Henderson & Wyatt -Smith which was 
0.8–1.5 m in height and Syzygium antisepticum (Blume) 
Merr. & L.M.Perry (Fig. 1C), which never exceeded 0.5 m. 
The dwarf Calophyllum is especially interesting as there 
are varieties of this species that can reach 30 m in height.

 As a comparison group to the dwarfed shrub and 
tree species, we included fi ve species of low-stature colo-

nizing shrubs 1–1.5 m in height that were common in 
open and disturbed areas of our study site. These were 
Melastoma malabarica subsp. normale (D.Don) K.Meyer, 
Rhodamnia dumetorum (DC.) Merr. & L. M. Perry, Rhodo-
myrtus tomentosa Wight, Ardisia crenata Sims subsp. crass-
inervosa (Walker) C.M.Hu & Vidal, and Ardisia smaragdina 
Pitard (Fig. 1D).

 The study species exhibited a broad range of leaf sizes 
with a mean area of 24.2 cm2, but this mean was heavily 
infl uenced by two species with large leaves. Lithocarpus 
elephantum had the largest leaves at 115 cm2 followed by 
Syzygium formosum with leaves of 90.7 cm2. With just one 
exception, treelets had leaf areas of over 20 cm2, larger 
than the upright and low-growing shrub species (Table 
1). All fi ve of the low colonizing shrubs had small leaves 
which were less than 13 cm2 in area, but similarly small 
leaf sizes were also present in several of the upright shrub 
species. Syzygium antisepticum had the smallest leaf size 
of 1.9 cm2. Specifi c leaf weights showed a relatively small 
range of variation from a low of 10.0 mg cm-2 in Ardisia 
crenata to a high of 20.8 cm-2 in Vaccinium viscifolium, with 
a mean value of 15.7 cm2 for all species (Table 1). There 
was no signifi cant relationship between leaf size and 
specifi c leaf weight, or between growth form and specifi c 
leaf weight. 

 Mean maximum rates of leaf net assimilation ranged 
from a low of 3.9 μmol m-2 s-1 in Pandanus capusi and 
4.9 μmol m-2 s-1 in Garcinia merguensis to a high of 13.4 
μmol m-2 s-1 in Syzygium formosum and 12.3 μmol m-2 s-1 
in Melastoma malabarica. The mean rate for all species 
was 8.7 μmol m-2 s-1 (Table 1). Values of ci/ca ratio ranged 
from 0.49 to 0.52, but most were close to the mean value 
of 0.60. There was a signifi cant positive linear relation-
ship between ci/ca ratio and stomatal conductance. No 
signifi cant diff erence in photosynthetic rates or ci/ca ratio 
between dwarfed treelets and other growth forms was 
found.

 Rates of stomatal conductance showed a highly 
signifi cant linear relationship to rates of photosynthetic 
assimilation, with a mean value of 149 mmol m-2 s-1 (Fig. 
2A). This relationship suggests strong stomatal control 
over rates of photosynthesis. Although an inverse rela-
tionship might be expected between leaf specifi c weight 
and photosynthesis, this was not present (Fig. 2B).

 Values of stable carbon isotope ratio (δ13C) were indic-
tive of a mesic habitat with relatively low water stress, 
these ranging from -30.4 o/oo in Rhododendron klossii to 
-26.7 o/oo in Garcinia merguensis. The mean value of δ13C 
for all species was -28.3 o/oo. The range and mean for 



© Centre for Biodiversity Conservation, Phnom Penh

82 P. Rundel et al.

Cambodian Journal of Natural History 2019 (2) 77–84

our study species are similar to published values for wet 
tropical forests (Bonal et al., 2000). No signifi cant rela-
tionship was present between δ13C and photosynthetic 
rate (Fig. 2C), indicating that water use effi  ciency was not 
a strong control on photosynthesis. No signifi cant diff er-
ence in δ13C between dwarfed treelets and other growth 
forms was found.

 Light response curves measuring net photosynthetic 
assimilation against solar irradiance showed an adapta-
tion to growth at relatively low light intensities which is a 
result of the day time cloud cover that characterizes Bokor 
for much of the year. Machilus bokorensis and Lithocarpus 

elephantum showed peak rates of photosynthesis at a light 
intensity of only 450-550 μmol m-2 s-1, a level less than 
one quarter that of full sun, whereas Syzygium formosum 
showed higher light saturation at about 800 μmol m-2 s-1 
(Fig. 3). 

 An unexpected result of our gas exchange studies was 
the observation that afternoon values of net photosyn-
thetic assimilation were often low to very low compared 
to morning measurements from the same plants. In some 
cases, we observed complete stomatal closure during the 
afternoon. An example of this phenomenon is depicted 
with CO2 response curves for Lithocarpus elephantum (Fig. 
4). Despite constant temperature, VPD regulation and 
saturating light intensity throughout the measurements, 
the assimilation rate at saturating CO2 concentrations 
was about 15 μmol m-2 s-1 in the morning, three times the 
rates observed in afternoons under identical conditions.

Fig. 2 Relationship of net photosynthetic assimilation to A) 
Stomatal conductance, B) Leaf specifi c weight), and C) Leaf 
δ13C.

Fig. 3 Photosynthetic light respose curves: A) Machilus boko-
rensis, B) Syzygium formosum, and C) Lithocarpus elephantum.
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Discussion
The dwarfing of what are, at lower elevations, commonly 
tall trees involves a complex gradient in interactions 
between soil depth, water relations, soil nutrient avail-
ability, and wind exposure. The leaf morphological and 
ecophysiological traits measured in our study revealed 
only one trait where dwarfed treelets diff ered signifi -
cantly from woody shrubs and low-stature colonizing 
shrubs. This trait was leaf size with dwarfed treelets 
having consistently larger leaves.

 Dwarfi ng and restrictions on rates of tree growth 
could be hypothetically related to the presence of thick 
leaves with a high leaf specifi c weight in response to high 
winds. If this were the case, we would have expected 
to fi nd the widespread presence of leaves with a high 
leaf specifi c weight. However, the ranges and means for 
leaf specifi c weight did not diff er signifi cantly between 
dwarfed treelets, shrubs, and low-stature colonizing 
shrubs in our study. Moreover, the ranges of values for 
our study species are consistent with published ranges 
for wet tropical forests (Reich et al., 1991; Reich, 1993; 
Kenzo et al., 2004; Long et al., 2015). 

 A variety of additional hypotheses have been 
proposed to explain the low stature and slow growth of 
tropical montane cloud forests (Weaver et al., 1986; Brui-
jnzeel & Veneklaas, 1998; Tanner et al., 1998; Bruijnzeel et 
al. 2011). Two of these hypotheses relate to low fertility 
and extreme soil acidity coupled with reduced decompo-
sition and mineralization rates and waterlogged soils that 
reduce root respiration. While not tested in our research, 
these contributing factors are clearly present given the 

skeletal acidic sandstone substrate and high rainfall 
present on the Bokor Plateau. Strong winds are likewise 
responsible for impacting the architecture and stature of 
trees in coastal sites and are certainly a secondary factor 
in Bokor and many other dwarf cloud forests. 

 More relevant to our work is the hypothesis that 
cloudy conditions with low levels of solar radiation and 
cool growing season temperatures limit rates and total 
amounts of net photosynthetic assimilation (Graham et 
al., 2003). As described above, our measured rates of net 
photosynthetic assimilation are consistent with those 
reported in many other studies of wet tropical forest trees 
where dwarfi ng does not occur (Reich et al., 1991; Reich, 
1993; Kenzo et al., 2004). This strongly suggests that 
limits on maximum rates of photosynthesis are not the 
cause of dwarfi ng and slow growth rates in heathland 
scrub on the Bokor Plateau. Rather than being limited by 
low levels of solar irradiance under frequent heavy cloud 
cover, our measurements demonstrate a widespread 
adaptation to low light conditions at Bokor with light 
saturation for photosynthesis at irradiance levels of only 
about one quarter those of full sun. This is a signifi cantly 
lower light saturation level than that reported for canopy 
leaves of tropical Dipterocarpaceae (Kenzo et al., 2006). 
Similar photosynthetic adaptation to low light levels has 
previously been reported in Dacrydium elatum (Roxb.) 
Wall. ex Hook. (Podocarpaceae) in Bokor (Rundel et al., 
2016).

 Our observations of afternoon stomatal closure and 
low rates of assimilation are diffi  cult to explain given 
what would appear to be favourable conditions in the 
afternoon. It has been suggested that periodic water 
shortages may occur in montane tropical forests where 
shallow rocky soils are present despite high rainfall. 
Although we cannot fully test this hypothesis without 
more controlled greenhouse and fi eld studies (Harley et 
al., 1987), our observation of common stomatal closure 
in the afternoon suggests that this may be possible since 
stomatal closure has been observed in tropical montane 
cloud forests in response to high evaporative demands 
(Körner et al., 1983) and has been reported in tropical tree 
saplings in wet forests in Costa Rica (Oberbauer, 1985). 
Extreme sensitivity of stomata to soil drought has also 
been shown in tropical rainforest trees in French Guiana 
(Bonal et al., 2000). As such, it may be that the skeletal 
soils on the Bokor Plateau limit water availability on a 
diurnal basis due to limits on eff ective root volume. 
An alternative hypothesis was suggested by Zhang et 
al. (2009), who noted that afternoon stomatal closure in 
both the wet and dry season was related to high levels of 
photorespiration acting as a photo-protectant.

Fig. 4 CO2 response curves for Lithocarpus elephantum under 
saturating light intensity of 900 μmol m-2 s-1 in mid-morning 
(closed circles) and mid-afternoon (open circles).
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