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Research paper

Physiological Drought Tolerance of Tree Species Inhabiting
the Ridge of the Kenting Karst Forest

Yau-Lun Kuo,"”  Kuo-Chung Tsai”

[ Summary ]

The topography and tree species compositions significantly differ between the ridge and val-
ley habitats of the Kenting karst forest, southern Taiwan. The objective of this research was to
explore how tree species inhabiting the ridge habitat have adapted to the drought environment in
terms of physiological traits and leaf morphology. Drypetes littoralis and Aglaia formosana, 2 spe-
cies inhabiting the ridge, were investigated for this purpose. As a comparison, Pisonia umbellifera
and Melanolepis multiglandulosa, 2 species inhabiting the valley, as well as Diospyros maritima
which is distributed in both habitats, were also studied. Results showed that ridge species had a
significantly higher leaf mass per area than did valley species. The predawn leaf water potential
(PWP) during the dry season was significantly lower than that during the rainy season for each of
the 5 species. The net photosynthetic rate (P,) during the dry season was also significantly lower
than that during the rainy season for 4 species, with the exception of P. umbellifera. During the
dry season, the PWP of ridge species Dry. littoralis and A. formosana decreased to -3.40 and -3.69
MPa, respectively, indicating that these 2 species were suffering severe water stress, while the val-
ley species were experiencing only mild water stress. Yet, these 2 ridge species still maintained
positive P, values at about 46 and 25%, respectively, of the P, during the rainy season. Individuals
of Dio. maritima growing in the ridge habitat showed a slightly lower PWP than that of the same
species growing in the valley habitat (-1.88 vs. -1.29 MPa) during the dry season, but maintained
the P, at 62% of the P, during the rainy season. To have their P, values decline to 0, the PWPs of
ridge species Dry. littoralis, A. formosana, and Dio. maritima would need to be as low as -5.89,
-4.84, and -5.03 MPa, respectively. The results indicated that these 3 ridge species possessed a high
physiological tolerance ability and could adapt to the stressful conditions of strong winds and wa-
ter deficits in the ridge habitat during the dry season. Individuals of Dio. maritima growing in the
ridge habitat showed both physiological and morphological acclimation to the drought environment.
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INTRODUCTION

At a local scale, topography and micro-
habitat gradients of soil water availability are
strongly linked, i.e., the lower slope or val-
ley has a higher soil water availability, while
the higher slope or ridge top is drier (Daws
et al. 2002, Comita and Engelbrecht 2009).
This type of variation in soil water availabil-
ity due to topography would normally cause
niche specialization in tropical tree species,
and influence the composition of species as-
sociations (Tyree et al. 2003, Engelbrecht et
al. 2007, Zhang et al. 2010, Liu et al. 2014).
Karst forests are a unique ecosystem char-
acterized with thin soil layers and bedrock
with high water permeability. Soils have very
limited ability to retain water, so that species
growing in karst forests frequently suffer se-
vere water stress during the dry season (Fu et
al. 2012, Wang et al. 2014, Guo et al. 2017).

Researchers speculated that those species in-
habiting the dry and high-light ridge of a karst
landscape should possess a higher drought-
tolerance ability (Zhang et al. 2010, Wang et
al. 2014, Geekiyanage 2017, Guo et al. 2017).
However, only a few studies have compared
the physiological drought-tolerance abilities
or the drought-tolerance mechanisms of spe-
cies inhabiting different habitats of karst for-
ests (Liu et al. 2011, Fu et al. 2012).

The Kenting Uplifted Coral Reef Nature
Reserve, located at the southern tip of Tai-
wan, has the only karst landscape in Taiwan
and forms a unique karst forest (Wang et al.
2004, Wu et al. 2011). After years of leaching,
the uplifted coral reefs have become complex
habitat mosaics of steep rocky ridges, flat
hills, valleys, and depressions. Species associ-
ations in the ridge habitat differ greatly from
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those in the flat hill and valley habitats (Wang
et al. 2004). In this karst forest, trees growing
in various habitats receive sufficient water
resources during the rainy season. Yet, dur-
ing the dry season, which normally lasts from
November to mid-May of the following year,
little precipitation only supplies a minimum
amount of water resources. Coupled with the
prevailing northeasterly monsoon during this
period, the strong, dry wind escalates water
loss of plants and the soil surface. As a conse-
quence, water availability in the ridge habitat
is gradually depleted during the dry season,
exerting severe water stress on plants in the
habitat. Do the tree species growing in the
ridge habitat possess a high drought-tolerance
ability? What kind of drought-tolerance
mechanisms do these species adopt to cope
with the 6-mo-long water stress? So far, no
research has yet answered these questions.
Drought tolerance is a genetic trait of
plants and varies in different species (Ko-
zlowski and Pallardy 2002, Lenz et al. 2006,
Niinemets and Valladares 2006, Engelbrecht
et al. 2007). Drought tolerance of woody spe-
cies can be achieved by morphological and/or
physiological approaches, mainly including
2 mechanisms: dehydration postponement
and dehydration tolerance (Kramer 1983,
Kolzowski et al. 1991). These 2 mechanisms
are not mutually exclusive, but rather 1 trait
may dominate or groups of traits may cooper-
ate to achieve drought tolerance (McDowell
et al. 2008, Comita and Engelbrecht 2014,
Kuo et al. 2017). For example, some species
morphologically have deep root systems or
a good water-storage ability, or their stomata
physiologically have a good controlling abil-
ity to reduce transpirational loss of water, or
they are deciduous. The above 3 traits are cat-
egorized into the mechanism of dehydration
postponement (Kramor 1983, Kolzowski et
al. 1991). As for the mechanism of dehydra-
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tion tolerance, several traits have been dis-
cussed as follows. Some species, compared to
others, can maintain positive turgor pressure
in leaves and perform normal physiological
activities under lower water potentials (Kol-
zowski et al. 1991, Baltzer et al. 2008). The
leaf water potential at the turgor loss point
(my,) has thus been adopted to quantify the
drought-tolerance ability of tree species (Lenz
et al. 2006, Blackman et al. 2010, Bartlett et
al. 2012). Other research used the lethal leaf
water potential as a holistic indicator to deter-
mine the dehydration-tolerance ability of tree
species (Tyree et al. 2003, Baltzer et al. 2008,
Kursar et al. 2009, Comita and Engelbrecht
2014). However, drought tolerance is defined
as a plant’s ability to maintain positive pho-
tosynthesis under conditions of a diminishing
water potential (DeLucia and Schlensibger
1991). The water potential which a plant can
endure and maintain gas exchange is lower
than the 7, (Bartlett et al. 2016). Adopting the
leaf water potential (or soil water potential)
at which a plant loses its gas exchange ability
as an indicator of physiological drought-tol-
erance ability should be of more significance
to the aspect of ecological physiology. Thus
in some research, the predawn leaf water po-
tential (PWP) at which the net photosynthesis
decreased to 0 (¥,) was used to compare the
physiological drought-tolerance ability of
species (Zhou et al. 2014, Kuo et al. 2017). A
lower value of ¥, suggests a higher drought-
tolerance ability of a species. In the xeric
environment of southwest Australia, ¥, of the
evergreen species Eucalyptus striaticalyx was
-5.88 MPa, indicating that the species was
extremely drought tolerant (Zhou et al. 2014).
In the mesic environment of Europe, ¥, of 5
evergreen oak tree species were in the range
of -1.0 to -1.8 MPa, and that of deciduous
species was > -1.0 MPa (Zhou et al. 2014).
In coastal forests of Hengchun, southern
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Taiwan, ¥, values of Hibiscus tiliaceus, Al-
lophylus timorensis, and Aglaia formosana
were -7.24, -4.57, and -4.40 MPa, respective-
ly, all showing high physiological drought-
tolerance abilities (Kuo et al. 2017). In this
study, we used ¥, to compare the drought-
tolerance ability of the investigated species as
well. Comita and Engelbrecht (2014) pointed
out that the most important mechanism in
determining the drought-tolerance ability of a
tropical tree species would be the dehydration
tolerance and not the dehydration postpone-
ment mechanism, since a drought-tolerant
tropical species could tolerate a low water
potential, while those species sensitive to
drought would have died at a relatively higher
water potential.

In the Kenting karst forest, Drypetes lit-
toralis and Aglaia formosana are 2 dominant
species in the ridge habitat; Pisonia umbel-
lifera and Melanolepis multiglandulosa are
2 dominant species in the valley habitat; and
the most abundant species in this forest is Di-
ospyros maritima, which is distributed in both
habitats (Wang et al. 2004, Wu et al. 2011).
The objective of this study was to investi-
gate how tree species growing in the ridge
habitat adapted to the microenvironment of
strong winds and water deficits during the
dry season. We asked 3 questions: (1) Do the
species growing in the ridge habitat, includ-
ing Dry. littoralis, A. formosana, and Dio.
maritima, adopt the mechanism of dehydra-
tion postponement or dehydration tolerance
to endure the drought? (2) Is the drought-
tolerance ability of ridge species, i.e., Dry.
littoralis and A. formosana, better than that
of valley species, i.e., P. umbellifera and M.
multiglandulosa? (3) Do individuals of Dio.
maritima growing in the ridge habitat exhibit
drought-acclimation performances? And do
they have a higher drought-tolerance ability
than those of the same species growing in

the valley habitat? For the above questions,
we proposed the following hypothesis: (1)
Since Dry. littoralis, A. formosana, and Dio.
maritima do not shed leaves during the dry
season and cannot retrieve soil water through
deep root systems from the bottom of the
reefs, these species should have adopted the
mechanism of dehydration tolerance to cope
with the drought environment on the ridge. (2)
Since Dry. littoralis and A. formosana inhabit
the drought environment on the ridge, these
ridge species should possess better drought-
tolerance abilities than valley species which
experience much less water stress. (3) Indi-
viduals of Dio. maritima growing in the ridge
habitat should reveal some morphological or
physiological acclimation performances to
drought, and have a higher drought-tolerance
ability than individuals of the same species
growing in the valley habitat.

MATERIALS AND METHODS

Study site

The study site was located at the Kent-
ing karst forest dynamics plot (120°49’E,
21°57°N) in the Kenting Uplifted Coral Reef
Nature Reserve, southern Taiwan. The ge-
ology of this area belongs to limestone of
Pleistocene age, and is composed of coral,
foraminifers, calcareous algae, and shells. Ac-
cording to radiocarbon dating, the Hengchun
Peninsula rises at about 2.5 mm yr' and has
become this uplifted reef terrain nowadays af-
ter 500,000 yr of formation (Shi et al. 1988).
Soil in this area is neutral or slightly acidic
sandy loam and light clay of a limey nature
(Hseu et al. 2004). The average temperature
was 25.1°C and the annual precipitation was
2020 mm in the Hengchun area from 1981 to
2010, according to statistics provided by the
Central Weather Bureau of Taiwan. The Kent-
ing area has distinct dry and rainy seasons.
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From mid-May to October is the rainy sea-
son, while November to mid-May of the fol-
lowing year is the dry season with < 10% of
annual rainfall. Furthermore, a northeasterly
monsoon prevails in this area from October to
March every year. Flora in the forest dynam-
ics plot is the only intactly preserved natural
forest of karst terrain in Taiwan. In total, 95
tree species, with Dio. maritima being the
most abundant species, were identified by the
first re-census of this forest in 2008 (Wu et al.
2011).

Temperature and wind speed

An auto-recording anemometer (wind
speed/direction smart sensor, S-WCA-M003,
Onset Computer, Bourne, MA, USA) and a
thermometer (HOBO-Pro series, Onset Com-
puter) were set up in both the ridge and valley
habitats to monitor variations in temperature
and wind speed at the canopy. In the ridge
habitat, the anemometer and thermometer
were anchored directly on a rock of similar
height as the canopy of ridge species. In the
valley habitat, the anemometer and thermom-
eter were securely fastened to the tip of a steel
pole of similar height as the canopy of valley
species. Average temperature was recorded
every 30 min and average wind speed every
10 s from 18 December 2009 to 5 July 2010.

Tree species

In total, 5 species were investigated,
including Dry. littoralis and A. formosana,
2 dominant species on the ridge, P. umbel-
lifera and M. multiglandulosa, 2 dominant
species in the valley, as well as Dio. mari-
tima, a species that thrives in both habitats.
For Dry. littoralis, A. formosana, and Dio.
maritima growing in the ridge habitat, 7 in-
dividuals each of 5~8 m in height and 12~18
cm in diameter at breast height (DBH) were
sampled. The ridge top was about 18~24
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m above the ground. For P. umbellifera, M.
multiglandulosa and Dio. maritima growing
in the valley habitat, 7 individuals each were
sampled as well. Individuals of P. umbellifera
were 11~14 m in height and 27~37 cm in
DBH, individuals of M. multiglandulosa were
9~12 m in height and 22~29 c¢cm in DBH, and
individuals of Dio. maritima in the valley
were 9~12 m in height but smaller at only
11~17 cm in DBH. All sampled individuals
could receive direct sunlight at the canopy
level.

Measurement of leaf traits

For each sampled individual, 3 mature
sun-leaves at the top of the canopy were
selected to measure leaf traits. The selected
leaves were picked in the morning, sealed in a
bag with a damp paper towel, and stored in an
ice bucket for later measurement in the after-
noon. The leaf fresh weight was measured af-
ter the petiole was removed. To calculate the
leaf area, we used a micrometer to measure
the leaf thickness on both sides of the mid-
rib, digitalized the leaf image using a scanner
(GT-2500, Epson, Long Barch, CA, USA)
and computed the leaf area with the software
“Image processing and analysis in Java, Im-
age J.” The sampled leaf was subsequently
placed in an oven at 60°C for drying out, and
then the leaf dry weight was measured. The
leaf mass per area was calculated by divid-
ing the leaf dry weight by the leaf area. The
water content of the leaf was calculated by
deducting the leaf dry weight from the leaf
fresh weight and then dividing by the leaf dry
weight.

Measurement of the predawn leaf water
potential (PWP)

The PWP of a species represents the wa-
ter status and soil water potential around root
systems of that species on the measuring day,
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indicating the level of water stress experi-
enced by that species (Eamus and Prior 2001,
Zhou et al. 2014, Kuo et al. 2017). During the
dry season, measurements of PWP were taken
on 10 and 28 April and 13 May 2010; during
the rainy season, measurements of PWP were
taken once in each month of July, August,
and October. At 05:00~07:00 each measuring
day, the research teams (with 1 team on the
ridge and 1 team in the valley) cut 2 branches
out of the tree crown of each sampled indi-
vidual. One mature healthy leaf at the tip of
each branch was picked, placed into a sealed
bag with a damp paper towel, and stored in
an ice bucket to decelerate dehydration. PWP
values of the 2 leaves were subsequently
measured in the field with a pressure chamber
(Model 3005, Soilmoisture Equipment, Santa
Barbara, CA, USA). The 2 PWP values were
then averaged to represent the water status
of the sampled individual on that measuring
day.

Measurement of the net photosynthetic rate
P,

The P, of each sampled individual was
measured at 08:00~11:00 on the same day that
the PWP was measured. Due to the height of
sampled individuals, we were unable to take
direct measurements in the tree crown. As
an alternative, a branch from the tree crown
was cut and inserted in a water vase; then
1 mature healthy leaf from the branch was
selected to measure the P,. This procedure
was repeated with another branch of the same
individual. A portable photosynthesis system
(LI-6400, LI-COR, Lincoln, NE, USA) was
employed to measure the P,. When taking the
measurements, the light intensity was set to
1200 pmol photon m™s™, CO,to 400 ul L™,
temperature to 22~25°C (according to the sea-
son), and relative humidity to 60~80%. The 2
P, values were then averaged to represent the

photosynthetic rate of the sampled individual
on that measuring day.

Statistical analysis

Differences in the monthly mean temper-
ature, monthly mean maximum temperature,
monthly mean minimum temperature, daily
mean wind speed, and daily maximum wind
speed were compared between the ridge and
valley habitats with a ¢-test at a significance
level of 0.05. Differences in the PWP and P,
of each species between the dry and rainy
seasons were also compared with a #-test at a
significance level of 0.05. With respect to the
dry and rainy seasons, an analysis of variance
(ANOVA) was applied to compare the PWP,
P,, leaf thickness, and leaf mass per arca
among the species. If the result of the ANO-
VA was significant, then Duncan’s multiple-
range tests were further applied to specify the
difference among species.

RESULTS

Wind speed and temperature

The northeasterly monsoon directly
blows upon the ridge. Thus, wind speed in the
ridge habitat was clearly higher than that in
the valley habitat which is surrounded by out-
crops of reefs. From December 2009 to June
of the following year, the daily mean wind
speed and daily maximum wind speed in the
ridge habitat were both significantly higher
than those in the valley habitat (Fig. 1). The
highest monthly mean wind speed (2.94 m
s™) and the highest monthly mean maximum
wind speed (11.13 m s) in the ridge habitat
were recorded in January with the highest
wind speed reaching 16.8 m s on 25 January
2010. As to temperature, no significant differ-
ences in the monthly mean temperature each
month or the monthly mean minimum tem-
perature were observed between the 2 habi-
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Fig. 1. Daily mean (a) and daily maximum (b) wind speed in the ridge and valley habitats of

the Kenting karst forest.

tats from January to April 2010. However, the
ridge habitat did show significantly higher
monthly mean maximum temperatures than
the valley habitat (Table 1).

Leaf traits

For leaf thickness, Dry. littoralis had
the thickest leaf, followed by Dio. maritima
in the ridge habitat, and M. multiglandulosa
had the thinnest (Table 2). Values of the leaf
mass per area of Dry. littoralis, A. formosana,
and Dio. maritima in the ridge habitat were
14.99, 14.50, and 14.31 mg cm”, respectively,
which were significantly higher than those of
P. umbellifera, M. multiglandulosa, and Dio.
maritima in the valley habitat (all < 10.0 mg
cm”) (Table 2).

PWP values

During the most severe drought months
of April and May, PWP values of the ridge
species Dry. littoralis and A. formosana were
all < -3.0 MPa with mean PWP values of
-3.40 and -3.69 MPa, respectively (Table 3).
The PWP of Dio. maritima growing in the
ridge habitat was significantly higher than that
of Dry. littoralis and A. formosana, but sig-
nificantly lower than that of the same species
growing in the valley habitat (-1.88 vs. -1.29
MPa) (Table 3). PWP values of the valley
species P. umbellifera and M. multiglandulosa
reached -0.69 and -0.91 MPa, respectively,
and were significantly higher than those of
the other 3 species (Table 3). During the rainy
season, PWP values of each species increased
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Table 1. Comparisons of the monthly mean temperature (T,,.,,), monthly mean maximum
temperature (T,,,) and minimum temperature (T,;,) of the dry season, 2010, between the
ridge and valley habitats in the Kenting karst forest (mean =SD)

Month Ty () T (C) T (C)

Ridge Valley Ridge Valley Ridge Valley
Jan. 188191 185*x1.74 2274250 21.6+235 165+1.71 16.6%=1.54
Feb. 20.8+£2.25 205%2.34  25.0+284 243+290 182+237 183%2.33
Mar. 21.2+£2.78  21.1%£281 2524361 2494357 185+280 18.6%2.75
Apr. 214+£1.89 212%£193  25.0%+320 249+327 187+126 18.8%+1.30
Mean 20.6+0.6"  20340.6° 2454+0.6"° 23.9+08° 18.0+0.5 18.1+0.5

" Different letters between ridge and valley habitats denote a significant difference by the r-test at p <
0.05.

Table 2. Interspecific comparisons of the leaf thickness, leaf mass per area (LMA), leaf area
(LA), and leaf water content (WC) of tree species growing in the ridge or valley habitats of
the Kenting karst forest (mean*SD, n = 6)
Ridge habitat Valley habitat

DI" Af Dm Pu Mm Dm
Thickness (mm) 0.45+0.06 0.27+0.06° 0.39+0.08" 0.33+0.08° 0.10+0.02° 0.26+0.10°
LMA (mgcm?) 14.99+3.9° 1450+1.3" 1431+23" 832+1.9° 6.00+£1.5" 9.64+04°
LA (cm’) 16.0£52"  26.6+8.8 268+4.7 109.7+27.3" 142.8+54.6" 22.3+5.6°
WC (%) 58+5 55+2 56+2 80+3 66t7 59+2
" Abbreviations for each species: DI, Drypetes littoralis; Af, Aglaia formosana; Dm, Diospyros mari-

tima; Pu, Pisonia umbellifera; Mm, Melanolepis multiglandulosa.
* Different letters in each trait among the species denote a significant difference by Duncan’s test at p

Leaf trait

<0.05.

to -0.24 to -0.56 MPa and showed no signifi-
cant differences among the 5 species. Howev-
er, PWP values during the rainy season were
all significantly higher than those during the
dry season in each of the 5 respective species
(Table 3). Compared to PWP values during
the rainy season, PWP values during the dry
season of the ridge species Dry. littoralis and
A. formosana decreased 2.76 and 3.13 MPa,
respectively, and that of Dio. maritima grow-
ing in the ridge habitat decreased 1.33 MPa;
while PWP values only decreased 0.45, 0.42,
and 0.86 MPa, respectively, for P. umbel-
lifera, M. multiglandulosa, and Dio. maritima
growing in the valley habitat (Fig. 2a). The
results indicated that during the dry season,

species growing in the ridge environment suf-
fered more-severe water stress than did spe-
cies growing in the valley. As demonstrated
by the same species of Dio. maritima, indi-
viduals on the ridge experienced more-severe
water stress than those in the valley during
the dry season.

P, values

P, values during the dry season of Dry.
littoralis, A. formosana, and Dio. maritima
growing in the ridge habitat were all sig-
nificantly lower than those during the rainy
season (Table 4). P, values during the dry
season of M. multiglandulosa and Dio. ma-
ritima growing in the valley habitat were
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Table 3. Interspecific comparisons of the predawn leaf water potential (MPa) of tree species
growing in the ridge or valley habitats of the Kenting karst forest during the dry and rainy
seasons of 2010 (meanxSD, n =7)

Ridge habitat Valley habitat

DIV Af Dm Pu Mm Dm
Dry season
Apr 10 -3.14+0.69 -341+047 -1.884+0.31 -0.77£026 -0.94+0.22 -1.42+0.43
Apr 28 23354052 -3.68+0.33 -1.93+044 -0.71+025 -0.82+0.15 -1.27+0.38
May 13 2370024 -3.98+0.01 -1.83%+0.54 -0.59+022 -0.99+0.19 -1.17%0.25
Mean -3.40+0.28" -3.69+0.28° -1.88+0.05° -0.69+0.09" -0.91+0.08" -1.29+0.12°
Rainy season
July 19 -0.35+0.54 -0.38+0.45 -027+0.10 -0.25+0.05 -0.324+0.07 -0.38+0.06
Aug 4 -0.89+0.07 -0.71+£0.16 -0.77%+0.14 -0.38+0.05 -0.47%0.08 -0.40+0.07
Oct 1 -0.60+0.15 -0.59+0.10 -0.60+0.08 -0.10+0.07 -0.69+0.05 -0.51=+0.11
Mean -0.64+£0.25" -0.56+0.16" -0.55+0.25" -0.24+0.14" -0.49+0.18" -0.43+0.07"
Seasonal ok x3) kokk *% k% * fkk
comparison

" Refer to Table 2 for the abbreviation of each species.

* Different letters among the species within the same season denote a significant difference by Dun-
can’s test at p < 0.05.

¥ Significant level for comparing a same species in different season by the r-test, *** p < 0.001; ** p
<0.0L; * p<0.05.
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Ridge habitat Valley habitat
Fig. 2. Differences in the mean predawn leaf water potential (PWP) during the dry season
compared to that during the rainy season (a) and the declining percentage of the net
photosynthetic rate (P,) during the dry season compared to that during the rainy season (b)
of species in the ridge and the valley habitats of Kenting karst forest. Refer to Table 2 for
the abbreviation of each species.
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Table 4. Interspecific comparisons of the net photosynthetic rate (umol CO, m™s™) of tree
species growing in the ridge or valley habitats of the Kenting karst forest during the dry

and rainy seasons of 2010 (meanx=SD, n =7)

Ridge habitat Valley habitat
DI" Af Pu Mm Dm
Dry season
Apr 10 3414163 2434099 569+1.54 9.60+3.74 11.87+3.06 9.26+1.33
Apr 28 298+1.12 137+0.50 5.15+1.17 9.48+1.50 12.37+2.71 7.17+0.87
May 13 328+1.64 2631069 592+135 11.72+242 7.87+4.06 8.01+1.99
Mean 3.2240.42% 2.144+0.67" 5.58+0.39° 1027+1.25" 10.70+2.46" 8.14+1.05"

Rainy season

July 19 6.69+0.94 849+1.08 7.80+0.86 10.03+2.19 15.54+3.25 10.66+0.80
Aug 4 7574050 8.86+0.78 8994091 12.39+3.09 13.13+£1.62 10.60+1.47
Oct 1 6.744+0.51 8.184+0.83 10.10+1.25 9.45+131 20.71+2.64 10.93+1.38
Mean 6.99+0.49° 8.59+0.34 8.96+1.15" 10.62+1.55" 16.48+3.87* 10.73+0.17°
Seasonal seoked) Hkk NS * *
comparison

" Refer to Table 2 for the abbreviation of each species.
* Different letters among the species within the same season denote a significant difference by Dun-

can’s test at p < 0.05.

¥ Significant level for comparing the same species in different seasons by the #-test, *** p < 0.001; *

»<0.05.

also significantly lower than those during the
rainy season. However, no significant differ-
ence between P, values in the 2 seasons was
found for P. umbellifera (Table 4), a different
result from the other 4 species. During the
dry season, P, values of Dry. littoralis and
A. formosana were maintained at very low
levels of mean P, of 3.22 and 2.14 umol CO,
m”s”, respectively, which were significantly
lower than the P, of Dio. maritima growing in
the ridge habitat and even much lower than P,
values of valley species (Table 4). Comparing
within the same species of Dio. maritima, the
P, of individuals growing in the ridge habitat
was significantly lower than that of plants
growing in the valley habitat during the dry
season (5.58 vs. 8.14 pmol CO, m”s™); yet,
no significant difference was observed during
the rainy season (Table 4).

Comparing P, values during the dry and
rainy seasons, the ridge species exhibited

distinct differences, while the valley species
showed relatively smaller differences. P, val-
ues during the dry season of Dry. littoralis and
A. formosana declined 54 and 75%, respec-
tively, of P, values during the rainy season;
yet, the decreased amounts were only 3 and
35%, respectively, for P. umbellifera and M.
multiglandulosa (Fig. 2b). For the same spe-
cies of Dio. maritima, P, values during the dry
season of individuals in the ridge and valley
habitats respectively decreased 48 and 24%
compared to the rainy season (Fig. 2b). These
results indicated that during the dry season,
ridge species suffered more-severe water
stress than did valley species and consequent-
ly had a larger degree of decrease in the P,.

Variations in the P, with changes in the
PWP

At the dawn of the day when we mea-
sured the P, of a sampled individual, we
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also monitored the PWP of that individual. mation performances to the drought environ-
Combining the P, and PWP data obtained for ment in the aspect of physiological drought
the 7 sampled individuals of each species on tolerance.
every measurement day, we acquired varia-
tions in the P, with changes in the PWP for DISCUSSION
each species (Fig. 3). Results showed that P,
values of Dry. littoralis and A. formosana still In karst forests, the effect of soil depth
remained positive even under the condition on water availability can determine not only
of a PWP of < -3.00 MPa. With the exception seedling persistence (Lin et al. 2016) but also
of P. umbellifera, significant or extremely species-habitat associations of tree species
significant relationships between P, and PWP (Guo et al. 2017). A deeper soil profile can
were found in the other 4 species (Fig. 3). Es- accumulate a larger amount of soil water, thus
timated by a linear regression of the PWP vs. providing more sufficient water resources
P,, PWP values when P, = 0 (¥,) were as low for plants. In this study, the soil depth in the
as -5.89 and -4.84 MPa, respectively, for Dry. valley habitat was substantially deeper than
littoralis and A. formosana, -2.74 MPa for M. that in the ridge habitat. The A horizon of
multiglandulosa, and -5.03 and -4.22 MPa, the soil profile was 14 cm and the B horizon
respectively, for Dio. maritima growing in the reached 150~200 cm below the soil surface in
ridge and valley habitats. The above results the valley habitat, while in the ridge habitat
indicated that ridge species had higher physi- the A horizon was only 5 cm and B hori-
ological drought-tolerance abilities than did zon only 40~60 cm at a sampling site with
valley species. Individuals of Dio. maritima deeper soil (Hseu et al. 2004). The valley
growing in the ridge habitat exhibited accli- habitat might be able to retain soil water at a

16 - 16 - ~
_ y =-1.2962x + 7.6364 y=-1.9702x +9.5373 y =-1.909x + 9.6092
T 121 P =0.73%%x 2r 7 = 0.90%*+ e = 0.46%*
g ¥, = -5.89 MPa ¥, = -4.84 MPa ¥, =-5.03 MPa
ON 8 - a® 8
O
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Predawn leaf water potential (MPa)

Fig. 3. Variations in the net photosynthetic rate (P,) with changes in the predawn leaf water
potential (PWP) of tested species in the Kenting karst forest. Each point represents the P,
and PWP values of the same individual on a specific measuring day. A linear regression
equation is presented if the relationship was significant. Dry., Drypetes; Agl., Aglaia; Dio.,
Diospyros; Pis., Pisonia; Mel., Melanolepis. * p < 0.05; ** p <0.01; *** p <0.001.
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relatively higher level during the dry season
than the ridge habitat, so that the valley spe-
cies P umbellifera and M. multiglandulosa
could maintain mean PWP values at high
levels of -0.69 and -0.91 MPa, respectively,
which indicated that these species were ex-
periencing only mild water stress. However,
individuals of Dio. maritima growing in the
valley habitat showed a significantly lower
mean PWP (-1.29 MPa) than the above 2 val-
ley species (Table 3). Growing in the same
habitat with deep soil, why was the PWP of
Dio. maritima significantly lower than that of
the other 2 species? Plausible causes include
that individuals of Dio. maritima were much
smaller in size (11~17 cm in DBH) compared
to individuals of P. umbellifera and M. mul-
tiglandulosa (32.2 and 25.5 cm, respectively,
in mean DBH). Larger plants have deeper
and/or more-expanded root systems to ac-
quire sufficient water resources (Prior and
Eanus 1999). Furthermore, the leaf texture of
P. umbellifera is of the succulent type, which
had an 80% water content. Sap can seep out
if the bark is damaged (personal observation).
This phenomenon suggested that P. umbel-
lifera was capable of preserving water in its
leaves and trunks so as to maintain a higher
water potential. As for the deciduous species
M. multiglandulosa, not all the leaves were
defoliated, but it retained about 30% of the
leaf area in the canopy during the dry season
(personal observation). Decreasing leaf areas
by shedding leaves during the dry season is
a mechanism of dehydration postponement
for drought tolerance (Kramer 1983, Kuo et
al. 2017). Thus, due to a larger size and being
deciduous, M. multiglandulosa could possess
a significantly higher PWP than Dio. mari-
tima during the dry season.

In contrast to the flat terrain, shielded
light, low wind, deep soil, and sufficient water
in the valley environment, the ridge environ-

ment has coral reef outcrops, direct sunlight,
strong wind, shallow soil, and little moisture
in both the air and soil during the dry season.
Plants cannot establish themselves on the
rocky outcrops of the coral reefs, but can only
develop their roots in the organic substrates
accumulated in the depressions among the
reefs. Because the soil depth in the depres-
sions varies greatly but is basically shallow,
plus the coral reefs are porous such that water
in the reefs casily leaks out, the amount of
soil water retained in the ridge habitat is thus
very limited, especially during the dry sea-
son. In addition, the northeasterly monsoon
prevails in this area from October to March
every year. Under conditions of strong winds
and direct sunlight, moisture in the air and
soil greatly decreases. Most trees growing in
this ridge environment suffer severe water
stress. During the rainy season when water
resources are sufficient, values of the PWP
of Dry. littoralis, A. formosana, and Dio.
maritima growing in the ridge habitat had no
significant differences with those of the valley
species; but during the dry season when water
availability is very limited, values of the PWP
of ridge species were significantly lower than
those of valley species. PWP values of Dry.
littoralis and A. formosana decreased to -3.4
and -3.69 MPa, indicating that these spe-
cies were experiencing severe water stress.
Yet, the PWP of Dio. maritima growing in
the ridge habitat was -1.88 MPa, which sug-
gests a level of moderate water stress. Why
could Dio. maritima retain relatively more
water and thus have a higher PWP than Dry.
littoralis and A. formosana? These 3 species
did not show significant differences in tree
height or DBH, which excluded the factor of
deeper and more-extended root systems due
to a larger size of trees. In this karst forest
dynamics plot, Dio. maritima is the absolute
dominant species (Wang et al. 2004, Wu et al.
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2011). There are a large amount of seedlings,
saplings, and adult trees of this species both
in the valley and ridge habitats. It has appar-
ently adapted to the diversified terrain and
microenvironments of this area. A study re-
ported that some tree species in the dry karst
forests of southwestern China can maintain
a higher water potential due to having higher
stem hydraulic conductance (Fu et al. 2012).
Diospyros maritima might also possess higher
stem hydraulic efficiency than the other 2
ridge species, which is yet to be studied.
After a long rainless period, although
Dry. littoralis and A. formosana in the ridge
habitat suffered severe water stress (PWP
< -3.0 MPa), their P, values remained posi-
tive and were maintained at 46 and 25%,
respectively, of P, values during the rainy
season (Table 4). This phenomenon indicated
that their photosynthetic functions were not
severely inhibited even under such a water-
deficient situation. Many evergreen species
commonly employ osmotic adjustment to
maintain positive turgor pressure, so that they
can have relatively high photosynthetic ef-
ficiency (Kuo 1994, Eamus 1999, Slot and
Poorter 2007). Shrubs growing on the open
hill slopes of karst forests in southwestern
China were found to have higher capacities of
osmotic adjustment and antioxidant protec-
tion, hence higher drought tolerance abilities
(Liu et al. 2011). Fu et al. (2012) found that
evergreen species in dry karst forests have ex-
tremely high physiological drought tolerance
abilities due to the greater xylem-cavitation
resistance and lower leaf turgor-loss point
water potential in those species. Since both
Dry. littoralis and A. formosana are evergreen
species, they might exploit xylem-cavitation
resistance and osmotic adjustment to enhance
the ability for physiological drought toler-
ance. We further estimated the PWP value
when P, decreased to 0 (¥,) with a linear re-

225

gression of P, vs. PWP, and found that values
of ¥, of Dry. littoralis and A. formosana were
-5.89 and -4.84 MPa, respectively (Fig. 3).
These results indicated that these 2 species
possessed high physiological drought-toler-
ance abilities. In addition, since the P, of Dry.
littoralis was lower (more negative) than that
of A. formosana, Dry. littoralis had a higher
physiological drought-tolerance ability than
A. formosana. Differences in the ¥, of Dry.
littoralis and A. formosana can also explain
why Dry. littoralis was capable of maintain-
ing 46% of the P, of the rainy season when its
PWP was as low as -3.40 MPa, yet 4. formo-
sana could only maintain 25% of the P, of the
rainy season when its PWP was -3.69 MPa,
during the dry season. Concurrently, other
research measuring the physiological activi-
ties of 9 coastal tree species (including 4. for-
mosana) on the west coast of Hengchun was
conducted. That research found that 4. for-
mosana on the coast could maintain 24% of
the P, of the rainy season when its PWP was
-3.39 MPa and had a ¥, value of -4.40 MPa
during the dry season of April and May 2010
(Kuo et al. 2017). Comparing the P, and ¥,
values of 4. formosana growing on the ridge
or on the coast, the results were quite similar.
Both studies indicated that A. formosana pos-
sesses a good physiological drought-tolerance
ability and adopts the mechanism of dehydra-
tion tolerance to cope with severe water stress
during the dry season. Drypetes littoralis
maintained an even higher P, and a much
lower ¥, value than A. formosana did during
the dry season, indicating that this species
also possesses a good physiological drought-
tolerance ability and adopts the mechanism
of dehydration tolerance to endure drought
periods. As for Dio. maritima growing in the
ridge habitat, it showed a lower level of de-
crease in the PWP during the dry season than
Dry. littoralis and A. formosana. We inferred
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that Dio. maritima had a better ability to ob-
tain and/or transport water than the above 2
species and might adopt the mechanism of
dehydration postponement. However, this
research is yet to study the specific methods
Dio. maritima uses to delay the dehydration
affect. Furthermore, the ¥, of Dio. maritima
at the ridge was -5.03 MPa which was lower
than the ¥, of 4. formosana, while the ¥, of
Dio. maritima in the valley was -4.22 MPa,
which was slightly higher than the ¥, of 4.
formosana. This result implies that individu-
als of Dio. maritima growing on the ridge
have a good physiological drought-tolerance
ability as well. They adopt both dehydration
postponement and dehydration-tolerance
mechanisms for adapting to a water-deficient
environment.

Comparing the performance of the P,
during the rainy and dry seasons for the 5
tested species, M. multiglandulosa had the
highest value during the rainy season (Table
4). Although this result implies that M. mul-
tiglandulosa has the highest photosynthesis
among the 5 species, the photosynthetic po-
tential (A,,,) of each species should be taken
into consideration when assessing the photo-
synthetic productivity of a species. A,,,, in es-
sence is genetically different for each species
(Kuo and Yeh 2015), thus evaluating the P,
with reference to A, of each species would
provide greater ecophysiological significance.

For this purpose, we calculated the ratio of
the mean P, during the rainy and dry seasons
over A,,,, for each species (Table 5). Compar-
ing the ratio of the mean P, during the rainy
season over A, of each species, the highest
was for Dio. maritima in the valley habitat
(88%), and the lowest values were for 4. for-
mosana (55%) and M. multiglandulosa (53%);
comparing the ratio of the mean P, during
the dry season over A,,, of each species, the
highest values were for P. umbellifera (70%)
and Dio. maritima in the valley (67%), and
the lowest was for 4. formosana (14%) (Table
5). Notice that the ratio of the mean P, during
the dry season over A,,,, of M. multiglandu-
losa was only 35%. Diospyros maritima in
the valley had a higher P /A, ratio than M.
multiglandulosa during both the rainy and dry
seasons. In the ridge habitat, 4. formosana
had a higher A,,,, than Dry. littoralis and Dio.

maritima, but showed the lowest P,/A,,,, ratio

max
during both the dry and rainy seasons. Al-
though Dio. maritima had a lower A,,,, than 4.
formosana and no significant difference in the
P, with 4. formosana during the rainy season,
Dio. maritima in the ridge habitat exhibited a
significantly higher P, than A. formosana dur-
ing the dry season (Table 4), indicating that
Dio. maritima in the ridge habitat possesses
better competitiveness than 4. formosana.
The texture of leaves of trees growing in

a windy environment tends to be tough with

Table 5. Photosynthetic capacity (A,,,), ratio of the mean photosynthetic rate during the

rainy season over A, (P
season over A, (P, .,

n-rainy

/A,..,) of each species

v

/AL, and ratio of mean photosynthetic rate during the dry

Ridge habitat Valley habitat
D1" Af Dm Pu Mm Dm
A, (nmol m”s™y” 9.5 15.7 12.2 14.7 31.0 12.2
(Prraing /A nay) (%) 74 55 73 72 53 88
(Priry /Ay (%) 34 14 46 70 35 67

! Refer to Table 2 for the abbreviation of each species.

% Data refer to Kuo and Yeh (2015).
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a higher leaf mass per area to withstand the
mechanical damage due to wind disturbance
(Su 1993, Kuo and Lee 2003, Wu and Kuo
2011). Sclerophyllous leaves with high leaf
mass per area (LMA) are normally composed
of a higher carbon content (Bussotti et al.
2000), and exhibit higher strength, stiffness,
and toughness in terms of the mechanical
quality (Edwards et al. 2000). The LMA of
tree species growing in the karst forest hill-
top of southwestern China can reach 23 mg
cm” (Geekiyanage 2017), while values of
those growing on a windward slope of the
Nanjenshan forest in southern Taiwan were
in the range of 14~24 mg cm™ (Kuo and Lee
2003). In this study, leaves of Dry. littoralis,
A. formosana, and Dio. maritima in the ridge
habitat all had LMA values of > 14 mg cm”
and showed characteristics of sclerophyll.
Past research found that seedlings of Dio.
maritima showed no obvious acclimation in
terms of photosynthetic traits to various light
regimes, yet exhibited high morphological
plasticity under different light environments
(Kuo and Wu 1997). In this study, in response
to decreased water availability, the leaf thick-
ness and LMA of Dio. maritima showed
significant increases of 50 and 48%, respec-
tively, when comparing individuals of Dio.
maritima growing on the ridge versus those
growing in the valley habitat. This result indi-
cates an explicit acclimation of Dio. maritima
in leaf morphology. LMA values of trees
growing in high-light environments or water-
deficient habitats would usually be elevated
(Poorter et al. 2009). However, the sampled
leaves of Dio. maritima in both habitats of
this study were all collected from the canopy
top where direct sunlight was available. Thus,
the difference in LMA did not result from dif-
ferences in light environments but more likely
from acclimation to a drought environment.
In the aspect of acclimation in physiological
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traits, the ¥, of individuals of Dio. maritima
growing on the ridge was 0.81 MPa lower
than those growing in the valley, which might
have due to the osmotic adjustment in ridge
individuals. The osmotic potential of tree spe-
cies can decrease by around -0.2 to -1.0 MPa
in drought environments (Kolzowski et al.
1991, Eamus and Prior 2001). In this study,
individuals of Dio. maritima growing on the
ridge showed a corresponding decrease in
the W, indicating that there was evidence of
physiological acclimation to drought in this
species.

CONCLUSIONS

During the dry season, values of the PWP
of Dry. littoralis and A. formosana growing
on the ridge of the Kenting karst forest were
as low as -3.40 and -3.69 MPa, respectively,
indicating that water availability is limited
in this habitat. However, these 2 species still
maintained positive P, values at 46 and 25%,
respectively, of the P, during the rainy season.
The physiological activities of these 2 species
were not severely inhibited. To have P, values
decline to 0, the PWP of Dry. littoralis and A.

formosana would need to decrease to -5.89

and -4.84 MPa, respectively. Evidently, these
2 species possess high physiological drought-
tolerance abilities. They adopted the mecha-
nism of dehydration tolerance to endure a
water-deficient environment in the ridge habi-
tat during the dry season. Individuals of Dio.
maritima growing in the ridge habitat had a
significantly higher PWP than did Dry. lit-
toralis and A. formosana, and slightly higher
physiological drought-tolerance ability than
A. formosana. Diospyros maritima growing
in the ridge habitat adopted both the dehydra-
tion postponement and dehydration tolerance
mechanisms. Compared to those of the same
species growing in the valley, Dio. maritima
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growing in the ridge habitat had a higher leaf
mass per area and physiological drought tol-
erance, revealing acclimation performance in
leaf morphology and physiological activities
to a drought environment. The valley spe-
cies P umbellifera and M. multiglandulosa
experienced only mild water stress during the
dry season. The drought-tolerance abilities of
valley species were lower than those of ridge
species.
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