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Abstract: Secondary forest areas are increasing worldwide and understanding how these forests
interact with climate change including frequent and extreme events becomes increasingly important.
This study aims to investigate the effects of the strong 2015/2016 El Niño-induced drought on
species-specific leaf phenology, dieback and tree mortality in a secondary dry dipterocarp forest
(DDF) in western Thailand. During the 2015/2016 El Niño event, rainfall and soil water content
were lower than 25 mm and 5% during 5–6 consecutive months. The dry season was 3–4 months
longer during the El Niño than during non-El Niño events. We found that this prolonged drought
induced the earlier shedding and a delay in leaf emergence of the DDF. The deciduousness period
was also longer during the El Niño event (5 months instead of 2–3 months during non-El Niño event).
We found that the DDF species showed different phenological responses and sensitivities to the
El Niño-induced drought. The leaf phenology of stem succulent species Lannea coromandelica (Houtt.)
Merr. and a complete deciduous species with low wood density. Sindora siamensis Teijsm. ex Miq.
was only slightly affected by the El Niño-induced drought. Conversely, a semi-deciduous species
such as Dipterocarpus obtusifolius Teijsm. ex Miq. showed a higher degree of deciduousness during
the El Niño compared to non-El Niño events. Our results also highlight that dieback and mortality
during El Niño were increased by 45 and 50%, respectively, compared to non-El Niño events, pointing
at the importance of such events to shape DDF ecosystems.
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1. Introduction

Climate change is affecting plant phenology worldwide, mainly through temperature rise in temperate
forest [1,2] and through changes in precipitation patterns in tropical dry forests (TDFs) [3]. The exploration
of the climate cues regulating plant phenology is crucial to improve how biogeochemical cycles such as
carbon and water, may be altered by climate change and how this will in turn feedback on the Earth
climate system [4,5]. In seasonal TDFs, it is generally assumed that water availability for plants is the main
driver of TDFs phenology. Water availability for plants is dependent on seasonal rainfall distribution,
the amount of rainfall, soil water retention and the ability of plants to store water in their tissue [6,7].
In Southeast Asia (SEA), rainfall and temperature fluctuations are strongly regulated by monsoons and
El Niño-Southern Oscillation (ENSO) [8,9]. Intense ENSO associated with weaker northeast monsoons
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and delay of southwest monsoons have caused extreme events in SEA such as large floods and prolonged
severe droughts [10–12]. By the end of the century, rainfall in SEA is projected by the regional climatic
model to intensify, resulting in rising widespread consecutive dry days, while the air temperature in the
mainland is expected to rise by 4–5 ◦C (for the baseline period 1971–2000) [9]. Substantial change in rainfall
regimes leading to drier and warmer conditions is especially expected to occur in seasonal TDFs due to the
increase in frequency and intensity of the El Niño events [3].

TDFs cover 42% of the tropical and subtropical forests with a distinct rainfall seasonality [13]. In TDFs,
multi-stages of leaf phenology occur throughout the dry season. Many trees of TDFs form new leaves after
leaf shedding despite no major changes in the climatic conditions. This was suggested to relate to seasonal
internal/physiological changes in tree water status [14]. How phenology of TDFs is responding to climate
fluctuations and extreme events is still poorly understood compared to the phenology of plants from
savanna and moist forests in the tropical regions [3,15]. Although studies focusing on TDFs phenology
have recently increased, most of them were located in Africa and tropical America particularly in Mexico,
Costa Rica and Brazil [16]. Only a few have examined TDFs phenology in SEA [17].

Dry dipterocarp forests (DDF) are common and widely distributed from northeast India, through
Thailand, to Lao PDR and Vietnam [18,19]. It is usually found in the area with annual precipitation of
800–1500 mm and elevation of 300–1200 m above mean seal level. The canopy height of mature forest is
usually 15–20 m. This forest type has a relatively low, open canopy composed of species with typically
thick, leathery leaves [18]. The dominant trees belong to the Dipterocarpaceae family which are absent
from the Neotropic and Afrotropic ecozones where most of studies in the past were concentrated [20],
hence their phenological responses to climate may differ. Generally, the dry dipterocarp forest (DDF) in
SEA is dominated by the one or two of the following species; Dipterocarpus obtusifolius Teijsm. ex Miq.,
Dipterocarpus tuberculatus Roxb., Shorea obtusa Wall. and Shorea siamensis Miq. These four dipterocarp
species generally make up about 80% of the trees in DDF [21]. Recent studies indicate that some species in
this family are sensitive to warm temperature. Leaf temperatures can be higher than 7–8 ◦C compared to
air temperature due to their isohydric strategies leading to less transpirational cooling ability [22].

SEA forests have been critically threatened by anthropogenic and natural disturbance including
forest fires over the last decades and DDF has also been highly degraded under increasing pressure
from anthropogenic activities such as urban and agricultural expansion [19]. The secondary forests
have recently expanded as policy efforts for protecting forest have been implemented and afforestation
and reforestation have been encouraged. In 2019, the secondary forests cover the largest area in
SEA accounting for 45% of total forests, while the primary or old growth forests were only 35% [23].
The secondary forests become increasingly important due to its relative low-cost climate warming
mitigation (high rate of carbon sequestration) and its provision in valuable ecosystem services [24].

El Niño is one of the climatic phenomena that cause widespread drought in SEA. Forest trees have
developed strategies to cope with extreme droughts, for example by shedding (partly or fully) the canopy
to reduce transpiration [14], by increasing water storage in tree trunk or in the roots [25] or by increasing
rooting depth to reach deeper water or ground water [26]. Based on leaf phenology, three groups of
species can be distinguished (i) the deciduous species (ii) the brevi-deciduous species (leaves shed with a
short leafless period and then replaced by new ones), and (iii) the stem succulent species (leaves are shed
earlier during the end of rainy season and remain leaf-less during the entire dry season [27].

Strategies to cope with drought in forest tree can also be investigated using stem traits. For instance,
wood stem density has been found to correlate to xylem cavitation [27]. There is a trade-off between
cavitation resistance and hydraulic efficiency as a better resistance to cavitation often leads to a
lower water conductivity. Therefore, high wood density species tends to have a relatively higher
drought resistance compared to the low wood species [27,28]. In addition, a few studies in TDFs
have indicated that leaf phenology is related to wood density [27,29]. However, the relationships
between leaf phenology, wood density and its resistance to drought have not yet been investigated in
the secondary DDF.
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Drought is also expected to reduce forest carbon sequestration through tree mortality and dieback.
For instance, the prolonged drought during the strong 1997/1998 El Niño induced high tree mortality
and dieback in SEA tropical rainforests especially in younger trees [30,31]. Understanding the responses
of tree species from different functional groups to drought stress will enable new approaches for
predicting and mitigating the future effects of drought [27,32]. Yet, the high diversity of tree species
in TDFs complicates the task to distinct different groups of species exhibiting similar phenological
responses or adaptation to drought.

Understanding how TDFs respond to extreme climatic events, especially prolonged drought
induced by El Niño events should be a priority for improving the forest management as the frequency
of extreme events are expected to increase in the coming decades [33]. The 2015/2016 El Niño was
reported as one of the top three strongest El Niño in the historical records since 1950 and the first strong
El Niño in the 21st centuries [34]. Our objectives in the present study are; (1) to investigate the leaf
phenological responses of a DDF forest and of individual DDF species to the 2015/2016 El Niño, and (2)
to evaluate the dieback and mortality rate induced by this strong El Niño event.

2. Materials and Methods

2.1. Study Site

The study was conducted in a secondary dry dipterocarp forest (DDF) located in Ratchaburi
province in western Thailand (13◦35′13” N: 99◦30′4” E). The forest was previously degraded as it was
excessively exploited for timber, charcoal or other products. The current growing trees resulted from a
natural regeneration since it was protected in 2005. The soil texture is loamy sand in the top (0–0.6 m
below ground) with more than 70% sand particle, and sandy loam in the deeper layers. The soil was
strongly acidic with pH 4.8–5.1. Soil organic matter and soil organic carbon content were 0.36–1.06%
and 0.3–0.5%, respectively [35].

2.2. Microclimate Measurement

At the site, microclimate variables consisting of air temperature (Tair), relative humidity (RH)
and rainfall were measured by sensors mounted on the tower at 10 m above the ground site between
mid-2009 and April 2018. Tair and RH were measured at 2 min intervals by a Vaisala sensor (Vaisala
HMP45C, Helsinki, Finland), while the rainfall was measured at 30 min intervals by a tipping bucket
rain gauge (TE525, Campbell Scientific, Inc., Logan, UT, USA,). Soil temperature and soil water content
were measured every 30 min at 5 cm soil depth by using averaging soil thermocouple probe (TCAV,
Campbell Scientific, Inc.) and water content reflectometer (CS616, Campbell Scientific, Inc.), respectively.
These micrometeorological data were stored in data loggers (CR1000, Campbell Scientific, Inc.).

2.3. Sampling Design, Forest Structural Characteristic and Biodiversity

Four study plots for vegetation studies were randomly laid out in the DDF during February
2015–April 2018. The size of each plot was 10 × 10 m2. This forest is very uniform and homogeneous
in term of species composition and soil conditions. There was no significant difference of topography
among these plots, as all of them was located in the flat area, with the slope of less than 0.5%.
The elevation of the study forest is 110 m above mean sea level, and all plots were within 20–30 m apart
so these plots were within the same range of elevation. Approximately 112 trees/plot and 12 species/plot
were found. The average canopy height and tree diameter were 7.0 m and 6.8 cm, respectively.

The dominant species was defined by importance value index (IVI) following the Phillips
protocol [36]. Only trees with a diameter at breast high (DBH) equal to or greater than 0.5 cm
were considered for computing the IVI. The samples in this study consisted of 448 individual trees
from 21 species to 16 families. The Dipterocarpaceae family has the largest number of species (five
species including Dipterocarpus obtusifolius Teijsm. ex Miq., Shorea siamensis Miq., Shorea obtusa Wall.,
Shorea roxburghii G. Don and Dipterocarpus tuberculatus Roxb.). This family covered the highest IVI (56.2%)
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and four out of these five species were in the top five highest IVI (Table S1). In addition, biodiversity
indices including Shannon’s diversity index [37], Simpson’s dominance index [38] and Evenness
Index (E) [39] were calculated to better characterize the biodiversity of this forest. These indices
equaled to 2.30, 0.12 and 0.38, respectively. These indicated this study site was in a range of low to
moderate biodiversity.

2.4. Phenological Indices

Four variables of phenology or phenophases including young leaves, mature leaves, senescence
leaves, and leafless (or bare branches) were investigated in dry and wet seasons (Figure S1). Young leaves
are defined as newly flushed leaves within one week. Mature leaves refer to those that have full
expansion with dense green color. Senescence leaves are those that start to turn yellowish-brown and
wilt. Leafless period is when there are no leaves left on the branch. All of these leaf phenophases
were examined by visualization on the 30th day of the month between March 2015–April 2018.
Four phenophases of each individual tree (totally 448 individual tree) were estimated by score-composite
technique with a linear scale of 0–4. For example; when all four phenophases of an individual tree
were found on the observation day, each phenophase is scored as 1. In case an individual tree has full
mature leaves, a score value of mature leaf phenophase of 4 is recorded and three others phenophases
(young leaves, senescence leaves and leafless) are scored as 0. The scores of 3, 2, 1 represented three
quarters, half and one quarter of each phenophase on the canopy, respectively. The total composite
score of 4 is the sum of scores from all four of these phenophases [40].

Additionally, four dominant species having complete deciduousness strategy (S. siamensis Miq.,
S. obtusa Wall., S. roxburghii G.Don and Sindora siamensis Teijsm. ex Miq.) were monitored to assess the
date of the first leaf expansion two times per week between February and May in 2016 (El Niño) and in
2017 (non-El Niño). Note that D. obtusifolius Teijsm. ex Miq. was not monitored due to our inability
to identify its first leaf expansion of incomplete deciduous species. The leaf litter production was
investigated to confirm the timing of the end of season of five dominant species and others. The leaf
litter was collected by 12 litter traps (3 litter traps per plot) with size of 1 × 1 m−2 every month between
June 2015 and April 2018. Then, the leaf litter was dried at 80 ◦C and weighed by separating the leaf
litter of five dominant species from other species.

2.5. Clustering of Leaf Phenology

Phenology as crown density was clustered into different group depending on its phenological
scores. Individual samples from 12 dominant species (equal or more than four individual trees per
species) were selected to optimize the number of clusters by using the Elbow method. This method
defined the number of clusters by minimizing the total within-cluster sum of square (WSS) (or total
intra-cluster variation) [41]. Results showed that five clusters were suitable for four phenophases
(Figure S2). After that, all of the phenological scores covering the duration of El Niño and non-El Niño
were pooled together and clustered using the hierarchical clustering model of Ward’s method [42].
This method minimizes the total within-cluster variance. At each step a pair of clusters with minimum
between-cluster distance was merged, while the dissimilarity of each cluster was considered from the
centroid of each cluster during the process. The dissimilarity between each cluster was calculated from
squared Euclidean distance as shown in Equation (1):

d(i, j) =
∑

k

(
xik − x jk

)2
(1)
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where d is the dissimilarity between species i and j, xk is an average score of each specie in every month.
The two clusters having the most similarity were merged together, then the dissimilarity of merged
cluster was updated based on Equation (2):

dnew
(i, j),k =

1
ni + n j + nk

[
(ni + nk)dik +

(
n j + nk

)
d jk − nkdi j

]
(2)

where n is the number of species in each cluster. This process was repeated until every species was
clustered. This hierarchical cluster analysis based on Ward’s linkage method was processed by using
the hclust R-package [42].

2.6. Wood Density

Tree cores (5 mm increment borer, Haglöf, Långsele, Sweden) of seven species including five dominant
species (D. obtusifolius Teijsm. ex Miq., S. siamensis Miq., S. obtusa Wall., S. roxburghii G. Don, Sindora siamensis
Teijsm. ex Miq.), and two additional species (Ellipanthus tomentosus Kuze var. tomentosus and Lannea
coromandelica (Houtt.) Merr.) that were clustered in a unique group in the mature leaf stage separated
from five dominant species were sampled. Eight tree cores per species were collected. The wood density
was determined by the ratio of dry weight to volume. The dry weight was estimated by placing the core
sample in a drying oven at 102 ◦C for 2 h and weighed immediately after cooling with constant dry mass.
Sample volume was estimated by water displacement following Archimedes principle [43].

2.7. Die Back and Mortality

In this study, dieback is defined as a tree showing defoliation and died from the tip of its canopy
or primary shoot. Tree mortality is a dead tree exhibiting complete defoliation but still has stem bark
and preserves fine branches and shoots. Tree mortality and die back were observed manually every
month inside the four plots in association with measurements of the DBH and tree height during
March 2015–April 2018. Six species from seven species analyzing the wood density were selected to
observe the mortality and dieback based on the number of individual trees (at least 20 individual trees).
These included D. obtusifolius Teijsm. ex Miq., S. siamensis Miq., S. obtuse Wall., S. roxburghii G. Don,
Sindora siamensis Teijsm. ex Miq. and L. coromandelica (Houtt.) Merr. were selected to analyze dieback
and mortality with their tree size over the study period.

2.8. Data Analysis

The Multivariate El Niño/Southern Oscillation (ENSO) Index Version 2 (MEI.v2) combines both
oceanic and atmospheric variables, facilitates in a single index an assessment of ENSO. The MEI is the
time series of the leading combined Empirical Orthogonal Function (EOF) of five different variables
(sea level pressure (SLP), sea surface temperature (SST), zonal and meridional components of the
surface wind, and outgoing longwave radiation (OLR)) over the tropical Pacific basin (30◦S–30◦ N and
100◦E–70◦ W) [44]. Linear regressions were applied to analyze the relationships between the MEI.v2 and
microclimatic variables recorded at the site as well as between microclimatic variables and the degree of
deciduousness. The multiple comparisons of wood density among species was tested by using ANOVA
and Tukey’s honestly significant difference (HSD) tests at 95% confidence level. All analyses including
linear regressions and visualization were performed with the software R version 3.4.0 [45].

3. Results

3.1. Impact of ENSO on the Microclimate of the Study DDF

The annual average rainfall for 10 years in the forest was 939± 206 mm year−1. The seasons in this study
were divided into dry and wet season following the monsoon rainfall as described by Tanaka et al. [46].
The wet season starts in May and ends in October and the dry season begins in November and ends in



Forests 2019, 10, 967 6 of 19

April of the following year. During the 10 years when microclimate was recorded in the forest, the El Niño
occurred two times in 2009/2010 (weak El Niño) and 2015/2016 (strong El Niño) [47,48].

The amount of rainfall during the El Niño were as low as 59.1 and 71.4 mm during the dry
season, i.e., ~30% of the total rainfall in typical years. During the dry seasons 2009/2010 and 2015/2016,
the rainfall was even lower than 25 mm for six consecutive months compared to only three months
during the non-El Niño dry seasons. The lower rainfall during both events resulted in lower soil
moisture (<5% VWC) for five consecutive months instead of three months during usual dry seasons
(Figure 1a). The mean temperature was not much different between El Niño and non-El Niño years,
but the maximum temperature was significantly higher in April 2016 (41.7 ◦C). The maximum vapor
pressure deficit (VPD) increased sharply (Figure 1b) with the highest VPD at 4.8 kPa in April 2016.
This indicates the high-water vapor demand in surrounding air during that dry season. The severe
El Niño induced drought periods were characterized by low rainfall, low soil water deficit, warmer and
drier air condition. In fact, the 2015/2016 El Niño has been reported as one of the top three strongest
El Niño in the historical records since 1950 and the first strong El Niño in the 21st century [34].
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Figure 1. Comparison of climate variables between two El Niño events in 2009/2010 (yellow) and
2015/2016 (red), and 10 years (2009–2018) (green) microclimate average excluding the two El Niño
events; (a) rainfall (p) and soil water content (SWC), (b) maximum air temperature (T), and maximum
vapor pressure deficit (VPD).

Microclimate variables recorded at DDF sites were strongly correlated with the Multivariate
El Niño/Southern Oscillation (ENSO) index (MEI.v2) [44]. ENSO events (positive values) coincided with
reduced rainfall and soil water content (SWC) especially during March-April (Figure 2a,b). The effects of
ENSO on SWC and rainfall lasted until June and August, respectively. Positive ENSO value also induced
significantly warmer and drier air conditions during March-April (MA) with no lag-time (Figure 2c).
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3.2. Impact of El Niño on Leaf Phenology of the DDF

The 2015/2016 El Niño induced contrasting phenological responses among the dominant species of
DDF. This has allowed clustering the DDF species into different groups according to their phenological
response. Overall, most of the species showed earlier deciduousness in response to the drought-induced
El Niño and generally delayed their mature leaf production from April-May to June-July. Considering
the mature leaf stage, five clusters were identified. The first cluster includes S. obtusa Wall., S.roxburghii
G. Don, Litsea glutinosa (Lour.) C. B. Rob. and Croton oblongifolius Roxb. species which showed
complete deciduousness only during the El Niño and partial deciduousness during non-El Niño years
(Figure 3, group C1). The second cluster included Sindora siamensis Teijsm. ex Miq., S. siamensis Miq.,
Phyllanthus emblica L. and Xylia xylocarpa Taub. var. Kerrii Nielsen. These species had a complete
deciduousness for each dry season, but during the El Niño year the complete deciduousness period
was significantly longer than during the non-El Niño years (Figure 3, group C2). The third cluster
contained only one species, L. coromandelica (Houtt.) Merr. that showed the longest and complete
deciduousness period during the dry season (Figure 3, group C3). The fourth cluster also included a
single species with unique characteristic (Erythrophleum succirubrum Gagnep. For this species, El Niño
induced earlier leaf exchange by developing mature leaves about one month earlier compared to
non-El Niño years (on May instead of June) (Figure 3, group C4). Finally, the fifth cluster consisted of
E. tomentosus Kuze var. tomentosus and D. obtusifolius Teijsm. ex Miq.. These two species maintained
their leaves during the whole year, with nevertheless greater deciduousness during the El Niño event.
This group could be classified as semi-deciduous type (Figure 3, group C5).

Considering the leafless stage, the clustering analysis shows that L. coromandelica (Houtt.) Merr. and
E. succirubrum Gagnep. were separated from other species similar to that of the stage of mature leaves.
The first cluster of this stage included only one species, L. coromandelica (Houtt.) Merr. This species had
the longest leafless period compared to other species with slightly higher deciduousness during El Niño
than non-El Niño years (Figure 4, group-C1). The second cluster included P.emblica L., L.glutinosa
(Lour.) C. B. Rob., X.xylocarpa Taub. var. Kerrii Nielsen and S.siamensis Miq., species which showed
complete deciduousness with longer and greater magnitude during the dry season 2015/2016 than
that of other dry seasons (Figure 4, group-C2). The third cluster included only E. succirubrum Gagnep.
This species showed the fastest leaf disappearance with earlier leaf emergence during the dry season
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2015/2016 compared to other species (Figure 4, group-C3). The fourth cluster contained S. obtusa Wall.
and S. roxburghii G.Don which exhibited higher degree and longer period of deciduousness during
the dry season of 2015/2016 (Figure 4, group-C4). E. tomentosus Kuze var. tomentosus, D. obtusifolius
Teijsm. ex Miq., C. oblongifolius Roxb. and Sindora siamensis Teijsm. ex Miq. were grouped together in
the fifth cluster (Figure 4, group-C5). However, E. tomentosus Kuze var. tomentosus and D. obtusifolius
Teijsm. ex Miq. had incomplete leaflessness, while C. oblongifolius Roxb. and Sindora siamensis Teijsm.
ex Miq. were distinctly leafless, especially in February.

The El Niño induced-drought affected the emergence of new leaves of most of the four deciduous
species. For instance, the emergence of new leaves was delayed by about 2 months from March-April to
May-June, excepted for Sindora siamensis Teijsm. ex Miq., which was flushing in March. It is noteworthy
that D. obtusifolius Teijsm. ex Miq. produced numerous new leaves during the heavy rain period in
October (Figure S3).

Regarding leaf senescence, the differences among species were not quite clear and this made the
clustering analysis difficult. However, it is noted that most of the species showed earlier leaf senescence
with a narrower time window between December and January during the 2015/2016 El Niño. In other
dry seasons, this typically occurs between December and February (Figure S4). L. coromandelica (Houtt.)
Merr. and E. succirubrum Gagnep. were distinguished from other species (Figure S4).
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3.3. Relationship between Microclimate Conditions and the Degree of Deciduousness in the DDF

For all clusters, the amount of rainfall was significantly correlated with the degree of deciduousness
observed in the forest (observations from three wet and three dry seasons from 2015 to 2018) (Figure 5),
highlighting the importance of the precipitation for leaf phenology in this DDF ecosystem. Higher
degree of deciduousness was found under lower precipitations. Based on slope of the linear regressions
between rainfall and mature leaves, we found that L. coromandelica (Houtt.) Merr. which is a stem
succulent species in cluster 3 showed the highest sensitivity to external water availability, following by
almost DDF species in cluster 2, 1 and 4. In contrast, D. obtusifolius Teijsm. ex Miq. in cluster 5 behave
like a semi-deciduous species, showing the lowest sensitivity to water deficit.
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Figure 5. Relationships between rainfall and mature leaves as a proxy for the degree of deciduousness
of five clusters (C1–C5) during the three dry and three wet seasons from 2015 to 2018. Slope indicates
the phenological sensitivity (degree of deciduousness) of the cluster in response to water availability,
the data points in the circles indicate the mature leave scores during wet season, those outside the circle
are the mature leaves scores during the dry season, and the data points in the dashed box are mature
leaves scores during the dry season 2015/2016 (during El Niño).

3.4. First Leaf Expansion and Leaf Litter Production of the Dominant Species

During non-El Niño events, three dominant species including S. siamensis Miq., S. obtusa Wall.
and S. roxburghii G.Don showed their first leaf emergence in March. During the 2015/2016 El Niño
events, their first leaf flushing was delayed to May (Figure S5). It is noteworthy that the first leaves of
S. siamensis Miq. emerged earlier than the ones of S. obtusa Wall. and S. roxburghii G.Don. In contrast,
the time of the first leaf emergence of Sindora siamensis Teijsm. ex Miq. was not different between El Niño
and non-El Niño dry seasons which occurred between mid-March and April. Thus, El Niño had a high
impact on the phenology of Shorea sp. but only a little impact on the phenology of Sindora siamensis
Teijsm. ex Miq., suggesting a higher drought tolerance of the latter species.

The leaf litter data collected from June 2015–April 2018 confirmed the shift to an earlier end of
the season during the dry season 2015/2016 compared to other dry seasons (Figure S5). The leaf litter
production was in general consistent with other phenophases recorded (Figure S5).
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3.5. Wood Density

Wood density varies from 0.54 ± 0.02 g·cm−3 for L. coromandelica (Houtt.) Merr. to 0.90 ± 0.03 g·cm−3

for E. succirubrum Gagnep. (Table 1). The two species with the highest wood density were also the ones
showing the fastest leaf flushing and fully mature leaf production during El Niño. On the other hand, the
species Sindora siamensis Teijsm. ex Miq. showed the longest leaf lifespan (Figure 3, group C2). The species
with the lowest wood density L. coromandelica (Houtt.) Merr. (0.54 ± 0.02 g·cm−3) is a species characterized
by a succulent stem. Other species with moderate wood density exhibited late leaf emergence after
prolonged drought. There was no clear difference in wood density between deciduous and semi-deciduous
species (Table 1).

Table 1. Leaf phenological behavior and wood density (±standard variation of 8 samples) of seven
species distributed in five clusters for mature leaf stage.

Species Family Leaf Phenology Clustering of
Mature Leaf Stage

Wood Density
(g cm−3)

Shorea obtusa Dipterocapaceae Deciduous C1 0.77 ± 0.06 b,c

Shorea roxburghii Dipterocapaceae Deciduous C1 0.68 ± 0.05 d

Shorea siamensis Dipterocapaceae Deciduous C2 0.72 ± 0.05 c,d

Sindora siamensis Leguminosae Brevi-deciduous C2 0.81 ± 0.03 b

Lannea coromandelica Anacardiaceae Stem succulent C3 0.54 ± 0.02 e

Erythrophleum succirubrum. Leguminosae-Caesalpinioideae Brevi-deciduous C4 0.90 ± 0.03 a

Dipterocarpus obtusifolius Dipterocapaceae Semi-deciduous * C5 0.74 ± 0.05 b,c,d

* D. obtusifolius Teijsm. ex Miq. is considered as a deciduous species in some previous studies [22,49,50], but it
never showed complete deciduousness in this study site. Different letters (a,b,c,d,e) mean significant differences by
Tukey’s honestly significant difference (HSD) tests at 95% confidence level.

3.6. Dieback and Mortality

High rate of dieback was expected during the dry season but in fact 60% of total dieback was
usually visible during the following wet season (Figure 6 and Table S2). Relatively higher dieback
for the species D. obtusifolius Teijsm. ex Miq., S. roxburghii G.Don and S. siamensis Miq. was observed
during the prolonged drought 2015/2016 as compared to other dry seasons (Table S2). During the
study period from the dry season 2014 to the dry season 2017/2018 (7 seasons), the highest dieback was
recorded during wet season 2015 and dry season 2015/2016. This accounted for 31% of all dieback
recorded (Table S2). A high mortality rate occurred consecutively during the dry season 2015/206,
wet season 2016 and dry season 2016/2017. D. obtusifolius Teijsm. ex Miq. showed the highest rate
of total dieback, and S.obtusa Wall. exhibited the highest percentage of total dieback and mortality
(Table S2). It is noted that the mortality of S. obtusa Wall. was partly caused by greater herbivory
damages by insects. This may subsequently weaken further its resistance to drought. Most of the
dieback occurred in young trees that have DBH smaller than 4 cm and tree height shorter than 4 m,
respectively. It was found that the El Niño event stimulated the dieback among all six species invested
(Figure 7). The mortality in some trees occurred during the dry season 2016/2017 after that visible
dieback was observed during the wet season of 2016, which could be a lag effect of the El-Niño
prolonged drought. The dieback during the 2015/2016 drought was 45% compared to 23–26% during
pre-drought and post-drought. Tree mortality during the 2015/2016 drought was 50%, compared to 13
and 26% during pre-drought and post-drought, respectively.



Forests 2019, 10, 967 13 of 19

Forests 2019, 10, x FOR PEER REVIEW 13 of 19 

 

Figure 6. Dieback (a,c) and mortality (b,d) rate depending on DBH and tree height in the study DDF 
for each wet and dry seasons from 2014 to 2018. The size of circle from small to big indicates the 
percentage of tree mortality and dieback (15). The color gradient from purple to yellow also indicates 
the percentage of mortality and dieback in the same way as the size of circle, but helps to distinguish 
when the circles have similar sizes (e.g., yellow vs. orange). 

 
Figure 7. Percentage of dieback and mortality during pre-drought (Dry season 2014/2015–wet season 
2015), drought (Dry season 2015/2016–wet season 2016), and post-drought (Dry season 2016/2017–
wet season 2017). 

  

0

10

20

30

40

50

60

Dieback Mortality

D
ieb

ac
k 

an
d 

m
or

ta
lit

y, 
%

Pre drought Drought Post drought

(c) (d) 

(a) (b) 

Figure 6. Dieback (a,c) and mortality (b,d) rate depending on DBH and tree height in the study DDF
for each wet and dry seasons from 2014 to 2018. The size of circle from small to big indicates the
percentage of tree mortality and dieback (15). The color gradient from purple to yellow also indicates
the percentage of mortality and dieback in the same way as the size of circle, but helps to distinguish
when the circles have similar sizes (e.g., yellow vs. orange).
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4. Discussion

Extreme events such as ENSO have dominated climate variability in SEA [8,51]. This study
highlights the strong link between such ENSO-induced drought and the responses of the DDF species
through their leaf phenology, wood density, mortality and dieback. The strong 2015/2016 El Niño
induced overall earlier leaf shedding at the beginning of the dry season and later leaf emergence at the
beginning of the wet season. This resulted in a longer and greater degree of deciduousness during the
dry period (5 months instead of 2–3 months during non-El Niño events). The delayed timing of leaf
emergence was largely influenced by the delayed onset of the rainy season (monsoons).

Most of the DDF species responded to the prolonged drought by shedding their leaves earlier,
especially stem succulent and deciduous species. Cleland et al., reported that tree species are
particularly vulnerable to climate change because their phenology is generally able to track lengthening
or shortening of the dry season [52]. With regards to this result, L. coromandelica (Houtt.) Merr. showed
the highest sensitivity compared to other species. However, this species seems dormant but stores water
in the stem and sheds its leaves earliest (Figure 5). Other deciduous species are also highly sensitive to
rainfall and their growing season becomes shorter under severe drought. It has been reported that
these deciduous species share one common characteristics that they had a short leaf life span with
higher leaf nitrogen content [53]. They thus can escalate growth and have photosynthesis within the
relatively short time span. In addition, they could maintain relatively high stomatal conductance,
carbon assimilation rates and electron flow through photosynthesis even during the dry season until
their leaves are abscised. The carbon uptake during the photosynthetically active period can thus
compensate for the absence of carbon assimilation during the leafless period [53,54]. However, the
stomatal conductance sharply declines when air temperature becomes higher than 40 ◦C. This will
promote high leaf temperatures and thus reduced photosynthetic efficiency [22].

The behavior of the species D. obtusifolius Teijsm. ex Miq. is also of particular interest. Together
with its highest IVI in the DDF, during usual dry seasons, remaining leaves of D. obtusifolius Teijsm.
ex Miq. allows supply of the carbon necessary to produce new leaves without affecting the carbon
reserves that leads to higher competition compared to other species. Here, we found damage to the
leaves of D. obtusifolius Teijsm. ex Miq. during the El Niño, which may be the consequence of a lack
of water availability and a high-water vapor demand leading to a strong heat stress (41.7 ◦C) and
ultimately leaf burning. In addition, large leaves are also sensitive to heat stress. Rundel et al. reported
that species in Dipterocarpaceae such as S. siamensis Miq. and S. obtusa Wall. have a large leaflet area of
47.7 and 17.8 cm2, respectively. They required two times higher transpiration rates (12 µmol m−2 s−1) to
prevent heating above ambient temperature compared to small legume leaves such as Dalbergia oliveri
with a leaflet area of 3.9 cm2. Sindora siamesis has a small leaflet area of 1.7 cm2, this species might need
less transpiration for cooling leaf temperature. This forest, leaf size of D. obtusifolius Teijsm. ex Miq. is
about two times larger than leaves of S. siamensis Miq. (data not shown), explaining why D. obtusifolius
Teijsm. ex Miq. would need a larger amount of water to cool down leaves during the El Niño. Usually,
leaves endure a senescence process before shedding remobilizing the nutrients to other parts of the
tree. However, both heat and drought stress can induce premature leaf senescence or even burning
damage [55,56], as we observed here for D. obtusifolius Teijsm. ex Miq.. In deciduous tropical forest,
the highest concentration of nutrients is found in the foliage. The nutrients from senescing leaves are
remobilized for new foliage and to diminish the demand from the soil [57]. Thus, El Niño-induced
droughts may alter nutrient remobilization of D. obtusifolius Teijsm. ex Miq. which could in turn
further reduce its performance. Thus D. obtusifolius Teijsm. ex Miq. may be more vulnerable to the
impact of El Niño-induced drought compared to other co-existing species in this DDF.

Clustering analysis particularly relevant to distinguish a species from others based on their
responses to drought. For example, L. coromandelica (Houtt.) Merr. showed complete deciduousness
during the dry season of both El Niño and non-El Niño events. This species was always distinguished
from the other species in the clustering analyses, irrespective of its phenophase (mature leaf, leaf
senescence or leafless stage). This species had also the lowest wood density of 0.54 g/cm3 and a stem
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succulent characteristic. Leaf fall of L. coromandelica (Houtt.) Merr. occurred during the transition
period from rainy season to dry season which was the earliest compared to other species. Early leaf fall
in the species with low wood density was also reported, e.g., for Jatropha mollissima (Pohl) Baill. and
Commiphora leptophloeos (Mart.) Gill. [58]. In TDFs, to better cope with drought the deciduous species
are generally characterized by short leaf lifespan with low wood density. This is because of a unique
characteristic of wide vessels with thin walls that lead to high hydraulic efficiency of such species [59].
In addition, the stem succulent species have the highly effective strategies against drought as they can
use to some extent the water storage in the stem to keep their metabolic activities even under intense
drought. This plant type normally succeeds as a pioneer species [27]. Water residence time of stem
succulent and deciduous species were reported to be twice longer than that the ones of evergreen
species while differences in soil moisture did not significantly affect tree water residence times [60].
These characteristics of stem, lifespan of leaves, and wood density can explain why the leaf phenology
of L. coromandelica (Houtt.) Merr. was not significantly affected by the strong 2015/2016 El Niño.

The clustering analysis also allows us to tease apart Sindora siamensis Teijsm. ex Miq. and E. succirubrum
Gagnep. from the other species when considering the stage of new leaf flushing. Sindora siamensis Teijsm.
ex Miq. showed the earliest leaf emergence and the longest lifespan compared to other species, whereas
E. succirubrum Gagnep. exhibited a contrasting response to El Niño by advancing the leaf emergence.
The highest wood density reflecting cavitation resistance of E. succirubrum Gagnep. might have an
important role on their leaf flushing that does not respond to the amount and time of rainfall. On the other
hand, Sindora siamensis Teijsm. ex Miq. was able to flush with a little amount of rainfall of approximately
2.5 mm in March 2016 amid of the El Niño event and increasing day length. Rivera et al. reported that
increasing day length of 30 min or less could induce spring flushing in some TDF species before the first
rains of the wet season [61].

Leaf emergence of species with high wood density was shown to be strongly dependent on
rainfall in shrubs of desert in Utah, whereas leaf emergence of low wood density species was reported
to be influenced by photoperiod [43]. Species with high wood density have a different strategy to
cope with severe drought compared to stem succulent species, as they have a thicker cell wall and/or
narrower conduits providing a high resistance to xylem embolism (air bubbles breaking the water
column) [43]. For instance, tree species with high wood density were able to survive the severe drought
event induced by the strong 1997-1998 El Niño whereas high mortality rate was observed in lower
wood density species in Bornean tropical rainforest [62]. Furthermore, the size of DDF species has no
effect on wood density, except S. obtusa Wall. that has a positive relationship between tree diameter
and wood density [29]. Thus, drought resistance in DDF might be the results of the different strategies
adopted in terms of the hydraulic and leaf phenology.

Finally, we found that the 2015/2016 El Niño induced higher dieback and mortality rate of the
DDF species compared to non-El Niño events, The annual mortality rate found here was comparable
with the ones found during the strong El Niño 1997/1998 in lowland dipterocarp forest of Borneo [30].
Generally, the higher mortality rate observed during prolonged drought is due to insufficient soil water
supply causing xylem embolism in the crown. In contrast, it was reported in central Panama that the
longer annual dry season during El Niño leads to higher deciduousness. This consequently resulted in
lower mortality rate and higher light penetration, in turn promoting growth of the understory [63].
Overall, our results suggest that the expected increase in both magnitude and frequency of El Niño in
the future decades due to anthropogenic greenhouse warming [10] may increasingly affect secondary
DDF with consequences on the ecosystem community structure, biodiversity, and ecosystem services.

5. Conclusions

Our study highlights the strong impact of prolonged drought induced by the 2015/2016 El Niño
on the phenology of DDF species with the most visible effect being a greater degree of deciduousness.
Most of the species show earlier shedding and delayed leaf emergence at the beginning and at the
end of the dry season, respectively, resulting in a longer and greater degree of deciduousness. More
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importantly, DDF species responded differently to this strong El Niño event, enabling us to cluster
them into different groups corresponding to different strategies. For instance, based on leaf phenology
and low wood density, the stem succulent was less vulnerable to the prolonged drought. Our results
also revealed a high mortality rate during El Niño, confirming the key role of extreme climatic events
in shaping plant communities. Quantifying phenological responses of DDF to drought could be
relevant for supporting species selection to maintain a high level of forest ecosystem services of the
DDF under the expected increase in extreme El Niño events. In addition, the results are useful for
forest management in terms of forest fire warning due to massive litterfall during El Niño. For further
study, intensive plant mechanism adaptation of each cluster and predicted model of phenological
change should be more concerning.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/11/967/s1,
Figure S1: Seasonal change in secondary dry dipterocarp forest between dry season 2016/2017 and 2017/2018 during
non- El Niño, and dry season 2015/2016 during El Niño, illustrating the shift of earlier end of season and late of start
of season leading to greater degree of deciduousness during El Niño event. Figure S2: Optimal number of clusters for
four phenological stages including young leaf, mature leaf, scenescense leaf, and leafless indicating that five clusters
are suitable for all phenophases. Figure S3: Dendrogram and phenological pattern of young leaves of 12 species that
are grouped into five clusters (C1-C5) between March 2015 and April 2018, Figure S4: Dendrogram and phenological
pattern of scenescense leaves of 12 species that are grouped into five clusters (C1-C5) between March 2015 and April
2018. Figure S5: Timing of first leaf expansion of four dominant species including S. siamensis Miq., S. obtuse Wall., S.
roxburghii G. Don and Sindora siamensis Teijsm. ex Miq. between March and May 2016 (dry season 2015/2016) and
2017 (dry season 2016/2017). Figure S6: Percentage of leaflitter production for five dominant species, other leaves
excepting five dominant species and total leaf fall in secondary dry dipterocarp forest. Table S1: The important value
index (IVI) of total 21 species in 16 families, and tree size as tree height and diameter breast height (DBH) in the
secondary dry dipterocarp forest. Table S2: Dieback (DB) and mortality (MT) rate of 6 dominant species (at least
represented by 20 individual trees each) for each wet and dry seasons from 2014 to 2018.
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