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Executive Summary

The main objectives of this research collaboration between Thailand and China are to
investigate the past responses of tree growth to climate change, the present responses of forests
to variation in climate and the vulnerability and resilience of forests, and the future impacts of
climate change on forest biomass, productivity, and diversity. We attempted to complete the
studies as proposed; however, there were many obstacles resulting from the Covid-19
pandemic that significantly hampered the collaborative work. Nevertheless, we managed to
perform many studies in Thai forests with remote collaboration from Chinese researchers,
resulting in five publications in peer-reviewed international journals with good impact factors
(at least Q1 SCOPUS), one manuscript being under reviewed in an international journal (Q1
SCOPUS), and one manuscript under preparation. Based on our findings from various studies,
we found that the typical forests in this region respond differently to variations in climatic and
environmental factors, including air temperature and relative humidity, rainfall, and soil
moisture across seasons. Site conditions involving canopy development associated with forest
successional stages may play critical role in such different responses among the forests from
similar climate region. We also performed extensive measurements on the vulnerability of
tropical tree species to drought in Thai forests. We managed to obtain similar data on
vulnerability to drought of trees in two Chinese forests from our partner and synthesized them
with our data to gain some insights into adaptive strategies of these species which would imply
their likelihood to survive under future climate change. Here, we summarize the main findings
from these studies that were published or submitted to international, peer-reviewed journals.

1. Tree rings could provide long term trend for the carbon fixation capacity and climate
change. However, due to the lack of ring boundary for most tropical tree species and
difficulty in cross-dating, the tree ring study in tropical region is limited to a few species.
Choerospondias axillaris is a tropical species that has never been studied for tree rings in
Thailand. To investigate the dendrochronological potential of C. axillaris, this study
focused on the growth-climate relationship and long-term growth trend of C. axillaris at
Mosingto forest dynamic plot, Khao Yai National Park, east-central Thailand. A
chronology with 100 core samples from 56 trees was constructed covering the period 1932
to 2019. Tree-ring width index of C. axillaris at Mosingto was positively correlated with
precipitation from June, July and October of current year (p<0.05), indicating that the
growth of C. axillaris is mainly controlled by moisture availability in the monsoon season.
However, there was no significant correlation between tree ring index of C. axillaris and
temperature. The long-term growth trend of C. axillaris showed an increasing trend from
1932 to 1984 but showed a slightly decreasing trend from 1985 to 2019. Our study will
provide an important insight into the growth-climate relationships in tropical regions.

2. Deforestation has created heterogeneous patches of old-growth and secondary forests
throughout Southeast Asia, posing challenges for understanding the hydrological and
carbon cycles. In addition to changes in species composition, environmental conditions
differ across successional stages which in turn can influence forest water use and
productivity. Here, we investigated leaf-level area-based photosynthesis (Aarea) and
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stomatal conductance (gs) of 11 tree species dominating an old-growth (OF; >200 years),
an intermediate (IF; ~44 years), and a young forest (YF; ~4 years) in Thailand during both
the wet and dry season. Specifically, we compared Aarea and gs and assessed the sensitivity
of gs to vapor pressure deficit (VPD). We also examined relationships between gas
exchange parameters and key functional leaf traits, including leaf mass per area (LMA),
nitrogen (N), phosphorus (P), and chlorophyll concentration. All three forests showed
comparable Asea and gs in the wet season, whereas significantly lower values were
observed in IF during the dry season. All forest stages displayed similar sensitivity of gs to
VPD. Among the leaf functional traits considered, LMA, N and P were significantly higher
in YF compared to the other two successional stages. Our results suggested that forest
succession may not influence gas exchange, rather, canopy development associated with
forest stage produced the main effect. Furthermore, the young forest was the most active in
resource acquisition with its high LMA and leaf nutrient concentrations, which could result
in high photosynthetic rates. However, low soil water availability in YF possibly limit the
gas exchange rates thereby making them similar to those in the old-growth forest. These
findings highlight the potential effects of canopy characteristics inherent in successional
forests on water and carbon exchanges between trees and the atmosphere and their
sensitivity to atmospheric drought. These results call for the need for further studies to
identify the main factors influencing forest productivity during secondary succession in the
tropics, particularly in the Southeast Asian region where such information is lacking.

Soil respiration (SR) in forests contributes significant carbon dioxide emissions from
terrestrial ecosystems and is highly sensitive to environmental changes, including soil
temperature, soil moisture, microbial community, surface litter and vegetation type. Indeed,
a small change in SR may have large impacts on the global carbon balance, further
influencing feedbacks to climate change. Thus, detailed characterization of SR responses
to changes in environmental conditions is needed to accurately estimate carbon dioxide
emissions from forest ecosystems. However, data for such analyses are still limited,
especially in tropical forests of Southeast Asia where various stages of forest succession
exist due to previous land-use changes. In this study, we measured SR and some
environmental factors including soil temperature (ST), soil moisture (SM) and organic
matter content (OM) in three successional tropical forests in both wet and dry periods. We
also analyzed the relationships between SR and these environmental variables. Results
showed that SR was higher in the wet period and in older forests. While no response of SR
to ST was found in younger forest stages, SR of the old-growth forest significantly
responded to ST, plausibly due to the non-uniform forest structure, including gaps, that
resulted in a wide range of ST. Across forest stages, SM was the limiting factor for SR in
the wet period whereas SR significantly varied with OM in the dry period. Overall, our
results indicated that the responses of SR to environmental factors varied temporally and
across forest succession. Nevertheless, these findings are still preliminary and call for
detailed investigations on SR and its variations with environmental factors in Southeast
Asian tropical forests where patches of successional stages dominate.

Sapwood area is an important parameter for estimating canopy transpiration in the forest
water cycle. However, sapwood area highly varies across species and forest ecosystems,

3



and is difficult to measure directly. Therefore, species- and site-specific allometric
equations are needed to estimate sapwood area of all trees in a forest. Here, we conducted
a comprehensive campaign to measure sapwood thickness and estimate sapwood area of
14 common tree species in a successional forest in Thailand. These data represent the first
comprehensive measurements of sapwood area in Southeast Asian successional forests
growing under diverse environmental conditions in terms of soil moisture and canopy
density. The results show that a power function can significantly explain the relationship
between sapwood area and stem size, represented by diameter at breast height (DBH), in
all species in both primary and secondary forests. Interestingly, a single equation could
describe the sapwood area ~ DBH relationship in all species and forest stages, except for
Dipterocarpus gracilis, an emergent, dominant species in the primary forest. The latter
showed slower growth in sapwood area once the trees reached a DBH of approximately 30
cm. Overall, our results can benefit future studies that estimate canopy transpiration of
tropical forests with similar conditions as in our study sites.

5. Due to large-scale abandoned agricultural areas in Southeast Asia, secondary tropical forest
successions commonly comprise various forest stages, resulting in multiple characteristics
and inherent environmental conditions. Such spatial heterogeneity challenges the study of
how these forests respond to environmental changes, especially under the predicted
increasing climatic water stress. Therefore, the information of trees’ response to changing
environments is still lacking in tropical forests, especially in Southeast Asia. To fill this
knowledge gap, we investigated the seasonal variations in leaf water status and drought
tolerance of dominant tree species in three tropical forests with different ages, ranging from
5 to > 200 years old, and located in Khao Yai National Park, Thailand. Seasonal variation
in leaf water status differed among the successional stages with trees in young and
intermediate sites demonstrating a 30% increase in apparent water stress between the wet
and dry season. Even though vulnerability to embolism curves revealed that trees in old-
growth forest was potentially more sensitive to declining leaf water status than intermediate
and young forests, trees in old-growth forest were predicted to loss less than 5% of their
hydraulic capacity as opposed to 13% for the trees in the other sites. Moreover, a large
variation in the capacity to tolerate drought was observed among the study species even
within one forest stage. However, same tree species common to all three sites exhibited
similar drought tolerance across forest stages. Overall, the results suggested that soil water
availability may influence plant water status and drought tolerance of trees. Nevertheless,
species with high drought tolerance can remain active regardless of various soil moisture
conditions. Our results suggest that the responses to water stress of tree species in different
forest ages greatly vary with a tendency of trees in younger sites to be more impacted than
trees in older sites. Therefore, evaluating species’ performance under water stress should
be carefully interpreted. Such information would be beneficial for selecting tree species
that could be well adapted to specific environments, thus improving the strategies for
managing forests of different ages under a warmer future.

Although the different responses of these typical forests to climatic and environmental
factors may not be surprising, our results are among the first evidence from field investigations
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in tropical forests of Southeast Asia which are considered the big puzzle in the earth system
models. In the final analysis comprising the synthesis among data from Thai and Chinese
forests, the result suggested that future droughts may exert different impacts on different forest
ecosystems. Species in forests in high elevation and high rainfall regions may be more
vulnerable to drought than those in lower altitude and drier sites. Moreover, tall forests may be
vulnerable to drought. Such preliminary information, if confirmed later with more data, would
provide significant insights into the survival of typical forests in these regions when climate
change, such as droughts, occur. Nevertheless, our findings can benefit various sectors in
Thailand, especially those related to strategic planning for forest conservation and restoration.
For example, governmental or private sectors that are interested in forest restoration may utilize
part of our results involving species-specific drought tolerance for selective planting in the
designated areas for optimal results. Overall, our results suggest the need to continue exploring
the responses of various ecological and plant physiological parameters to the environmental
factors across timescale, ranging from sub-daily to interannually, to confirm certain findings
as presented here. Additionally, these studies call for support for long-term monitoring of field
data to broaden such investigations and extend the analysis to the development of predictive
models for future impacts of climate change on these forest ecosystems.
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Abstract

In monsoon Asia, climate change impacts including changes in rainfall patterns and increased
frequency and severity of drought may potentially drive rapid and large-scale shifts in forest
structure and species composition. Until now, how and to what extent of such impacts have
affected forests in this region is poorly understood due to limited studies. In this project, we
performed various studies to investigate the past responses of tree growth to climate change
using tree ring analysis and the present responses of various plant physiological and ecological
parameters related to water and carbon flow to climate variability. Finally, we combined
available data of parameters representing vulnerability to drought of tree species in Thai and
Chinese forests and analyze their variation along the latitudinal gradient, with the implication
for the possibility of drought tolerance of these forests to predicted increases droughts in the
future. Overall, we found that trees in these forests respond differently to environmental factors
between seasons. Furthermore, local conditions including canopy development and
microclimatic conditions within the forests may affect the responses. These results suggest the
need for further investigations that extend the spatial and temporal coverage of these studies to
confirm these findings. We produced several publications in peer-reviewed international
journal with high impact factors and many graduate students from both partner countries.
Results from this study were among the first evidence from field observations in Southeast
Asian forests which are considered the puzzle in the earth system models.
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Introduction

The interaction between climate and vegetation has been a great challenge to plant ecologists
and earth system modelers. One of the approaches to address this challenge is the Dynamic
Global Vegetation Models (DGVMs) (Prentice et al.,, 2007). The DGVMs utilize
ecophysiological principles to simulate distribution of plant functional types which is
influenced by biotic (species interaction) and abiotic (climate and physical environments)
factors, thus offering knowledge about climate and vegetation in the past, current and future at
regional to global scales (Prentice et al., 2007). Furthermore, the DGVMs serve as a component
of earth system models and provide dynamic representation of land-surface energy balance and
global carbon and water budgets (Bonan 2008). The DGVMs have been widely used to tackle
important questions, such as, the impacts of climate change on carbon cycle and biome patterns
(Cramer et al., 2001), how land use affects the carbon cycle (Bondeau et al., 2007).
Additionally, the DGVMs have been linked with general circulation models (GCMs) to
generate fully coupled biosphere-atmosphere models which are essential for studying impacts
of climate change on vegetation and, in turn, how changes in vegetation cover affect climate
(Raddatz et al., 2007, Brovkin et al., 2009). However, there are some weaknesses in the
DGVMs. The first weakness is that they use plant functional types (PFTs), which represent
broad categories of plants, to represent vegetation. Typically, the DGVMs only include small
sets of plant attributes of PFTs. Such representation largely ignores the mechanistic processes
of vegetation that govern the biosphere-atmosphere interaction and therefore may contribute to
uncertainties in predicting future climates and their feedback with global vegetation. It is
therefore crucial to improve the understanding of mechanistic processes of species and their
interactions (i.e., competition versus facilitation) which influence climate feedbacks with
forests and the global carbon cycle.

Forests are the hotspots of biodiversity which contain approximately 53,000 tree
species (Slik et al., 2015), cover 30% of the earth’s land surface, store 45% of terrestrial carbon
and are responsible for 50% of the terrestrial net primary productivity (Bonan, 2008). Forest
ecosystems serve as the main and persistent terrestrial carbon sink in the global carbon cycle
and hence mitigate consequences of climate change, i.e. ongoing rise of atmospheric CO2 (van
Mantgem & Stephenson, 2007; Kurz et al., 2008; Pan, et al., 2011).

Climate change is predicted to have immense and far-reaching effects on the world’s
forests. While climate events can damage forests in many ways ranging from ice storms to
tornadoes and hurricanes, the emphasis here is on climatic water stress, driven by drought and
warm temperatures. Accelerating rates and massive forest mortality in association with drought
and rising temperature have now been documented recently in all major global biomes (Phillips
et al., 2010; McDowell et al., 2011; Hartmann et al., 2015; McDowell et al., 2015; Anderegg
et al., 2016). Even worse, forest mortality is expected to increase due to the rising temperature
and increasing drought frequency and severity (Dietze & Moorcroft 2011; Lewis et al., 2011,
Williams et al., 2013). Such mortality events could lead to dramatic decreases in carbon stored
by forests and severely affect animal populations and local economic status dependent on
tourism and logging. The consequences of forest mortality include large climate feedbacks
(Adamsetal., 2012; Jiang et al., 2013; Maness et al., 2013), loss of ecosystem services, impacts
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on community composition (Redmond & Barger 2013), soil biochemistry (Cobb et al., 2013)
and the availability of fuel wood and food in developing nations (Anderegg et al., 2013). Many
tree species appear globally to operate near their hydraulic limits with relatively minimal
hydraulic safety margins and thus could be vulnerable to drought (Allen et al., 2010; Choat et
al., 2012). Due to their important role in the earth system, understanding how vulnerable the
forests are; when, where, and how trees die from climate stress is critical for projections of
carbon and water cycling with climate change (Anderegg et al., 2013).

In monsoon Asia, associated effects are the variability of rainfall and storm patterns
which increase with increasing temperature anomalies (Loo et al., 2015). A recent study
predicted rising temperature (at least 2—4°C ) by 2100 (Corlett, 2011), which will incur frequent
changes and shifts to up to 70% reduction of monsoon precipitation below normal levels
(Schewe & Levermann, 2012) while another suggested that the onset of monsoon over
Southeast Asia may be delayed up to 15 days in the future (Ashfaq et al., 2009). Consequences
of these shifts in rainfall patterns and elevated temperature is increasing frequency, length and
intensity of drought events which will inevitably drive rapid and large-scale shifts in forest
structure and species composition (van Mantgem & Stephenson, 2007; Kurz et al., 2008; Pan
et al., 2011). In this regard, there is a great need for more robust predictions of the impacts of
future climate scenarios on species and communities. Unfortunately, currently available
models include a few species in the tropics (Corlett, 2011). Additionally, the current models
often extrapolate short-term, leaf-level observations to long-term, canopy-scale responses to
climatic variation. For example, models of mass and energy exchanges between forests and the
atmosphere incorporate functions describing stomatal closure with increasing atmospheric CO>
concentration based on leaf-scale measurement (Ball et al., 1987; Sellers et al., 1996; Douville
et al., 2000). However, responses at the canopy level may differ (Medlyn et al., 2001,
Woullschleger et al., 2002; Ainsworth & Rogers, 2007), making projected changes in annual
runoff, the residual between precipitation and forest evapotranspiration debatable (Betts et al.,
2007; Tor-ngern et al., 2015). The uncertainty in predicting forest responses is also attributed
to poor understanding of the underlying processes of canopy tree responses to climatic
variations and the contribution of biodiversity in various forest types to ecosystem functioning.
These challenges are central to climate change studies of global terrestrial ecosystems which
include forests as the major contribution to climate change mitigation, as recognized in the
recent Paris climate agreement (Rogelj & Knutti, 2016).

In this project, our particular interest is the response of canopy trees because they make
up the bulk of the forest biomass (Slik et al., 2013). Additionally, with their exposed crowns,
canopy trees are the interface between forest and the atmosphere, and are exposed to the macro-
climate and changes therein. Canopy trees drive the carbon- water- and nutrient cycles and
productivity of the forest (Zuidema et al., 2013), with large consequences for the global carbon
cycle (Smith & Dukes, 2013). Yet, canopy trees are poorly studied because it is difficult to
access and measure them. We will make use of unique infrastructural combination of a large
set of forest canopy cranes as well as long-term forest monitoring plots along 101 degrees east
longitude which provide new opportunities for integration and for answering extant and
upcoming questions regarding the impact of climate change on forests in the monsoon Asia.
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This project aims to close these knowledge gaps by analyzing the effects of climate
variability and climate change on forest water and carbon fluxes in typical forests along the
E101 longitude dynamic plots belt, covering a wide range of forests in monsoon Asia.
Specifically, the main objectives are to study:

1) The past responses of tree growth to climate change

2) The present responses of forests to variation in climate and the vulnerability and
resilience of forests

3) The future impacts of climate change on forest biomass, productivity, and diversity.

We performed many studies for the objectives which culminated in publications or
manuscripts being in preparation and under review. In this section, we will present the studies
separately for each objective. Some of these studies were collaborative between Thailand and
China but some were conducted by Thai team only. However, we also present some results that
were obtained from forests in China as a synthetic analysis with data from Thai forests.

15



Objective 1

The past responses of tree growth to climate change
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Growth-climate relationships and long-term growth trend of Choerospondias axillaris at
Mosingto, Khao Yai National Park, Central Thailand
(Surayothee et al. submitted to Forests (Q1 SCOPUS) and is under review)

1.1 Introduction

Climate change has a major impact on the natural system worldwide. Evidence from tree-ring
can provide the important information for the impact of climate change (Bradley, 1999). Tree-
rings is a key ecological indicator for the studies of climate change and environment variability
(Zhang, 2015). Tree rings can record a long-term climate in the past, and record environmental
signals of the whole lifespan, both directly and indirectly (Speer, 2012). Dendrochronology is
one of the scientific methods of dating of tree rings and can make an important contribution
and provide fundamental to understand how trees response to environmental changes
(Amoroso et al., 2017). The physiological mechanisms of tree radial growth variations is
complex, and which might be affected by climatic factors, site conditions, and species
characteristic (Fritts, 1976). The sensitivity of tree-ring growth to climate can change over time,
which is depending on the severity of climate change (Carrer and Urbinati, 2006). The positive
effect and negative effect of climatic factors are recorded by the sequence of wide and narrow
rings in trees, respectively.

Tropical forest is a known of biodiversity hotspot and they play an important role in the
global carbon cycling (Hughes, 2017). In Southeast Asia, heavy logging leads to deforest and
biodiversity decreasing. The extreme event in tropical region is also increasing, which would
further influence the tree growth. The main factors influencing tropical tree growth are climate
factors (temperature, precipitation, light, moisture and wind), soil factors (texture and structure,
soil moisture and nutrients) and topographic factors (elevation, slope and aspect) etc. (Brienen
et al., 2016; Pumijumnong, 2013).

Dendrochronology in tropical region is generally a challenge. There are mainly two
reasons for the less developed of tree ring study in tropical region. Firstly, climate variations
are only slightly different in each season, thus there is the lack of distinct ring boundary in most
tree species in tropical region. Secondly, there is no strong limiting climatic factors for the
growth of tropical trees, so cross-dating is a challenge for tropical trees. Several techniques can
be used to study the response of tropical tree species to climate variation such as tree ring width,
cambial activity, wood anatomical analysis and stable isotopes (**C and *80) (Rozendaal and
Zuidema, 2010). However, increasing number of tree species in tropical region have been
found to form clear ring boundaries and have dendrochronological potential (Sarutanon et al.,
1995; Worbes, 2002; Speer, 2012; Pumijumnong, 2013; Fichtler, 2016). Most of the above
study are focusing on conifer trees, not many tropical broad-leaved trees have been successful
studied with respect to dendrochronology. In the last decades, there has been an increase in tree
ring studies in topical areas (Worbes, 2002). It is of importance to study broad-leaved tree
species to better understand the growth-climate relationship in tropical regions since broad-
leaved trees play important roles in tropical ecosystems.

Choerospondias axillaris (Anacardiaceae) is a deciduous tree with semi-ring porous
wood (Dong and Baas, 1993). C. axillaris is widely distributed in tropical Asia (Flora of
China), and it is an economically important species in SE Asian countries (Shrestha, 2020).
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The tree ring boundary of C. axillaris is very distinct, but there is no study to investigate its
dendrochronological potential. The aim of this study aims to; (i) to develop tree-ring width
chronology of C. axillaris; (ii) to investigate the relationship between tree ring width of C.
axillaris and climatic factors, and (iii) to study long-term growth pattern of this tree species.
The present study would help us to better understand the growth-climate relationships for
tropical broad-leafed tree species.

1.2 Materials and Methods

1.2.1 Study area and climate

The present study was conducted in Mosingto forest dynamic plot at Khao Yai National
Park, in Central Thailand (101°22" E, 14°26" N, 725-815 m above sea level). The plot has been
established in the center of Khao Yai National Park, Thailand, where is in broad-leaved,
seasonal evergreen forest and briefly deciduous fore. Annual mean temperature is 22.5 +0.05 °C
and the average annual rainfall is approximately 1,680.72 + 3.84 mm (Brockelman et al., 2011).
The wet season is from May to October, and the dry season is from November to April.
September is the month with highest precipitation. April is the month with highest temperature
and December is the lowest temperature (Figure 1.1).
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Figure 1.1 Map of the study area (top) and climate diagrams (bottom). (a) monthly maximum
temperature (red line), minimum temperature (blue line) and mean temperature (black line)
temperature and precipitation data (grey bar) from CRU during 1932 - 2019 and (b) monthly
maximum temperature, minimum temperature, and precipitation data from Mosingto climate
station during 1994 - 2019.
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Figure 1.2 Long-term trend of climate data from CRU (blue line) (a) precipitation; (b) mean
temperature; (c) Standardized Precipitation-Evapotranspiration Index and (SPEI) (d) self-
calibrated Palmer Drought Severity Index (scPDSI), cover the analysis period 1932-2019, only
SPEI have time span 1932-2018.

1.2.2 Study species

C. axillaris is a canopy tree up to 30 meters in height, and prefers deep, wet clay or
sandy clay soils. The flowering period of C. axillaris in Mosingto plot is on January to March
and fruiting period is on June to November (Chanthorn and Brockelman, 2008). C. axillaris is
a dominant canopy species in Mosingto plot.

1.2.3 Sampling, Sample preparation, Tree ring-width measurement and cross-
dating

The core samples were collected at breast height level (1.30 m above the ground) for
two to three cores per tree by using an increment borer. The sample were dried in the laboratory
and were then mounted into the wooden core frame. The dried core samples were polished by
progressively finer grades of sandpapers until the ring boundary could be clearly visible,
following the standard dendrochronological techniques (Cook et al., 1990). Tree ring widths
were measured under a stereomicroscope that connected with the LINTAB (LINTAB™ 6,
Rinntech Heidelberg, Germany) with a resolution of 0.001 mm.

The cross-dating of tree ring width was done by visual growth pattern matching and
statistical tests using the software TSAP-Win (TSAP; Rinntech Heidelberg, Germany). The
quality of cross-dating was further assessed with COFECHA software (Tenzin and Dukpa,
2017). Then, the raw tree ring width data were standardized and detrending with cubic
smoothing splines (Speer, 2012) by using ‘dpIR’ package based on R software (R). Average
radial growth rate (AGR), mean sensitivity (MS), and 1% order autocorrelation (AC1) were
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computed for standard chronology. The inter-series correlation (Rbar) and the expressed
population signal (EPS) were calculated with 30 year moving windows with 15-year overlaps.
Rbar is the strength of the common signal in a chronology.

1.2.4 Growth climate relationships

Since there is only short period of available climate data from the Mosingto climate
station (1994-2019), climate data from global Climate Research Unit grids
(https://crudata.uea.ac.uk/cru/data/), including monthly precipitation, maximum temperature,
mean temperature, minimum temperature, the self-calibrated Palmer Drought Severity Index
(scPDSI) and the Standardized Precipitation-Evapotranspiration Index (SPEI) during the period
1932 - 2019 were used for the climate-growth analysis. However, the climate data from Mosingto
station (1994 - 2019) to use to compare the climate patterns with CRU data. The climate data
from Mosingto station and from CRU shared similar pattern. The total annual precipitation of
CRU data is 1701.70 + 238.7 mm. The long-term annual mean, maximum and minimum
temperature are 27.3, 32.4 and 22.2°C respectively. For Mosingto station, the total annual
precipitation is 2,002 + 411.9 mm. and the long-term annual maximum and minimum
temperature are 28.97 and 15.92 °C, respectively. The long-term trend of climate of CRU and
Mosingto also shared similar pattern. However, Mosingto climate data was more variable than
that of the CRU climate data, and precipitation in Mosingto was higher and temperature is
lower compared with those of CRU data, respectively. (Figure 1.2).

The growth-climate relationships were analyzed by computing Pearson’s correlation
coefficients between ring-width chronologies of C. axillaris and monthly CRU climate data
(maximum temperature, mean temperature, minimum temperature, and annual precipitation) for
17-month time window from the previous August to current December over the period 1932 -
2019. The correlations coefficients between ring-width chronologies with the CRU
Standardized Precipitation-Evapotranspiration Index (SPEI) and self-calibrated Palmer
Drought Severity Index (scPDSI) were also computed cover the period 1932 - 2019, The
relationships between tree-growth and climate responses were analyzed by using SPSS and
moving correlation analysis was conducted by using the package “treeclim” (Zang et al., 2015)
in R software.

1.2.5 Long-term growth trends

The basal area increment (BAI) was calculated from the raw measurement of ring width
data by using the function “bai. Out” in R package dpIR (Bunn, 2010), assuming each ring is
uniform and in a circular cross-section of the trees. The BAI was calculated according to the
following equation (Gauda et al., 2016).

BAI = n(R%-R%.1) (1.1)
where R is tree radius and t is the year of tree ring formation. The long-term growth trends
were analyzed by using the linear mixing model by using “Ime4” package, with year as the
fixed effect and core number as the random effect.

1.3 Results

1.3.1 Tree ring chronology characteristic at Mosingto
The core samples of Choerospondias axillaris showed distinct ring boundary.
The earlywood is characterized by bigger vessels, whereas vessels in the latewood are smaller
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(Figure 1.3). The tree-ring width chronology of C. axillaris was established by using 100 cores
from 56 trees. The length of tree-ring width of C. axillaris at Mosingto spanned the period 1932
- 2019 (88 years) with the average growth rate (AGR) of 0.379 mm per year (Table 1). The
first-order auto correlation (AC1) was 0.551, indicated that the growth in previous year would
influence the growth of current year. The mean sensitivity was 0.412, and the inter-series
correlation (Rbar) was 0.297. The expressed population signal (EPS) was 0.968, which passed
the recommended criteria, indicating that this chronology is acceptable for dendroclimatic
analysis (Figure 1.4).

Figure 1.3 Scanned image of wood core sample of Choerospondias axillaris. The white triangle
indicated the ring boundary.

Table 1.1 Sampling site characteristics and chronology statistics of Choerospondias axillaris
at Mosingto, Khaoyai National Park, central Thailand.

Latitu Longit Elevat . AGR MS
de ude ion Core/ sTplz;e (mm/ly L MS ,16\C :rb EPS
(N (E°) (m)  Trees r (yr)

725- 100/5 1932- 041 05 0.2 0096
1426 101.22 815 6 2019 0.379 65 2 51 97 8

Note: Average growth rate (AGR), Mean segment length (MSL), Mean sensitivity (MS), First-
order auto correaltion (AC1), Inter-series correlation (Rbar) and Express popuation signal
(EPS).
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Figure 1.4 The chronology of C. axillaris at Mosingto, Khaoyai National Park, Central

Thailand. (a) Express population signal and Rbar, and (b) C. axillaris chronology (blue line)

and sample depth (grey area).

1.3.2 Growth-climate relationships

Tree-ring width index of C. axillaris was significantly and positively correlated (p <
0.05) with precipitation in June, July and October of current year, however, there is no
significant correlations between the tree ring width index and mean temperature throughout the
year. The response of tree-ring width index to the SPEI was significantly positive in July to
October of current year. Tree-ring width index of C. axillaris was significantly and positively
correlated with the scPDSI during August to December of current year (Figure 1.5).

The growth-climate correlations were confirmed by moving correlation analysis.
There were significant and positive correlations between tree ring width index and
precipitation in late monsoon season (July - October) over the analyzed period (1932-2019),
the correlation at an early period were weaker and gradually become stronger over the
recent decades. However, the correlation between tree ring width index and precipitation
in June was significant at the early period but became non-significant during the recent
decade. The correlations between mean temperature and tree growth were not stable
throughout the analyzed period. The tree-ring index of C. axillaris was significantly and
negatively correlated with SPEI during the second half of the year (July - December), and this
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correlation become stronger in the recent decades (Figure 1.7a). Tree ring index of C. axillaris
was significantly and positively correlated with scPDSI during August to October during the
study period (Figure 1.7b).
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Figure 1.5 Correlation coefficients of Choerospondias axillaris tree ring width index with
monthly mean climate data. (a) precipitation, (b) mean temperature, (c) Standardized
Precipitation-Evapotranspiration Index (SPEI) and (d) self-calibrated Palmer Drought Severity
Index (scPDSI) during the period 1932-2019. Blue and grey bars indicate statistically
significant (p < 0.05) and non-significant (p > 0.05) correlation, respectively.
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Figure 1.6 Moving correlations between tree ring width index of Choerospondias axillaris and
(a) precipitation and (b) mean temperature during the period 1934-2019 from Climate Research
Unit (CRU). The correlation analysis was carried out in a 30-year window with two-year offset.
Color code represents correlation coefficient. Significant correlations are indicated by white

asterisks.
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Figure 1.7 Moving correlations between tree ring width index and (a) the Standardized
Precipitation-Evapotranspiration Index (SPEI) during 1933-2018 and (b) self-calibrator Palmer
Drought Severity Index (scPDSI) during 1934-2019 from Climate Research Unit (CRU). The
correlation carried out in a 30-year window with two-year offset. Color code represents
correlation coefficient. Significant correlations are indicated by white asterisks.

1.3.3 Long-term growth trend and climate response

The long-term growth of C. axillaris were detected by using linear mixed model on
basal area increment for the period 1932-1984 and 1985-2019, respectively. The results showed
tree growth had a significant increasing trend during 1932 to 1985 (3 = 0.028, p < 0.001) and
had a slightly decreasing trend during 1985-2019 (B = -0.002, p < 0.01) (Figure 1.8).

25



6 B=0.028%** B=-0.002*

~ 4
I
<
a
oh
o
=
2
H ;
.;. :.
0 s
1950 1975 2000
Year

Figure 1.8 Long-term growth trend of Choerospondias axillaris at Mosingto during period 1932-
1984 (blue point) and 1985-2019 (red point). Black line represents growth trend, “p” is slope.
Statistically test of the growth trend were indicated by ***p < 0.001, *, p < 0.01.

1.4 Discussion

1.4.1 Choerospondias axillaris chronology characteristic

Our study established a new tree ring chronology for C. axillaris spanned from 1932 to
2019. Since there are only few broad-leafed tree species had been studied in tropical region,
our study would provide important information about the growth-climate relationships for
tropical trees. The average radial growth rate of C. axillaris was relatively low (AGR = 0.379
mm/yr) in comparison with other broadleaf tropical species in Thailand. Mean sensitivity is a
measure of year-to-year growth variability and is commonly accepted to reflect the sensitivity
of growth to high-frequency climatic variations. We observed high value of MS (MS = 0.412)
indicating that the growth of C. axillaris responds to climate factors. The moderate of first-
order autocorrelation indicates that tree growth was influenced by conditions in the preceding
year (Fritts, 1976). Inter-series correlation (Rbar) of our study was low during the period 1970-
1985, which could be due to fast-growing when the tree was young, buttress and rotten inside
etc. The Rbar was higher after 1985, indicating an environmental influence on growth during
the recent decades. The express population signal (EPS, 0.968) of this chronology is reliable
for dendroclimatic analysis due to the EPS value 0.968 was passed arbitrary threshold vales of
cut-off point 0.85 (Speer, 2012).

We found that the tree-ring width chronology C. axillaris had a great variation in short
period, which might be related to impact of fruit production. There is an inverse relationship
between radial growth and fruit production (Knops et al., 2007; Mund et al., 2020). Chanthorn
and Brockelman (2008) found that the fruit production in 2004 was a bigger year with abundant
seeds were found in the field, whereas the fruit production in 2005 was a smaller year with less

26



seeds were found in the field. The bigger year in fruit production in 2004 was in accordance
with the narrower ring width index (0.76), whereas the smaller year of fruit production in 2005
is in accordance with wider ring width index (1.23). However, since long term of fruit
production data is lacking, the relationships between seeds production and radial growth still
needs to be further studied.

1.4.2 Growth - climate relationships

Our study found that the growth of C. axillaris was mainly limited by moisture
availability in the rainy season (Figure 1.5). In another study found that Monsoon precipitation
is the liming factor for the growth of Teaks in Myanmar (Zaw et al., 2021). Previous study
found that dry season moisture availability during the dry season or dry to wet transition season
is the main limiting factor for tree growth in tropical region (Vlam et al., 2013). Pumijumnong
and Buajan (2012) found precipitation during the transition from dry to wet season on March
was the main factor influencing cambial activity of C. axillaris in the same study site with
present study. Although the cambial activity of tree species was related to climate in the
transition seasons, the maximum growth of tropical tree species mainly occurred in the rainy
season from July to August (Hu et al., 2016). We found that the growth of C. axillaris was
positively correlated with SPEI from July to October and PDSI from August, which further
confirmed that the growth was limited by the moisture availability in the rainy season. Previous
studies found that radial growth of tropical tree species is negatively correlated with
temperature in the dry season and dry to wet transition season in tropical seasonal dry forest
(Vlametal., 2013; Rahman et al., 2018). A higher temperature in the dry season would increase
evapotranspiration and induce water deficit (Snyder et al., 2011), which would further limit
tree growth. However, we did not find a significant correlation between the radial growth of C.
axillaris and temperature in the present study. Our study showed that the growth-is stable
across different period. The correlations relationships between tree growth and July to October
precipitation were consistently and become stronger in recent years., which is similar to results
of Rakthai et al. (2020). In addition, internal factor (heredity) and topographic factors (slope,
aspect, and elevation) would also impact tree growth-climate relations (Pumijumnong, 2013).
The relationships between fruit production and wood radial growth can also impact the growth-
climate relationships for C. axillaris. Mund et al. (2020) found that fruit production was
negatively correlated with the May precipitation, whereas wood growth was positively
correlated with May precipitation. Precisely understanding the climate-growth correlations
need to include long term fruiting and flowering monitoring in the future.

1.4.3 Long-term growth trend of Choerospondias axillaris

Our study revealed that the growth of C. axillaris at Mosingto plot, Khao Yai National
Park, Thailand showing an increasing trend during 1932-1984, but the growth changed a
slightly decreasing trend during 1985-2019. Our results was consistent with previous study in
which the growth trend of Pinus laterri in Thailand also showed increasing trend during 1951-
1984, but decreasing trend during 1985-2017 (He et al., 2004; Rakthai et al., 2020). The
decreasing trend of the growth of C. axillaris in recent years could be related to increasing of
temperature and slightly decreasing of precipitation trend in the present study site (Figure 1.2),
which results in drier trend. The increasing trend of temperature and decreasing trend of
precipitation could affect the trend of growth in the last decades (Somogyi, 2008). The
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decreasing trend of tree species could also be related to the development stage. Most of the
adult individuals are rotten inside (personal observation), which could also be an indicator of
growth decreasing. In another study revealed that the decreasing in growth rate and
productivity decline by cause of an increasing in drought severity (Feeley et al., 2007). van der
Sleen et al. (2015) found that no growth was stimulated with the increasing of water use
efficiency.

1.5 Conclusion

Our study provided a new chronology of tree-ring data from broad-leaved tropical species,
Choerospondias axillaris during 1932-2019 from Mosingto forest dynamic plot, Khaoyai
National Park, Central Thailand. The growth of C. axillaris was mainly limited by moisture
availability in the monsoon season. The long-term growth trend of C. axillaris showed an
increasing trend during 1932-1984 and a slightly decreasing trend from 1985 to 2019, which
could be related to the regional climate and/or tree development stage.
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Objective 2

The present responses of forests to variation in climate and the vulnerability and
resilience of forests
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For this objective, we performed many studies to investigate variations of various parameters
including leaf gas exchange, leaf traits, soil respiration, sap flow, litterfall and tree hydraulics,
across seasons and forest stages. Most of the studies were conducted in Thai forests of various
ecological successions. However, the Chinese team also contributed to results’ interpretation
and revision of manuscripts. In this section, we present the studies separately, some of which
were already published whereas the rest is under preparation.

2.1 Investigating leaf gas exchange and functional traits of dominant tree species in
successional forests in Thailand (Tor-ngern et al., 2021)

2.1.1 Introduction

Tropical forests play an important role in the biosphere, especially in global water and carbon
cycles. Transpiration represents ca. 40—90% of the total amount of water emitted to the
atmosphere (e.g., Miralles et al., 2011; Jasechko et al., 2013; Wang-Erlandsson et al., 2014;
Good et al., 2015) and thus strongly influences hydrology and energy partitioning in terrestrial
ecosystems (Bonan, 2008). Tropical forests sequester ca. 0.28-1.26 Pg C each year (Hubau et
al., 2020) and thus play a critical role in mitigating rising atmospheric carbon dioxide and
related climate change impacts. However, widespread deforestation and land use change are
rapidly transforming these ecosystems, with over 80 million hectares of natural, old-growth
tropical forests being lost since 1990 (FAO and UNEP, 2020). Deforestation and land use
change is especially pervasive across Southeast Asia (Zeng et al., 2018; FAO and UNEP,
2020), where large-scale agricultural production and commercial tree plantations have been the
main drivers of forest loss (Curtis et al., 2018). However, many of these large-scale operations
have been abandoned because of unsustainable practices, leading to the regeneration of
secondary forests either through natural or aided processes. Consequently, forests in Southeast
Asia are characterized by a patchy mosaic of primary, old-growth forests, and forests at
different stages of secondary succession.

Structural attributes, such as canopy height and tree density, vary considerably among
forests which in turn can strongly influence the microclimate (Rambo and North, 2009; Jucker
et al., 2018) as well as the carbon and water balance in old growth, primary forests, and forests
at different stages of secondary succession (Powers and Marin-Spiotta, 2017). Old-growth
forests usually contain larger trees and heterogeneous canopy layers, and lower stem density,
compared to secondary forests (Chazdon 2014; Chanthorn et al., 2016, 2017; Jucker et al.,
2018). Conversely, the intermediate successional stage, namely the “stem exclusion” stage, has
a relatively homogeneous canopy and high stem density (Chazdon 2014; Chanthorn et al.,
2016, 2017). Variation in canopy height can lead to differences in the convective boundary
layer which is responsible for transport of energy and gases from plant surfaces to the
atmosphere. Smaller convective boundary layers over early successional forest (stand initiation
stage), which are characterized by low canopy height, result in a hotter and drier microclimate,
especially during the dry season (Fisch et al., 2004). Additionally, early successional forests
have greater variability in their physical environments, including water and light conditions,
compared to later successional and old growth forests (Culf et al., 1996). Consequently, species
acclimated to early-successional stages tend to have higher gas exchange rates, and higher

stomatal conductance and photosynthesis (Holscher et al., 2006; Vargas and Cordero, 2013;
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Mujawamariya et al., 2018). In contrast, the canopy is more homogeneous and shaded in the
intermediate, stem exclusion stage (Chazdon et al., 2014; Chanthorn et al., 2016, 2017), which
constrains gas exchange, especially leaf transpiration (Hardwick et al., 2015).

Environmental gradients during secondary succession can impact the strategies trees
use to acquire resources and ultimately lead to differences in tree species richness and
composition among different successional forests (Zhang et al., 2012; Chazdon et al., 2014,
Chanthorn et al., 2016, 2017). Previous studies in humid tropical forests have shown that
decreasing light penetration during secondary succession results in changes of leaf traits
(Lohbeck et al., 2013, 2015). Most trees in early successional forests are fast-growing species
and, according to the leaf economic spectrum (Wright et al., 2004), have leaf traits promoting
quick returns on investment in nutrients and carbon (i.e., high specific leaf area and nutrient
levels, short lifespan and high metabolic rates). In contrast, trees in old growth forests tend to
exhibit conservative strategies (Lohbeck et al., 2013, 2015) with high investments in leaf
carbon structures (i.e., high leaf dry matter content). However, in dry tropical forests, the light
gradient during succession is less pronounced and these forests are often more water-limited
and have higher temperatures which may be stronger factors driving changes in plant
communities (Lebrija-Trejos et al., 2010, 2011). In general, trees growing in more xeric
conditions tend to exhibit leaf traits with slow returns on resource investment, i.e., have
conservative strategies (Reich, 2014). Yet, we still know little about how leaf traits vary during
secondary succession in dry tropical forests and how variation in leaf traits and microclimate
conditions affect leaf gas exchange measurements (i.e., photosynthesis and transpiration) and
ultimately, the growth and productivity of these forests.

In this study, we measured leaf-level gas exchange and plant functional traits of the
dominant tree species in a seasonal evergreen forest in Thailand. Measurements were made
during both the wet (May—October) and dry (November—April) season as well as within forests
representing different stages of succession: a young forest (YF, ~4 years), an intermediate
forest (IF, ~44 years) and an old-growth forest (OF, >200 years). Specifically, our study
addressed the following questions: (Q1) Does leaf-level gas exchange (photosynthesis and
stomatal conductance) differ across successional forests and between seasons? (Q2) Does the
sensitivity of stomatal conductance to changes in atmospheric demand vary across different
stages of forest succession? (Q3) How do different leaf functional traits relate to leaf gas
exchange parameters, and do these relationships change depending on forest stage? Results
from this study will improve our understanding of the underlying mechanisms governing water
and carbon fluxes in different successional forests as well as assessing how these forests may
respond to a hotter, drier future.

2.1.2 Materials and Methods
2.1.2.1 Site description

The study was carried out in Khao Yai National Park (KYNP), a seasonal evergreen
forest in Nakhon Ratchasima Province, Thailand (14°26'31" N, 101°22'55" E, 700-800 m asl;
Figure 2.1.1). Based on 1994-2018 data, mean annual temperature and precipitation at the site
are about 22.4°C and 2,100 mm, respectively. The wet season usually covers the months from
May to October while the dry season ranges from November to April, when monthly

31



precipitation is less than 100 mm (Brockelman et al., 2017). KYNP contains a mosaic of
different forest types including old-growth (primary) forests and secondary forests of different
ages that have regenerated from old fields within the past 42 years (Jha et al., 2020). In this
study, we selected three plots representing different successional stages. The first plot was
within the 30-ha Mo Singto forest dynamic plot (Brockelman et al., 2017), a ForestGEO plot
in the network of the Centre for Tropical Forest Science (CTFS), Smithsonian Tropical
Research Institute. These plots were established using a uniform methodology (Condit, 1998)
in which every woody stem > 1 cm DBH is identified, mapped, and measured every five years.
This plot represented an old-growth stage (hereafter OF), with the age of at least ca. 200 years.
The OF’s main canopy height was 20-30 m with some emergent trees being higher than 50 m,
a leaf area index (LAI) of 5 and stem density of 1,112 trees ha™! (Chanthorn et al., 2016;
Brockelman et al., 2017). Adjacent to the northern edge of this plot, a 1-ha plot in a secondary
forest was established in 2003, using the same CTFS methods. This plot (hereafter IF) was in
an intermediate successional stage at about 44 years of age and classified as stem exclusion
stage. The forest canopy of IF was more homogenous and denser compared to that of OF and
had a mean canopy height of 25 m, an LAI of 6, and stem density of 2,052 trees ha* (Chanthorn
et al., 2016). Approximately 3 km away from the OF plot, we established a 2-ha plot in a 4-
year-old, early successional forest (hereafter YF). Its mean canopy height was 15 m and stem
density of 1,226 trees ha L. Despite the lack of LAI data, the YF canopy was distinctly sparse
compared to the other stages based on visual observation. The IF and YF were classified as
“stem exclusion” and “stand initiation” stages, respectively (Chazdon, 2014; Chanthorn et al.,
2016, 2017). The soil type of these forests was gray, brown ultisol, but the soils under the IF
and YF were degraded by shifting agriculture and burning prior to regeneration (Chanthorn et
al., 2016, 2017).

Khao Yai National Park
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Figure 2.1.1 Study sites include a young (YF), an intermediate (IF) and an old growth (OF)
forest in Khao Yai National Park, Thailand.
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2.1.2.2 Plant materials and measurements

In each plot, we selected five dominant tree species, based on basal area ranking within
the site. The selection resulted in 11 species in total with three species occurring in more than
one forest stage: Syzygium nervosum in IF and YF, Schima wallichii in OF and IF, and
Symplocos cochinchinensis in all stages. Table 2.1.1 summarizes the selected dominant species
in each study site.

Table 2.1.1 Dominant tree species selected for measurements in each forest stage in Khao Yai
National Park, Thailand.

Old growth (OF) Intermediate (IF) Young (YF)

Dipterocarpus gracilis Syzygium nervosum Adinandra integerrima

Ilex chevalieri Eurya acuminata Cratoxylum cochinchinensis
Schima wallichii Machilus gamblei Syzygium nervosum
Sloanea sigun Schima wallichii Syzygium antisepticum
Symplocos cochinchinensis Symplocos cochinchinensis | Symplocos cochinchinensis

For each species, five trees of similar stem size (diameter at breast height averaged
13.83 £ 2.74 cm (standard deviation) were randomly selected for gas exchange measurements
and leaf sample collection. For each tree, we randomly chose three mature and fully expanded
leaves with good exposure to sunlight from the lower and outside branches (Krober et al.,
2015). For sampling in the intermediate and old-growth forests, we particularly selected leaves
that were always present in light gaps within each canopy to ensure that the leaves received
full or substantial sunlight (Fan et al., 2011; Markesteijn et al., 2011; Zhu et al., 2013). Since
the canopy could not be accessed directly due to the unavailability of towers or canopy cranes,
we had to perform the measurements on cut branches containing the sun-exposed leaves with
the stems submerged in a container filled with water. Prior to gas exchange measurements, the
stems of individual branches were recut underwater to allow the restoration of the xylem water
column (Dang et al., 1997). Within 5 minutes after re-cutting, we placed a leaf in the cuvette
for gas exchange measurement to minimize excision-induced effects (Santiago and Mulkey,
2003). Then, we waited for at least 2-3 minutes to allow the leaf to reach small changes in gas
exchange over time before logging the data after observing stable gas exchange parameters.
Leaf gas exchange measurements were made using a portable photosynthesis system
(TARGAS-1, PP Systems, Amesbury, MA, USA). All leaves covered the entire window area
of the cuvette which was equal to 4.5 cm?. Area-based photosynthetic rate (Aarea; tmol m=2 s?)
and stomatal conductance (gs; mmol m2 s*) were recorded for each leaf and reported per unit
area. All measurements were conducted between 0900 and 1600 h (Marenco et al., 2001). We
realized that the measurement period was longer than that often used for gas exchange
measurement to avoid stomatal closure which is usually 1-2 hours before and after midday
(Brodribb and Holbrook, 2004; Bianco and Avellone, 2014; Urban et al., 2014). However,
because of logistical issues, we utilized sunny conditions between the periods for gas exchange
measurements. Nevertheless, we compared both Aaea and gs values that were recorded after
1400 h with those recorded during midday (1000-1400 h) on the same day and found no
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statistical differences (p > 0.064). The flow rate was set to 250 ml min~* (TARGAS-1 Portable
Photosynthesis System Operation Manual Version 1.04 2018). Photosynthetically active
radiation (PAR; pmol m™2 s™?) inside the cuvette was set to 1700 umol m2 s, which
corresponded to the light saturation point (data not shown; Holscher et al., 2006; Zhu et al.,
2013). Temperature, relative humidity and CO. concentration were not controlled and thus
tracking ambient conditions. Because no previous publications reporting gas exchange
measurements from this model of portable photosynthesis system were found, we compared
our measured values to others made in tropical forests by plotting photosynthesis against
stomatal conductance. Although our values are mostly concentrated in the low ranges of
photosynthesis and stomatal conductance, they fall within the ranges of values measured by
other techniques. We realized that this comparison may not fully justify our measurements, but
our main goal was to study the variations among forest stages rather than attempting to quantify
absolute gas exchange rates.

Leaf-to-air vapor pressure deficit (VPD; kPa) was recorded for each measurement and
used in the sensitivity analysis. Leaf-level gas exchange measurements were performed in both
the dry (March 2019, total monthly precipitation = 0.8 mm) and the wet (July 2019, total
monthly precipitation = 141.7 mm) seasons. During the wet season campaign, we also collected
the leaves on which gas exchange measurements were made to measure leaf functional traits.
Leaf functional traits used in this study included leaf mass per area (LMA; g m2), area-based
nitrogen (N; g cm2) and phosphorus (P; g cm2) concentration, and chlorophyll concentration
(Chl; pg cm™2). LMA was calculated as the ratio of leaf dry mass and leaf area (Poorter et al.,
2009), measured by ImageJ (Schneider et al., 2012). For chemical analyses of total N and P
concentrations, three leaves from each tree were pooled to obtain enough samples (at least 0.1
g) for laboratory analyses. Total N was determined using the Kjeldahl method (Kammerer et
al., 1967) and the colorimetric method was used to determine total P (Gales et al., 1966).
Chlorophyll concentration was estimated from SPAD values (range 34.3-75.8) which were
measured using the SPAD-502 chlorophyll meter (Konica Minolta, Tokyo, Japan). We
converted SPAD into Chl using the relationship derived from 13 Neotropical species (Chl =

17 LxSPAP 2= 0.89, SPAD value < 80; Coste et al., 2010).
148.84—SPAD

2.1.2.3 Statistical analyses
To test for significant differences in Aarea and gs among forest stages and seasons (Q1),
we used a General Linear Mixed Model with forest stage and season as fixed factors and species
as a random factor. A Tukey’s test was applied for post hoc analysis. We conducted regression
analyses using exponential decay and logarithmic functions to analyze the sensitivity of gsto
VPD. To compare the sensitivity across forest stages (Q2), we performed the analysis with
pooled data from all species within each stage and then analyze the data from species that
existed in multiple stages (i.e., Syzygium nervosum (IF, YF), Schima wallichii (OF, IF) and
Symplocos cochinchinensis (all stages)). We applied an F-test to compare the regression curves
among stages. In these analyses, the sample size was 15 per species, resulting in 75 samples
for each stage. We performed a one-way Analysis of Variance (ANOVA) to compare leaf traits,
which were only measured in the wet season, across forest stages. We did regression analysis
to evaluate the relationships between Aara and gs and the leaf traits and used an Analysis of
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Covariance (ANCOVA) to assess variations of significant relationships across forest stages.
All analyses of comparisons were done in SPSS (IBM Corp. Released 2013. IBM SPSS
Statistics for Windows, Version 22.0. Armonk, NY, USA) and regression analyses were
performed in SigmaPlot (version 12.0, Systat Software, Inc., San Jose, CA, USA). In all
statistical analyses, we used the significance level of 0.01.

2.1.3 Results
2.1.3.1 Does leaf-level gas exchange differ across successional forests and between seasons?
In general, species in all forest stages had higher Aarea and gs in the wet than in the dry
season (p < 0.0001). When combining data from both the wet and dry season, there was no
significant difference in Aarea and gs among successional forest stages (p > 0.184). However,
when comparing dry-season measurements, there were significant differences in Aarea and gs
among the forest stages (p < 0.0006; Figure 2.2 brown bars), whereas there were no differences
in the wet season (p > 0.03; Figure 2.1.2 yellow bars). In the dry season, trees in OF and YF
had comparable Aarea and gs but higher values than trees in IF (Figure 2.1.2).
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Figure 2.1.2 Overall mean (+ 1 SE) leaf-level (A) photosynthesis (Aarea; tmol m2s1) and (B)
stomatal conductance (gs; mmol m2 s1) in young (YF), intermediate (IF) and old-growth
forests (OF) within Khao Yai National Park, Thailand. Measurements were taken in the dry
(brown bars) and the wet (yellow bars) season. Different lowercase (uppercase) letters indicate
significant difference among forest stages during the dry (wet) season.

For Schima wallichii and Symplocos cochinchinensis, tree species found in multiple
sites, there was no significant difference in Aarea and gs among forest stages during the wet
season (p > 0.659; Figure 2.1.3A, B, D, E; yellow bars). However, during the dry season these
two species had significantly higher gas exchange rates in OF compared to the younger sites
(p <0.004, Figure 2.1.3A, B, D, E; brown bars). For Syzygium nervosum, which was found in
the intermediate and early successional forests, Aaea and gs were similar across stages
regardless of season (Figure 2.1.3C, F; p>0.631).
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Figure 2.1.3 Mean (+ 1 SE) leaf-level (A—C) photosynthesis (Aarea; pmol m2s™) and (D-F)
stomatal conductance (gs; mmol m~2 s%) of species that occurred in multiple forest stages in
Khao Yai National Park. Measurements were made during the dry (brown bars) and wet
(yellow bars) season. Different lowercase (uppercase) letters indicate significant difference
among forest stages during the dry (wet) season.

2.1.3.2 Does the sensitivity of stomatal conductance to changes in atmospheric demand vary
across forest succession?

We tested the relationship between gs and VVPD in all tree species using data from both
seasons. Various equations have been proposed to explain such relationship, including linear
(McCaughey and lacobelli, 1994), exponential (Dye and Olbrich, 1993) and logarithmic (Oren
et al., 1999). We employed these equations in our regression analysis for each species in each
stage and found significant results with exponential (y = a X exp(—bx) + c) and logarithmic
(y = b X In(x) + c) forms in 10 out of 11 species, which is consistent with previous studies of
various tree species (Oren et al., 1999; Mielke et al., 2005; Motzer et al., 2005). No equation
could explain the relationship in Machilus gamblei. First, we examined the relationship
between gsand VPD in all dominant species within each site. We found that gs exponentially
decreased with VVPD in all forests (p < 0.0001, r? > 0.66) with no difference among successional
stages (Figure 2.1.4A, F2447 = 1.25, p = 0.287). Next, we further considered the species that
occurred in multiple forest stages. A logarithmic decline was the best fit between gs and VPD
for Syzygium antisepticum, whereas for Schima wallichii and Symplocos cochinchinensis, an
exponentially decaying function was the best fit (Figure 2.1.4B-D; p < 0.01). When compared
among sites, the relationships between gs and VVPD for these species were similar across forest
stages (p > 0.136).
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Figure 2.1.4 Relationships between leaf-level stomatal conductance (gs; mmol m2 s™1) and
leaf-to-air vapor pressure deficit (VPD; kPa) for (A) all forest stages (B) Syzygium nervosum,
(C) Schima wallichii, and (D) Symplocos cochinchinensis. Measurements were made in an old-
growth forest (OF, green circles), an intermediate forest (IF, blue squares), and a young forest
(YF, red triangles). Black solid lines show the best fits with 95% confidence intervals (blue
lines) for pooled data after finding no difference among different stages.

2.1.3.3 How do different leaf functional traits relate to leaf gas exchange parameters and do
these relationships change depending on forest stage?

For this research question, we focused on the wet season only due to the availability of
data. Across the three forest stages, average LMA, P and N values were higher in YF compared
to the two older forests (Figure 2.1.5A-C; p < 0.0001). In contrast, there was no significant
difference in Chl among the successional forests (Figure 2.1.5D; p = 0.067). Next, we explored
the relationships between gas exchange parameters and the leaf traits. Of all considered traits,
only LMA and N were significantly related with Aarea and gs in IF and OF (p <0.01). We further
compared the relationships between both gas exchange parameters and LMA and N in OF and
IF and found no difference between the stages (p > 0.024). Figure 2.1.6 shows the significant
relationships for the pooled data from both OF and IF (black solid lines).
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Figure 2.1.5 Mean ( SE) (A) leaf mass per area (LMA; g m™2), (B) phosphorus concentration
(P; g cm™2), (C) total nitrogen concentration (N; g cm™2) and (D) chlorophyll concentration
(Chl; pg cm~2) among the old-growth (OF; green bars), intermediate (IF, blue bars), and young
(YF, red bars) forest stages. Lower case letters indicate significant differences among forest
stages.
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Figure 2.1.6 Linear relationships between photosynthesis (Aarea: pmol m=2 s™1) and stomatal
conductance (gs; mmol m2 s) and leaf mass per area (LMA; g m™2) and total nitrogen
concentration (N; g cm™2). Measurements were made in an old-growth forest (OF, green
circles), an intermediate forest (IF, blue squares), and a young forest (YF, red triangles). Black
solid lines show the best fits with 95% confidence intervals (blue lines) for pooled data of OF
and IF after finding no difference among between the stages. Note that no significant
relationships were found in YF.
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2.1.4 Discussion

Seasonal variations in both gas exchange parameters were observed at the forest level
and at species level. Generally, both Aarea and gs were higher in the wet than in the dry season.
For all studied species, lower Aarea and gs in the dry season corresponded to higher VPD which
is consistent with plants closing their stomata in response to increasing atmospheric drought
(Cunningham, 2004; Chen et al., 2016). These results suggested that productivity of these
successional stages may differ, especially during the dry season when both atmospheric and
soil humidity are usually limiting (Harper et al., 2013). However, we found no significant
difference in the gas exchange parameters across our successional forests during the wet
season. Instead, a significant decrease in the parameters was observed in the intermediate forest
(IF) with the highest stem density (2,052 trees ha* vs. 1,112 trees ha* and 1,226 trees ha™* in
OF and YF, respectively), in the dry season. Such high density induces shading in the canopy
with lower variability in LAl (Chazdon, 2014; Chanthorn et al., 2016, 2017) and may limit the
gas exchange as previously observed in shade-acclimated trees (Chazdon et al., 1996; Gerardin
et al.,, 2018; Yang et al., 2019). Based on observations, the indifference of gas exchange
parameters across stages in the wet season may result from the higher canopy leaves in OF and
YF compared to those in the dry season. In other words, the shaded canopy in IF maintained
throughout seasons while the canopy in OF and YF varied seasonally, with the greatest
difference between seasons in YF. Further measurements of canopy leaf areas should be
performed to confirm this point. Overall, our results suggest that the gas exchange rates did not
differ across forest succession but were affected by different microclimates induced by
different canopy density. Nevertheless, previous reports on gas exchange measurements in
various tropical tree species have shown inconclusive evidence on the effects of forest
succession on leaf gas exchange rates (Hogan et al., 1995, Coste et al., 2005; Hdélscher et al.,
2006).

Next, we examined species that grew in multiple successional stages to further
investigate the effect of forest succession on gas exchange rates. There were no differences in
gas exchange for Syzygium nervosum among the forest stages regardless of season. In contrast,
Schima wallichii and Symplocos cochinchinensis exhibited higher gas exchange rates in the old
growth forest compared to the two young successional forests during the dry season. The lack
of difference in the gas exchange rates of Syzygium nervosum may be supported by similar
stomatal density (p = 0.22, data not shown) across seasons, showing unchanged number of sites
available for gas exchange per unit leaf area (Wu et al., 2018). Compared to the rates in the
primary forest, lower rates of Schima wallichii and Symplocos cochinchinensis in the
intermediate forest agreed with site-level results of limited gas exchange under shaded canopy
while lower rates in the young forest may be attributed to its drier soil (average soil moisture
= 23.85%£5.34% in YF vs. 44.54+8.46% and 38.11+6.73% in OF and IF, respectively).
Nevertheless, further investigations on physiological responses such as tree hydraulic
conductivity and architecture should be performed to confirm these results.

Sensitivity of gs to VPD provides insight into how trees respond to increasing
atmospheric drought (i.e., higher temperature combined with low humidity). Trees with greater
sensitivity of gs to VPD, closing stomata more rapidly when air dries, acclimate better to
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increasing atmospheric drought compared to those with lower sensitivity. Nevertheless, trees
in our successional forests did not show distinct sensitivity of gs to VPD when considering both
the forest level and species level. Most studies investigating the sensitivity of stomatal
conductance to VPD in tree species found differences in the relationships across various factors
besides species, such as crown height and wood anatomy (Woodruff et al., 2009; Tsuji et al.,
2020). However, our data showed similar sensitivities of stomatal conductance to changing
vapor pressure deficit across our successional forests, suggesting similar responses of the
dominant trees to varying atmospheric humidity throughout the year. This finding may support
the observed similarity in the gas exchange rates between the two contrasting forest stages (OF
and YF), despite the widely reported results that early successional species usually have greater
maximum gas change rates than late-successional ones (Holscher et al., 2006; Zhu et al., 2013).
Regarding the response of stomatal conductance to atmospheric conditions, we further
examined the slope parameter in the unified stomatal optimization model (USO; Medlyn et al.,
2011) which represents a measure of intrinsic plant water-use efficiency. Wu et al. (2019)
showed that the slope parameter significantly varied with leaf mass per area in tropical forests.
However, we tested this finding with our data and found an insignificant result (p = 0.998),
suggesting similar intrinsic water-use efficiency among the dominant trees regardless of LMA.
Furthermore, we found no difference in slope parameters across successional forests in the case
of species existing in multiple sites (p > 0.66). Nevertheless, further studies on canopy fluxes
should be conducted to confirm such findings because results from leaf-level measurements
can obscure those from the canopy level (Tor-ngern et al., 2015).

While similar chlorophyll concentration was observed across all forest stages, LMA,
leaf N and P were significantly higher in YF compared to other forest stages. Previous studies
indicated that nutrient-poor soils may induce larger allocation of leaf nitrogen into cell walls,
increasing LMA but decreasing maximum photosynthesis (Takashima et al., 2004; Hikada and
Kitayama 2009). However, we found no significant difference in soil N and P among the forest
stages (p > 0.21; data not shown), suggesting that the soil condition in YF was not nutrient poor
compared to the others. Other studies have shown that species with high LMA usually occur
in areas with low rainfall and high light and temperature (Niinemets, 2001; Villar and Merino,
2001; Lamont et al., 2002; Wright et al., 2004). This supports our result because trees in YF
experience more xeric conditions and higher radiation due to their sparse canopy cover. Higher
LMA may be associated with greater accumulation of nutrients in leaves (Kimura et al., 1998)
as observed in our data, allowing high photosynthesis under adverse growing conditions, such
as low soil moisture as often observed in sparse canopy forests with low leaf area indices (\Von
Arx et al., 2013). Nevertheless, our results did not show such high photosynthesis in YF which
may be limited by the low soil water availability of this site compared to the others.

To gain insight into which leaf traits were linked to tree growth, we explored the
relationships between leaf functional traits and gas exchange parameters (Aarea and gs) within
the different successional forests. Maximum net photosynthesis is usually affected by various
leaf traits, such as LMA (Field and Mooney 1986; Reich et al., 1999; Poorter et al., 2009), and
leaf nutrient concentrations (Evans, 1989; Reich et al., 1999; Wright et al., 2004). Several
studies have reported significantly positive correlations between maximum photosynthesis rate
and LMA (Reich et al., 1997; Wright et al., 2004; Quero et al., 2006), leaf N (Reich et al.,
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1994; Ellsworth and Reich, 1996; Kull and Niinemets, 1998; Gulias et al., 2003; Holscher et
al., 2006) and P (Holscher et al., 2006; Zhang et al., 2018). Our results showed that LMA and
leaf N were significantly related to the gas exchange rates in IF and OF, although we found no
relationships between the rates and leaf P. Comparing the linear dependence of Aarea and gs on
LMA and N between OF and IF, we found no differences between the trends, which is in
contrast to a recent study that showed a lower slope between Aarea and N in climax species
(Zhang et al., 2018). However, the study argued that such difference was relevant to different
soil phosphorus concentrations between successional stages, which was not the case for our
sites. Interestingly, we observed no significant relationships between maximum gas exchange
parameters and any leaf traits in YF. High variations of species-specific data may contribute to
the insignificant relationship as seen in clearly separated clusters of data, corresponding to
different species within YF. This finding suggests that trees in the young forest (YF) may be
more active in resource acquisition, as shown by the large variation in leaf nutrients, and in
morphological acclimation through the increased LMA for greater nutrient accumulation. Such
acclimation should facilitate high gas exchange rates; however, the different soil water
availability may have limited the rates in the young forest. Nevertheless, findings from this
study warrant further investigations from different perspectives, including other physiological
parameters, such as tree hydraulics and canopy-level measurements, to arrive at firm
conclusions.

2.1.5 Conclusions

Varying environmental conditions among different successional forests present a
challenge for estimating forest water use and productivity in tropical forests. Such
heterogeneity in environmental conditions can strongly influence water and carbon exchanges
between the forest canopy and the atmosphere. Our results show that, in general, gas exchange
rates between the tree canopy and the atmosphere did not vary across forest stages yet differed
among them in the dry season, as a result of changes in canopy density during secondary
succession. The similar rates were further supported by similar sensitivity of stomatal
conductance to changing atmospheric humidity across forest stages. Our data also suggest that
the young forest was highly active in acquiring resources, but such high resource acquisition
did not allow high gas exchange rates because of limiting soil water availability. These findings
highlight the potential effects of inherent canopy characteristics of successional forests on
water and carbon exchanges between trees and the atmosphere. Nevertheless, further studies
on canopy level are needed to confirm such findings.
U R R R
Note: This work was published. Please refer to the publication in the Appendix.
2.2 Different responses of soil respiration to environmental factors across forest stages in
a Southeast Asian forest (Rodtassana et al., 2021)

2.2.1 Introduction

The role of climate change in the functioning of forests has been increasingly recognized by
the global community. Forests cover about 30% of the global land surface and store ~45% of
terrestrial carbon (Bonan 2008). Global forests sequester and store carbon in above- and below-
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ground parts (Giardina et al., 2004; Bunker et al., 2005), and they release carbon dioxide (CO3)
back into the atmosphere through respiration by plants and soil. Soil respiration (SR) is an
important component of the global carbon cycle, contributing 78-95 Pg of carbon back into
the atmosphere annually (Bond-Lamberty and Thomson 2010; Hashimoto et al. 2015).
Specifically, SR in forests represents 40-90% of total CO, emissions from terrestrial
ecosystems (Granier et al. 2000; Schlesinger and Andrews 2000).

Soil respiration is highly sensitive to environmental change because it is influenced by
many factors, including soil temperature, soil moisture, the microbial community, surface litter
and vegetation type (Jenkinson et al. 1991; Grace 2004; Davidson et al. 2006; Yan et al., 2006;
Fekete et al. 2014). In fact, even small changes in SR can incur profound impacts on the global
carbon balance, further affecting feedbacks to climate change (Davidson et al. 2006). Despite
several studies on SR and its drivers in forests in boreal and temperate regions, such
investigations remain elusive in tropical systems, especially in Southeast Asia. Deforestation
and land-use change are particularly pervasive across Southeast Asia (Zeng et al., 2018; FAO
and UNEP, 2020), where large-scale agricultural production and commercial tree plantations
are the main drivers of forest loss (Curtis et al., 2018). However, due to unsustainable practices,
such large-scale operations have often been abandoned, leading to the regeneration of
secondary forests naturally or artificially. Consequently, forests in Southeast Asia are mostly
characterized by patches of primary, old-growth forest and forests at different stages of
secondary succession. Such variations in forests may exert different impacts on SR through
modifications of environmental factors associated with successional gradients.

Forest succession often modifies microclimatic conditions and biogeochemical cycles
(De Kovel et al. 2000; Lebrija-Trejos et al., 2011; Li et al., 2013) and varies with species
composition and abundance (Sheil, 2001). Therefore, the driving factors for SR are affected by
the forest succession (Raich and Tufekcioglu, 2000). For instance, soil organic carbon, total
nitrogen and microbial biomass increase rapidly with secondary forest succession (Jia et al.,
2005). The rate of surface litter decomposition has been found to be higher in older successional
stages of tropical dry secondary forests (Tolosa et al., 2003). Although several studies have
investigated SR and its driving factors in association with forest succession (Yan et al., 2006,
2009; Luo et al. 2012; Han et al., 2015; Huang et al., 2016; Wang et al., 2017; Gao et al., 2020),
none of these studies were conducted in tropical forests of Southeast Asia.

To help fill this knowledge gap, we measured SR of three successional forest plots in a
seasonal evergreen forest in Thailand. We performed the measurements in the wet (June and
September 2020) and the dry (February and March 2021) periods within plots of different
stages of succession: young forest (YF, ~5 years), intermediate forest (IF, ~45 years) and old-
growth forest (OF, >200 years). The main research questions included (1) Does SR differ
across successional forests and among periods of data collection? and (2) Does SR respond to
environmental factors including soil organic matter (OM), soil temperature (ST) and soil
moisture (SM) and whether these relationships (if any) differ across forest stages? Note that
we did not intend to estimate total carbon dioxide efflux from these forests, but rather aimed to
investigate the dynamical changes of SR in response to various environmental factors across
forest succession.
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2.2.2 Materials and Methods

2.2.2.1 Site description

The study was conducted in seasonal evergreen forest at 700-800 m asl in Khao Yai National
Park (KYNP), Nakhon Ratchasima Province, Thailand (14°26'31" N, 101°22'55" E; Figure
2.2.1A). According to data spanning 1994-2018, mean annual temperature and precipitation at
the site are 22.4 °C and 2,100 mm, respectively (Department of National Parks, Wildlife and
Plant Conservation; 25-year means). The wet season lasts from May to October and the dry
season from about late October to April, when monthly precipitation is less than 100 mm
(Brockelman et al., 2017). During the study, precipitation peaked in September which
accounted for 21% (2019) and 26% (2020) of total precipitation in the wet season (data from a
rain logger near the study site). Monthly precipitation was 239.2 mm (June 2020), 466.9 mm
(September 2020), 33.6 mm (February 2021), and 1.4 mm (March 2021) as shown in Figure
2.2.1B. Using the same criteria as in Brockelman et al. (2017), we identified two data collection
periods: the wet period in June through September 2020, when monthly precipitation exceeded
100 mm, and the dry period in February and March 2021.

KYNP contains mostly old-growth (primary) forest with scattered patches of secondary
forest at various stages which have regenerated from old fields within the past 50 years (Jha et
al., 2020). For this study, we selected three plots representing different stages. The first plot
was within the 30-ha Mo Singto forest dynamic plot (Brockelman et al., 2017), a ForestGEO
plot in the global network of the Center for Tropical Forest Science (CTFS), Smithsonian
Tropical Research Institute (Davies et al., 2021). CTFS plots are established using a uniform
methodology (Condit, 1998) in which every woody stem > 1 cm DBH is identified, mapped,
and measured every five years. This plot represented an old-growth stage (hereafter OF), with
the age of at least ca. 200 years. The OF’s mean canopy height was 30 m with some emergent
trees being higher than 50 m, a leaf area index (LAI) of 5 and stem density of 1,112 trees ha™*
(Chanthorn et al., 2016; Brockelman et al., 2017). Adjacent to the northern edge of this plot, a
1-ha plot in a secondary forest was established in 2003, using the same CTFS methods. This
plot (hereafter IF) was at an intermediate successional stage about 45 years of age, classified
as the stem-exclusion stage. The forest canopy of IF was more uniform and denser than that of
OF and had a mean canopy height of 25 m, an LAI of 6, and stem density of 2,052 trees ha*
(Chanthorn et al., 2016). About 3 km away from the OF plot, we established a 2-ha plot in a 5-
year-old, initial stage forest (hereafter YF). Its mean canopy height was 15 m and stem density
was 1,226 trees ha . Despite the lack of LAI data, the YF canopy was distinctly sparse
compared to the other stages based on visual observation. The soil type of these forests was
gray, brown ultisol, but the soils under the IF and YF were degraded by shifting agriculture
and burning prior to regeneration (Chanthorn et al., 2016, 2017). Based on the preliminary
measurement at the sites, bulk density of the soil in IF (averaged 0.93 g cm~3) was lower than
that in OF and YF (1.26 and 1.24 g cm™3, respectively). The soil texture at the study plots,
measured at 10 cm depth, was classified as sandy clay-loam and clay loam with the highest
sand contents in YF plots measured in September 2020 and February 2021 as 64.4 + 3.06 %
and 56.4 = 5.03 %, respectively. All study sites (OF, IF and YF) are similar with respect to
geology and slope.
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Figure 2.2.1 (A) Location of Khao Yai National Park in Thailand where the study was
performed. (B) Monthly total precipitation (mm; bars) and average air temperature (°C; circles)
profiles in Khao Yai National Park. Data from January 2019 to December 2020 were obtained
from a local station near the old-growth forest (OF) while those from January to March 2021
were from the weather station near the young forest (YF). Red boxes indicate the months in
which our measurements were made.

2.2.2.2. Measurements of the study variables

We performed the study in two different periods of contrasting rainfall which we will refer to
as ‘wet’ and ‘dry’ periods in the results. In each period, we conducted the measurements twice,
each separated by at least a month (Figure 1B, red frames). In each forest stage, we established
a 1-ha plot and divided it into 20 m x 20 m subplots as shown in Figure A2. Then, we randomly
selected six sampling points within the 1-ha plot and measured all study variables concurrently
at each point during 1000-1500 h on sunny days. For SR, we used a portable photosynthesis
system (TARGAS-1, PP Systems, Amesbury, MA, USA) connected to a soil respiration
chamber (SRC-2 Soil Respiration Chamber, PP Systems, Amesbury, MA, USA). In this
process, the SR rate, measured in g CO, m2 h, was calculated by measuring the rate of
increase of CO, concentration in the chamber over a period which was set to 60 seconds. Before
taking measurements, we installed a soil collar with cross-sectional area of 78 cm?, on each
selected sampling point at 5-cm depth in the soil, leaving it for at least one hour prior to SR
measurement. Before putting the soil respiration chamber on the soil collar, we removed small
living plants and coarse litter from the soil surface within the collar to avoid measuring their
respiration (Zhou et al., 2007; Peng et al., 2014). Simultaneously, ST was measured using a
probe (STP-2 Soil Temperature Probe, PP Systems, Amesbury, MA, USA) at 10-cm depth near
the soil collar. Soil moisture was measured at 5-cm depth from the soil surface using a probe
(SM150T, DeltaT Devices, London, UK). For each sampling point, all measurements of SR,
ST and SM were repeated three times and then averaged to represent each sampling point. In
addition, the unit of SR was converted to umolCO, m s to facilitate the comparisons with
other studies which mostly present SR rate in this unit. For the soil analyses, we collected three
3.2-cm diameter soil core samples from each study plot at 10-cm soil depth in the wet season
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(September 2020) and the dry season (February 2021). We used a total organic carbon analyzer
(Multi N/C 3100, Analytik Jena) to obtain OM values.

2.2.2.3 Statistical analysis

To answer the research questions, we analyzed differences in the measured variables across
forest stages and between both periods. Before performing the data analysis, we used the
Shapiro-Wilk test and the Levene’s test to check for normality and homogeneity of variance,
respectively. For the comparison between two collection periods (wet and dry), we employed
an independent t-test for the data with normal distribution and Mann-Whitney U test for non-
normal data. Then, for each period, we compared the SR, ST, SM, and OM across forest stages
by using one-way ANOVA with a Tukey’s post hoc analysis for normally distributed data and
the Kraskal-Wallis test with pairwise comparisons for non-parametric data. All statistical tests
were performed in SPSS (IBM Corp. Released 2013. IBM SPSS Statistics for Windows,
Version 22.0. Armonk, NY, USA). For the relationships among the variables, we performed
regression analyses in SigmaPlot (version 12.0, Systat Software, Inc., San Jose, CA, USA) with
SR as the dependent variable and ST, SM and OM as the independent variables. In all statistical
analyses, we used the significance level of 0.05.

2.2.3 Results

Figure 2.2.2 shows data of all measured variables, including soil temperature (ST), soil
moisture (SM), soil organic matter (OM) and soil respiration (SR) during both collection
periods. In both periods, ST in YF was significantly higher than in IF (Kruskal-Wallis, H =
8.074, p <0.05and H = 7.803, p < 0.05 for wet and dry periods, respectively), although it was
not significantly different from that in OF. Soil temperature in all forest stages was significantly
lower in the dry period in February and March 2021 (Mann-Whitney U, U = 164.000, p <
0.0001, Figure 2.2.2A) with an average of 22.4 £ 1.1 °C (one standard deviation) than in the
wet period in June and September 2020 with an average of 23.7 + 0.7 °C. Variations in SM
across successional stages was observed across periods. During the dry period, SM in OF and
IF was significantly higher than that in YF (one-way ANOVA, F=21.25, p < 0.0001) whereas
in the wet period SM in IF was the highest (one-way ANOVA, F=14.31, p <0.0001). Overall,
SM was significantly higher (independent t-test, t = -3.656, p < 0.005, Figure 2.2.2B) in the
dry period (average 0.18 + 0.04) than in the wet period (average 0.15 + 0.03). OM content was
significantly higher in IF compared to the other stages in the wet (Kruskal-Wallis, H = 28.125,
p <0.0001, Figure 2.2.2C) and the dry period (Kruskal-Wallis, H = 17.843, p < 0.0001, Figure
2C). For each forest stage, average OM content showed temporal variation in OF and YF, with
higher values in the dry period (Mann-Whitney U, U = 132.000, p < 0.0001 and U =108.00, p
< 0.05 for OF and YF, respectively) while OM in IF was similar across periods (p = 0.843).
Finally, in the wet period, SR in YF was significantly lower than in other stages (Kruskal-
Wallis, H =10.572, p = 0.005). In the dry period, SR in YF did not differ from the older stages
but SR in OF was significantly lower than that in IF (one-way ANOVA, F =5.053, p =0.012,
Figure 2.2.2D). SR was significantly higher in the wet period than in the dry period in all stages
(Mann-Whitney U, U = 245.000, p < 0.0001, Figure 2.2.2D). Overall, SR and its driving factors
varied differently across forest stages and periods of data collection.
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Figure 2.2.2 Mean values of the study variables including (A) soil temperature (°C), (B) soil
moisture, (C) soil organic matter (%) and (D) soil respiration (umolCO, m~2s™!) measured in
the wet (filled bars) and the dry (open bars) periods in the old-growth (OF), intermediate (IF)
and young (YF) forest. Error bars indicate one standard deviation. Different small (capital)
letters denote statistical differences among sites during the wet (dry) period at 5% significance
level from Tukey post hoc test or pairwise comparisons. All values significantly differed
between periods, except the organic matter content in IF as indicated by ‘ns’ or ‘not significant’
in (C).

Next, we analyzed the relationships between SR and its driving factors including ST,
SM and OM. Considering each successional stage with data from both periods, SR in OF
exponentially increased with ST (p = 0.0007, Figure 2.2.3A) whereas SR in IF and YF did not
respond to changes in ST (p > 0.05, Figure 2.2.3B, C). Regardless of forest stages, SR did not
respond to ST (p = 0.07, Figure 2.2.3D).
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Figure 2.2.3 Relationships between soil respiration (umolCO. m2 s!) and soil temperature
(°C) in the (A) old-growth (OF), (B) intermediate (IF), (C) young (YF) forest and (D) all forest
stages. Closed (open) circles represent data from the wet (dry) period. Results from regression
analysis for data combined across periods are shown accordingly. Black solid line indicates the
significant regression result with 95% confidence intervals shown as blue lines. The
significance level for the regression analysis was 0.05.

Considering the relationships between SR and SM separately for each forest stage and
period, no patterns were observed (p > 0.17, Figure 2.2.4A-C). However, across forest stages,
SR linearly increased with SM in the wet period (p = 0.0023), while no such response was
observed in the dry period (p = 0.87, Figure 2.2.4D).
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Figure 2.2.4 Relationships between soil respiration (umolCO2 m~2s™!) and soil moisture in the
(A) old-growth (OF), (B) intermediate (IF), (C) young (YF) forest and (D) all forest stages.
Closed (open) circles represent data from the wet (dry) period. Results from regression analysis
for data combined across periods are shown accordingly. Black solid line indicates a significant
regression result with 95% confidence intervals shown as blue lines. The significance level for
the regression analysis was 0.05.

Across all forest succession and periods, SR linearly increased with OM, with stronger
increasing rate in the wet period (p < 0.022, Figure 5D). When analyzing the relationships
separately by site, the response patterns were retained only in the dry period and in OF and IF
(p <0.026, Figure 5A, B) while no responses were observed in YF (p > 0.60, Figure 5C)
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Figure 2.2.5 Relationships between soil respiration (umolCO, m~2s™!) and soil organic matter
(%) in the (A) old-growth (OF), (B) intermediate (IF), (C) young (YF) forest and (D) all forest
stages. Closed (open) circles represent data from the wet (dry) period. Results from regression
analysis for data combined across periods are shown accordingly. Black solid line indicates the
significant regression result with 95% confidence intervals shown as blue lines. The
significance level for the regression analysis was 0.05.

2.2.4 Discussion

Comparison of SR from our study sites with reports from other forests in Southeast Asia
We summarized the SR values from previous studies in forests of Southeast Asia in Table
2.2.2. Our results could not be directly compared to any of these studies because it was unclear
if any of these studies was conducted in similar seasonal evergreen forest. However, our SR
values were within the ranges of those found in other Thai forests of various phenology,
including dry evergreen forests (Adachi et al., 2009; Boonriam et al., 2021), dry dipterocarp
forests (Hanpattanakit et al., 2015; Intanil et al., 2018), an evergreen forest (Hashimoto et al.,
2004), a teak plantation (Kume et al., 2013), and a mixed deciduous forest (Takahashi et al.,
2011). The SR values of our forests were also within the range of those from a lowland mixed
dipterocarp forest in Malaysia (Ohashi et al., 2007; Katayama et al., 2009) while they were
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generally higher than those from forests at Pasoh, peninsular Malaysia (Adachi et al., 2005;
Kosugi et al., 2007). Overall, it is evident that SR rates in Southeast Asian forests are highly

variable and site-specific.

Table 2.2.2 Literature survey of soil respiration in Southeast Asian tropical forests including
this study. Values are shown as ranges. MAT and MAP stand for mean annual temperature in
°C and mean annual precipitation in mm, respectively.

Vegetation | Dominanttree | MAT | MAP Soil respiration

Location type species (°C) | (mm) (umolCO; m2s7?) Reference
Pasoh area of | Primary Dipterocarp 27 | 1,788 | Primary forest: 2.78— | Adachi et al.
Negeri and species 6.93 (2005)
Sembilan, secondary Secondary forest:
Malaysia mixed- 2.58-6.36
(2°5'N, dipterocarp
102°18'E, forest
75-150 m
a.s.l.)
Pasoh Forest Lowland Shorea and 25.4 | 1,800 | 2.5-6.5 Kosugi et al.
Reserve, mixed- Dipterocarpus (2007)
Malaysia dipterocarp | spp
(2°59' N, forest
102°18'E,
75-150 m
a.s.l.)
Lambir Hills Lowland Dipterocarp 27 | 2,700 | 1.3-22.9 Ohashi et al.
National Park, | mixed- species (2007);
Malaysia dipterocarp Katayama et
(4°20' N, forest al. (2009)
114°02" E,
~200 ma.s.l.)
Huai Kha Dry Dipterocarp 23.5 | 1,242 | Wet season: 3.15-9.99 | Adachi et al.
Khaeng, evergreen | species Dry season: 1.24 -3.84 | (2009)
Thailand forest
(15°20" N,
99°27'E,
549-638 m
a.s.l.)
Sakaerat Dry Hopea ferrea, and 26.7 | 1,751 | Wet season: 4.3-13.3 | Boonriam et
Environmental | evergreen Hopea odorata Dry season: 1.8-6.8 al. (2021)
Research forest
Station,
Thailand
(14°30' N,
101°56' E,
~500 m a.s.l.)
Ratchaburi Dry Dipterocarpus 30.4 | 1,253 | Wet season: 1.89-3.79 | Hanpattanakit
Province, dipterocarp | intricatus, Dry season: 0.95-2.84 | etal. (2015)
Thailand forest Dipterocarpus

obtusifolius,
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Vegetation | Dominant tree | MAT | MAP Soil respiration

Location type species °C) | (mm) (umolCO2; m2s7h) Reference
(35 13.3"N, Dipterocarpus
99°30'3.9"E, tuberculatus,
110 mas.l.) Shorea obtusa,

and Shorea
siamensis
Kog-Ma Evergreen | Castanopsis, 20 | 2,084 | 2.13-14.07 Hashimoto et
Experimental | forest Lithocarpus, and al. (2004)
Watershed of Quercus spp
Kasetsart
University,
Thailand
(18°48' N,
98°54' E,
~1,300 m
a.s.l.)
Phayao Dry Dipterocarpus 25.1 936 | 0.77-1.13 Intanil et al.
Province, dipterocarp | obtusifolius, (2018)
Thailand forest Dipterocarpus
(19°02'14.38" tuberculatus,
N, Shorea obtusa,
99°54'10.96" and Shorea
E, 512 m siamensis
a.s.l.)
Teak stand in | Teak Teak 25.8 | 1,284 | 0.96-5.02 Kume et al.
Mae Moh plantations (2013)
plantation,
Lampang
Province,
Thailand
(18°25" N,
99°43' E, 380
m a.s.l.)
Mae Klong Mixed Shorea siamensis, 25 | 1,650 | Wet season; Takahashi et
Watershed deciduous | Vitex ridge: 4.00-8.25 al. (2011)
Research forest peduncularis, upper slope: 5.17-6.89
Station, Dillenia lower slop: 4.20-9.97
Kanchanaburi parviflora var.
province, Keruii, and Xylia Dry season;
Thailand xylocarpa var. ridge: 1.33-4.42
(14°35'N, Keruii upper slope: 2.18-5.67
98°52'E, 100- lower slop: 2.50-8.09
900 ma.s.l.)
Khao Yai Primary Old-growth forest 22.4 | 2,100 | Wet period,; This study
National Park, | and Dipterocarpus Old-growth forest:
Thailand secondary | gracilis, 6.51-15.49
(14°26" N, seasonal Sloanea sigun, Intermediate forest:
101°22" E, evergreen llex chevalieri, 7.28-20.32
forest
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Vegetation | Dominant tree | MAT | MAP Soil respiration

Location type species °C) | (mm) (umolCO2; m2s7h) Reference
700-800 m Symplocos Young forest: 4.50—
a.s.l.) cochinchinensis, 8.86

Schima wallichii

Dry period;
Intermediate Old-growth forest:
forest 3.55-6.19
Schima wallichii, Intermediate forest:
Machilus 5.13-8.05
gamblei, Young forest: 4.09—
Eurya acuminate, 6.69
Symplocos
cochinchinensis,
Syzygium
nervosum

Young forest
Cratoxylum
cochinchinense,
Syzygium
antisepticum,
Adinandra
integerrima,
Syzygium
nervosum,
Symplocos
cochinchinensis

Spatial variations in SR and the environmental factors across forest succession
Soil temperature showed spatial variation in both periods with higher values in the young forest
than in the intermediate stage, although it was similar to that in the old-growth forest. The
higher ST in the young forest may be associated with its sparse canopy compared to the more
closed canopy in the intermediate forest as observed in our sites. The observations agreed with
findings of higher ST in a Panamanian tropical forest with large forest gaps due to the direct
heat from sunlight reaching the soil surface (Marthews et al., 2008). Our results showed that
the differences in SM across forest stages varied temporally. In the dry period, soil moisture in
YF was significantly lower than in the older stages. However, in the wet period, IF had higher
SM than the other sites. Again, canopy development may contribute to such variation because
the canopy of YF was very sparse while that of IF and OF was denser. Differing canopy density
can affect the amount of light penetrating to the soil surface and litterfall input to the soil,
influencing surface evaporation and thus soil moisture. Overall, organic matter in the
intermediate forest, with its high canopy density, was consistently higher in both periods than
in the other sites. This may be explained by the high litterfall production in IF compared to the
other two forests in our study (averaging 1.65, 2.08, 1.04 g m™2 day ' in OF, IF, and YF,
respectively, across wet and dry seasons; unpublished data), although other factors, such as
decomposition rate, need to be considered to verify this claim. While SR was generally similar
in the older stages (OF and IF), it was significantly lowest in the young forest. This result agrees
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with previous studies indicating increasing soil respiration with forest age (Yan 2006, 2009;
Luo et al., 2012). Because soil carbon, which is highly correlated with soil organic matter, and
soil moisture have been found to significantly explain variations in SR (La Scala et al., 2000;
Stoyan et al., 2000), low materials for decomposition and consumption by the microbial
community, and low soil moisture, may contribute to the low SR in YF. Additionally, variation
of root biomass may affect the difference in SR across forest stages, as related to total below-
ground carbon flux (TBCF; Litton and Giardina, 2008; Katayama et al., 2009). In fact, based
on our preliminary measurements of fine root production in the older forests, we found that IF
had higher fine root production than OF across both wet and dry periods (0.57 g m™ day™ in
IF versus 0.50 g m? day™ in OF), which was consistent with the higher SR in IF than in OF
(Figure 2.2.2D).

Temporal variations in SR and the environmental factors between the wet and the dry period
Regardless of forest stage, ST was lower, and SM was higher in the dry period than in the wet
period, which may correspond to the cool dry season in this region. In addition, this may be
attributed to low surface evaporation being blocked by the thick litter layer on the forest floor
as observed through high monthly litterfall production in the dry season of the same study sites
(averaged 2.07 and 1.10 g m~2 day * in the dry and the wet season, respectively, unpublished
data). The low surface evaporation may be consistent with lower evapotranspiration during the
(cool) dry season than in the wet season over the Chi and Mun river basins, where our site is
located, as estimated from a process-based model using satellite data from 2001 to 2015 (Zheng
et al., 2019). Also, high litterfall production may have facilitated the retention of soil moisture
because the increased volume of litter increased the time for soil drying or becoming saturated
(Ogée and Brunet, 2002). Similarly, soil OM was generally higher in the dry period across
forest succession, which may be associated with the higher litterfall in these sites during the
dry season. In all forest stages, SR was significantly higher in the wet than in the dry period
which is consistent with previous studies on soil respiration in various forests in Thailand
(Hashimoto et al., 2004; Adachi et al., 2009; Takahashi et al., 2011; Kume et al., 2013;
Boonriam et al., 2021).

The influence of environmental factors on SR

To gain insight into what factors play important roles in SR variation in these forests, we
investigated the relationships between SR and the main drivers including ST, SM, and soil OM.
Our results showed that ST and SM differently contributed to SR among forest stages and
temporally, which was likely due to the inherent canopy and site characteristics of each stage.
Overall, SR in our forests did not show a clear response to ST across both periods (Figure 3D).
However, the general exponential relationship between SR and ST was significant only in the
old-growth, undisturbed forest (Lang et al., 2017). Because canopy gaps were unequally
dispersed in OF while those in IF and YF were more uniform, the range of ST was larger in
OF across the wet and the dry period, possibly allowing high and significant variation of SR
with ST (Figure 2.2.3A). In terms of soil moisture, SR of all forest stages increased with SM
significantly only in the wet period (Figure 2.2.4D). This result indicated that low available
soil moisture in the warm wet period constrained SR and thus was important for controlling
microbial activity in these forests. In temperate and boreal forests, soil temperature has been
identified as the major driver for soil respiration (Hursh et al., 2017). In fact, most models for
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soil CO» efflux from these forests are empirical functions of soil temperature (Sugasti and
Pinzon, 2020). In tropical regions, however, mixed results have been reported. Soil respiration
of tropical forests is affected by both ST and SM in some sites (Sotta et al., 2006; Ohashi et al.,
2008; Boonriam et al., 2021), only affected by ST in both primary and secondary sites of
tropical montane forests in China (Zhou et al., 2013), and by only SM in various forests in
Thailand (Hashimoto et al., 2004; Kosugi et al., 2007; Adachi et al., 2005, 2009; Takahashi et
al., 2011). Another study has suggested that short-term variation in SR depends on ST, but SM
had greater effects on long-term variation in SR in central Amazonian forests (Sotta et al.,
2004). Therefore, the contribution of soil temperature and soil moisture to soil respiration rates
in global forests varies greatly and is highly site-specific with no clear spatial or temporal
variation.

Our data showed significant increases in SR of most forest stages with increasing soil
OM, with greater response in the dry period than in the wet period (Figure 2.2.5). Thus, organic
matter content in the soil was the main energy source for microbial activity that determined
soil CO> efflux in the dry period of these forests. As previously mentioned, this period
corresponded to high litter addition to the forest floor which may stimulate soil microbial
activity as shown in greater soil CO> release (Bréchet et al., 2017; Sayer et al. 2019, 2020).
Large variations in OM were observed across forest stages which may be explained by different
quantity and quality of litter input (i.e., litterfall and roots) and different rates of litter
decomposition in each stage. Note that the significant regression result for the wet period
(Figure 2.2.5D) was mostly due to large differences in OM between IF and the other sites.
Therefore, the observed significant pattern in the wet period may not represent the true response
of SR to OM.

Overall, our results are still preliminary and suggest that different factors contribute to
SR across spatial and temporal variation in our successional forests. In our forests, SM and OM
were the limiting factors that significantly explained variation in SR in the wet and in the dry
period, respectively, whereas ST might explain variation in SR of the old-growth forest with
its non-uniform canopy compared to the younger forest stages. However, due to the limited
data, further investigation including more sampling locations and higher frequency is needed
to confirm these findings.

2.2.5 Conclusions

We investigated spatial and temporal variations in soil respiration (SR) and its driving factors
including soil temperature (ST), soil moisture (SM), and organic matter content (OM), together
with their relationships. Our analyses showed that SR was generally higher in the wet period
and in older-stage forests (either primary or secondary). While ST has been identified as one
of the main factors influencing SR in temperate and boreal forests, we found no significant
relationships between SR and ST in our forests. However, in the old-growth forest where gaps
are usually non-uniformly scattered, ST and OM determined SR, and there were variations in
response patterns across forest stages and periods. Across the successional forests, SM was the
determining factor of SR in the wet period while OM significantly explained SR variations in
the dry period. Overall, the responses of SR to environmental factors were different across
successional forests and data collection periods. Our results suggest the incorporation of
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different responses in successional forests and site-specific information in modeling soil
respiration of tropical forests. Nevertheless, detailed investigations involving long-term and
high frequency measurements and sampling locations should be performed to confirm these
results.

HHHHHHH
Note: This work was published. Please refer to the publication in the Appendix.
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2.3 Sap flow measurement

Sap flux density is the amount of water flow in tree’s stem per unit sapwood area per time. It
is the main parameter that we will use for scaling up to canopy water and carbon fluxes (i.e.
canopy transpiration and canopy photosynthesis or GPP, respectively). We constructed sensors
for sap flux measurement based on the thermal dissipation design (Granier 1987). We set up
two systems of sap flux measurements in the old-growth (OF) and the young (YF) forest in
Khao Yai National Park because these sites have the flux towers that can supply continuous
electrical power to the datalogger used to collect sap flux data. For each site, we designed the
sampling scheme for trees that will be used for the measurement as follows. Because the sap
flux data will be used to scale up the entire forest canopy in the site, we need to consider the
size distribution of each forest and sample trees covering the range of size distribution. Within
each site, a plot of approximately 25 m radius around the respective tower is selected for sap
flux measurement. The 25-m radius plot is based on the maximum acceptable distance between
the measured trees and the datalogger for the sap flux measurements. In the 25 m plot, we select
2 trees from each size class to install sap flux sensors on. Data from these sap flux trees can be
scaled up to the canopy scale using various scaling approaches, such as using basal area or leaf
area index distribution of the forest, depending on the availability of canopy-scale data. In
addition to collecting sap flux data, we installed some meteorological sensors, including air
temperature and relative humidity, quantum sensor, wind speed and direction, and rain gauge
above the canopy or where gaps are. All weather sensors, including those measuring sap flux,
are connected to the same data logger which collects the 30-minute average values. Figure
2.3.1 shows the field campaign for the sap flux measurement set up during 12-13 September
2020. Currently, both systems have collected data since September 2020 for YF and since
December 2020 for OF. The selected trees for sap flux measurements and corresponding sizes,
expressed as diameter at breast height, are listed in Table 2.3.1.

Table 2.3.1 Selected tree species in the sap flux plots. DBH refers to diameter at breast height
incm.

Plot Species DBH (cm)

Mo Singto 1 (OF) | Altingia excelsa 21.2
Cinnamomum subavenium | 33
Eugenia syzygioides 13, 47
Eugenia grata 24.5
Nephelium melliferum 32
Aquilaria crassna 8,11.1, 15, 53

Nong Khing (YF) | Adinandra integerrima 5.3,6.5,11,11.3,13.7
Cratoxylum cochinchinensis | 8.2
Eugenia grata 17.8,18.7,22.4, 24.8
Eugenia cerasoides 6,11.9
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Figure 2.3.1 A field campaign for installations of sap flux sensors during 12-13 September
2020 at the Mo Singto 1 and Nong Khing sites, the old-growth and the young forests, where a
50m and 20m tower was established in.

To scale up sap flux data to canopy transpiration, we need information about sapwood
area which is the area in stem that transport water. This information is typically difficult to
access because the most direct method to determine sapwood areas is to cut trees and it is
usually not allowed. Therefore, we conducted a study to develop allometric equations for
estimating sapwood area of the dominant species within each sap flux site. First, we focus on
dominant species within each site based on the basal area ranking and the availability of trees
outside the study plots. We took some tree core samples from the trees outside the already
established study plots and measured sapwood depth using chemical stains. This study
culminated in a publication (Yaemphum et al., 2021, accepted). We will then apply the
allometric equations to estimate the sapwood areas of the entire study plots and calculate
canopy transpiration for each site, in combination with the sap flux data.

For this reporting period, we utilized the sap flux density data to explore the
performance of a Bayesian modeling framework called State-Space Canopy Conductance
(StaCC) model (Bell et al., 2015). The StaCC model was developed to overcome limitations
for scaling up the point measurements of sap flux density to tree and canopy level in some pine
and broadleaved species in temperate forests. The limitations include lacking the
considerations of time constant of water flow in stems which may contribute to the nighttime
transpiration and the gapfilling of data by simple interpolations. Because the StaCC model has
never been parameterized with data from tropical species. We tested the model using the sap
flux density data that were previously measured in potted trees of some tropical species,
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including Pterocarpus indicus, Lagerstroemia speciosa, and Swietenia macrophylla across wet
and dry seasons in 2017-2018. Specifically, we used the model to estimate whole-tree canopy
conductance and transpiration. The modeled results were validated using the measured values,
resulting in high R? (0.76-0.91). Overall, we successfully parameterized the model in tropical
species and therefore are planning to use this model to estimate canopy conductance of our
study sites where sap flux data are being monitored (OF and YF). The estimated canopy
conductance represents the linkage between water loss and carbon dioxide absorption by
forests and its variation with environmental factors would imply the responses of the forests to
climate variability. Results from the parameterization of StaCC model in tropical species was
published in January 2021 (Andriyas et al., 2021).

Here, we present some preliminary results of canopy conductance and transpiration
estimated from the StaCC model using the sap flux density data from the OF and YF sites.
Figure 2.3.2 shows temporal profiles of daily averaged canopy conductance and leaf
transpiration (canopy transpiration per unit leaf area) for the old-growth (OF) and the young
(YF) forest during parts of the dry and the wet season in 2020-2021. Note that YF had longer
data that covered parts of the wet season in 2020. We also examined diurnal patterns of these
parameters as shown in Figure 2.3.3. Overall, the results indicated that the young forest had
higher canopy conductance and leaf transpiration throughout both seasons which may imply
that the young forest is more active than the old-growth forest by allowing faster water and
carbon transports through stomata. Further investigations on the responses to the environmental
factors are being performed and will be summarized in a manuscript for publication in the
future.
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Figure 2.3.2 Estimated daily averaged canopy conductance and transpiration, Gt and E., for
each forest type and for wet (green) and dry (red) season. The only vertical dash line in OF
and the second vertical dash line in YF indicates the ending of the dry season (DOY 305 or
30" April 2021) while the first vertical dash line in YF ending of the first wet spell (31
October 2020). The shaded regions represent the 95% confidence intervals.
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Figure 2.3.3 Variations in A) Gy, and B) E. (averaged over 6 AM to 6 PM local time) during
the dry and wet season with the columns corresponding to the two forest types and seasons
plotted in green (wet) and red (dry).
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2.4 Litterfall dynamics
Litterfall dynamics was investigated by using the litter trap method over two years (October
2019 — October 2021). Total 20 litter traps were installed at each study site which was classified
into the different stages of forest development including the old-growth forest (OF),
intermediate secondary forest (IF), and early stage of secondary forest (YF). The litterfall was
collected once a month and oven—dried at 70 °C until having constant weight. Then the samples
were weighed separately into the categories of leaf, branch, and reproductive parts.

2.4.1 Litterfall production

During 28-29 September 2019, we installed litter traps for litterfall collection to study
the litterfall production in all three sites in Thailand (Figure 2.4.1). Then, we collected litterfall
that is trapped by these litter traps once a month. For each collection, the litterfall is oven dried
at 70 °C until constant weight is reached. Then, the dry samples are then separated into leaf,
branch, and fruits/flowers, and are weighed accordingly as dry mass. We started the collection

in October 2019 and continued for two full years.

© e
Figure 2.4.1 Installation of litter traps in the old-growth forest (OF) (a), intermediate forest

(IF) (b) and young forest (YF) (c) sites.
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Litter production rate during October 2019 to October 2021 showed a seasonal pattern
that litterfall was higher in the dry season compared to those of the wet season (Independent
samples t-test, p <0.05, Table 2.4.1). In December 2019, litterfall reached a peak in every stage
of forest development with the values of 3.58, 4.70, 2.36 g m day™ in the old-growth forest
(OF), intermediate forest (IF), and young forest (YF), respectively. The low litter production
followed the trend of low precipitation during the dry season. The rainfall in the late wet season
was 3.74 mm/day in October 2019 then dramatically decreased to 0.18 mm/day in November
2019 and remained low in the dry season with the values of 0.03 and 0.00 mm/day in December
2019 and January 2020, respectively. Therefore, the changing pattern of precipitation under the
global climate change might affect forest productivity at this study site, for example, lower
productivity of litterfall in the drought year and shifting pattern of litterfall seasonality

Table 2.4.1 Average litter production rates in the wet and the dry seasons across different
successional stages with statistical values tested by independent sample t-test.

Stages Litter production (g/m?/day) + SE t-value P
Wet season Dry season
OF 156 £0.14 2.15+0.18 -2.574 0.016
IF 1.27+£0.16 2.71+£0.27 -4.814 <0.001
YF 0.89+0.11 1.72+£0.11 -5.361 <0.001

Regardless of the seasons, litter production significantly differed among the three
successional stages (one-way ANOVA, F = 5.027, p = 0.009, Figure 2.4.2). The YF had
significantly lower litter production than that of the OF and IF. However, litter production in
the old—growth forest (OF) did not show the difference from that of the secondary forest in the
intermediate stage (IF). This implies the importance of secondary forest in a global carbon
cycle especially the stem exclusion stage or the intermediate stage that has high productivity,
in terms of litterfall, which is almost similar to the old—growth forest.
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Figure 2.4.2 Rates of litter production in the three successional stages of tropical forests at
Khao Yai National Park, the data was collected from October 2019 to October 2021 (the data
of March and April 2020 was absent due to the park closure under the COVID-19 situation).
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2.4.2 Leaf litter decomposition
The litter bags, which contain leaf litter from the study sites, were installed to determine
decomposition rate of the litterfall during the wet and dry seasons (Figure 2.4.3). Five litter
bags and one control bag, which contains filter papers, per site were installed. At 6, 14, 21, 28,
42 and 56 days after the installation (the wet season period covers 8 September — 3 November
2019 and the dry season period was from 8 December 2019 — 1 February 2020), we collected
one litter bag and a control, cleaned all the soils from the bags and dry them in an oven at 70
°C until constant weight is reached. Then, we weighed the leaf litter that is left in the bag and
use the values to determine the coefficient of decomposition (k) from the exponential function,
written as

y = 100e™** (2.4.1)
where vy is the dry weight of leaf litter that is left in the bag, expressed as percentage of the
initial weight, k is the coefficient of decomposition (day™) and x is time after the installation
of litter bags (day).

The results indicate that, in the wet season, the dry mass of leaf litter in the bags in all
sites continuously decreased after the installation (Figure 2.4.4). The k values in the wet season
for the old-growth forest (OF), intermediate forest (IF) and young forest (YF) are 0.013, 0.016
and 0.022, respectively. The remaining mass of litter in the dry season reduced during the first
five days of experiment and slightly decreased after ten days (Figure 2.4.4b). The k values in
the dry season are lower compared to those of the wet season with the values of 0.003 (OF),
0.003 (IF) and 0.002 (YF). The different decomposition rates between the wet and dry seasons
implied that the seasonality and climates play the important role determining the processes of
carbon and nutrient fluxes via litter decomposition in this forest.
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Figure 2.4.4 Average decomposition rate of litterfall in the Thai forests in the wet (a) and dry
season (b). The wet season study period was from 8 September — 3 November 2019 and the
dry season period was from 8 December 2019 — 1 February 2020. Symbols represent data
points for OF (L), IF (A), and YF (O) while lines show the regression in the form of
exponential function for OF (----), IF (--), and YF (—). OF, IF, and YF denote the old-growth
forest, intermediate forest, and young forest, respectively.
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2.5 Tree hydraulics

Midday leaf water potential (\Viear), Which is one of
the tree hydraulic parameters studied in this
research, was measured using a pressure chamber
(PMS instrument, Albany, OR). To minimize the
variation of studied trees exposing to sunlight, the
duration of measurement was set from 10.00-14.00
on rain-free days in both dry and wet seasons. This
measurement was done on three mature and fully AR ,
expanded sunlit leaves, which were randomly Figure 2.5.1 Field measurement of midday leaf
selected from the same trees used for gas exchange \ater potential at the old-growth forest.
measurement. The differences in midday leaf water potential among different tree species in
each plot and the species found in multiple sites were compared using one-way ANOVA
analysis and T-test. All analyses were performed using R (version 3.5.2) and graphs were
created from SigmaPlot (Systat Software, Inc., San Jose, California, USA).

Plant water status can be designated by ‘Wiear, Which always has a negative value. Trees
with low Wiesr Values (more negative) could be implied that they are experiencing water stress
from either insufficient soil water availability, or high atmospheric evaporative demand. Based
on the preliminary results, Wiear Was observed to be lower in drier environments. The species
existing in drier environment had lower Wiesr values in comparison to those occurred in wetter
environment. From Figure 2.5.1, trees growing in YF had lower average W\eaf values compared
to trees in OF or IF (P<0.0001), probably because of its drier conditions. This difference was
more obvious during dry season. Comparing e for each study site, it was observed that Ve
was significantly lower in dry season than in wet season at all sites (P<0.0001).
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Figure 2.5.1 Midday leaf water potential of dominant tree species in Khao Yai National Park
during dry and wet seasons. White, light grey, and dark grey bars represent the dominant tree
species found in primary forest (OF), late-secondary forest (IF), and early secondary forest
(YF), respectively. Error bars indicate one standard deviation and letters show results of post-
hoc analysis with the Tukey’s test at P<0.05.
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For species found in multiple sites, the difference in Wiear Was observed either between
sites or between seasons. S. cochinchinensis had the lowest Wiearin YF, while this parameter
was significantly similar in OF and IF. Comparing between the seasons, Wiearin OF and IF were
observed to be significantly different for this species (P<0.001) (Figure 2.5.2A). For S.
wallichii, lower Wesr was found in OF compared to that in IF in both seasons (P<0.01). Only
in IF that Wiear was affected by seasonal change for this species (P=0.023) (Figure 2.5.2B). E.
cerasoides had lower Wiearin YF during wet season (P<0.01); however, there was no difference
during dry season in both IF and YF. Wear OF this species had affected by the seasonal variation
in both study sites (P<0.01) (Figure 2.5.2C).
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Figure 2.5.2 Midday leaf water potential of the species found in multiple sites in Khao Yai
National Park for the dry (white bars) and the wet (dark grey bars) seasons. MST1, MST2 and
SIS4 denote old-growth forest (OF), intermediate forest (IF) and young forest (YF),
respectively. Error bars indicate one standard deviation and letters show results of (A) post-
hoc analysis with the Tukey’s test and (B) and (C) T-test at P<0.05.

The resistance of a species to cavitation can be described by a vulnerability curve, which
shows the percentage loss of hydraulic conductivity (PLC) due to cavitation over a range of
xylem pressure. To create a vulnerability curve, air-injection method was performed (Sperry
and Saliendra, 1994) on 2-3 roots of dominant tree species collected from topsoil (10-25 cm)
in early-secondary forest (YF). The principle of this method is to measure loss of conductivity
in plant samples, while cavitation is manually induced by elevated air pressurization using a
pressure chamber (PMS instrument, Albany, OR). In this study, the xylem pressure at which
50% conductivity is lost (Pso) was used to estimate xylem vulnerability to cavitation since it is
a convenient representation of the range of cavitation pressures that has been widely used to
compare cavitation resistance among and within species (Anderegg et al., 2016; Johnson et al.,
2016; Pérez-Harguindeguy et al., 2016).

Xylem vulnerability to cavitation indicates the risk of hydraulic failure (a failure to
transport water from root to tree crowns in plants) during water stress. A species that is
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vulnerable to cavitation (having low Pso) should be more prone to hydraulic failure due to its
lower ability to tolerate high xylem pressure. Considering all species within each forest stage,
xylem vulnerability to embolism, represented by the xylem pressure inducing 50% loss of
hydraulic conductivity (Pso), did not vary across forest successions (one-way ANOVA, p =
0.123). At the forest level, xylem vulnerability ranged from potentially more vulnerable in OF
(-2.87 £ 0.30 MPa) to less vulnerable in IF (-3.04 £ 0.18 MPa) and in YF (-3.71 £ 0.39 MPa).
Sensitivity to embolism was higher in OF (73.70 + 21.60 % MPa™?) than in IF (26.80 + 1.25 %
MPa1) and YF (23.40 + 1.05 % MPal). For the species occupying multiple forest stages,
vulnerability to xylem embolism was generally comparable across forest successions. S.
cochinchinensis exhibited similar Pso across successions (one-way ANOVA, p = 0.687), by
having Pso of -3.27 + 0.04 MPa in OF, -3.39 £ 0.03 MPa in IF, and -3.24 + 0.21 MPa in YF.
The same trend was also found in S. nervosum (independent sample t-test, p = 0.762), by having
Pso of -2.30 = 0.17 and -2.24 £ 0.03 MPa in IF and YF, respectively. In contrast, significant
difference in Pso was found in S. wallichii between the two forest successions (independent
sample t-test, p < 0.05), with 0.45 MPa lower in OF than in IF.

Within each forest successional stage, xylem vulnerability varied greatly among the
dominant tree species (one-way ANOVA, p < 0.05, Figure 2.5.3). In OF, the lowest Psq was
found in I. chevalieri (-4.17 £ 0.08 MPa, Figure 2.5.3C) whereas the highest Pso was found in
D. gracilis (-0.89 + 0.01 MPa, Figure 2.5.3A). Slopes of vulnerability curves were comparable
across the dominant tree species in OF, except for D. gracilis that had the steepest slope than
the others. PLCqy differed substantially across species in OF, in which 1. chevalieri
experienced relatively lower impact during the dry season (1.02 %, Figure 2.5.3C) while a
greater impact was observed in S. sigun (6.45%, Figure 2.5.3B) and S. wallichii (7.78%, Figure
2.5.3E). In IF, E. acuminata (Figure 2.5.3H) was the most while S. nervosum (Figure 2.5.3J)
was the least resistant to xylem embolism (-4.01 + 0.10 MPa and -2.30 + 0.17 MPa,
respectively) compared to other coexisting species. Sensitivity to xylem embolism was higher
in S. cochinchinensis than the rest of the species in IF. S. cochinchinensis in IF also responded
less to potentially dry conditions in the dry season by losing relatively small hydraulic
conductivity at midday (2.79 %, Figure 2.5.31) while M. gamblei in IF reacted more by further
losing the hydraulic conductivity in the dry season (25.77 %, Figure 2.5.3G). In YF, A.
integerrima (Figure 2.5.3M) displayed the lowest Pso value at -5.97 + 0.06 MPa, with low
response to dry conditions as observed from midday PLCgry (1.40 %). C. cochinchinense
(Figure 2.5.3K), however, had the highest Psg (-2.39 + 0.25 MPa), with the greatest response
from losing hydraulic conductivity in the dry season (52.77 %) compared to the other species.
The steepest slope of vulnerability curve in YF was measured in S. nervosum.

67



Old-growth forest (OF) Intermediate forest (IF) Young forest (YF)

[ )
80 A * E . 1

100

60 - . : .

40 1

20 4 Al T .

D. gracilis

|
|
F| : . : K
S. wallichii Y | C. cochinchinense

100

L L]

80 - ] { 8. antisepticum

60

40

|

|
20 - : G
[ M. gamblei

100
80
60

40

20 H

E. acuminata

1. chevalieri

100

Loss of hydraulic conductivity (%)

80 1

60 -

40

20 D | | N
0 S. cochinchinensis : S. cochinchinensis S. nervosum
100
[ ]
80 - o
60 -
_______ . S
40 - | |
| 4
20 A : E J I 0
0 " S. wallichii S. nervosum e ! S. cochinchinensis

o 4 2 3 4 5 6 7 80 4 2 3 4 5 -6 7 80 4 -2 3 4 5 6 -7 -8

Xylem pressure (MPa)

Figure 2.5.3 Vulnerability of xylem to embolism of branches from dominant tree species from
different successions in Khao Yai National Park, Thailand. Mean vulnerability curves are
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species. The gray dashed line indicates the xylem pressure at 50% loss of hydraulic
conductivity (Pso).
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Note: The manuscript for this work is in preparation. Please see the draft in the Appendix.
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Objective 3

The future impacts of climate change on forest biomass, productivity, and diversity.
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We proposed to use a multilayered hydraulically driven soil-vegetation—atmosphere carbon
and water transfer model (SPA, Williams et al. 2001) to estimate water balance and forest
productivity of the forest ecosystems and analyze the variations of these parameters under
different climate change scenarios. However, due to the difficulties in obtaining specific
parameters for the models, we could not proceed with this plan. We therefore show an analysis
of the vulnerability to xylem cavitation of tree species from different forests in Thailand and
China, with implications for the drought tolerance of the forests. Because drought is predicted
to increase and prolong in this region, we believe that it is useful to understand how different
forests across climatic region are vulnerable to drought.

For the analysis, we used the xylem pressure inducing 50% loss of hydraulic
conductivity (Pso) as a parameter that represents the vulnerability of a tree species to xylem
cavitation. As previously explained, the lower P50 means the more tolerant to drought and thus
more vulnerable to hydraulic failure. Previous studies showed that vulnerability to hydraulic
failure predicts drought-induced mortality in tree species in temperate and tropical forests
(Brodibb and Cochard, 2009; Barigah et al., 2013; Urli et al., 2013; Rowland et al., 2015). The
distribution of plant species along environmental gradients can be significantly affected by
their vulnerability to xylem cavitation (Pockman and Sperry, 2000). In fact, global meta-
analyses have shown that P50 is related to climate variables such as mean annual precipitation
(MAP) and mean annual temperature (MAT) (Choat et al., 2012; Mabherali et al., 2004). The
studies suggested that tropical evergreen species native to high rainfall areas are among the
most vulnerable species. Here, we preliminarily investigated the relationship between P50 of
dominant tree species in five forest sites in Thailand and China. Table 3.1 shows the
information of these sites as available. Specifically, we considered site elevation, MAT, MAP,
and mean canopy height as the independent variables. Figure 3.1 shows the result.

Table 3.1 Site information of the studied forests in China (Xishuangbanna and Yuanjiang) and
successional forests in Thailand (old-growth forest (OF), intermediate forest (IF) and young
forest (YF)). MAT and MAP are mean annual temperature and precipitation, respectively. LAI
refers to leaf area index which is the leaf surface area per unit ground area.

Variables | Xishuangba | Yuanjiang OF IF YF
nna (YJ)
(XSB)
Geographi | 21°55°39°’ N, | 23°28°26”" | 14°26'31.33 | 14°26'31.33" | 14°25'11.3"N
cal 101°15°55 | N, "N N 101°22'30"E
location E 102°10°39” | 101°21'52.1 | 101°21'52.10
E "E "E
Altitude 780 480 750 750 750
(m)
MAT (°C) | 21.0 23.05 224 224 22.4
MAP 1532 787 2073 2073 2073
(mm)
Soil type Latosol n/a Gray- Gray- Gray-
Brown soil Brown soil Brown soil
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Dominant | Terminalia n/a Dipterocarp | Schima Cratoxylum
species myriocarpa, us gracilis, | wallichii, cochinchinens
Barringtonia Sloanea Machilus is, Eugenia
pendula, sigun, gamblei, grata,
Saprosma Symplocos Eurya Adinandra
ternatum, cochinchine | acuminata integerrima
nsis
Forest Seasonal Savanna Seasonal Seasonal Seasonal
type evergreen evergreen evergreen evergreen
forest forest forest forest
Mean 40 5 35 25 15
canopy
height (m)
LAI ~5 n/a ~5 ~6 n/a
(m? m?)
0 0
A B
4 XSB 14
OF,|IF.YF
-2 -2
= 5 XSB
X OF IF,YIF
-4 - -4 -
s L YJ
o -6 T T T T T T -6 T T T T T
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Figure 3.1 Scatter plots showing the association between P50 and parameters that represent
site conditions including elevation, MAT, MAP and mean canopy height. Data are the averages
with one standard deviation of the measure species within each site shown in Table 3.1.

Because of the small number of data points, we did not perform any statistical analysis
on the data set. Rather, we will discuss these results based on the observed trends in the scatter

plots. Generally, the results in Figure 3.1 agree with the findings presented in previous synthetic
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studies. Species in high elevation site tends to be more vulnerable to drought with increasing
P50 (Figure 3.1A), similar to observations in some rain forest species on a tropical island
(Trueba et al., 2017). This trend coincides with the high vulnerability to drought in colder sites
(Figure 3.1B) which was also found in previous studies (Maherali et al., 2014; Trueba et al.,
2017). According to a global analysis, species growing in high rainfall region are more
vulnerable to drought (Choat et al., 2012); however, such trend is not obvious in our result with
relatively low P50 in the moist forest (Figure 3.1C). Finally, tall forests seem to be more
vulnerable to drought (Figure 3.1D) which may be supported by the hydraulic limitation
hypothesis. The hypothesis suggests that reduced growth in taller trees results from decreased
hydraulic conductance due to the longer root-to-leaf pathway (Ryan et al., 2006). These results
informed us about the risks of forest to future drought based on their current site conditions.
For example, forests in wet climate may not survive droughts compared to those in the dry
climate. Tall forests may be more prone to drought-induced mortality than the shorter ones.
However, other local factors, such as nutrient and soil moisture conditions, may mediate such
effects and changed the results. Nevertheless, this preliminary synthetic analysis calls for more
studies in forests across environmental gradients.

(Associate Professor Pantana Tor-ngern, Ph.D.)
Principal Investigator
Date:
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Abstract: Tropical forests play important roles in global carbon cycling. Tree-ring analysis can pro-
vide important information for understanding long-term trends in carbon-fixation capacity under
climate change. However, tree-ring studies in tropical regions are limited. We carried out a tree-ring
analysis to investigate the dendrochronological potential of the tropical forest tree Choerospondias
axillaris (Anacardiaceae) in east-central Thailand. Our study focused on growth-climate relationships
and long-term growth trends. A chronology was constructed covering the period from 1932 to
2019. The tree-ring width index of C. axillaris was positively correlated with precipitation in June,
July, and October. Furthermore, growth of C. axillaris was positively correlated with the Standard-
ized Precipitation-Evapotranspiration Index (SPEI) from July to October, indicating that growth of
C. axillaris is mainly limited by moisture availability in the late monsoon season. Moving correlation
analysis further revealed the consistency and temporal stability of the relationship of tree growth
with monsoon season precipitation and SPEI during the period under study. There was a significant
increasing trend in long-term growth from 1932 to 2002 (slope = 0.017, p < 0.001); however, long-term
growth decreased from 2003 to 2019 (slope = —0.014, p < 0.001). Our study provides important
insight into the growth-climate correlations of a broad-leaved tree species in a dry evergreen forest in
tropical Asia.
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1. Introduction

Climate change has major impacts on natural ecosystems worldwide. The most
significant evidence for climate change is rising temperatures and the increasing frequency
of extreme events, such as extreme drought, violent storms, and severe flooding [1]. Climate
change and related increases in climate extremes have affected tree growth and forest
productivity globally [2,3], including in tropical regions [4,5], the Himalayas [6,7] and
Europe [8,9]. Tree-ring analysis can provide important information on climate change [10].
Tree rings provide a long-term record of past climates, and record environmental signals
over the entire lifespan of a tree, both directly and indirectly [11]. The physiological
mechanisms underlying variation in tree radial growth are complex, and are affected by
climatic factors (e.g., precipitation and temperature), mean site conditions, and species
characteristics [5,7]. The sensitivity of tree growth to climate may change over time,
depending on the severity of climate change [8]. Positive and negative effects of climatic
factors can be read from the relative width of the rings [12,13].

Tropical forests are known biodiversity hotspots. They have an important role
in the global carbon cycle and are important for natural solutions to mitigate climate
change [14,15]. The main factors that influence tropical tree growth in addition to climatic
factors are soil factors (texture, structure, moisture, and nutrients) and topographic factors
(elevation, slope, and aspect) [12,13]. Dendrochronology is the scientific method of the
dating of trees and investigating tree growth-climate relationships [16]. There are no strong
limiting climatic factors for tree growth in tropical regions, so cross-dating is a challenge
for tropical trees. Several techniques can be used to study the responses of tropical tree
species to climate variation, including analysis of tree-ring width, cambial activity, wood
anatomy, and stable isotopes (13C and 80) [17].

Increasing numbers of tree species in tropical regions have been found to form clear
ring boundaries and have dendrochronological potential [11,13,18-20]. The growth of
tropical tree species is positively correlated with precipitation and negatively correlated
with temperature [2]. Climate change was not found to stimulate growth in tropical tree
species across Cameroon, Bolivia, and Thailand [3]. However, most studies have thus far
focused on conifer species; it is important to expand our knowledge in tropical broad-leaved
species, as these species tend to play more important roles in tropical ecosystems.

Choerospondias axillaris (Anacardiaceae) is a deciduous tree with semi-ring porous
wood [21]. It is widely distributed in tropical Asia [22] and is economically important
in Southeast Asian countries [23]. Tree-ring boundaries in C. axillaris are very distinct
(Figure S1). This trait forms the basis for this first dendroclimatic study on C. axillaris,
which focused on the Mo Singto ForestGEO plot in Khao Yai National Park, east-central
Thailand. The aim of this study was to use tree-ring width measurement to: (1) establish a
tree-ring width chronology for C. axillaris, (2) determine the relationships between tree-ring
width and climatic factors, and (3) reveal the long-term growth patterns of this tree species.
We hypothesized that low moisture availability during growing season is the main climatic
factor controlling the radial growth of C. axillaris, and increased year-to-year variability and
rapid climate change will have negative impacts on tree-growth trend in recent decades.

2. Materials and Methods
2.1. Study Area and Climate

The study was conducted in the Mo Singto ForestGEO plot in Khao Yai National
Park, east-central Thailand (latitude 101°22" E, longitude 14°26 N, elevation 725 to 815 m
above sea level). The plot is located in broad-leaved, seasonal evergreen forest in which
some species are briefly deciduous (Figure 1) [24]. The annual mean temperature and
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total annual precipitation of the study area for the period of 1994 to 2019 were 22.5 °C
and 2002 mm, respectively. The mean monthly temperature of the warmest month was
23.9 °C (May), and of the coldest month was 19.8 °C (January). The monsoon season
was from the middle of May to the middle of November. September was the month with
highest precipitation (approx. 350 mm). Since only a relatively short period of climate
data (1994 to 2019) were available from the Mo Singto (Khao Yai National Park) station, we
supplemented it with gridded monthly precipitation, temperature (maximum, mean, and
minimum), and Standardized Precipitation-Evapotranspiration Index (SPEI) derived from
the Climate Research Unit Time Series (CRU TS4.04; https:/ /crudata.uea.ac.uk/cru/data/,
accessed on 21 November 2021) [25]. We extracted data for the period 1932 to 2018 at
latitude 14°26’ N to 14°27' N and longitude 101°21’ E to 101°22' E. The mean annual
temperature and total annual precipitation for the CRU TS data were 27.3 °C and 1702 mm,
respectively. The mean monthly maximum temperature of the warmest month (September)
was 35.4 °C and the minimum temperature of the coldest month (December) was 18.4 °C.
The long-term trends for climate in the CRU TS data and the Mo Singto area had similar
patterns (Figures 2 and S2). However, the Mo Singto climate data were more variable than
the CRU TS climate data. Precipitation in Mo Singto was higher and the mean annual
temperature was lower than in the CRU TS data (Figure S2). These differences were likely
due to the fact that the official provincial weather stations that the CRU TS data rely on are
located in the lowlands (<400 m msl) that surround the mountain that Khao Yai National
Park encompasses.
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Figure 1. Map of the study area showing topography and the sampling location of Choerospondias
axillaris trees (blue circles) in Mo Singto ForestGEO, Khao Yai National Park, Thailand. The distance
between the contour lines is 10 m.
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Figure 2. Climatic Research Unit Time Series (CRU TS) gridded climate data for the study area. (a) Walter and Lieth CRU
climograph showing monthly temperature (red line) and precipitation (blue line). Red dots, vertical blue lines, and dark

blue shape indicate dry period, humid period, and wet period, respectively. At the top are the mean annual temperature and

mean annual precipitation. Mean monthly maximum temperature of the warmest month (September) and mean minimum

temperature of the coldest month (December) are shown in black on the left. Blue lines show long-term climate trends for

(b) precipitation, (c) mean temperature, and (d) Standardized Precipitation-Evapotranspiration Index (SPEI) covering the
analysis period 1932 to 2019.

2.2. Study Species

Choerospondias axillaris (Roxb.) Burtt & Hill (Anacardiaceae), commonly known as
Nepali Hog Plum, is widely distributed in tropical and subtropical Asia, mainly in China,
Nepal, India, Japan, and the Indochina peninsula region [26]. It is a common canopy
species in the Mo Singto plot with a density of about 5.6 trees ha! for trees at least 10 cm
in diameter at breast height (DBH) [24]. The main canopy species at Mo Singto are Illex
chevalieri, Sloanea Sigun, and Dipterocarpus gracilis, which together comprise 17.7% of the
individuals in the plot. The basal area of C. axillaris is ranked third in the plot. Live,
standing C. axillaris at the Mo Singto plot can reach 112 cm DBH, and 30 m height [24]. It
is a fast-growing deciduous tree species in secondary forest, and usually grows on heavy
clay or sandy clay soils [27]. The flowering period of C. axillaris in Mo Singto is January
to March, while fruiting is June to November [28]. The cambium of C. axillaris is most
active during the transition from dry to wet season (March) [29]. Choerospondias axillaris is
a shade-intolerant, successional species that is used in forest restoration projects [30]. The
species has a unimodal size distribution on the Mo Singto plot and is not regenerating in
the old-growth forest of the plot (Figure S4). The fruit of C. axillaris is an important food
for gibbon in the Mo Sinto plot.

2.3. Sampling, Sample Preparation, Tree Ring-Width Measurement and Cross-Dating

We collected 258 cores from 133 trees, with one to three cores per tree at breast height
(1.30 m above the ground), using an increment borer (Haglof Sweden). Samples were
collected in January 2020. Samples were dried at ambient temperature in the laboratory and
then mounted into wooden core frames. The dried cores were polished using progressively
finer grades of sandpapers until the ring boundaries were clearly visible, following standard
dendrochronological techniques [31]. Tree-ring width was measured at a precision of
0.001 mm under a stereomicroscope connected to a digital positioning table (LINTAB™
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6, Rinntech, Heidelberg, Germany). Cores of C. axillaris showed distinct ring boundaries
with ring-porous to semi ring-porous anatomical features. The early wood had larger
vessels, compared to smaller vessels in late wood (Figure S1). The cross-dating of tree-ring
width to calendar year of formation was done by visual growth pattern matching and
statistical tests (sign test, f-test, and cross-date index) using TSAP-Win software (Rinn,
2003). The quality of cross-dating was further assessed with COFECHA software [32]. We
removed cores with indistinct ring boundaries and cores that only covered a short period
of time. Finally, 100 cores from 56 C. axillaris trees were successfully cross-dated and used
for further analyses.

Raw tree-ring width data were standardized using cubic smoothing splines with
a 50% frequency cut-off equal to two-thirds of the series length [33] using the “dpIR”
package [34] in R software [35]. We averaged all of the de-trended series into a mean
standard chronology by computing the bi-weight robust mean. Average radial growth rate
(AGR, mm year~!) was calculated for the raw ring-width series, while mean sensitivity
(MS) was calculated for the standard chronology. Mean sensitivity, ranging from 0 to 1,
indicates year-to-year variation in tree-ring width. Mean sensitivity would approach 0 as
tree rings became more similar in width, while mean sensitivity would approach 1 as rings
became absent [11,36]. The inter-series correlation (Rbar) and the expressed population
signal (EPS) were calculated with 30-year moving windows and 15-year overlaps. Rbar
indicates the common signal strength (i.e., the growth synchrony) across the chronology,
while EPS is an arbitrary threshold of shared population variance among the individual
tree-ring series used to assess the quality of the derived chronology. A value of 0.85 is often
used as an appropriate threshold for dendroclimatological purposes [37,38].

2.4. Growth-Climate Relationships

Growth-climate analyses were done using residual chronologies, since residual chronolo-
gies excluding tree-level autocorrelation are likely to contain more climate information [12].
Growth-climate relationships were analyzed by computing Pearson’s correlation coeffi-
cients between ring-width residual chronologies for C. axillaris and the extracted monthly
CRU TS climate data using SPSS [39]. A 17-month window from the previous August
to the current December was used for each year over the period 1932 to 2019. We did
moving correlation analysis (30-year moving windows) to determine the temporal stability
of growth-climate relationships using the package “treeclim” [40] in R [35].

2.5. Long-Term Growth Trends

Basal area increment (BAI) was calculated from the raw measurements of ring width
using the “bai.out” function in the “dpIR” package [41], assuming each ring was uniform
and represented a circular cross-section of the tree. The BAI was calculated according to
the following equation [42]:

BAL=m (R? ¢ — R* 1) M

where R is the tree radius at breast height and t is the year of tree ring formation.
Changes in long-term growth trends of C. axillaris were identified by analyzing the
break points in BAI for each individual tree using the “segmented” package in R [43]. The
year 2003 had the highest frequency of break points according to the density distribution
for break points (Figure S5). Therefore, we split the BAI into two sub-periods (1932 to
2002 and 2003 to 2019), and the growth trend for each of these sub-periods was analyzed
separately. The trends in BAI were analyzed using linear mixed-effect models by using
“Year” as the fixed effect and “TreeID” as the random effect in the “Ime4” package in R [44].

BAI = Year + (11 Year/ TreelD) 2)
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3. Results
3.1. Characteristics Tree-Ring Chronology for Choerospondias axillaris at Mo Singto

The tree-ring width chronology of C. axillaris at Mo Singto spanned the period 1932
to 2019 (88 years). The AGR was 3.79 mm year_1 (Table 1). Mean sensitivity was 0.412,
and Rbar was 0.297. The EPS value (0.968) for the chronology surpassed the recommended
criteria of 0.85 for the period 1932 to 2019, indicating that the entire 88-year chronology
was acceptable for dendroclimatic analysis (Figure 3).

Table 1. Sampling site characteristics and chronology statistics for Choerospondias axillaris at Mo Singto, Khao Yai National

Park, east-central Thailand.

Latitude Longitude Elevation Cores/ Time 1
©N) CE) (m asl) Trees Span AGR (mm year—1)  MSL (yr) MS Rbar EPS
14.26 101.22 725—815 100/56 1932—2019 3.79 65 0.412 0.297 0.968

Note: AGR, Average growth rate; MSL, Mean segment length; MS, Mean sensitivity, Rbar, Inter-series correlation; EPS, Express population
signal. AGR was calculated from the raw series, while MS, Rbar, and EPS were calculated after de-trending.

1.00 @ 0.40
a
0.95 - —/—/: - 0.35
of - of
5090 . - 030 3
& &
0.85 - F 0.25
- EPS
rbar
0.80 T T T T 0.20
1940 1960 1980 2000
Year

Ring-width chronology
Sample depth

1940 1960 1980 2000
Year

Figure 3. The residual chronology of Choerospondias axillaris at Mo Singto, Khao Yai National Park,
east-central Thailand. (a) Running Expressed Population Signal (EPS) and running inter-series
correlation (Rbar), and (b) C. axillaris residual chronology (grey line) with 10-year low pass filter (red
line) and sample depth (grey area).

3.2. Growth-Climate Relationships

The tree-ring width index for C. axillaris was significantly and positively correlated
with precipitation in June, July, and October. Similarly, tree-ring width index positively
responded to SPEI during the monsoon season (July to October). However, there were no
significant correlations between the tree-ring width index and mean temperature through-
out the year (Figure 4). Moving correlation analysis revealed the consistency and temporal
stability of tree growth with precipitation and SPEI during the study period. There were
significant and positive correlations between tree-ring width index and precipitation in the
late monsoon season (July to October) over the analysis period (1932 to 2019); the correla-
tion was weaker during the earlier part of the analysis period, and gradually strengthened
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over more recent decades. Conversely, the correlation between tree-ring width index and
precipitation in June was significant during the early period, but became non-significant in
more recent decades. The tree-ring index of C. axillaris was significantly and negatively
correlated with SPEI during the second half of the year (July to December), and this corre-
lation became stronger in the recent decades (Figure 5). However, correlations between
mean temperature and tree growth were not stable throughout the analysis period.

0.5

(a) Precipitation

0.3

Coefficient
o
(=]

=0.3
—-0.5
PAPSPOpPpNPD J FM A M J J A S OND
Month
0.5
(b) Mean temperature
0.3
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o
=]

PAPSPOPpNPD J FM A M J J A S O N D
Month

(c) SPEI

) IIII

PAPSPOpPpNPD J FM A M J J A S O ND
Month

Coefficient
o
=]

|
=]
s

Figure 4. Correlation coefficients for Choerospondias axillaris tree-ring width index with
monthly mean climate data. (a) Precipitation, (b) mean temperature, and (c) Standardized
Precipitation—Evapotranspiration Index (SPEI). Blue and grey bars indicate statistically significant
(p < 0.05) and non-significant (p > 0.05) correlations, respectively. p, month in the previous year.
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Figure 5.

(a) precipitation, (b) mean temperature, and (c) Standardized Precipitation-Evapotranspiration Index
(SPEI). The correlation coefficients were computed from CRU TS climate data during the period

of 1934 to 2019 for 30-year moving windows with a two-year offset. Color represents the scale of

correlation coefficients ranging from positive (purple) to negative (brown). Significant correlation

coefficients at 95% confidence level are indicated by white asterisks.
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3.3. Long-Term Growth Trend and Climate Responses

The long-term growth of C. axillaris had a continually increasing trend from 1932 to
2002 (slope = 0.017, p < 0.001). However, growth had a significantly declining trend from
2003 to 2019 (slope = —0.014, p < 0.001) (Figure 6).

6 Slope = 0.017*** Slope = -0.014***
4
=
<
8
on
Q
—
2
0
1930 1950 1970 1990 2010

Year

Figure 6. Long—term trends for basal area increment in Choerospondias axillaris at Mo Singto during
the period 1932 to 2002 (blue) and 2003 to 2019 (red). Black lines represent growth trends modeled
using linear mixed-effects models with “Year” as fixed factor, and “treeID” as a random factor. The
slope of the fixed effect “Year” and the significance level from 1932 to 2002 and from 2003 to 2019 are
given at the top (***, p < 0.001).

4. Discussion
4.1. Choerospondias axillaris Chronology Characteristics

Our study established a new tree-ring chronology for C. axillaris spanning from 1932
to 2019. Since only a few broad-leaved tree species have been studied in tropical regions,
our study provided important information about the growth-climate relationships of
tropical trees. Mean sensitivity (MS = 0.412) of this species was comparable to existing
dendroclimatic studies for broad-leaved species from the tropics of Southeast Asia [45-48],
indicating that growth of C. axillaris was highly responsive to year-to-year climatic variation.
The Rbar was higher after 1985, indicating that the environmental influence on growth
became stronger during recent decades. The EPS (0.968) of this chronology indicated that
this species was reliable for dendroclimatic analysis [11].

We found that the tree-ring width chronology of C. axillaris had a rather high short-
term variation, which may relate to the impact of fruit production. There is usually an
inverse relationship between radial growth and fruit production [49,50]. Chanthorn and
Brockelman (2008) observed that fruit production in the year 2004 was high (with abundant
seeds in the field), whereas fruit production in the year 2005 was low (with fewer seeds
in the field) [28]. High fruit production in 2004 corresponded to a narrower ring width
index (0.76), whereas low fruit production in 2005 corresponded to a wider ring-width
index (1.23). However, since long-term fruit production data were lacking, the relationship
between radial growth and fruit production requires further study.

4.2. Growth—Climate Relationships

Our study found that the growth of C. axillaris was mainly limited by moisture
availability in the monsoon season. Monsoon precipitation was found to limit the growth
of teak (Tectona grandis) in Myanmar [45]. However, moisture availability during the dry
season, or dry-to-wet season transition, was found to be the main limiting factor for tree
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growth in tropical regions [48]. Pumijumnong and Buajan found that precipitation during
March was the main factor influencing cambial activity of C. axillaris at the Mo Singto
plot [29]. Although the cambial activity of tree species is related to climate in the transition
season, maximum radial growth of tropical tree species occurs mainly in the late monsoon
season (July to October) [51]. Our study found that the growth of C. axillaris was positively
correlated with SPEI from July to October, which further confirmed that growth was limited
by moisture availability in the late monsoon season.

Previous studies found that radial growth of tropical tree species was negatively
correlated with temperature in the dry season and dry-to-wet transition in seasonally dry
forests [48,52]. A higher temperature in the dry season increased evapotranspiration and
induced water deficit [53], which further limits tree growth. However, we did not find
a significant correlation between the radial growth of C. axillaris and temperature. It is
possible that the mean temperature at this site was sufficiently low that evapotranspiration
had not induced water deficit. The correlation between tree growth and July-to-October
precipitation became stronger in recent years, which was similar to studies on Pinus latteri
in Northeastern Thailand [54] and Pinus sylvestris in Poland [55].

Individual genetic variation and topographic variables (slope, aspect, and elevation)
will also impact tree growth-climate relations [13]. The relationships between fruit pro-
duction and wood radial growth may also impact the growth-climate relationships for
C. axillaris. Mund et al. (2020) [49] found that fruit production was negatively correlated
with May precipitation, whereas wood growth was positively correlated with May precipi-
tation. A precise understanding of climate-growth correlations needs to include long-term
monitoring of fruiting.

4.3. Long-Term Growth Trends of Choerospondias axillaris

Our study revealed that the growth of C. axillaris in the Mo Singto plot had a continu-
ally increasing trend early in the analysis period, but that growth rate declined in recent
decades, especially after the year 2003. These results were consistent with a previous study
in which the growth trend of P. laterri in Thailand had an increasing trend from 1951 to
1984, but a decreasing trend from 1985 to 2017 [54,56]. Growth over time also decreased for
four broad-leaved tree species in Thailand [57]. The decreasing growth trend for C. axillaris
in recent years could be related to increasing temperature and/or the decreasing trend in
precipitation at the study site. Changes in temperature and precipitation may have affected
tree growth in the last decades more widely [58]. Battipaglia et al. (2015) showed that
decreasing growth for three tropical tree species from Central Africa was related to the
increase in local temperature [59]. Van Der Sleen et al. (2015) found that there was no
growth stimulation with the increase of water-use efficiency across three tropical forests
worldwide [5]. The decrease in growth for C. axillaris in recent decades may also be related
to the aging of the individual plants. The population of C. axillaris at Mo Singto was
dominated by a cohort of aging individuals that were seeded around 90 years ago, and this
species showed poor regeneration (i.e., recruitment failure) over time. Such recruitment
failure over time alters the tree demography of the C. axillaris population, which has the
potential to induce spurious negative growth trends in recent decades [60]. Therefore,
multiple methods to detect growth trends and more robust analyses should be used to
better understand the drivers of long-term trends in tree growth.

5. Conclusions

This study provided a new tree-ring chronology (spanning 1932 to 2019) for a tropical
broad-leaved species, Choerospondias axillaris, from the Mo Singto Forest dynamic plot,
Khao Yai National Park, east-central Thailand. The growth of C. axillaris was mainly limited
by moisture availability in the late monsoon season during July to October. The long-term
growth of C. axillaris had an increasing trend early in the chronology that transitioned into
a decreasing growth trend during the two most-recent decades. Our study thus contributes
a new broad-leaved species for dendrological studies in the tropics, where the number
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of species targeted for tree-ring analysis needs to be increased to better understand and
quantify the ecosystem services provided by tropical trees.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/f12121655/s1, Figure S1: Scanned image (a) and microscopic images from different sides,
(b) cross section, (c) tangential section and (d) radial section of a wood core sample from Choerospondias
axillaris. Black triangles indicate ring boundaries, while the year indicates calendar year of ring
formation. The microscopic image taken from inside wood; Figure S2: Climate diagram according to
Walter & Lieth for Mo Singto for the period from 1994 to 2019; Figure S3: Comparison of temporal
pattern in annual climate between CRU TS data (blue line, 1932-2019) and Mo Singto station data
(black line, 1994-2019) for (a) Precipitation, (b) Maximum temperature, (c) Mean temperature, and
(d) Minimum temperature. ‘r’ indicates the correlation between CRU TS data and Mo Singto climate
data for the period 1994 to 2019; Figure S4: Number of sampled trees classified according to DBH
class. Figure S5: Density plot of break points for all in-dividual trees of Choerospondias axillaris,
calculated by the package ‘segmented” in R. Dashed line indicates the highest frequency of break
points, which was in the year 2003.
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ARTICLE INFO ABSTRACT
Keywords: Deforestation has created heterogeneous patches of old-growth and secondary forests throughout Southeast Asia,
Forest succession posing challenges for understanding the hydrological and carbon cycles. In addition to changes in species

Functional traits
Photosynthesis
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Tropical forests

composition, environmental conditions differ across successional stages which in turn can influence forest water
use and productivity. Here, we investigated leaf-level area-based photosynthesis (Aarea) and stomatal conduc-
tance (g;) of 11 tree species dominating an old-growth (OF; >200 years), an intermediate (IF; ~44 years), and a
young forest (YF; ~4 years) in Thailand during both the wet and dry season. Specifically, we compared Area and
gs and assessed the sensitivity of gs to vapor pressure deficit (VPD). We also examined relationships between gas
exchange parameters and key functional leaf traits, including leaf mass per area (LMA), nitrogen (N), phosphorus
(P), and chlorophyll concentration. All three forests showed comparable A,rea and gg in the wet season, whereas
significantly lower values were observed in IF during the dry season. All forest stages displayed similar sensitivity
of g to VPD. Among the leaf functional traits considered, LMA, N and P were significantly higher in YF compared
to the other two successional stages. Our results suggested that forest succession may not influence gas exchange,
rather, canopy development associated with forest stage produced the main effect. Furthermore, the young forest
was the most active in resource acquisition with its high LMA and leaf nutrient concentrations, which could
result in high photosynthetic rates. However, low soil water availability in YF possibly limit the gas exchange
rates thereby making them similar to those in the old-growth forest. These findings highlight the potential effects
of canopy characteristics inherent in successional forests on water and carbon exchanges between trees and the
atmosphere and their sensitivity to atmospheric drought. These results call for the need for further studies to
identify the main factors influencing forest productivity during secondary succession in the tropics, particularly
in the Southeast Asian region where such information is lacking.
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1. Introduction

Tropical forests play an important role in the biosphere, especially in
global water and carbon cycles. Transpiration represents ca. 40-90% of
the total amount of water emitted to the atmosphere (e.g., Miralles et al.,
2011; Jasechko et al., 2013; Wang-Erlandsson et al., 2014; Good et al.,
2015) and thus strongly influences hydrology and energy partitioning in
terrestrial ecosystems (Bonan, 2008). Tropical forests sequester ca.
0.28-1.26 Pg C each year (Hubau et al., 2020) and thus play a critical
role in mitigating rising atmospheric carbon dioxide and related climate
change impacts. However, widespread deforestation and land use
change are rapidly transforming these ecosystems, with over 80 million
hectares of natural, old-growth tropical forests being lost since 1990
(FAO and UNEP, 2020). Deforestation and land use change is especially
pervasive across Southeast Asia (Zeng et al., 2018; FAO and UNEP,
2020), where large-scale agricultural production and commercial tree
plantations have been the main drivers of forest loss (Curtis et al., 2018).
However, many of these large-scale operations have been abandoned
because of unsustainable practices, leading to the regeneration of sec-
ondary forests either through natural or aided processes. Consequently,
forests in Southeast Asia are characterized by a patchy mosaic of pri-
mary, old-growth forests, and forests at different stages of secondary
succession.

Structural attributes, such as canopy height and tree density, vary
considerably among forests which in turn can strongly influence the
microclimate (Rambo and North, 2009; Jucker et al., 2018) as well as
the carbon and water balance in old growth, primary forests, and forests
at different stages of secondary succession (Powers and Marin-Spiotta,
2017). Old-growth forests usually contain larger trees and heteroge-
neous canopy layers, and lower stem density, compared to secondary
forests (Chazdon, 2014; Chanthorn et al., 2016, 2017; Jucker et al.,
2018). Conversely, the intermediate successional stage, namely the
“stem exclusion” stage, has a relatively homogeneous canopy and high
stem density (Chazdon, 2014; Chanthorn et al., 2016, 2017). Variation
in canopy height can lead to differences in the convective boundary
layer which is responsible for transport of energy and gases from plant
surfaces to the atmosphere. Smaller convective boundary layers over
early successional forest (stand initiation stage), which are character-
ized by low canopy height, result in a hotter and drier microclimate,
especially during the dry season (Fisch et al., 2004). Additionally, early
successional forests have greater variability in their physical environ-
ments, including water and light conditions, compared to later succes-
sional and old growth forests (Culf et al., 1996). Consequently, species
acclimated to early-successional stages tend to have higher gas exchange
rates, and higher stomatal conductance and photosynthesis (Holscher
et al., 2006; Vargas and Cordero, 2013; Mujawamariya et al., 2018). In
contrast, the canopy is more homogeneous and shaded in the interme-
diate, stem exclusion stage (Chazdon, 2014; Chanthorn et al., 2016,
2017), which constrains gas exchange, especially leaf transpiration
(Hardwick et al., 2015).

Environmental gradients during secondary succession can impact the
strategies trees use to acquire resources and ultimately lead to differ-
ences in tree species richness and composition among different succes-
sional forests (Zhang et al., 2012; Chazdon, 2014, Chanthorn et al.,
2016, 2017). Previous studies in humid tropical forests have shown that
decreasing light penetration during secondary succession results in
changes of leaf traits (Lohbeck et al., 2013, 2015). Most trees in early
successional forests are fast-growing species and, according to the leaf
economic spectrum (Wright et al., 2004), have leaf traits promoting
quick returns on investment in nutrients and carbon (i.e., high specific
leaf area and nutrient levels, short lifespan and high metabolic rates). In
contrast, trees in old growth forests tend to exhibit conservative stra-
tegies (Lohbeck et al., 2013, 2015) with high investments in leaf carbon
structures (i.e., high leaf dry matter content). However, in dry tropical
forests, the light gradient during succession is less pronounced and these
forests are often more water-limited and have higher temperatures
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which may be stronger factors driving changes in plant communities
(Lebrija-Trejos et al., 2010, 2011). In general, trees growing in more
xeric conditions tend to exhibit leaf traits with slow returns on resource
investment, i.e., have conservative strategies (Reich, 2014). Yet, we still
know little about how leaf traits vary during secondary succession in dry
tropical forests and how variation in leaf traits and microclimate con-
ditions affect leaf gas exchange measurements (i.e., photosynthesis and
transpiration) and ultimately, the growth and productivity of these
forests.

In this study, we measured leaf-level gas exchange and plant func-
tional traits of the dominant tree species in a seasonal evergreen forest in
Thailand. Measurements were made during both the wet (May-October)
and dry (November—April) season as well as within forests representing
different stages of succession: a young forest (YF, ~4 years), an inter-
mediate forest (IF, ~44 years) and an old-growth forest (OF, >200
years). Specifically, our study addressed the following questions: (Q1)
Does leaf-level gas exchange (photosynthesis and stomatal conductance)
differ across successional forests and between seasons? (Q2) Does the
sensitivity of stomatal conductance to changes in atmospheric demand
vary across different stages of forest succession? (Q3) How do different
leaf functional traits relate to leaf gas exchange parameters, and do these
relationships change depending on forest stage? Results from this study
will improve our understanding of the underlying mechanisms govern-
ing water and carbon fluxes in different successional forests as well as
assessing how these forests may respond to a hotter, drier future.

2. Materials and methods
2.1. Site description

The study was carried out in Khao Yai National Park (KYNP), a
seasonal evergreen forest in Nakhon Ratchasima Province, Thailand
(14°26'31” N, 101°22'55” E, 700-800 m asl; Fig. 1). Based on
1994-2018 data, mean annual temperature and precipitation at the site
are about 22.4 °C and 2100 mm, respectively. The wet season usually
covers the months from May to October while the dry season ranges
from November to April, when monthly precipitation is less than 100
mm (Brockelman et al., 2017). KYNP contains a mosaic of different
forest types including old-growth (primary) forests and secondary for-
ests of different ages that have regenerated from old fields within the
past 42 years (Jha et al., 2020). In this study, we selected three plots
representing different successional stages. The first plot was within the
30-ha Mo Singto forest dynamic plot (Brockelman et al., 2017), a For-
estGEO plot in the network of the Centre for Tropical Forest Science
(CTFS), Smithsonian Tropical Research Institute. These plots were
established using a uniform methodology (Condit, 1998) in which every
woody stem > 1 cm DBH is identified, mapped, and measured every five
years. This plot represented an old-growth stage (hereafter OF), with the
age of at least ca. 200 years. The OF’s main canopy height was 20-30 m
with some emergent trees being higher than 50 m, a leaf area index (LAI)
of 5 and stem density of 1112 trees ha™! (Chanthorn et al.,, 2016;
Brockelman et al., 2017). Adjacent to the northern edge of this plot, a 1-
ha plot in a secondary forest was established in 2003, using the same
CTFS methods. This plot (hereafter IF) was in an intermediate succes-
sional stage at about 44 years of age and classified as stem exclusion
stage. The forest canopy of IF was more homogenous and denser
compared to that of OF and had a mean canopy height of 25 m, an LAI of
6, and stem density of 2052 trees ha~! (Chanthorn et al., 2016).
Approximately 3 km away from the OF plot, we established a 2-ha plot
in a 4-year-old, early successional forest (hereafter YF). Its mean canopy
height was 15 m and stem density of 1226 trees ha—'. Despite the lack of
LAI data, the YF canopy was distinctly sparse compared to the other
stages based on visual observation. The IF and YF were classified as
“stem exclusion” and “stand initiation” stages, respectively (Chazdon,
2014; Chanthorn et al., 2016, 2017). The soil type of these forests was
gray, brown ultisol, but the soils under the IF and YF were degraded by
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Fig. 1. Study sites include a young (YF), an intermediate (IF) and an old growth (OF) forest in Khao Yai National Park, Thailand.

shifting agriculture and burning prior to regeneration (Chanthorn et al.,
2016, 2017).

2.2. Plant materials and measurements

In each plot, we selected five dominant tree species, based on basal
area ranking within the site. The selection resulted in 11 species in total
with three species occurring in more than one forest stage: Syzygium
nervosum in IF and YF, Schima wallichii in OF and IF, and Symplocos
cochinchinensis in all stages. Table 1 summarizes the selected dominant
species in each study site.

For each species, five trees of similar stem size (diameter at breast
height averaged 13.83 + 2.74 cm (standard deviation); Table S1 in
Supplementary Information) were randomly selected for gas exchange
measurements and leaf sample collection. For each tree, we randomly
chose three mature and fully expanded leaves with good exposure to
sunlight from the lower and outside branches (Krober et al., 2015). For
sampling in the intermediate and old-growth forests, we particularly
selected leaves that were always present in light gaps within each can-
opy to ensure that the leaves received full or substantial sunlight (Fan
et al.,, 2011; Markesteijn et al., 2011; Zhu et al., 2013). Since the canopy
could not be accessed directly due to the unavailability of towers or
canopy cranes, we had to perform the measurements on cut branches
containing the sun-exposed leaves with the stems submerged in a
container filled with water. Prior to gas exchange measurements, the
stems of individual branches were recut underwater to allow the
restoration of the xylem water column (Dang et al., 1997). Within 5 min

Table 1
Dominant tree species selected for measurements in each forest stage in Khao Yai
National Park, Thailand.

Old growth (OF) Intermediate (IF) Young (YF)

Dipterocarpus gracilis

Ilex chevalieri

Schima wallichii

Sloanea sigun

Symplocos cochinchinensis

Syzygium nervosum
Eurya acuminata
Machilus gamblei

Schima wallichii
Symplocos cochinchinensis

Adinandra integerrima
Cratoxylum cochinchinensis
Syzygium nervosum
Syzygium antisepticum
Symplocos cochinchinensis

after re-cutting, we placed a leaf in the cuvette for gas exchange mea-
surement to minimize excision-induced effects (Santiago and Mulkey,
2003). Then, we waited for at least 2-3 min to allow the leaf to reach
small changes in gas exchange over time before logging the data after
observing stable gas exchange parameters. Leaf gas exchange measure-
ments were made using a portable photosynthesis system (TARGAS-1,
PP Systems, Amesbury, MA, USA). All leaves covered the entire window
area of the cuvette which was equal to 4.5 cm? Area-based photosyn-
thetic rate (Agrea; pmol m~2 s7!) and stomatal conductance (gs; mmol
m~2 s7!) were recorded for each leaf and reported per unit area. All
measurements were conducted between 0900 and 1600 h (Marenco
et al., 2001). We realized that the measurement period was longer than
that often used for gas exchange measurement to avoid stomatal closure
which is usually 1-2 h before and after midday (Brodribb and Holbrook,
2004; Bianco and Avellone, 2014; Urban et al., 2014). However, because
of logistical issues, we utilized sunny conditions between the periods for
gas exchange measurements. Nevertheless, we compared both Ay, and
gs values that were recorded after 1400 h with those recorded during
midday (1000-1400 h) on the same day and found no statistical dif-
ferences (Fig. S1; p > 0.064). The flow rate was set to 250 ml min~!
(TARGAS-1 Portable Photosynthesis System Operation Manual Version
1.04 2018). Photosynthetically active radiation (PAR; umol m2s
inside the cuvette was set to 1700 umol m~2 s~ %, which corresponded to
the light saturation point (data not shown; Holscher et al., 2006; Zhu
et al.,, 2013). Temperature, relative humidity and CO2 concentration
were not controlled and thus tracking ambient conditions. Because no
previous publications reporting gas exchange measurements from this
model of portable photosynthesis system were found, we compared our
measured values to others made in tropical forests (Table S2) by plotting
photosynthesis against stomatal conductance (Fig. S2). Although our
values are mostly concentrated in the low ranges of photosynthesis and
stomatal conductance, they fall within the ranges of values measured by
other techniques. We realized that this comparison may not fully justify
our measurements, but our main goal was to study the variations among
forest stages rather than attempting to quantify absolute gas exchange
rates.

Leaf-to-air vapor pressure deficit (VPD; kPa) was recorded for each
measurement and used in the sensitivity analysis. Leaf-level gas ex-
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change measurements were performed in both the dry (March 2019,
total monthly precipitation = 0.8 mm) and the wet (July 2019, total
monthly precipitation = 141.7 mm) seasons. During the wet season
campaign, we also collected the leaves on which gas exchange mea-
surements were made to measure leaf functional traits. Leaf functional
traits used in this study included leaf mass per area (LMA; g m™2), area-
based nitrogen (N; g cm~?) and phosphorus (P; g cm™?) concentration,
and chlorophyll concentration (Chl; pg cm™2). LMA was calculated as
the ratio of leaf dry mass and leaf area (Poorter et al., 2009), measured
by ImageJ (Schneider et al., 2012). For chemical analyses of total N and
P concentrations, three leaves from each tree were pooled to obtain
enough samples (at least 0.1 g) for laboratory analyses. Total N was
determined using the Kjeldahl method (Kammerer et al., 1967) and the
colorimetric method was used to determine total P (Gales et al., 1966).
Chlorophyll concentration was estimated from SPAD values (range
34.3-75.8) which were measured using the SPAD-502 chlorophyll meter
(Konica Minolta, Tokyo, Japan). We converted SPAD into Chl using the
relationship derived from 13 Neotropical species (Chl = LIZ1xSPAD ;2
= 0.89, SPAD value < 80; Coste et al., 2010).

2.3. Statistical analyses

To test for significant differences in Ayrea and gs among forest stages
and seasons (Q1), we used a General Linear Mixed Model with forest
stage and season as fixed factors and species as a random factor. A
Tukey’s test was applied for post hoc analysis. We conducted regression
analyses using exponential decay and logarithmic functions to analyze
the sensitivity of g to VPD. To compare the sensitivity across forest
stages (Q2), we performed the analysis with pooled data from all species
within each stage and then analyze the data from species that existed in
multiple stages (i.e., Syzygium nervosum (IF, YF), Schima wallichii (OF, IF)
and Symplocos cochinchinensis (all stages)). We applied an F-test to
compare the regression curves among stages. In these analyses, the
sample size was 15 per species, resulting in 75 samples for each stage.
We performed a one-way Analysis of Variance (ANOVA) to compare leaf
traits, which were only measured in the wet season, across forest stages.
We did regression analysis to evaluate the relationships between Agea
and g and the leaf traits and used an Analysis of Covariance (ANCOVA)
to assess variations of significant relationships across forest stages. All
analyses of comparisons were done in SPSS (IBM Corp. Released 2013.
IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY, USA) and
regression analyses were performed in SigmaPlot (version 12.0, Systat
Software, Inc., San Jose, CA, USA). In all statistical analyses, we used the
significance level of 0.01.
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3. Results

3.1. Does leaf-level gas exchange differ across successional forests and
between seasons?

In general, species in all forest stages had higher A and g in the
wet than in the dry season (p < 0.0001). When combining data from
both the wet and dry season, there was no significant difference in Aye,
and gs; among successional forest stages (p > 0.184). However, when
comparing dry-season measurements, there were significant differences
in Agrea and gs among the forest stages (p < 0.0006; Fig. 2 brown bars),
whereas there were no differences in the wet season (p > 0.03; Fig. 2
yellow bars). In the dry season, trees in OF and YF had comparable A,e,
and gs but higher values than trees in IF (Fig. 2).

For Schima wallichii and Symplocos cochinchinensis, tree species found
in multiple sites, there was no significant difference in Aareq and g
among forest stages during the wet season (p > 0.659; Fig. 3A, B, D, E;
yellow bars). However, during the dry season these two species had
significantly higher gas exchange rates in OF compared to the younger
sites (p < 0.004, 3A, B, D, E; brown bars). For Syzygium nervosum, which
was found in the intermediate and early successional forests, A,rea and g
were similar across stages regardless of season (Fig. 3C, F; p > 0.631).

3.2. Does the sensitivity of stomatal conductance to changes in
atmospheric demand vary across forest succession?

We tested the relationship between g5 and VPD in all tree species
using data from both seasons. Various equations have been proposed to
explain such relationship, including linear (McCaughey and Iacobelli,
1994), exponential (Dye and Olbrich, 1993) and logarithmic (Oren
etal., 1999). We employed these equations in our regression analysis for
each species in each stage and found significant results with exponential
(y =ax exp(—bx) + ¢) and logarithmic (y = b x In(x) + ¢) forms in 10
out of 11 species, which is consistent with previous studies of various
tree species (Oren et al., 1999; Mielke et al., 2005; Motzer et al., 2005).
No equation could explain the relationship in Machilus gamblei. First, we
examined the relationship between gg

and VPD in all dominant species within each site. We found that g
exponentially decreased with VPD in all forests (p < 0.0001, r? > 0.66)
with no difference among successional stages (Fig. 4A, F2 447 = 1.25, p
= 0.287). Next, we further considered the species that occurred in
multiple forest stages. A logarithmic decline was the best fit between gg
and VPD for Syzygium antisepticum, whereas for Schima wallichii and
Symplocos cochinchinensis, an exponentially decaying function was the
best fit (Fig. 4B-D; p < 0.01). When compared among sites, the re-
lationships between g; and VPD for these species were similar across
forest stages (p > 0.136). Summary statistics for regression and
comparative analyses are shown in Table S3.
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Fig. 2. Overall mean (+1 SE) leaf-level (A) photo-
synthesis (Agrea; nmol m~2 s!) and (B) stomatal
conductance (gg; mmol m~2 s7!) in young (YF), in-
termediate (IF) and old-growth forests (OF) within
Khao Yai National Park, Thailand. Measurements
were taken in the dry (brown bars) and the wet (yel-
low bars) season. Different lowercase (uppercase)
letters indicate significant difference among forest
stages during the dry (wet) season. (For interpretation
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Fig. 3. Mean (+1 SE) leaf-level (A-C) photosynthesis (Aarea; pmol m~2s7!) and (D-F) stomatal conductance (gs; mmol m2s ) of species that occurred in multiple
forest stages in Khao Yai National Park. Measurements were made during the dry (brown bars) and wet (yellow bars) season. Different lowercase (uppercase) letters

indicate significant difference among forest stages during the dry (wet) season. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

300 300
A All Stages Syzygium nervosum
250 4,4 o OF 250
o o IF
A A YF
200 4 ¥ 200 -
150 - 150
100 - 100
‘Tw
% 50 - 50
£
2
g 0 0
Y
=1
S 300 300
g (o} Schima wallichii
T
& 250 250
o
©
®
g 200 1 200 -
S
S
»
150 - 150
100 - 100
50 50
0 0

Vapor Pressure Deficit (kPa)

Fig. 4. Relationships between leaf-level stomatal
conductance (gs; mmol m~2 s 1) and leaf-to-air vapor
pressure deficit (VPD; kPa) for (A) all forest stages (B)
Syzygium nervosum, (C) Schima wallichii, and (D)
Symplocos cochinchinensis. Measurements were made
in an old-growth forest (OF, green circles), an inter-
mediate forest (IF, blue squares), and a young forest
(YF, red triangles). Black solid lines show the best fits
with 95% confidence intervals (blue lines) for pooled
data after finding no difference among different
stages. Regression statistics are presented in Table S3.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web version
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3.3. How do different leaf functional traits relate to leaf gas exchange
parameters and do these relationships change depending on forest stage?

For this research question, we focused on the wet season only due to
the availability of data. Across the three forest stages, average LMA, P
and N values were higher in YF compared to the two older forests
(Fig. 5A-C; p < 0.0001). In contrast, there was no significant difference
in Chl among the successional forests (Fig. 5D; p = 0.067). Next, we
explored the relationships between gas exchange parameters and the
leaf traits. Of all considered traits, only LMA and N were significantly
related with Agren and g in IF and OF (p < 0.01). We further compared
the relationships between both gas exchange parameters and LMA and N
in OF and IF and found no difference between the stages (p > 0.024).
Fig. 6 shows the significant relationships for the pooled data from both
OF and IF (black solid lines; regression statistics are listed in Table S3).

4. Discussion

Seasonal variations in both gas exchange parameters were observed
at the forest level and at species level. Generally, both Aye, and gs were
higher in the wet than in the dry season. For all studied species, lower
Agarea and gg in the dry season corresponded to higher VPD (Table S1)
which is consistent with plants closing their stomata in response to
increasing atmospheric drought (Cunningham, 2004; Chen et al., 2016).
These results suggested that productivity of these successional stages
may differ, especially during the dry season when both atmospheric and
soil humidity are usually limiting (Harper et al., 2013). However, we
found no significant difference in the gas exchange parameters across
our successional forests during the wet season. Instead, a significant
decrease in the parameters was observed in the intermediate forest (IF)
with the highest stem density (2052 trees ha~! vs. 1112 trees ha~! and
1226 trees ha! in OF and YF, respectively), in the dry season. Such high
density induces shading in the canopy with lower variability in LAI
(Chazdon, 2014; Chanthorn et al., 2016, 2017) and may limit the gas
exchange as previously observed in shade-acclimated trees (Chazdon
et al., 1996; Gerardin et al., 2018; Yang et al., 2019). Based on
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Fig. 5. Mean (+SE) (A) leaf mass per area (LMA; g m’z), (B) phosphorus
concentration (P; g cm’z), (C) total nitrogen concentration (N; g cm’z) and (D)
chlorophyll concentration (Chl; ug cm™2) among the old-growth (OF; green
bars), intermediate (IF, blue bars), and young (YF, red bars) forest stages. Lower
case letters indicate significant differences among forest stages. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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observations, the indifference of gas exchange parameters across stages
in the wet season may result from the higher canopy leaves in OF and YF
compared to those in the dry season. In other words, the shaded canopy
in IF maintained throughout seasons while the canopy in OF and YF
varied seasonally, with the greatest difference between seasons in YF.
Further measurements of canopy leaf areas should be performed to
confirm this point. Overall, our results suggest that the gas exchange
rates did not differ across forest succession but were affected by different
microclimates induced by different canopy density. Nevertheless, pre-
vious reports on gas exchange measurements in various tropical tree
species have shown inconclusive evidence on the effects of forest suc-
cession on leaf gas exchange rates (Hogan et al., 1995, Coste et al., 2005;
Holscher et al., 2006).

Next, we examined species that grew in multiple successional stages
to further investigate the effect of forest succession on gas exchange
rates. There were no differences in gas exchange for Syzygium nervosum
among the forest stages regardless of season. In contrast, Schima wallichii
and Symplocos cochinchinensis exhibited higher gas exchange rates in the
old growth forest compared to the two young successional forests during
the dry season. The lack of difference in the gas exchange rates of
Syzygium nervosum may be supported by similar stomatal density (p =
0.22, data not shown) across seasons, showing unchanged number of
sites available for gas exchange per unit leaf area (Wu et al., 2018).
Compared to the rates in the primary forest, lower rates of Schima
wallichii and Symplocos cochinchinensis in the intermediate forest agreed
with site-level results of limited gas exchange under shaded canopy
while lower rates in the young forest may be attributed to its drier soil
(average soil moisture = 23.85 + 5.34% in YF vs. 44.54 + 8.46% and
38.11 + 6.73% in OF and IF, respectively). Nevertheless, further in-
vestigations on physiological responses such as tree hydraulic conduc-
tivity and architecture should be performed to confirm these results.

Sensitivity of g5 to VPD provides insight into how trees respond to
increasing atmospheric drought (i.e., higher temperature combined with
low humidity). Trees with greater sensitivity of gs to VPD, closing sto-
mata more rapidly when air dries, acclimate better to increasing atmo-
spheric drought compared to those with lower sensitivity. Nevertheless,
trees in our successional forests did not show distinct sensitivity of gs to
VPD when considering both the forest level and species level. Most
studies investigating the sensitivity of stomatal conductance to VPD in
tree species found differences in the relationships across various factors
besides species, such as crown height and wood anatomy (Woodruff
et al., 2009; Tsuji et al., 2020). However, our data showed similar sen-
sitivities of stomatal conductance to changing vapor pressure deficit
across our successional forests, suggesting similar responses of the
dominant trees to varying atmospheric humidity throughout the year.
This finding may support the observed similarity in the gas exchange
rates between the two contrasting forest stages (OF and YF), despite the
widely reported results that early successional species usually have
greater maximum gas change rates than late-successional ones (Holscher
et al., 2006; Zhu et al., 2013). Regarding the response of stomatal
conductance to atmospheric conditions, we further examined the slope
parameter in the unified stomatal optimization model (USO; Medlyn
et al., 2011; Fig. S3, S4) which represents a measure of intrinsic plant
water-use efficiency. Wu et al. (2019) showed that the slope parameter
significantly varied with leaf mass per area in tropical forests. However,
we tested this finding with our data and found an insignificant result (p
= 0.998, Fig. S5), suggesting similar intrinsic water-use efficiency
among the dominant trees regardless of LMA. Furthermore, we found no
difference in slope parameters across successional forests in the case of
species existing in multiple sites (Fig. S4, p > 0.66). Nevertheless, further
studies on canopy fluxes should be conducted to confirm such findings
because results from leaf-level measurements can obscure those from the
canopy level (Tor-ngern et al., 2015).

While similar chlorophyll concentration was observed across all
forest stages, LMA, leaf N and P were significantly higher in YF
compared to other forest stages. Previous studies indicated that nutrient-
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poor soils may induce larger allocation of leaf nitrogen into cell walls,
increasing LMA but decreasing maximum photosynthesis (Takashima
et al., 2004; Hikada and Kitayama, 2009). However, we found no sig-
nificant difference in soil N and P among the forest stages (p > 0.21; data
not shown), suggesting that the soil condition in YF was not nutrient
poor compared to the others. Other studies have shown that species with
high LMA usually occur in areas with low rainfall and high light and
temperature (Niinemets, 2001; Villar and Merino, 2001; Lamont et al.,
2002; Wright et al., 2004). This supports our result because trees in YF
experience more xeric conditions and higher radiation due to their
sparse canopy cover. Higher LMA may be associated with greater
accumulation of nutrients in leaves (Kimura et al., 1998) as observed in
our data, allowing high photosynthesis under adverse growing condi-
tions, such as low soil moisture as often observed in sparse canopy
forests with low leaf area indices (Von Arx et al., 2013). Nevertheless,
our results did not show such high photosynthesis in YF which may be
limited by the low soil water availability of this site compared to the
others.

To gain insight into which leaf traits were linked to tree growth, we
explored the relationships between leaf functional traits and gas ex-
change parameters (Aarea and gs) within the different successional for-
ests. Maximum net photosynthesis is usually affected by various leaf
traits, such as LMA (Field and Mooney, 1986; Reich et al., 1999; Poorter
et al., 2009), and leaf nutrient concentrations (Evans, 1989; Reich et al.,
1999; Wright et al., 2004). Several studies have reported significantly
positive correlations between maximum photosynthesis rate and LMA
(Reich et al., 1997; Wright et al., 2004; Quero et al., 2006), leaf N (Reich
et al., 1994; Ellsworth and Reich, 1996; Kull and Niinemets, 1998;
Gulias et al., 2003; Holscher et al., 2006) and P (Holscher et al., 2006;
Zhang et al., 2018). Our results showed that LMA and leaf N were
significantly related to the gas exchange rates in IF and OF, although we

found no relationships between the rates and leaf P. Comparing the
linear dependence of Aarea and gs on LMA and N between OF and IF, we
found no differences between the trends, which is in contrast to a recent
study that showed a lower slope between A,rea and N in climax species
(Zhang et al., 2018). However, the study argued that such difference was
relevant to different soil phosphorus concentrations between succes-
sional stages, which was not the case for our sites. Interestingly, we
observed no significant relationships between maximum gas exchange
parameters and any leaf traits in YF. High variations of species-specific
data may contribute to the insignificant relationship as seen in clearly
separated clusters of data, corresponding to different species within YF.
This finding suggests that trees in the young forest (YF) may be more
active in resource acquisition, as shown by the large variation in leaf
nutrients, and in morphological acclimation through the increased LMA
for greater nutrient accumulation. Such acclimation should facilitate
high gas exchange rates; however, the different soil water availability
may have limited the rates in the young forest. Nevertheless, findings
from this study warrant further investigations from different perspec-
tives, including other physiological parameters, such as tree hydraulics
and canopy-level measurements, to arrive at firm conclusions.

5. Conclusions

Varying environmental conditions among different successional
forests present a challenge for estimating forest water use and produc-
tivity in tropical forests. Such heterogeneity in environmental condi-
tions can strongly influence water and carbon exchanges between the
forest canopy and the atmosphere. Our results show that, in general, gas
exchange rates between the tree canopy and the atmosphere did not vary
across forest stages yet differed among them in the dry season, as a result
of changes in canopy density during secondary succession. The similar
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rates were further supported by similar sensitivity of stomatal conduc-
tance to changing atmospheric humidity across forest stages. Our data
also suggest that the young forest was highly active in acquiring re-
sources, but such high resource acquisition did not allow high gas ex-
change rates because of limiting soil water availability. These findings
highlight the potential effects of inherent canopy characteristics of
successional forests on water and carbon exchanges between trees and
the atmosphere. Nevertheless, further studies on canopy level are
needed to confirm such findings.
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analyses are still limited, especially in tropical forests of Southeast Asia where vari-

ous stages of forest succession exist due to previous land-use changes. In this study,
we measured SR and some environmental factors including soil temperature (ST), soil
moisture (SM), and organic matter content (OM) in three successional tropical forests
in both wet and dry periods. We also analyzed the relationships between SR and
these environmental variables. Results showed that SR was higher in the wet period
and in older forests. Although no response of SR to ST was found in younger forest
stages, SR of the old-growth forest significantly responded to ST, plausibly due to
the nonuniform forest structure, including gaps, that resulted in a wide range of ST.

Across forest stages, SM was the limiting factor for SR in the wet period, whereas SR
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1 | INTRODUCTION

The role of climate change in the functioning of forests has been in-
creasingly recognized by the global community. Forests cover about
30% of the global land surface and store ~45% of terrestrial carbon
(Bonan, 2008). Global forests sequester and store carbon in above-
and below-ground parts (Bunker et al., 2005; Giardina et al., 2004),
and they release carbon dioxide (COz) back into the atmosphere
through respiration by plants and soil. Soil respiration (SR) is an im-
portant component of the global carbon cycle, contributing 78-95
Pg of carbon back into the atmosphere annually (Bond-Lamberty &
Thomson, 2010; Hashimoto et al., 2015). Specifically, SR in forests
represents 40-90% of total CO, emissions from terrestrial ecosys-
tems (Granier et al., 2000; Schlesinger & Andrews, 2000).

Soil respiration is highly sensitive to environmental change be-
cause it is influenced by many factors including soil temperature,
soil moisture, the microbial community, surface litter, and vegeta-
tion type (Davidson et al., 2006; Fekete et al., 2014; Grace, 2004;
Jenkinson et al., 1991; Yan et al., 2006). In fact, even small changes
in SR can incur profound impacts on the global carbon balance, fur-
ther affecting feedbacks to climate change (Davidson et al., 2006).
Despite several studies on SR and its drivers in forests in boreal
and temperate regions, such investigations remain elusive in trop-
ical systems, especially in Southeast Asia. Deforestation and land-
use change are particularly pervasive across Southeast Asia (FAO
& UNEP, 2020; Zeng et al., 2018), where large-scale agricultural
production and commercial tree plantations are the main drivers of
forest loss (Curtis et al., 2018). However, due to unsustainable prac-
tices, such large-scale operations have often been abandoned, lead-
ing to the regeneration of secondary forests naturally or artificially.
Consequently, forests in Southeast Asia are mostly characterized by
patches of primary, old-growth forest and forests at different stages
of secondary succession. Such variations in forests may exert differ-
ent impacts on SR through modifications of environmental factors
associated with successional gradients.

Forest succession often modifies microclimatic conditions and
biogeochemical cycles (De Kovel et al., 2000; Lebrija-Trejos et al.,
2011; Li et al., 2013) and varies with species composition and abun-
dance (Sheil, 2001). Therefore, the driving factors for SR are affected
by the forest succession (Raich & Tufekcioglu, 2000). For instance,

significantly varied with OM in the dry period. Overall, our results indicated that the
responses of SR to environmental factors varied temporally and across forest succes-
sion. Nevertheless, these findings are still preliminary and call for detailed investiga-
tions on SR and its variations with environmental factors in Southeast Asian tropical

forests where patches of successional stages dominate.

forest succession, soil moisture, soil organic matter, soil respiration, soil temperature, tropical

soil organic carbon, total nitrogen, and microbial biomass increase
rapidly with secondary forest succession (Jia et al., 2005). The rate
of surface litter decomposition has been found to be higher in older
successional stages of tropical dry secondary forests (Tolosa et al.,
2003). Although several studies have investigated SR and its driving
factors in association with forest succession (Gao et al., 2020; Han
et al,, 2015; Huang et al., 2016; Luo et al., 2012; Wang et al., 2017,
Yan et al., 2006, 2009), none of these studies were conducted in
tropical forests of Southeast Asia.

To help fill this knowledge gap, we measured SR of three suc-
cessional forest plots in a seasonal evergreen forest in Thailand. We
performed the measurements in the wet (June and September 2020)
and the dry (February and March 2021) periods within plots of dif-
ferent stages of succession: young forest (YF, ~5 years), intermediate
forest (IF, ~45 years), and old-growth forest (OF, >200 years). The
main research questions included the following:(1) Does SR differ
across successional forests and among periods of data collection?
and (2) Does SR respond to environmental factors including soil
organic matter (OM), soil temperature (ST), and soil moisture (SM)
and whether these relationships (if any) differ across forest stages?
Note that we did not intend to estimate total carbon dioxide efflux
from these forests, but rather aimed to investigate the dynamical
changes of SR in response to various environmental factors across

forest succession.

2 | MATERIALS AND METHODS
2.1 | Site description

The study was conducted in seasonal evergreen forest at 700-
800 m asl in Khao Yai National Park (KYNP), Nakhon Ratchasima
Province, Thailand (14°26'31"N, 101°22'55"E; Figure 1a). According
to data spanning 1994-2018, mean annual temperature and pre-
cipitation at the site are 22.4 °C and 2,100 mm, respectively
(Department of National Parks, Wildlife and Plant Conservation; 25-
year means). The wet season lasts from May to October and the dry
season from about late October to April, when monthly precipita-
tion is less than 100 mm (Brockelman et al., 2017). During the study,
precipitation peaked in September, which accounted for 21% (2019)
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FIGURE 1

(a) Location of Khao Yai National Park in Thailand where the study was performed. (b) Monthly total precipitation (mm; bars)

and average air temperature (°C; circles) profiles in Khao Yai National Park. Data from January 2019 to December 2020 were obtained from
a local station near the old-growth forest (OF), whereas those from January to March 2021 were from the weather station near the young
forest (YF). Red boxes indicate the months in which our measurements were made

and 26% (2020) of total precipitation in the wet season (data from a
rain logger near the study site). Monthly precipitation was 239.2 mm
(June 2020), 466.9 mm (September 2020), 33.6 mm (February 2021),
and 1.4 mm (March 2021), as shown in Figure 1b. Using the same
criteria as in Brockelman et al. (2017), we identified two data col-
lection periods: the wet period in June through September 2020,
when monthly precipitation exceeded 100 mm, and the dry period
in February and March 2021.

KYNP contains mostly old-growth (primary) forest with scat-
tered patches of secondary forest at various stages, which have re-
generated from old fields within the past 50 years (Jha et al., 2020).
For this study, we selected three plots representing different stages.
The first plot was within the 30-ha Mo Singto forest dynamic plot
(Brockelman et al., 2017), a ForestGEO plot in the global network of
the Center for Tropical Forest Science (CTFS), Smithsonian Tropical
Research Institute (Davies et al., 2021). CTFS plots are established
using a uniform methodology (Condit, 1998) in which every woody
stem 21 cm DBH is identified, mapped, and measured every 5 years.
This plot represented an old-growth stage (hereafter OF), with the
age of at least ca. 200 years. The OF’s mean canopy height was 30 m
with some emergent trees higher than 50 m, a leaf area index (LAI)
of 5, and stem density of 1,112 trees ha™ (Brockelman et al., 2017;
Chanthorn et al., 2016). Adjacent to the northern edge of this plot,
a 1-ha plot in a secondary forest was established in 2003, using the
same CTFS methods. This plot (hereafter IF) was at an intermediate
successional stage about 45 years of age, classified as the stem ex-
clusion stage. The forest canopy of IF was more uniform and denser
than that of and had a mean canopy height of 25 m, an LAl of 6, and
stem density of 2,052 trees ha™* (Chanthorn et al., 2016). About 3 km
away from the OF plot, we established a 2-ha plot in a 5-year-old,

initial stage forest (hereafter YF). Its mean canopy height was 15 m,

and stem density was 1,226 trees haL. Despite the lack of LAl data,
the YF canopy was distinctly sparse compared with the other stages
based on visual observation. The soil type of these forests was gray,
brown ultisol, but the soils under the IF and YF were degraded by
shifting agriculture and burning prior to regeneration (Chanthorn
et al., 2016, 2017). Based on the preliminary measurement at the
sites, bulk density of the soil in IF (averaged 0.93 g cm™) was lower
than that in OF and YF (1.26 and 1.24 g cm™3, respectively). The soil
texture at the study plots, measured at 10 cm depth, was classified
as sandy clay-loam and clay loam with the highest sand contents
in YF plots measured in September 2020 and February 2021 as
64.4 + 3.06% and 56.4 + 5.03%, respectively (Appendix A, Table
A1). All study sites (OF, IF, and YF) are similar with respect to geology
and slope (Appendix A, Figure Al).

2.2 | Measurements of the study variables

We performed the study in two different periods of contrasting rain-
fall, which we will refer to as “wet” and “dry” periods in the results. In
each period, we conducted the measurements twice, each separated
by at least a month (Figure 1b, red frames). In each forest stage, we
established a 1-ha plot and divided it into 20-m x 20-m subplots, as
shown in Figure A2. Then, we randomly selected six sampling points
within the 1-ha plot and measured all study variables concurrently
at each point during 1000-1500 h on sunny days. For SR, we used a
portable photosynthesis system (TARGAS-1, PP Systems) connected
to a soil respiration chamber (SRC-2 Soil Respiration Chamber, PP
Systems). In this process, the SR rate, measured in g Co, m2ht was
calculated by measuring the rate of increase in CO, concentration

in the chamber over a period, which was set to 60 s. Before taking
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measurements, we installed a soil collar with a cross-sectional area
of 78 cm?, on each selected sampling point at 5-cm depth in the soil,
leaving it for at least 1 h prior to SR measurement. Before putting
the soil respiration chamber on the soil collar, we removed small liv-
ing plants and coarse litter from the soil surface within the collar
to avoid measuring their respiration (Peng et al., 2015; Zhou et al.,,
2007). Simultaneously, ST was measured using a probe (STP-2 soil
temperature probe, PP Systems) at 10 cm depth near the soil col-
lar. Soil moisture was measured at 5 cm depth from the soil surface
using a probe (SM150T, DeltaT Devices). For each sampling point,
all measurements of SR, ST and SM were repeated three times and
then averaged to represent each sampling point. In addition, the unit
of SR was converted to umolCO, m2 s to facilitate the compari-
sons with other studies which mostly present the SR rate in this unit.
For the soil analyses, we collected three 3.2-cm diameter soil core
samples from each study plot at 10-cm soil depth in the wet season
(September 2020) and the dry season (February 2021). We used a
total organic carbon analyzer (Multi N/C 3100, Analytik Jena) to ob-
tain OM values.

2.3 | Statistical analysis

To answer the research questions, we analyzed differences in the
measured variables across forest stages and between both periods.
Before performing the data analysis, we used the Shapiro-Wilk test
and Levene's test to check for normality and homogeneity of vari-
ance, respectively. For the comparison between two collection pe-
riods (wet and dry), we employed an independent t test for the data
with normal distribution and the Mann-Whitney U test for nonnor-
mal data. Then, for each period, we compared the SR, ST, SM, and
OM across forest stages by using one-way ANOVA with a Tukey's
post hoc analysis for normally distributed data and the Kruskal-
Wallis test with pairwise comparisons for nonparametric data. All
statistical tests were performed in SPSS (IBM Corp. Released 2013.
IBM SPSS Statistics for Windows, version 22.0). For the relation-
ships among the variables, we performed regression analyses in
SigmaPlot (version 12.0, Systat Software, Inc.) with SR as the de-
pendent variable and ST, SM, and OM as the independent variables.

In all statistical analyses, we used the significance level of 0.05.

3 | RESULTS

Figure 2 shows data of all measured variables, including soil tem-
perature (ST), soil moisture (SM), soil organic matter (OM), and soil
respiration (SR) during both collection periods. In both periods, ST
in YF was significantly higher than in IF (Kruskal-Wallis, H = 8.074,
p <.05and H =7.803, p < .05 for wet and dry periods, respectively),
although it was not significantly different from that in OF. Soil tem-
perature in all forest stages was significantly lower in the dry pe-
riod in February and March 2021 (Mann-Whitney U, U = 164.000,
p < .0001, Figure 2a), with an average of 22.4 + 1.1°C (one standard

deviation) than in the wet period in June and September 2020,
with an average of 23.7 + 0.7°C. Variations in SM across succes-
sional stages was observed across periods. During the dry period,
SM in OF and IF was significantly higher than that in YF (one-way
ANOVA, F = 21.25, p < .0001), whereas in the wet period, SM in IF
was the highest (one-way ANOVA, F = 14.31, p < .0001). Overall,
SM was significantly higher (independent t test, t = -3.656, p < .005,
Figure 2b) in the dry period (average 0.18 + 0.04) than that in the
wet period (average 0.15 + 0.03). The OM content was significantly
higher in IF than in the other stages in the wet (Kruskal-Wallis,
H=28.125, p < .0001, Figure 2c) and the dry period (Kruskal-Wallis,
H=17.843, p <.0001, Figure 2c). For each forest stage, the average
OM content showed temporal variation in OF and YF, with higher
values in the dry period (Mann-Whitney U, U = 132.000, p < .0001
and U = 108.00, p < .05 for OF and YF, respectively), whereas OM
in IF was similar across periods (p = .843). Finally, in the wet period,
SR in YF was significantly lower than that in other stages (Kruskal-
Wallis, H=10.572, p = .005). In the dry period, SR in YF did not differ
from the older stages, but SR in OF was significantly lower than that
in IF (one-way ANOVA, F = 5.053, p = .012, Figure 2d). SR was sig-
nificantly higher in the wet period than in the dry period in all stages
(Mann-Whitney U, U = 245.000, p < .0001, Figure 2d). Overall, SR
and its driving factors varied differently across forest stages and pe-
riods of data collection.

Next, we analyzed the relationships between SR and its driving
factors including ST, SM, and OM. Considering each successional
stage with data from both periods, SR in OF exponentially increased
with ST (p = .0007, Figure 3a), whereas SR in IF and YF did not re-
spond to changes in ST (p > .05, Figure 3b,c). Regardless of forest
stages, SR did not respond to ST (p = .07, Figure 3d).

Considering the relationships between SR and SM separately for
each forest stage and period, no patterns were observed (p = .17,
Figure 4a-c). However, across forest stages, SR linearly increased
with SM in the wet period (p = .0023), whereas no such response
was observed in the dry period (p = .87, Figure 4d).

Across all forest succession and periods, SR linearly increased
with OM, with stronger increasing rate in the wet period (p < .022,
Figure 5d). When analyzing the relationships separately by site, the
response patterns were retained only in the dry period and in OF
and IF (p < .026, Figure 5a,b), whereas no responses were observed
in YF (p = .60, Figure 5c).

4 | DISCUSSION

4.1 | Comparison of SR from our study sites with
reports from other forests in Southeast Asia

We summarized the SR values from previous studies in forests of
Southeast Asia in Table A2. Our results could not be directly com-
pared with any of these studies because it was unclear if any of
these studies was conducted in similar seasonal evergreen forest.

However, our SR values were within the ranges of those found in
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FIGURE 2 Mean values of the study variables including (a) soil temperature (°C), (b) soil moisture, (c) soil organic matter (%), and (d) soil
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measured in the wet (filled bars) and the dry (open bars) periods in the old-growth (OF), intermediate (IF) and

young (YF) forest. Error bars indicate one standard deviation. Different small (capital) letters denote statistical differences among sites
during the wet (dry) period at 5% significance level from the Tukey post hoc test or pairwise comparisons. All values significantly differed
between periods, except the organic matter content in IF as indicated by “ns” or “not significant” in (c)

other Thai forests of various phenology, including dry evergreen
forests (Adachi et al., 2009; Boonriam et al., 2021), dry diptero-
carp forests (Hanpattanakit et al., 2015; Intanil et al., 2018), an
evergreen forest (Hashimoto et al., 2004), a teak plantation (Kume
et al., 2013), and a mixed deciduous forest (Takahashi et al., 2011).
The SR values of our forests were also within the range of those
from a lowland mixed dipterocarp forest in Malaysia (Katayama
et al., 2009; Ohashi et al., 2008), whereas they were generally
higher than those from forests at Pasoh, peninsular Malaysia
(Adachi et al., 2005; Kosugi et al., 2007). Overall, it is evident

that SR rates in Southeast Asian forests are highly variable and
site-specific.

4.2 | Spatial variations in SR and the environmental
factors across forest succession

Soil temperature showed spatial variation in both periods with
higher values in the young forest than in the intermediate stage, al-
though it was similar to that in the old-growth forest. The higher
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ST in the young forest may be associated with its sparse canopy
compared with the more closed canopy in the intermediate forest,
as observed in our sites. The observations agreed with findings of
higher ST in a Panamanian tropical forest with large forest gaps due
to the direct heat from sunlight reaching the soil surface (Marthews
et al., 2008). Our results showed that the differences in SM across
forest stages varied temporally. In the dry period, soil moisture in
YF was significantly lower than that in the older stages. However, in
the wet period, IF had higher SM than that in the other sites. Again,
canopy development may contribute to such variation because the

canopy of YF was very sparse, whereas that of IF and OF was denser.

Differing canopy density can affect the amount of light penetrating
the soil surface and litterfall input to the soil, influencing surface
evaporation and thus soil moisture. Overall, organic matter in the
intermediate forest, with its high canopy density, was consistently
higher in both periods than in that in the other sites. This may be
explained by the high litterfall production in IF compared with the
other two forests in our study (averaging 1.65, 2.08, 1.04 gm ™2 day™*
in OF, IF, and YF, respectively, across wet and dry seasons; unpub-
lished data), although other factors such as decomposition rate need
to be considered to verify this claim. Although SR was generally

similar in the older stages (OF and IF), it was significantly lowest in



RODTASSANA ET AL. Ecol d Evoluti 7
COl Ogy an volution oenA:cess LEY
35 35
(@) OF (b) IF
30 41 Wet: p=0.83 30 4 Wet: p=0.17
Dry: p=0.35 Dry: p=0.63
25 - 25 - @9
20 PY 20
° ® o
15 - ® 15 -
C @
® ®
10 A - 10 | ® 0,000
~ 5- d Qbo) 8 5 QPO 0(90 o)
[t 5
-9 'w d O
=k
-g E 0 T T T T T 0 T T T T T
o o 0.00 005 010 015 0.20 025 0.30 000 0.05 0.10 015 0.20 0.25 0.30
<]
o % 35 35
;’6) g- () YF (d) All stages
= 30 4 Wet: p=0.99 @ Wet 30 4 Wet: y = 103.98x-4.99, ’= 0.24, p = 0.0023
Dry: p=0.85 O Dry Dry: p=0.87
25 - 25 - O
20 20
15 - 15 -
10 - o ® 10 -
5 - Q O 5
(@) ©
0 L] L] L] ] 1 0 L) L) L] ) L)
0.00 005 010 045 020 025 0.30 000 0.05 010 0.15 0.20 0.25 0.30

Soil Moisture (%)

FIGURE 4 Relationships between soil respiration (umolCO, m2s?

and soil moisture in the (a) old-growth (OF), (b) intermediate (IF),

(c) young (YF) forest, and (d) all forest stages. Closed (open) circles represent data from the wet (dry) period. Results from regression analysis
for data combined across periods are shown accordingly. Black solid line indicates a significant regression result with 95% confidence
intervals shown as blue lines. The significance level for the regression analysis was 0.05

the young forest. This result agrees with previous studies indicating
increasing soil respiration with forest age (Luo et al., 2012; Yan et al.,
2006, 2009). Because soil carbon, which is highly correlated with soil
organic matter, and soil moisture have been found to significantly
explain variations in SR (La Scala et al., 2000; Stoyan et al., 2000),
low materials for decomposition and consumption by the microbial
community, and low soil moisture may contribute to the low SR in
YF. Additionally, variation of root biomass may affect the difference
in SR across forest stages, as related to total below-ground carbon
flux (TBCF; Katayama et al., 2009; Litton & Giardina, 2008). In fact,
based on our preliminary measurements of fine root production in

the older forests, we found that IF had higher fine root production

than OF across both wet and dry periods (0.57 g m™2 day™* in IF ver-
sus0.50 g m2 day’1 in OF), which was consistent with the higher SR
in IF than in OF (Figure 2d).

4.3 | Temporal variations in SR and the
environmental factors between the wet and the
dry period

Regardless of forest stage, ST was lower and SM was higher in the
dry period than in the wet period, which may correspond to the

cool dry season in this region. In addition, this may be attributed to
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low surface evaporation being blocked by the thick litter layer on
the forest floor as observed through high monthly litterfall produc-
tion in the dry season of the same study sites (averaged 2.07 and
110¢g m2 daylin the dry and the wet season, respectively, unpub-
lished data). The low surface evaporation may be consistent with
lower evapotranspiration during the (cool) dry season than in the wet
season over the Chi and Mun river basins, where our site is located,
as estimated from a process-based model using satellite data from
2001 to 2015 (Zheng et al., 2019). Also, high litterfall production may

have facilitated the retention of soil moisture because the increased
volume of litter increased the time for soil drying or becoming satu-
rated (Ogée & Brunet, 2002). Similarly, soil OM was generally higher
in the dry period across forest succession, which may be associated
with the higher litterfall in these sites during the dry season. In all
forest stages, SR was significantly higher in the wet than in the dry
period, which is consistent with previous studies on soil respiration in
various forests in Thailand (Adachi et al., 2009; Boonriam et al., 2021;
Hashimoto et al., 2004; Kume et al., 2013; Takahashi et al., 2011).
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4.4 | The influence of environmental factors on SR

To gain insights into the factors that play important roles in SR vari-
ation in these forests, we investigated the relationships between
SR and the main drivers including ST, SM, and soil OM. Our results
showed that ST and SM differently contributed to SR among forest
stages and temporally, which was likely due to the inherent canopy
and site characteristics of each stage. Overall, SR in our forests did not
show a clear response to ST across both periods (Figure 3d). However,
the general exponential relationship between SR and ST was signifi-
cant only in the old-growth, undisturbed forest (Lang et al., 2017).
Because canopy gaps were unequally dispersed in OF, whereas those
in IF and YF were more uniform, the range of ST was larger in OF
across the wet and the dry period, possibly allowing high and signifi-
cant variation of SR with ST (Figure 3a). In terms of soil moisture, SR
of all forest stages increased with SM significantly only in the wet pe-
riod (Figure 4d). This result indicated that low available soil moisture
in the warm wet period constrained SR and thus was important for
controlling microbial activity in these forests. In temperate and boreal
forests, soil temperature has been identified as the major driver for
soil respiration (Hursh et al., 2017). In fact, most models for soil Co,
efflux from these forests are empirical functions of soil temperature
(Sugasti & Pinzdn, 2020). In tropical regions, however, mixed results
have been reported. Soil respiration of tropical forests is affected by
both ST and SM in some sites (Boonriam et al., 2021; Ohashi et al.,
2008; Sotta et al., 2006), only affected by ST in both primary and sec-
ondary sites of tropical montane forests in China (Zhou et al., 2013),
and by only SM in various forests in Thailand (Adachi et al., 2005,
2009; Hashimoto et al., 2004; Kosugi et al., 2007; Takahashi et al.,
2011). Another study has suggested that short-term variation in SR
depends on ST, but SM had greater effects on long-term variation in
SR in central Amazonian forests (Sotta et al., 2004). Therefore, the
contribution of soil temperature and soil moisture to soil respiration
rates in global forests varies greatly and is highly site-specific with no
clear spatial or temporal variation.

Our data showed significant increases in SR of most forest stages
with increasing soil OM, with greater response in the dry period than
in the wet period (Figure 5). Thus, the organic matter content in the
soil was the main energy source for microbial activity that deter-
mined soil CO, efflux in the dry period of these forests. As previ-
ously mentioned, this period corresponded to high litter addition to
the forest floor, which may stimulate soil microbial activity as shown
in greater soil CO, release (Bréchet et al., 2017; Sayer et al., 2019,
2020). Large variations in OM were observed across forest stages,
which may be explained by different quantity and quality of litter
input (i.e., litterfall and roots) and different rates of litter decomposi-
tion in each stage. Note that the significant regression result for the
wet period (Figure 5d) was mostly due to large differences in OM
between IF and the other sites. Therefore, the observed significant
pattern in the wet period may not represent the true response of
SR to OM.

Overall, our results are still preliminary and suggest that differ-

ent factors contribute to SR across spatial and temporal variation in
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our successional forests. In our forests, SM and OM were the limit-
ing factors that significantly explained variation in SR in the wet and
the dry period, respectively, whereas ST might explain variation in
SR of the old-growth forest with its nonuniform canopy compared
with the younger forest stages. However, due to the limited data,
further investigation including more sampling locations and higher
frequency is needed to confirm these findings.

5 | CONCLUSIONS

We investigated spatial and temporal variations in soil respiration
(SR) and its driving factors including soil temperature (ST), soil mois-
ture (SM), and organic matter content (OM), together with their rela-
tionships. Our analyses showed that SR was generally higher in the
wet period and in older-stage forests (either primary or secondary).
Although ST has been identified as one of the main factors influ-
encing SR in temperate and boreal forests, we found no significant
relationships between SR and ST in our forests. However, in the old-
growth forest where gaps are usually nonuniformly scattered, ST
and OM determined SR, and there were variations in response pat-
terns across forest stages and periods. Across the successional for-
ests, SM was the determining factor of SR in the wet period, whereas
OM significantly explained SR variations in the dry period. Overall,
the responses of SR to environmental factors were different across
successional forests and data collection periods. Our results suggest
the incorporation of different responses in successional forests and
site-specific information in modeling soil respiration of tropical for-
ests. Nevertheless, detailed investigations involving long-term and
high-frequency measurements and sampling locations should be
performed to confirm these results.
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APPENDIX A

TABLE A1 Soil particle distribution (mean + SD) and soil texture classification of three forest successional stages at Khao Yai National
Park, Thailand

Wet season (Sep 2020) Dry season (Feb 2021)
Soil particle OF IF YF OF IF YF
Sand 53.7 £ 1.15° 377 £ 1.15° 64.4 + 3.06° 40.3 +2.42° 35.7 £ 3.06° 56.4 +5.03"
Silt 16.9 + 1.15% 26.3 + 6.00° 12.3 + 2.00° 27.7 +7.20° 30.3 +2.00° 13.6 +2.31°
Clay 29.3 +1.15%° 36.0 + 5.03° 23.3 +1.15° 32.0+7.57° 34.0 + 1.15° 30.0 + 3.06°
Soil texture Sandy clay loam Clay loam Sandy clay loam Clay loam Clay loam Sandy clay loam

Note: Different letters denote statistical difference among sites during each season at 5% significant level. The proportions of sand and silt in the
soils of all sites significantly differed between seasons (p < .017), but the percentage of clay in the soils did not vary between seasons (p =.219).

(a) Geologic map of the study area (b) Slope of the study area
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FIGURE A1 (a)Geologic map and (b) Slope of the study area and location of the study sites
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FIGURE A2 Diagram showing the grided study plot in each
forest stage. Circles show the locations from which sampling points
were randomly chosen for the measurements
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Sapwood area is an important parameter for estimating canopy transpiration in the forest water cycle. However,
sapwood area highly varies across species and forest ecosystems and is difficult to measure directly. Therefore,
species- and site-specific allometric equations are needed to estimate the sapwood area of all trees in a
forest. Here, we conducted a comprehensive campaign to measure sapwood thickness and to estimate the
sapwood area of 14 common tree species in a successional forest in Thailand. These data represent the first
comprehensive measurements of sapwood area in south-east Asian successional forests growing under diverse
environmental conditions in terms of soil moisture and canopy density. The results show that a power function
can significantly explain the relationship between sapwood area and stem size, represented by diameter at
breast height (DBH), in all species in both primary and secondary forests. Interestingly, a single equation could
describe the sapwood area~DBH relationship in all species and forest stages, except for Dipterocarpus gracilis, an
emergent, dominant species in the primary forest. The latter showed slower growth in sapwood area once the
trees reached a DBH of ~30 cm. Overall, our results can benefit future studies that estimate canopy transpiration

of tropical forests with similar conditions as in our study sites.

Introduction

Forests are an important part of the global water cycle. Specif-
ically, transpiration from forests represents ~40-90 per cent of
the total amount of water emitted to the atmosphere (Miralles
et al.,, 2011; Jasechko et al., 2013; Wang-Erlandsson et al., 2014;
Good et al.,, 2015), thus significantly affecting the hydrologi-
cal and energy partitioning processes in terrestrial ecosystems
(Bonan, 2008). Among the global forests, tropical forests play
an important role in mitigating rising atmospheric carbon (C)
dioxide contents and thus related climate change impacts by
sequestering ca. 0.28-1.26 Pg C annually (Hubau et al., 2020).
However, widespread deforestation and land use change in the
tropics are rapidly transforming these ecosystems, with over
80 million ha of natural, old-growth tropical forests being lost
since 1990 (FAO and UNEP, 2020). In south-east Asia, trans-
formation of forests to large-scale agricultural production and
commercial tree plantations has been identified as the main
drivers of forest loss (Curtis et al., 2018). In some areas, the
abandonment of such large-scale agricultural operations due
to unsustainable practices led to the regeneration of secondary

forests (SFs) through natural or artificial processes. As a result,
forests in south-east Asia typically comprise a mosaic of primary,
old-growth forests and forests at different stages of secondary
succession.

Because tropical forests commonly contain various succes-
sional stages, it is challenging to estimate canopy transpiration,
which is influenced by many factors, including canopy structure,
microclimatic and soil conditions and species composition. Many
studies have demonstrated that sap flow measurements are
an effective but time-consuming and hence costly method to
estimate tree water use and thus canopy transpiration. Most sap
flow measurement methods rely on point measurements of sap
flux density across the conductive sapwood (xylem) area. The
whole tree water use is generally defined as the product of sap
flux density and sapwood area. Previous studies showed that the
variability of sap flux density among trees of different ages and
sizes is relatively low (e.g. Kumagai et al., 2007; Reyes-Acosta
and Lubczynski, 2013, 2014; Jaskierniak et al., 2016; Tor-Ngern
et al., 2017); therefore, the whole tree water use within a given
forest should mostly depend on the sapwood area of the trees in
the area.

© The Author(s) 2021. Published by Oxford University Press on behalf of Institute of Chartered Foresters. All rights reserved. For permissions,
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Despite the importance of quantifying sapwood areas of
trees, there is inadequate research on this topic. One of the
major constraints in using sapwood area for estimating canopy
transpiration is the potentially high variability of sapwood
patterns among species, especially in tropical trees (Parolin et al.,
2008; Horna et al., 2011). Another limitation is that cutting
down trees for measuring sapwood area is often prohibited
and it is hence challenging to collect corresponding data. An
alternative approach is the extraction of wood cores using
an increment borer to measure sapwood depth and then
estimate the sapwood area. After being collected from trees, the
increment cores are stained with a chemical solution to reveal
the difference in chemical composition between the hydro-
conductive sapwood and the non-conductive heartwood areas.
Some examples of chemical solutions for staining wood cores
include methyl orange, benzidine, sodium nitrite, safranin, astra
and Eosin-B (Lubczynski et al., 2017). The latter were proven
to be successful in estimating sapwood areas in many studies
(Pfautsch et al., 2012). Once sapwood area is determined, the
whole tree water use can be estimated in combination with the
measured sap flux density (e.g. Granier et al., 1996; Wullschleger
etal.,, 1998; Tor-Ngern et al., 2017). At the forest scale, the canopy
transpiration is calculated using the total sapwood area of all
trees within the stand and the weighted average sap flux density
data from sampled trees, depending on the site-specific scaling
approach. Because it is difficult to determine sapwood area of
all trees in the forest stand, species-specific allometric equations
for estimating sapwood area from biometric parameters, such
as diameter at breast height (DBH), basal area or crown areq,
are often used to obtain the total sapwood areas within a stand
(Lubczynski et al., 2017; Guney, 2018; Aparecido et al., 2019).

Allometric equations for estimating sapwood area using bio-
metric parameters of trees have been developed for various
tree species and forest ecosystems (e.g. Cienciala et al., 2000;
Wullschleger et al., 2002; Kumagai et al., 2005; Parolin et al., 2008;
Lubczynski et al., 2017; Guney, 2018; Aparecido et al., 2019),
but only a few of them exist in tropical regions, and studies
for successional forests in South-east Asia are particularly rare.
This study aims to develop species-specific allometric equations
relating sapwood area with tree size, represented by DBH, for
14 common species in a south-east Asian forest harboring two
successional stages. Additionally, one of the examined species
existed in both primary and secondary successional stages with
different canopy heights and soil moisture conditions. Because
allometric relationships between sapwood area and tree size of
the same species can vary across site conditions, such as eleva-
tion (Mitra et al., 2020), we hence used the data of this species to
explore whether different forest stages, with corresponding site
conditions, affected the relationship between sapwood area and
tree size. In this study, we did not intend to perform deep investi-
gation on the physiological mechanism of sapwood growth. How-
ever, we agimed to develop allometric equations for estimating
sapwood area of common species in successional forests, which
will be used in combination with the ongoing monitored sap flux
measurement in the forests to estimate canopy transpiration.
The derived equations may be used for estimating tree and
canopy transpiration in other successional forests of this region
and may also facilitate the calculation of sapwood areas of trees
in other tropical forests growing under similar environmental
conditions.

Methods

Study site

The measurements were conducted in a seasonal evergreen
forest in Khao Yai National Park (KYNP), Nakhon Ratchasima
Province, Thailand (14°2631” N, 101°22’55” E, 700-800 m asl).
Mean annual temperature and rainfall at the site are 22.4°C and
2100 mm, respectively, based on 1994-2018 data (Department
of National Parks, Wildlife and Plant Conservation; 25-year
means). The wet season is usually from May to October, while
the dry season lasts from late October to April, when the total
monthly rainfall is <100 mm (Brockelman et al., 2017). KYNP
consists of old-growth (primary) forest with scattered regions of
SFs at multiple successional stages, which have regenerated from
old fields within the past 50 years (Jha et al., 2020). In this study,
we selected common tree species occurring in two permanent
plots, one located in a primary and the other in a SF. The first plot
was a 30-ha Mo Singto forest dynamic plot (Brockelman et al.,
2017), which is a ForestGEO plot in the global network of the
Center for Tropical Forest Science, Smithsonian Tropical Research
Institute (Davies et al., 2021). This plot represents an old-growth,
primary forest (hereafter PF), with an age of at least 200 years.
The PF’s mean canopy height was 30 m, with a leaf area index
(LAI) of 5 and a stem density of 1112 trees ha=! (Chanthorn
et al., 2016; Brockelman et al., 2017). Approximately, 3 km away
from the PF plot, a 2-ha plot in a 4-year-old, initial-stage SF was
established. Its mean canopy height was 15 m and stem density
was 1226 trees ha~1. For this plot, no LAI data were available but
the SF canopy visually appeared to be distinctly sparse compared
with the canopy of PF. The soil type of both forests was gray,
brown ultisol (Brockelman et al., 2017), with soil bulk densities of
1.26 and 1.24 g cm~3 in PF and SF, respectively. In a separate
campaign for another study, soil moisture was measured at
25 locations in each plot during the onset of the dry season
(February 2020). The measurements showed that soil moisture
was significantly higher in PF (45.4+8.72 per cent) than in SF
(23.9 &+ 5.34 per cent).

Tree sampling and measurements

We used information on occurring tree species and their size
distribution, which were collected in the most recent census
during which all trees with DBH>1 cm were surveyed and
measured for DBH. The corresponding measurements were
conducted in 2016 for PF (Brockelman et al., 2017) and in
2017 for SF (Chanthorn et al., 2017). For each forest stage,
we selected common species based on the ranking of relative
basal area and by ensuring a sufficiently high number of trees
that we could sample from around the permanent study plots.
According to the ranking in PF, we selected species with relative
basal area ranging from 3 to 11 per cent, whereas it was 12-
31 per cent in SF. The seemingly low species-specific relative
basal area values in PF were due to the high diversity in this
site. The species with the highest measured relative basal
area was Dipterocarpus gracilis with 11 per cent. After using
the plot data to identify representative species, we sampled
trees outside the permanent plots to collect tree cores to
avoid disturbance of trees in the plots that are subject to
ongoing studies. In total, we sampled 14 common species:
11 species were from PF (D. gracilis, Choerospondias axillaris,

2
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Ilex chevalieri, Symplocos cochinchinensis, Gironniera nervosa,
Sloanea sigun, Cinnamomum subavenium, Machilus gamblei,
Schima wallichii, Mastixia pentandra and Syzygium nervosum)
and 3 species were from SF (Adinandra integerrima, Syzygium
antisepticum and Cratoxylum cochinchinensis). Among the
chosen species, only one of them, S. nervosum, existed in both
successional stages and was used to explore whether the
allometric equation differed between the two forest stages.
For the tree sampling, we additionally considered the DBH
distribution of each species based on the 2016 (PF) and 2017
(SF) measurement campaigns. We realized that the information
of tree size that was used to determine sampling intervals did
not match with the ages of trees during our measurement
campaign, which should be older. However, such mismatch
should not affect our main objective for developing the allometric
equations. Furthermore, data from the 2016-2017 census were
the only available information we had to determine the size
distribution of trees. To ensure that our dataset for developing
the allometries contained samples from the complete spectrum
of DBH values occurring on the sites, we partitioned the range
of the DBH data into intervals of 10 cm and sampled three
trees from each interval for measurements. Only healthy trees
with no apparent diseases, broken tops or hollowed stem were
chosen.

The sample collection was done in July-September 2020 and
in June 2021 which corresponded to the wet season. After mea-
suring the DBH of each study tree, we debarked a small area on
the tree and took a wood core sample from three equally spaced
position along the azimuthal direction around the stem. We used
an increment borer of 5.15 mm diameter (Haglof, Sweden) to
collect a wood core sample of at least half the DBH of each tree.
The sample collection was done during 10:00 a.m.-15:00 p.m.
when transpiration was high (Tor-ngern et al., 2021). Then, we
immediately stained each core sample with 0.1 per cent methyl
orange which, after 15 min, distinguished regions of sapwood
with light color compared with the dark region of heartwood
(Forrester et al., 2010; Burgess and Downey, 2014; Molina et al.,
2016; Macfarlane et al., 2018). The sapwood thickness was then
measured using a ruler. To avoid further damage to the sample
trees, we randomly chose a tree from the sampled ones within
each class size for measuring bark thickness. For each selected
tree, we took three wood core samples of up to 5 cm depth from
the outside bark and measured bark thickness using a vernier
caliper. Then, we took the average of measured bark thickness
values from the three samples and used it in our calculation. Next,
we calculated sapwood area (A) of the trees using the following
equation:

As=m ((R - 5bark )2 - (R - 5bork - 5supwood)z) ’ (1)

where R is stem radius, and Dpgr and Esapwood represent averaged
bark thickness and sapwood thickness, respectively. All units are
in cm. Because our data showed small azimuthal variation in sap-
wood thickness for each tree (CV < 7 per cent), our assumption of
circular shape for calculating the sapwood area was confirmed.

Data analysis

We performed an exploratory data analysis and implemented
regression analyses to derive allometric equations between A,
and DBH in Sigmaplot 12.0 (Systat Software, Inc., San Jose, CA,
US). Although some previous studies also explored bark thickness
and sapwood thickness as predictors (Guney, 2018), we did not
use it in our analysis after finding no significant relationship in the
former (Supplementary Figure S1). By contrast, the relationship
between sapwood area and sapwood thickness was significant
(Supplementary Figure S2). However, we chose DBH as the main
predictor to make our allometries universally applicable for future
analysis such as estimating the sapwood area of all trees in the
forests for calculating canopy transpiration. In addition, using
DBH is more suitable because it is a commonly measured metric
and causes no damage to the trees. We first performed the
analyses by species, then with pooled data for each study site
and finally from all sites if no significant difference was found,
using an F-test to analyze the difference between regression
lines. We also compared the allometric equation of the only
species growing in both sites (i.e. S. nervosum). Based on the
exploratory data analysis, two types of equations were tested:
an exponential growth function (y = ae) and a power function
(y = axb). Both equation forms had to go through the origin
under the assumption that no sapwood area would be observed
with zero DBH. The power function yielded lower standard error of
the regression than the exponential growth form (Supplementary
Table S1); thus, we employed the power function in our analysis.
To validate the performance of the selected regression lines, we
further assessed whether residuals of the regression varied with
DBH. All statistical tests were based on the significance level of 5
per cent.

Finally, we considered different physiological characteristics,
including wood type (i.e. hard- vs softwood) and leaf habit (decid-
uous vs evergreen), in the studied species as shown in Table 1.
Hardwood species are often associated with slow growth and
they tend to build more heartwood than sapwood, whereas the
opposite is observed in softwood species (Gartner and Meinzer,
2005; Lachenbruch et al., 2011). For leaf habit, deciduous species
generally grow fast in the active season, resulting in larger vari-
ation in sapwood growth in the species compared with in ever-
green species (Givnish, 2002). We therefore tested whether the
allometric relationships for the group of these physiological traits
differed.

Results

Table 1 summarizes the average values and range of bark and
sapwood thickness and corresponding estimates of sapwood
area of the selected species. Mean sapwood thickness of the
species ranged between 7.6 and 24.8 c¢cm, accounting for 35
per cent-99 per cent of the stem radius. Dipterocarpus gra-
cilis showed distinctively low fraction of sapwood thickness, and
therefore a large heartwood region, compared with the other
species. Average sapwood area of each studied species ranged
from 230 to 3258 cm?, comprising 63 per cent-99 per cent of the
tree basal area. Among the studied species, almost no heartwood
was observed in four species, including S. cochinchinensis, G.
nervosa, I. chevalieri and M. pentandra. Despite the relatively high
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Table 1 Information of the selected tree species for developing allometric equations in the primary forest and secondary forests, along with mean £ 1
SD in bold and the range of DBH (cm), bark and sapwood thickness (cm) and sapwood area (m?) for each species. The sample size (n) is the number
of trees used in the analysis. Leaf habit was identified as deciduous (D) or evergreen (E) according to Brockelman et al. (2017). The species were
categorized into two wood types: moderately hard to hardwood (H) and softwood (S) according to the noted references.

Species Leaf habit Wood type n DBH (cm) Bark Sapwood Sapwood
thickness thickness area (m?)
(cm) (cm)
Primary forest
Dipeterocarpus D H1.2 30 59.19 +30.93 0.41+0.12 10.48 +£2.76 0.17+0.13
gracilis (10.4-127.0) (0.27-0.62) (4.94-15.33) (0.01-0.43)
Choerospondias D H3 30 60.43 +28.74 0.47 +0.05 24.81+10.17 0.33+0.26
axillaris (15.4-112.0) (0.40-0.55) (7.30-41.67) (0.02-0.90)
Ilex chevalieri E S4 12 25.32+11.68 0.06 +0.02 13.78 £5.32 0.07 +£0.05
(12.1-42.5) (0.03-0.09) (6.00-21.16) (0.01-0.14)
Symplocos E S° 15 34.97 £12.55 0.05+0.01 17.38 £6.30 0.11+0.07
cochinchinensis (16.0-52.3) (0.04-0.07) (7.96-26.09) (0.02-0.21)
Gironniera nervosa E H* 15 35.17+£13.75 0.17 £0.02 17.03 £6.32 1.09 +0.08
(15.5-57.4) (0.14-0.19) (7.61-26.91) (0.02-0.25)
Sloanea sigun E s6 15 33.57+13.99 0.56 +0.14 15.34+6.34 0.10+0.07
(10.4-54.1) (0.34-0.73) (4.86-24.42) (0.01-0.21)
Cinnamomum E s/ 15 35.4+14.06 0.10+0.06 14.63 £5.70 1.08 +0.08
subavenium (13.2-59.5) (0.04-0.19) (5.63-23.83) (0.01-0.25)
Machilus gamblei E S8 15 34,51+ 14.15 0.08 +0.01 11.98 +5.29 0.10+0.07
(13.5-58.0) (0.06-0.10) (5.60-23.50) (0.01-0.22)
Schima wallichii E H? 15 33.73 £ 14.45 0.43 +£0.08 8.52+3.22 0.08 +£0.06
(13.7-55.0) (0.34-0.56) (4.33-14.17) (0.01-0.17)
Mastixia pentandra E s10 15 34.71+14.45 0.22+0.2 17.00+7.11 1.07 +0.08
(13.7-56.3) (0.20-0.26) (6.64-27.93) (0.01-0.25)
Syzygium nervosum E H* 15 35.11+14.79 0.47 £0.03 12.37 £ 4.57 0.10 £0.07
(11.4-59.2) (0.44-0.52) (5.18-19.33) (0.01-0.23)
Secondary Forest
S. nervosum E H* 9 25.18+£9.79 0.54+0.06 8.94+5.38 0.05 +0.04
(11.0-39.5) (0.49-0.61) (3.60-17.00) (0.01-0.11)
Adinandra E S* 6 17.1+5.11 0.23 +£0.01 7.60+1.95 0.02 +£0.01
integerrima (11.1-30.0) (0.22-0.23) (5.33-10.23) (0.01-0.04)
Syzygium E H* 9 22.94+8.78 0.31+0.03 10.36 + 4.02 0.04+0.03
antisepticum (12.3-33.5) (0.28-0.34) (5.87-16.43) (0.01-0.09)
Cratoxylum D H11,12 9 24.19+10.94 0.44+0.14 9.62 +3.46 0.05 +0.04
cochinchinensis (10.7-39.6) (0.25-0.56) (5.00-14.80) (0.01-0.11)

TUphof (1959). 2Gamal (2014). 3Phongkrathung et al. (2016). “De Guzman and Siemonsma (1999). >Weerakoon et al. (2014). ®Priyadi et al. (2010).
7Wuu-Kuang (2011). 8Schultz (2005). ®*Handayani and Hidayati (2020). 19Matthew (1976). 11Wong (1995). 12Kritsanachandee and Sookchaloem

(2006).

variation in the averages, the standard deviation (SD) of sapwood
thickness and area were quite similar among the species.
Regression analysis between sapwood area and DBH showed
significant results for all species (Figures 1-3). The residual
analyses of the derived models showed no significant trends
with changes in DBH in all species (Supplementary Figures S3-
S5) and hence confirmed the validity of the allometries. Overall,
the power function explained the relationships between DBH
and sapwood area very well with r? values ranging from 0.97
to 1.00. Concerning the examined physiological characteristics
(hard vs softwood and deciduous vs evergreen species) our
results showed no significant difference among them. For S.
nervosum which grew in both PF and SF, a single equation could

explain the DBH~sapwood relationship across both successional
stages (Figure 3A). Considering pooled data, a power function
significantly described the DBH~sapwood relationship for all
species, regardless of successional stages, except for D. gracilis
(Figure 4).

Discussion

Although many techniques are available for determining
sapwood area of trees, all of them have their own advan-
tages and disadvantages, which make the techniques more
or less suitable for different purposes. For example, recent
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Figure 1 Regression results for the relationship between sapwood area (cm?) and DBH (cm) of the species in primary forest in KYNP, Thailand, including

(A) Dipterocarpus gracillis (B) Choerospondias axillaris (C) Ilex chevalieri (D)
that the scales are different.

studies recommended using computer tomography for accurate
estimation of sapwood, but the technique is expensive and
requires extensive data processing (Quinonez-Pinon and Valeo,
2017). The cut-and-dye technique is perhaps the most direct
method for measuring sapwood areq, but it is highly destructive

Symplocos cochinchinensis (E) Gironniera nervosa and (F) Sloanea sigun. Note

and hence often infeasible, particularly in protected areas. For
this study, we chose the staining method which we applied
to three bore-cores extracted from each sampled tree during
periods of high transpiration. We believe that our method
was suitable, given the challenging situation in the field and
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Figure 2 Regression results for the relationship between sapwood area (cm?) and DBH (cm) of the species in primary forest in KYNP, Thailand, including
(A) Cinnamomum subavenium (B) Machilus gamblei (C) Schima wallichii and (D) Mastixia pentandra. Note that the scales are different.

considering the conservation status of the study area. Neverthe-
less, future studies using other techniques may be performed to
verify our approach in this area. One factor that may affect the
measurement of sapwood thickness is the presence of hollow
stems, which was found to account for up to 83 per cent of
stems’ cross sections in other tropical sites (Heineman et al.,
2015). However, none of our sample trees was hollow because
we carefully selected healthy trees and excluded trees from the
selection if we found large cavities in the cores. Furthermore,
the relatively small to medium sizes of most sample trees may
have contributed to the sparse number of hollow stems during
our sampling procedure as hollow stems have been frequently
observed in trees of DBH > 50 cm in tropical forests (Heineman
etal, 2015).

For all species, sapwood thickness did not vary circum-
ferentially, validating the assumption of circular sapwood
area. The invariant sapwood thickness around the tree also

implied that the trees were not influenced by environmental
conditions, such as variations in light exposure and soil moisture
around the tree. In some boreal species, sapwood thickness
was significantly different between north-facing and south-
facing sides of the trees which experienced different solar
irradiation (Quinonez-Pinon and Valeo, 2017), resulting in smaller
sapwood thickness in the side with longer sunlight exposure - an
adaptation of the tree to avoid losing much water. Sapwood
areas of the studied species (ranging from 230 to 3258 cm?
for DBH ranges of 10.4-127 cm) were within the range of
values reported for seven tree species in another tropical forest
in south-east Asia (43-4395 c¢cm? for DBH ranges of 10.4-
95 cm; Horna et al., 2011), but somewhat higher than those
in other neotropical and montane forests (Granier et al., 1996;
Andrade et al., 1998; Goldstein et al., 1998; Anhuf et al., 1999;
Meinzer et al., 1999; Motzer et al., 2005; Parolin et al., 2008;
Aparecido et al., 2016; Kunert et al., 2017; Moore et al., 2018).
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Figure 3 Regression results for the relationship between sapwood area (cm?) and DBH (cm) of the species in SF in KYNP, Thailand. Note that the result
for S. nervosum (A) included data from both primary (closed circles) and secondary (open circles) forests and that the scales are different. (B) - (D)
show results for Adinandra integerrima, Syzygium antisepticum and Cratoxylum cochinchinensis, respectively.

According to these studies, sapwood area in tropical tree
species considerably varies across species and forest ecosystems.
However, our result surprisingly showed that the allometric
relationship between sapwood area and tree size was mostly
consistent across tree species and the two examined succes-
sional stages with partly differing environmental conditions.

At the tree level, several biometric parameters have been
explored to predict sapwood area. For example, in @ montane
Mediterranean conifer, Glney (2018) related sapwood area to
DBH, tree basal area, sapwood thickness and stem radius without
bark. The study found that stem radius without bark explained
most of the variation in data. In our study, we also measured the
bark thickness of the sample trees and found a generally small
bark thickness (<4 per cent of stem radius) which related less
well to sapwood area (Supplementary Figure S1). Additionally,
previous studies often used DBH as the predictor for sapwood

area because it is the most common tree metric that is frequently
measured in the field. Thus, we here focused on DBH as the
main predictor of sapwood area. Tree height and crown area
have also been used to predict sapwood area (Lubczynski et al.,
2017; Guney, 2018; Aparecido et al., 2019), but it was difficult
to perform measurements of both parameters in these forests
with our available tools. Nevertheless, a further study including
measurements of these parameters would potentially improve
the allometric equations to extend their use to cover application
with large-scale analysis, such as one involving remote-sensing
data. The power function significantly described the relationships
between sapwood area and DBH in all species, suggesting that
these trees continued to develop sapwood area as they grow.
Furthermore, a single equation could explain the DBH~sapwood
area relationship for S. nervosum samples collected in both suc-
cessional stages. Thus, different environmental conditions in both
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Figure & Regression results for the relationship between sapwood area
(cm?) and DBH (cm) of all study species in KYNP, Thailand. Circles repre-
sent data from all species except D. gracilis which is shown in diamonds.
Closed (open) circles represent data from all species except D. gracilis in
the primary (secondary) forest.

sites did not influence the relation between sapwood area and
tree size in this particular species, supporting its presence in
multiple forest stages.

Combining data from all species, a single power function
significantly described the relationship between sapwood area
and DBH, regardless of forest stages, except for D. gracilis. The
equation for D. gracilis suggested that sapwood area of this
species grows fast in small trees (i.e. DBH < 30 cm) but is slow in
large trees. In fact, sapwood area of D. gracilis individuals with
DBH < 30 cm on average accounted for ~96.8 per cent of the
basal area. However, for the larger trees with a DBH >30 cm,
the average proportion of sapwood area to basal area was 33.8
per cent. This indicates that the small trees almost exclusively
grow sapwood to rapidly acquire and transport resources to
outcompete others; however, when the trees reach a certain size,
they invest more in building heartwood for structural support
(Gower et al., 1993; Pruyn et al., 2003). A future study inves-
tigating whether detailed physiological and functional traits of
the species affect the allometric equations between DBH and
sapwood is desirable. The two traits examined in our study (hard
vs softwood and deciduous vs evergreen species) did not show
any effect on the DBH+ sapwood relationship. The developed
allometric equations for the pooled dataset can hence be used
for calculating the sapwood area of most trees in these forests
if their DBH is known. The resulting sapwood area estimates can
be used for estimating canopy transpiration, which is a significant
component of water cycles in forests (e.g. Tor-ngern et al., 2017).

Conclusions

In this study, we performed measurements of sapwood thickness
and estimated sapwood area of 14 common tree speciesin a suc-
cessional forest in Thailand. These data represent the first com-
prehensive measurements of these parameters in tropical forests
in south-east Asia growing in forests of two successional stages.
The results show that a power function significantly explains the

relationship between sapwood area and stem size, represented
by DBH, in all species in both primary and SFs. Interestingly, a
single equation could describe the relationship in all species and
sites, except for D. gracilis, an emergent, dominant species in the
primary forest. The allometric equation for D. gracilis indicated
that the sapwood area of this species grows slower than in other
species in this forest once tree individuals have reached a DBH
of ~30 cm. Our results will greatly benefit studies that aim to
estimate the canopy transpiration of tropical forests growing
under similar conditions as the forests in our study sites.

Supplementary data

Supplementary data are available at Forestry online.
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Abstract (273/350 words)

1. Due to large-scale abandoned agricultural areas in Southeast Asia, secondary tropical

forests commonly comprise various forest stages, resulting in multiple characteristics
and inherent environmental conditions. Such spatial heterogeneity challenges the
study of how these forests respond to environmental changes, especially under the
predicted increasing climatic water stress. Therefore, the information of trees’
response to changing environments is still lacking in tropical forests, especially in

Southeast Asia.

. To fill the knowledge gap, we investigated seasonal variation in leaf water status and

drought tolerance of dominant tree species in three forests of different ages, ranging

from 5 to > 200 years old, in Thailand.

. We found that trees growing in the driest site, associated with the young forest stage

with sparse canopy, demonstrated increased apparent water stress in leaf water status
and distinct seasonal differences. Moreover, a large variation in the capacity to
tolerate drought was observed among the study species even within one forest stage.
However, when focusing on a given tree species that grow in all three sites, it
exhibited similar drought tolerance across forest stages. Overall, the results suggested
that soil water availability may influence plant water status and drought tolerance of
trees. Nevertheless, species with high drought tolerance can remain active regardless
of various soil moisture conditions.

Synthesis. Our results suggest that the responses to water stress of tree species in
different forest ages greatly vary. Therefore, evaluating species’ performance under
water stress should be carefully interpreted. Such information would be beneficial for
selecting ones that could be well adapted to specific environments, thus improving the

strategies for managing forests of different ages under a warmer future.
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1. Introduction
Native tropical forests in Southeast Asia have been substantially converted to other forms of
land use. In the past few decades, the rate of forest clearance in this region has been ranked
among the highest in the tropics, with an average net loss of 1.6 million ha yr ! between 1990
and 2010 (Stibig et al., 2014). Such land conversion is mostly attributed to many human
activities, including commercial logging (Wilcove et al., 2013), intense cultivation (Zeng et
al., 2018), and food production (Imai et al., 2018). The remaining degraded areas are then
usually abandoned after several years of operation and transformed into secondary forests,
whether by natural succession or human plantation. Consequently, forested areas in Southeast
Asia consist of various stages of forest succession including primary forests and different
phases of secondary forests. Evidence showed that tropical forests have been severely
affected by extreme events from human-induced climate change, such as droughts, warmer
temperature including heat waves, and fires (Allen et al., 2010; McDowell et al., 2016).
Among these adverse impacts, droughts may have the greatest effect on forested areas
worldwide (Reichstein et al., 2013). In particular, the ongoing impacts from increases in
frequency, duration and intensity of droughts are threatening the productivity and survival of
forests (Barbeta et al., 2015). Thus, droughts have been identified as a major contributing
factor affecting forest physiological responses in many regions (Allen et al., 2010; Mueller et
al., 2005), potentially accelerating the rates of tree decline and forest mortality (Carnicer et
al., 2011; Shaw et al., 2005). Therefore, the combination of the impacts from anthropogenic
disturbances and severe droughts will certainly be exacerbated in Southeast Asian forests,
hence the need to improve the understanding of underlying mechanisms governing ecosystem
functions in these mosaic patches of forests.

Forest structure and species composition in different forest stages differ (Lebrija-

Trejos et al., 2011). Disparate vegetation structures, such as canopy height and density,
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differentiate microclimate and soil properties among successional stages (Lee et al., 2006),
thus affecting location, duration, and distribution of regenerated tree species within each
stage (Lebrija-Trejos et al., 2010). Moreover, differences in canopy openness, tree density,
vertical stratification, and the amount of plant litter cause variations in atmospheric
temperature and humidity, and soil water availability along successional stages (Heithecker &
Halpern, 2007; Marthews et al., 2008). As a result, trees in secondary forests usually
experience warmer and drier environments, compared to those in primary forests (Pineda-
Garcia et al., 2013). Since trees establishing in different succession may respond differently
to droughts (Bretfeld et al., 2018), an interesting research question would be: how do trees in
successional forests respond to water stress, which is predicted to be intensified by future
droughts? Studies that attempt to understand physiological mechanisms across forest
succession have emerged in temperate and tropical ecosystems (Matheny et al., 2017; Pineda-
Garcia et al., 2016; Powell et al., 2017; Ruiz-Benito et al., 2017), but rarely in Southeast
Asia. This knowledge gap is a crucial limitation for the restoration of forests along
successional gradients, as commonly observed in Southeast Asian forests, providing
definitive recommendations for selecting tree species that are suitable for local environments.
Investigating responses of forests to changing environment relies on the
understanding of drought-induced physiological mechanisms of dominant trees at the species
level (Choat et al., 2018). Instead of carbon starvation from reduced photosynthesis, it has
been revealed that deterioration of the water transport system, also known as hydraulic
failure, could be the cause of plant mortality triggering tree death from drought in tropical
areas (Rowland et al., 2015). Since water is essential in many plant processes, its limitation
could lead to many dysfunctions in terrestrial plants. One method to study the response of
trees to drought-induced hydraulic failure is by quantifying their responses to water supply.

Leaf water potential is a direct indicator of tree water status and represents the overall plant
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health (Taiz & Zeiger, 2003), providing a relative index of water stress that indicates how
different tree species comparatively respond to changes in their surroundings (McDowell et
al., 2008; Steppe, 2018). Low water availability during droughts reduces soil, and stem and
leaf water potentials, thus triggering cavitation-induced embolism in xylem conduits (Taiz &
Zeiger, 2003), eventually leading to tree death (Adams et al., 2017). Regarding such event,
xylem vulnerability to embolism is often used to distinguish the drought tolerance of tree
species (Skelton et al., 2015). It has been shown that the xylem vulnerability strongly relates
to the ability of woody trees to survive and recover from periods of prolonged drought
(Domec et al., 2015). This hydraulic trait varies among species and is largely determined by
differences in xylem structure (Maherali et al., 2004). Therefore, investigating the responses
of tree species to drought-induced hydraulic failure and their xylem vulnerabilities will
improve the knowledge of the limits of drought tolerance for woody tree species and
determining trends in drought-induced forest mortality of different successional forests.
With these regards, this study aimed (1) to evaluate seasonal variation of tree water
status through leaf water potential and (2) to assess xylem vulnerability to embolism of
dominant tree species from different forest successional stages located in Khao Yai National
Park in Thailand, which is part of a UNESCO world heritage site. The study sites covered
three forest stages: an old-growth forest (OF, >200 years), an intermediate forest (IF, ~45
years), and a young forest (YF, ~5 years). The outcome from this study will fulfill the
knowledge gap on species-specific hydraulic responses along the forest successional stages in
tropical forests which is needed for accurately modelling climate change impacts on forest
productivity. Additionally, insights from this study can benefit policy decisions on tropical
forest management, especially for selecting species to effectively restore forests in highly

deforested and degraded regions, such as in Southeast Asia.
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2. Materials and Methods

2.1 Study site

The study site was done in different forest successional stages located in Khao Yai National
Park, Thailand (14°26°31" N, 101°22°55" E). The average elevation ranges 700—800 meters
above sea level. This region is dominated by monsoon climate, where the dry season usually
lasts from November to April and from May to October for the wet season (Brockelman et
al., 2017). Based on data during 1994 to 2014, the overall mean annual temperature was 22.4
°C, with monthly temperature ranging from 19.4 °C in December to 24.3 °C in April. The
mean annual rainfall was 2,073 mm. We used meteorological data from the weather station
located at Khao Yai National Park headquarter, which was about 3 km away from the study
sites. Khao Yai National Park comprises the mosaic fragments in different forest successional
stages, ranging from old-growth forests to different ages of secondary forests that naturally
regenerated from either natural disturbance (i.e., fires or fallen trees) or anthropogenic
impacts (i.e., deforestation or land conversion). In this study, three forest stands representing
different forest successional stages including an old-growth forest (OF), an intermediate
forest (IF) and a young forest (YF) were selected for the study sites. The OF (Figure 1A) was
in the 30-ha Mo Singto forest dynamics plot, one of the ForestGEO plots of the Centre for
Tropical Forest Science (CTFS) network (Davies et al., 2021), with the age over 200 years
(Brockelman et al., 2017). This forest has several tree layers, with the main canopy height of
about 20-30 m and a leaf area index (LAI) of 5 (Chanthorn et al., 2016). The IF (Figure 1B)
was located in the northern side of OF. This 45-year-old plot had an area of 1 ha, with an
average canopy height of 25 m and an LAI of 6 (Chanthorn et al., 2017). The YF (Figure 1C)
was located approximately 3 km away in the southeastern direction of OF. This forest had an
area of 2 ha and the age of ~5 years (Chanthorn et al., 2017). The YF’s mean canopy height

was 15 m, with sparser vegetation coverage compared to the other successional forests. The
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soil type and soil texture in these forests were classified as gray-brown ultisol and as sandy

clay-loam to clay loam, respectively (Rodtassana et al., 2021).

Figure 1 The studied sites in Khao Yai National Park for (A) Old-growth forest (OF), (B)

Intermediate forest (IF), and (C) Young forest (YF)

2.2 Species selection

The dominant tree species in each forest stage were chosen based on their relative abundance,
which was calculated from the basal area of one species relative to total basal area of all
species within the site. Then, five dominant tree species and five individuals per species from
each of the three successional forests were selected for all measurements, resulting in a total
of 75 trees sampled and 11 different species, with some species existing in multiple sites
(Table 1), including Schima wallichii (OF and IF), Syzygium nervosum (IF and YF), and
Symplocos cochinchinensis (all sites). A summary of characteristics of dominant tree species
is shown in Table 1, and detailed information about the flora and characteristics of selected
species is described in Brockelman et al. (2017). According to Brockelman et al. (2017),
Dipterocarpus gracilis and Cratoxylum cochinchinense are deciduous by shedding their

leaves and stipules during February-March but are never completely leafless (field
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observations during the measurements). The other sampled species are evergreen. A large
canopy gap resulted from fallen trees was also observed around the sampled trees of S.
wallichii, and some of the sampled trees of S. cochinchinensis. The sampled trees in IF
existed in a hilly area, where its canopy coverage was more homogeneous and denser
compared to that of OF and YF (Chanthorn et al., 2016). Overall, all sampled trees in YF
experienced drier conditions and stronger radiation from more open canopy in contrast to OF

and IF (Chanthorn et al., 2016; Tor-ngern et al., 2021).

Table 1 Characteristics of dominant tree species from the study sites of different forest
succession in Khao Yai National Park. Relative basal area refers to the percentage of total
basal area of the species to total basal area of all trees within the plot. Leaf habit shows
whether the species is deciduous (D) or evergreen (E). Diameter at breast height (DBH; cm),
tree height (m) and sampling height (m), at which the sampled leaves were taken, are

expressed in mean = SD values for the sampled trees for each species.

Tree (sampling)

Relative Leaf DBH (cm) ofthe  height (m) of the
Species basal area (%)  habit  sampled trees sampled trees
Old-growth forest (OF)
Dipterocarpus gracilis 10.54 D 13.78 £+ 3.27 17.16 +£1.44(9.63£ 3.00)
Sloanea sigun 8.09 E 13.38 +2.19 13.52+£2.96 (6.70 £ 0.98)
llex chevalieri 5.00 E 16.74 + 3.89 17.32+£1.58(6.90 + 0.95)
Symplocos cochinchinensis ~ 3.40 E 16.00 £ 2.51 12.68+3.54 (9.77 £ 2.55)
Schima wallichii 1.58 E 13.00 +1.98 12.04+1.64(6.33+1.04)
Intermediate forest (IF)
Schima wallichii 36.00 % E 12.68 £1.90 10.60+2.28(7.83+2.31)
Machilus gamblei 36.00 % E 14.50 £ 3,76 21.14+7.88(8.33+1.29)
Eurya acuminata 4.00 % E 10.58 £ 0.76 9.52 +2.30 (5.20 £ 0.75)
Symplocos cochinchinensis ~ 3.00 % E 12.80 £ 2.09 11.82+3.68(9.13+2.22)
Syzygium nervosum 2.00 % E 13.34+241 14.50+5.82(8.20+£ 0.43)
Young forest (YF)
Cratoxylum cochinchinense  30.75 % D 14.36 £ 2.67 9.30 £2.37 (5.42 £ 0.13)
Syzygium antisepticum 26.52 % E 13.98 +1.70 9.34 +3.02 (6.40 + 1.25)
Adinandra integerrima 12.08 % E 15.28+2.21 9.24 +2.63 (4.61 £ 0.13)
Syzygium nervosum 11.95 % E 16.74 £+ 2.97 8.80 £1.77 (4.00 £ 1.73)
Symplocos cochinchinensis ~ 3.24 % E 16.58 £ 3.26 9.98 £+ 1.50 (5.62 £ 1.20)
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2.3 Measurement of midday leaf water potential

Midday leaf water potential (Wmd) was measured with a Scholander pressure chamber (Model
1505D-EXP, PMS instrument, Albany, OR, USA) on samples taken between 10:00 and
14:00h in all study sites. The measurement was conducted twice during each of the dry
(November to December of 2019) and the wet season (May to July of 2020) to characterize
seasonal variation in Wmg. For each tree species, five individuals with similar stem diameter
(10-20 cm DBH, Table 1) were chosen. For each individual tree, three healthy leaves fully
exposed to sunlight were randomly selected from the bottom and outermost branches. Each
leaf was cut with a razor blade and placed inside the pressure chamber with its cut end of the
leaf stalk protruding from the sealing port. The chamber was then gradually pressurized using
nitrogen gas (N2) until a drop of water appeared at the cut surface of the stalk. The balancing
pressure inside the chamber, which is equivalent to Wma, was then recorded. To avoid the
potential loss of water from the leaves, this measurement was conducted immediately after
the leaves were collected. Meteorological data concomitant to the measurements of Wmg
(Figure 2, inset figures) were obtained from the weather station located at Khao Yai National
Park headquarter, which was about 3 km away from the forest plots. During the measurement
periods, rainfall was not observed, except in the wet season during which rainfall occurred
mostly at night. The average daily vapor pressure deficit (VPD) from the sampling days
during the dry and wet seasons were similar (independent sample t-test, p = 0.34), averaging
0.50 £ 0.07 kPa and 0.46 + 0.09 kPa, respectively. In addition, soil moisture was measured
using a soil moisture probe (SM150T, DeltaT Devices, London, UK) around the sampled
trees in each study site during the onset of the dry season (February 2020), which did not
coincide with our measurement campaigns, and compared across the three sites. The

differences in soil moisture among forest stages were significant (one-way ANOVA, p <

10



208

209

210

211
212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

0.0001), in which OF had the highest mean soil moisture (45.4 = 8.7%), followed by IF (37.8

+ 7.0%), and YF (23.9 £ 5.3%), respectively.
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Figure 2 Distribution in rainfall (black bars) and vapor pressure deficit (VPD, gray line) from
15t July 2019 (day of year 182 in 2019) to 30" July 2020 (day of year 213 in 2020) at Khao
Yai National Park, Thailand. Gray triangles indicate the sampling days for midday leaf water

potential (\Wmd) measurements. Inset figures are the zoomed-in version of daily rainfall and

VPD patterns during the Wmq sampling periods.

2.4 Measurement of xylem vulnerability to embolism

Before performing the measurement, branch maximum xylem vessel lengths (MVL) were
estimated for each species to assess the minimum sample size useable to avoid the
introduction of air artifacts due to open xylem elements (Ennajeh et al., 2011; Martin-StPaul
et al., 2014). By using the air infiltration technique (Ewers & Fisher, 1989; Gao et al., 2019;
Perez-Harguindeguy et al., 2016), the estimation of MVL was made in the study sites on
three branches collected from the same individuals used for Wmgq measurement. Branches
ranging between 0.6-1.0 m in length and 5-10 mm in diameter were cut, connected to a

rubber tubing with a syringe at the basal end, and immersed the other end in water. Then, a
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small air pressure from a syringe was applied to the basal end, while the other end was
shortened at 1 cm intervals until the air bubbles emerged. The MVL was determined from the
remaining length plus 1-2 cm. Overall, the MVL of branches from all the selected tree
species was within the range of 15-50 cm. Thus, for each species, three straight branches
with similar diameter (5-10 mm) and length around 50 cm were collected and kept
immersing in cold water (~4 °C) before transporting to the laboratory for the measurement of
xylem embolism.

Xylem vulnerability to water stress-induced embolism was measured using air-
injection technique (Sperry & Saliendra, 1994) and xylem specific conductivity (Ks) was
determined following Melcher et al. (2012). The air pressure technique gave reliable results
because most of the studied species were diffuse-porous species, and the length of the
samples were at least four times the length of the pressure sleeve (Ennajeh et al., 2011). First,
the collected branch segments were flushed at pressure of 100 kPa for 25-30 minutes to
remove air emboli with perfusing solution, de-ionized and ultra-filtered water (PURELAB
Chorus 1 Complete, ELGA LabWater, Woodridge, IL, USA) that was degassed and adjusted
to an acidic pH (2-3) with HCI. This removal allowed the segments to restore their maximum
conductivity (Ksmax). Each segment was then connected to a tubing apparatus with the basal
end attached to the perfusing solution reservoir (upstream) and the other end connected to a
pipette (downstream). Next, the flow rate through the segment was measured and Ksmax Was

calculated according to Darcy’s Law (Edwards & Jaris, 1982):

- Q

where Ks is the xylem specific conductivity in kg m™ st MPa, Q is the flow rate of fluid (kg
s1), 1is the length of the segment (m), AP is the pressure difference between two ends of the
segment (MPa), As is the sapwood cross-sectional area (m?), 1 is the viscosity of the fluid at

the temperature when the experiment is performed (N s m), and no is the reference viscosity
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at 25 °C (N s m). After determining Ksmax, the segment was placed inside a double-ended
pressure sleeve (PMS Instrument Company, Albany, OR, USA). The chamber was then
connected to a pressure chamber (same instrument used for Wmq¢ measurements) and
pressurized with N to artificially induce embolism (Sperry & Ikeda, 1997). First, the
chamber was applied with a small pressure, 0.5 MPa, and maintained for at least two minutes
before reducing the pressure back to atmospheric level. After the pressurization, the segment
was rested for 10-30 minutes for the balanced system and Ks with induced embolism was
determined. This procedure was repeated by increasing the injection pressure from 0.5 or 1
MPa steps (depending on species), until more than 85% loss of Ks was reached. The

percentage loss of hydraulic conductivity (PLC) was calculated as:

Ks

PLC =100 x (1 — —) )

Smax

where Ks is the xylem specific conductivity following each step of increased pressure and
Ksmax 1S the maximum conductivity measured after removal of embolism. Then, xylem
vulnerability curves were created by plotting PLC as a function of the applied pressures and
fitted by the following sigmoidal equation described by Pammenter and VVander Willigen

(1998) and modified by Domec and Gartner (2001):

B 100
PLC= (1+exp(S/25(P — P50))) (3)

where P is the applied pressure, and S is the slope of linear part of the curve centered on Ps,
which is the pressure causing 50% loss of xylem conductivity and commonly used to
compare embolism resistance among and between species. The slope of the vulnerability
curve (S) represents the sensitivity of a species to embolism (Delzon et al., 2010; Trueba et
al., 2017). Additionally, the constructed vulnerability curves were also used to calculate the
percentage loss of hydraulic conductivity corresponding to midday leaf water potential during
the dry season (PLCary) to further assess the potential water transport efficiency during water-

limited conditions from each studied tree species.
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2.5 Data analysis

To accomplish the first objective, two sets of analysis were performed to detect and confirm
significant differences in Wmq across successional stages and seasons. The first set was to test
for overall difference among successional stages using combined data from all dominant
species within each succession, while the second set was to further evaluate the difference
among forest stages by focusing only on the data from species found in multiple sites. For the
first set of the analysis, one-way analysis of variance (ANOVA) was performed to evaluate
the significant difference of Wmqgamong forest successions in the same season. Then, in each
succession, an independent sample t-test was used to test the significant difference in Wmd
between the wet and dry seasons. For the second set of the analysis, Wmq from the species
occupying in all study sites, i.e., Symplocos cochinchinensis, was tested for the significant
difference across the forest succession in each season by using one-way ANOVA, and tested
the significant difference in seasonal variation by using independent sample t-test. For the
species occupying in two sites, i.e., Schima wallichii in OF and IF and Syzygium nervosum in
IF and YF, significant differences in Wmq between the forest succession and seasons were
evaluated using independent sample t-test. Tukey’s post hoc test was used after the one-way
ANOVA test to determine which pairwise comparisons are significantly different. To
characterize differences in xylem vulnerability to embolism between species and sites
(objective 2), regression analysis using sigmoidal equation (Eq. 3) was conducted to generate
Pso, S, PLCary for all selected tree species. Pso, S, and PLCqry Were also tested using one-way
ANOVA with Tukey’s post-hoc test to evaluate the significant differences among forest
successions by using pooled data from the dominant tree species, and across the dominant
tree species within each forest succession. However, there was only one PLCqry value for
each species and therefore was not appropriate for statistical comparisons among species

within each site. Thus, we descriptively compared the values in the discussion. All analyses
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in this study were performed using R (version 4.0.3) and all statistical tests were considered
at the significance level of 0.05. All graphs and regression analysis were made by SigmaPlot

12.0 (Systat Software, Inc., San Jose, California, USA).

3. Results

3.1 Seasonal variation in midday leaf water potential of dominant tree species across forest
successions

Overall, seasonal variation in Wmg differed among the successional stages (Figure 3A).
Within each forest stage, IF and YF showed significant seasonal variation in Wmq
(independent sample t-test, p < 0.0001), with a slightly larger difference in YF than in IF
(32% in YF vs. 29% in IF). However, insignificant seasonal difference in Wmqwas found in
OF (independent sample t-test, p = 0.10). Focusing on each season, the differences in Wmd
were significant across forest successions in both seasons (one-way ANOVA, p < 0.05). It
was more pronounced during the dry season, in which YF had the lowest Wma (-1.54 + 0.72
MPa), followed by Wmqin IF (-1.06 £ 0.50 MPa) and OF (-0.82 + 0.46 MPa), respectively.
During the wet season, YF also had the lowest Wmq (-1.17 + 0.43 MPa) while ¥mq in OF and
IF were comparable (-0.89 + 0.31 MPa in OF and -0.82 £ 0.25 MPa in IF).

Species growing in multiple sites exhibited different variations in Wmq between the
seasons, and among the forest successions. For S. cochinchinensis (Figure 3B), significant
seasonal difference in Wmq was observed in OF and IF (independent sample t-test, p < 0.0001
in OF and p = 0.006 in IF), with a lower average in the wet season than in the dry season for
OF and IF by 69% and 28%, respectively. In contrast, no seasonal variation in Wmq of S.
cochinchinensis growing in YF was found (independent sample t-test, p = 0.73). For both
seasons, Wmd differed significantly among the forest successions (one-way ANOVA, p <

0.05), in which the lowest Wmq was found in YF, while itwas similar in OF and IF. For S.
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wallichii, seasonal difference in Wmq was detected only in IF (independent sample t-test, p =
0.028), with a 19% lower Wmq during the dry season than in the wet season (Figure 3C). For
both seasons, lower Wmqwas found in OF than in IF (independent sample t-test, p < 0.05).
Only S. nervosum in YF differed between seasons (independent sample t-test, p < 0.0001),
with a 47% lower in Wmq during the wet season than in the dry season (Figure 3D). In the wet
season, Wmd in YF was significantly lower than in IF (independent sample t-test, p < 0.0001),
whereas no difference between the forest successions was observed in the dry season

(independent sample t-test, p = 0.134).
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— 0.0 1 1 1 1 1 1 1 L
©
o
E -0.5 1 - - .
=
b
c A A
o -1.0 4 b b 1 a
° a A B b ns b
o A a A a a * FkRk
E 1.5 4 ns i a *k J N
1] B b dededed
g kR
= 20 - 1 Bb A 1
E ’ ns ns
> o3
© .25 dekekede
°
- [ Dry season
= [ Wet season A B c D

-3.0
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Figure 3 Midday leaf water potential (\Wmg) from the old-growth (OF), intermediate (IF) and
young (YF) forests during the dry (white bars) and wet (gray bars) season in (A) all species
and those growing in multiple successions including (B) Symplocos cochinchinensis, (C)
Schima wallichii and (D) Syzygium nervosum. Each bar represents the mean Wmq values for a
total of 150 sampled leaves in (A), and 30 samples in (B - D). For each panel, different
upper- and lower-case letters represent significant differences in the wet and dry seasons,

respectively. Asterisks indicate significant seasonal differences within the same successional
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stage based on independent sample t-test.; ns = not significant, * p<0.05, ** p<0.01, *** p

<0.001, and **** p<0.0001.

3.2. Vulnerability to xylem embolism of dominant tree species from different successional
stages

Considering all species within each forest stage, xylem vulnerability to embolism,
represented by the xylem pressure inducing 50% loss of hydraulic conductivity (Psp), did not
vary across forest successions (one-way ANOVA, p = 0.123, Table 2). However, significant
difference in sensitivity to xylem embolism, represented by slope of the vulnerability curve
(S), was observed among the successional forests (one-way ANOVA, p < 0.05, Table 2). At
the forest level, xylem vulnerability ranged from potentially more vulnerable in OF (-2.87 +
0.30 MPa) to less vulnerable in IF (-3.04 + 0.18 MPa) and in YF (-3.71 + 0.39 MPa).
Sensitivity to embolism was higher in OF (73.70 + 21.60 % MPa?) than in IF (26.80 + 1.25
% MPal) and YF (23.40 + 1.05 % MPat). For the species occupying multiple forest stages,
vulnerability to xylem embolism was generally comparable across forest successions. S.
cochinchinensis exhibited similar Pso across successions (one-way ANOVA, p = 0.687), by
having Pso of -3.27 + 0.04 MPa in OF, -3.39 + 0.03 MPa in IF, and -3.24 £ 0.21 MPa in YF.
The same trend was also found in S. nervosum (independent sample t-test, p = 0.762), by
having Pso of -2.30 £ 0.17 and -2.24 = 0.03 MPa in IF and YF, respectively. In contrast,
significant difference in Pso was found in S. wallichii between the two forest successions

(independent sample t-test, p < 0.05), with 0.45 MPa lower in OF than in IF.

Table 2 Vulnerability to xylem embolism, represented by xylem pressure at 50% loss of

hydraulic conductivity (Pso), slope of the vulnerability curve (S), and percentage loss of

hydraulic conductivity corresponding to midday leaf water potential during the dry season
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significance level of 0.05).

(PLCury) of selected dominant tree species from different successions in Khao Yai National
Park, Thailand. VValues are means + one standard error with sample size of 3. Different upper-
and lower-case letters represent significant differences among the forest successions and

within each forest succession, respectively (One-way ANOVA with Tukey’s post-hoc test,

Pso S PLCdry
Species (MPa) (% MPal) (%)
Old-growth forest (OF) -2.87+£030 A 73.70 £21.60 A 422 +1.25A
Dipterocarpus gracilis -0.89+0.01d 222.56 £45.72 b 2.81
Sloanea sigun -255+0.21c 43.83+10.92a 6.45
llex chevalieri -4.17+0.08 a 41.09+11.494a 1.02
Symplocos cochinchinensis -3.27+0.04 b 33.34+273a 3.03
Schima wallichii -3.46 +0.08 b 27.81+2.17a 7.78
Intermediate forest (IF) -3.04£0.18 A 26.80 £1.25B 1290+ 3.77 A
Schima wallichii -3.01 £ 0.05 bc 2358 £0.17 a 11.86
Machilus gamblei -247+0.34c 24.36 £1.96 a 25.77
Eurya acuminata -401+£0.10a 2444 +1.59 a 9.40
Symplocos cochinchinensis -3.39+£0.03 ab 3435+245b 2.79
Syzygium nervosum -2.30+£0.17¢c 27.22 £1.61ab 14.65
Young forest (YF) -3.71+£039 A 23.40+1.05B 18.37£9.07 A
Cratoxylum cochinchinense -2.39+0.25d 20.73 £ 2.63 a 52.77
Syzygium antisepticum -4.71+£0.08Db 20.74£0.44 a 6.48
Adinandra integerrima -5.97+0.06 a 24.44 £1.26 ab 1.40
Syzygium nervosum -2.24£0.03d 29.05+1.64b 12.71
Symplocos cochinchinensis -3.24+0.21c 21.87 £ 154 ab 18.47

Within each forest successional stage, xylem vulnerability varied greatly among the

dominant tree species (one-way ANOVA, p < 0.05, Table 2, Figure 4). In OF, the lowest Psg
was found in 1. chevalieri (-4.17 = 0.08 MPa, Figure 4C) whereas the highest Pso was found
in D. gracilis (-0.89 + 0.01 MPa, Figure 4A). Slopes of vulnerability curves were comparable
across the dominant tree species in OF, except for D. gracilis that had the steepest slope than
the others. PLCqry differed substantially across species in OF, in which I. chevalieri
experienced relatively lower impact during the dry season (1.02 %, Figure 4C) while a
greater impact was observed in S. sigun (6.45%, Figure 4B) and S. wallichii (7.78%, Figure

4E). In IF, E. acuminata (Figure 4H) was the most while S. nervosum (Figure 4J) was the
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394

least resistant to xylem embolism (-4.01 + 0.10 MPa and -2.30 = 0.17 MPa, respectively)
compared to other coexisting species. Sensitivity to xylem embolism was higher in S.
cochinchinensis than the rest of the species in IF. S. cochinchinensis in IF also responded less
to potentially dry conditions in the dry season by losing relatively small hydraulic
conductivity at midday (2.79 %, Figure 41) while M. gamblei in IF reacted more by further
losing the hydraulic conductivity in the dry season (25.77 %, Figure 4G). In YF, A.
integerrima (Figure 4M) displayed the lowest Pso value at -5.97 + 0.06 MPa, with low
response to dry conditions as observed from midday PLCary (1.40 %). C. cochinchinense
(Figure 4K), however, had the highest Pso (-2.39 £ 0.25 MPa), with the greatest response
from losing hydraulic conductivity in the dry season (52.77 %) compared to the other species.

The steepest slope of vulnerability curve in YF was measured in S. nervosum.
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Figure 4 Vulnerability of xylem to embolism of branches from dominant tree species from
different successions in Khao Yai National Park, Thailand. Mean vulnerability curves are
presented with shaded bands representing one standard error from 3 branches for a given

species. The gray dashed and solid lines indicate the xylem pressure at 50% loss of hydraulic
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conductivity (Pso) and percentage loss of hydraulic conductivity corresponding to midday leaf

water potential (Wma) during the dry season (PLCary), respectively.

4. Discussion

4.1 Comparison of leaf water potential and xylem vulnerability with previous reported
studies

Midday leaf water potentials (Wmd) and xylem vulnerability curves, represented by the xylem
pressure at which 50% of hydraulic conductivity in branches or stems is lost (Pso), are
summarized from previous studies in tropical forests across the globe (Table 3). Due to
differences in experimental conditions and settings, these studies could not be directly
compared to the results from this study. Nonetheless, measured values of Wmq from this study
were within the ranges of those observed in Neotropics (Barros et al., 2019; Bittencourt et al.,
2020; Powell et al., 2017; Rowland et al., 2015), Australasia (Nolf et al., 2015; Trueba et al.,
2017), and Indomalaya (Chen et al., 2017; Tan et al., 2020; Zhu et al., 2017). For xylem
vulnerability, results from this study were within similar ranges of those from Neotropics
(Barros et al., 2019; Rowland et al., 2015) and Indomalaya (Tan et al., 2020; Zhu et al.,
2017), but were lower than those shown in the other studies in Table 3. In general, this
comparison reveals that leaf water potential and xylem vulnerability vary greatly within

tropical region, and they seem to be site-specific.
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Table 3 Literature survey of leaf water potential (¥, MPa) and xylem tension at 50% loss of hydraulic conductivity in branches or stems (Pso,

MPa) in tropical forests including this study. Values are shown as ranges. NA indicates not available data.

the southwest Pacific Ocean
(21°30'S, 165°30'E)

Nemuaron sp., Paracryphia sp., Quintinia sp.,
and Zygogynum sp.

Location Condition Dominant tree species ¥ (MPa) Pso (MPa) Reference
Tropical rain forest in Caxiuana Control Eschweilera sp., Licania sp., Pouteria sp., NA -0.80to0 -4.50 Rowland et al.
National Forest, State of Pard, Brazil Protium sp., Swartzia sp., and Inga sp. (2015)
(1°43'S, 51°27'W) Through-fall exclusion (TFE) NA -0.87t0 -4.20
Tropical rain forest in Caxiuana Midday ¥ was measured in control (left in Inga sp., Eschweilera sp., Protium sp., and -0.14 -0.35 -1.20to0 -2.30 Powell et al.
National Forests, State of Para, Brazil Y column) and TFE (right in ¥ column) Licania sp. to to (2017)
(1°44°13.2”S, 51°27°28.8”W) experiments. -1.42 -1.95
Psowas estimated during throughfall
exclusion experiment (TFE).
Tropical rain forest in Tapajos National | Throughfall exclusion experiment (TFE) Inga sp., Eschweilera sp., Protium sp., and NA -1.10to -2.00
Forests, State of Par, Brazil Licania sp.
(2°53°49.2”S, 54°57°07.2”W)
Low seasonality forest: Cuieras Minimum ¥ was measured during the peak | Caryocar sp., Dypterix sp., Eschweilera sp., -0.57 -1.10 -1.01to -4.47 Barros et al.
Biological Reserve, Manaus, of the dry season of non-ENSO (left in ¥ Goupia sp., Gustavia sp., Lecyths sp., Maquira to to (2019)
Amazonas, Brazil (2°61°S, 60°21°W) column) and ENSO (right in ¥ column) sp., Minquartia sp., Ocotea sp., Pouteria sp., -2.09 -2.89
years. Pouteria sp., Protium sp., Scleronema sp., and
Zygia sp.
High seasonality forest: Tapajos Amphyrrhox sp., Chamaecrista sp., Coussarea -1.06 -1.06 -1.52 t0 -5.02
National Forest, Santarem, Para, Brazil sp., Endopleura sp., Erisma sp., Manilkara sp., to to
(2°51°S, 54°58°W) Mezilaurus sp., Miconia sp., Minquartia sp., -2.68 -4.43
Protium sp., Rinourea sp., and Tachigali sp.
Tropical rain forest in Caxiuana Control Aspidosperma sp., Eschweilera sp., Inga sp., -1.30to0 -2.40 -1.40t0 -3.10 Bittencourt et
National Forest, State of Pard, Brazil Licania sp., Micropholis sp., Minquartia sp., al. (2020)
(1°43'S, 51°27'W) Through-fall exclusion (TFE) Pouteria sp., Protium sp., Swartzia sp., -1.10to -2.80 -1.10to -3.20
Syzygiopsis sp., Virola sp., and Vouacapoua sp.
Tropical rain forest in Daintree - Dysoxylum sp., Elaeocarpus sp., and -1.23t0-1.62 -2.10to0 -3.06 Nolf et al.
Rainforest Observatory Research Syzygium sp. (2015)
Facility, Cape Tribulation, Queensland,
Australia
(16°06°14.4”S, 145°26°56.4”E)
Tropical rain forest in New Caledonia, - Amborella sp., Ascarina sp., Cryptocarya sp., NA -2.10to -4.00 Trueba et al.
the north of the Tropic of Capricorn in Hedycarya sp., Hedycarya sp., Kibaropsis sp., (2017)
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Location Condition Dominant tree species ¥ (MPa) Pso (MPa) Reference
Xishuangbanna Tropical Botanical Lianas Celastrus sp., Marsdenia sp., Ventilago sp., and NA -1.04to -1.57 Chenetal.
Garden, Yunnan Province, China Mucuna sp. (2017)
(21°54°N, 101°46’E) Trees Celtis sp., Ficus sp., Harpullia sp., Michelia sp., NA -1.431t0-2.93

and Streblus sp.
Tropical non-karst and karst forests in Data collected in tropical non-karst forest Bauhinia sp., Bischofia sp., Castanopsis sp., NA -1.10t0 -2.00 Zhu et al.
Xishuangbanna Tropical Botanical Lagerstroemia sp., Millettia sp., Syzygium sp., (2017)
Garden, Yunnan Province, China Millettia sp., Uncaria sp., and Byttneria sp.
(21°54°N, 101°46°E) Data collected in tropical karst rain forest Alphonsea sp., Celtis sp., Cipadessa sp., NA -1.30t0 -4.10

Cleistanthus sp., Croton sp., Lasiococca sp.,

Pistacia sp., Turpinia sp., Combretum sp., and

Ventilago sp.
Tropical karst forest in Xishuangbanna | Minimum ¥ was measured in normal dry Evergreen -0.98 -2.13 -1.96t0 -4.12 Tan et al.
Tropical Botanical Garden, Yunnan season (left in ¥ column) and extreme dry Alphonsea sp., Celtis sp., Cleidion sp., to to (2020)
Province, China season (right in ¥ column). Cleistanthus sp., Pistacia sp., Lasiococca sp., -2.41 -6.55
(21°54°N, 101°46’E) and Turpinia sp.

Brevi-deciduous -1.34 -1.10 -0.80 to -2.40

Cipadessa sp., Croton sp., Ficus sp., to to

Lagerstroemia sp., Mayodendron sp. -1.80 -2.68

Liana -0.60 -0.65 -1.17 to -2.06

Bauhinia sp., Combretum sp., Gnetum sp., to to

Ventilago sp. -1.60 -2.95
Seasonal evergreen forest Khao Yai Midday leaf ¥ was measured in wet season | Old-growth forest -0.58 -0.36 -1.62t04.12 This study
National Park, Thailand (left in ¥ column) and dry season (right in Dipterocarpus sp., Sloanea sp., llex sp., to to
(14°26°N, 101°22°E) ¥ column). Symplocos sp., and Schima sp. -1.20 -1.28

Pso was done once throughout the study. Intermediate forest -0.57 -0.56 -2.34t0-3.74

Schima sp., Machilus sp., Eurya sp., Symplocos to to

sp., and Syzygium sp. -1.07 -1.56

Young forest -0.43 -0.82 -2.12t0-5.30

Cratoxylum sp., Syzygium sp., Adinandra sp., to to

Syzygium sp., and Symplocos sp. -1.60 -2.26
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4.2 Variations in midday leaf water potential across forest successions and seasons.

The dominant tree species across forest successions showed different seasonal variations in
Yma. At forest level, YF exhibited lower Wmg in both wet and dry season and had greater
seasonal variation in Wmg¢ compared to OF and IF (Figure 3A). This could imply that lower
Yma during water-limited conditions, e.g., in the dry season, and higher variation in Wmq
induced by seasonal changes could occur frequently in the younger successions, consistent
with other studies (Barros et al., 2019; Markesteijn et al., 2010; Mitchell et al., 2008). In
contrast to late successional forests, early successions receive more direct solar heating owing
to more open canopy, leading to drier conditions in the atmosphere and higher temperature
(Lebrija-Trejos et al., 2011). A drier environment in early successional stage would introduce
greater water stress than in late succession and become more intensified during the onset of
dry season (Bretfeld et al., 2018), as seen by lower Wmgq in drier YF site as compared to
moister OF and IF sites. Interestingly, studies have shown that species found in drier sites
have higher tolerance to desiccation, meaning the ability to remain active at lower water
potentials (Baltzer et al., 2008; Engelbrecht et al., 2007; Kursar et al., 2009). However,
allowing low Wnqin drier sites can also be detrimental for dehydration and hydraulic failure,
especially during the dry season, if the value decreases beyond the critical threshold of xylem
embolism (Blackman et al., 2019).

To further investigate the variations in Wmg by excluding potential confounding
effects from various intra-site species, species existing in multiple sites were examined. As
would be expected from its existence in drier environment, S. cochinchinensis in YF
exhibited the lowest Wmq in both seasons compared to OF and IF, with no significant seasonal
difference in Wmq (Figure 3B). S. cochinchinensis in OF and IF showed comparable Wmd in
both seasons; however, their Wmq during the wet season was lower than in the dry season,

despite the presumably better access to water in the wet season. This unexpected pattern also

24



448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

occurred in S. nervosum in YF, when lower Wng was found in the wet season compared to the
dry season (Figure 3D). Such unexpected patterns may be explained by that, during the wet
season, S. cochinchinensis in OF and IF and S. nervosum in YF adopted a less conservative
water use regulation when water is more abundant. This observation was also reported in
some previous studies (Bucci et al., 2005; Prado et al., 2004), with no clear explanation being
provided. In S. wallichii, lower Wmqwas found in OF than in IF in both seasons (Figure 3C),
with no seasonal difference in OF but a slight change in IF in the dry season. Even though
they existed in a relatively wetter environment, the sampled trees of S. wallichii in OF grew
under a large gap created by tree falls. The higher intensity of light under the gap strongly
influence the microclimate, leading to higher air temperature and lower air humidity
compared to the adjacent area (Fetcher et al., 1985; McCarthy, 2001). Therefore, the leaf-
level water deficits resulted from canopy gap may contribute to the unexpectedly more
negative values of Wmq in OF than in IF. Different changes and patterns in Wmg induced by
seasonal changes found in this study seem to be species-specific. These different strategies
dealing with water-limited condition have a critical impact on xylem embolism (Sperry et al.,
2002; Zhu & Cao, 2009), and hence the potential risk of tree mortality resulted from water
stress-induced hydraulic failure.

4.3 Xylem vulnerability to embolism of dominant tree species in successional forests.

Many studies have documented that vulnerability to xylem embolism vary substantially
among trees from different habitats. Species occupying in drier sites are generally less
vulnerable to embolism than those occupying in wetter sites (Barros et al., 2019; Choat et al.,
2007; Vander Willigen et al., 2000; Vinya et al., 2013; Zhu et al., 2017). Our results revealed
a tendency for species at more xeric sites to have higher ability to resist xylem embolism,
despite non-statistical difference at the forest level (Table 2, Figure 4). The most vulnerable

species to xylem embolism was found in OF, a deciduous tree species D. gracilis with the
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highest Pso of -0.89 MPa. On the other hand, A. integerrima, an evergreen tree species in YF,
had the lowest Pso, at -5.97 MPa, standing out from the rest of the studied tree species from
all forest successions. The presence of species with lower Psg in drier sites could imply the
adaptive importance of embolism resistance in response to the environments where water
stress is more pronounced (Mabherali et al., 2004). In addition to this finding, the overall
sensitivity to xylem cavitation in OF was considerably higher than that in IF and YF,
potentially suggesting the higher rate of embolism occurrence for the species in the wetter
site. Nevertheless, species occupying in multiple forest stages, e.g., S. cochinchinensis,
exhibited comparable Pso, implying the similar embolism resistance across the forest
successions. The lack of difference in Psg along forest successions was also observed in a
tropical dry forest in Mexico (Pineda-Garcia et al., 2013). Great variations in the xylem
vulnerability among species imply that evaluating species’ performance under water stress
should be carefully interpreted, as other mechanisms, e.g., stomatal regulation, sapwood
water storage, or leaf-shedding strategy, could also contribute to xylem resistance to
embolism (Barnard et al., 2011; Domec et al., 2006; Markesteijn et al., 2011; Rosner et al.,
2019).

In each forest succession, larger variations in embolism resistance were found in OF
and YF than in IF, based on their coefficients of variation (40.42%, 22.89%, and 40.43% in
OF, IF, and YF, respectively). Cartwright et al. (2020) suggested that substantial variability
in drought response within an ecosystem can be driven by endogenous factors (e.g.,
phenological characters) and by exogenous factors (e.g., topographic and hydrologic
characteristics). In this study, differences in leaf phenology among the dominant tree species
were observed in OF and YF. Compared to the other evergreen species within the same site,
deciduous tree species, D. gracilis in OF and C. cochinchinense in YF, exhibited lower

resistance to xylem embolism. Such difference in xylem vulnerability between deciduous and

26



498

499

500

501

502

503

504

505

506

507

508

509

510

011

512

513

514

515

516

517

518

519

520

521

522

evergreen tree species was also found in the studies from other tropical forests (Chen et al.,
2017; Choat et al., 2005; Markesteijn et al., 2011) and subtropical forests (Krober et al.,
2014). In addition, other exogenous factors may contribute to the variation in Pso, particularly
in OF. The variation in xylem vulnerability in OF could be explained by high microhabitat
heterogeneity in this area (Brockelman et al., 2017), that might lead to spatial distribution of
vegetation with varying sensitivity to water availability within the site. For example, species
with presumably better access to water, e.g., S. sigun which dominated in flat lowland near
streamside, showed higher vulnerability to xylem embolism among the others. In contrast,
species with limiting soil water, e.g., I. chevalieri which occupied in a hilly slope, showed
relatively less vulnerable to embolism compared to the rest of the species. Consistent with
this finding, Zhang et al. (2021) and Zhu et al. (2017) found a wide range of Pso in tropical
karst forests, in which species existing in the middle to top of hilly areas were more resistant
to embolism than species dominated in lowlands or valleys, resulting from soil water
gradient. Nevertheless, further investigations on hydraulic architecture, sapwood water
storage capacity, and rooting depth should be conducted to confirm such findings.

In terrestrial plants, the ability to sustain xylem water transport under water deficit
conditions is crucial for plant functions and survival. Our results showed that the dominant
tree species from each succession experienced midday leaf water potentials during the dry
season that could result in loss of hydraulic conductivity (PLCary) at different levels (Table 2,
Figure 4). Based on xylem vulnerability curves and Wmq, most of the studied tree species
operated well below or close to their Pso values. Species with higher resistance to xylem
embolism tended to lose lower hydraulic conductivity during the dry season across the
successions. For example, species with high embolism resistance, e.g., I. chevalieri in OF, S.
cochinchinensis in IF, and A. integerrima in YF, showed lower than 3% in PLCgry. The

reverse was seen in species that were more vulnerable to embolism, e.g., S. sigun in OF, M.
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gamblei in IF, C. cochinchinense in YF, which exhibited 7% to 53% in PLCaqry. The
probability of losing higher xylem water transport efficiency related to the tension
experienced during the dry season may be associated with species’ performance to deal with
embolism, consistent with findings obtained from a karstic woodland (Nardini et al., 2013),
an Amazonian tropical forest (Markesteijn et al., 2011), and across forest biomes (Choat et
al., 2012). This result, thus, implies the significance of embolism resistance in determining
species risk of hydraulic dysfunction during low water availability (Barros et al., 2019;
Brodribb, 2017; Oliveira et al., 2019).

Understanding how plants respond to water stress from different tree species and
different forest successions is useful not only for the forest conservation and restoration
efforts, but also for the predictions of tree mortality across the successions. In accordance
with predicted warming atmosphere and more variable droughts, it is important for forest
restoration and conservation to consider the threshold at which tree mortality would occur
(Hérault & Gourlet-Fleury, 2016), in order to maintain and promote the species that could
adapt well in particular environments, under both current and future conditions. By selecting
species that could be well-adapted in a specific setting, e.g., using information derived from
Pso and PLCary, the likelihood of success of forest restoration and conservation in a drier and
hotter future could be enhanced (Elliott et al., 2003; Hérault & Piponiot, 2018; Vieira &

Scariot, 2006).
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Comparison of water-use
characteristics of tropical tree
saplings with implications for forest
restoration

Tushar Andriyas?, Nisa Leksungnoen? & Pantana Tor-ngern3*5>

Tropical forests are experiencing reduced productivity and will need restoration with suitable species.
Knowledge of species-specific responses to changing environments during early stage can help
identify the appropriate species for sustainable planting. Hence, we investigated the variability in
whole-tree canopy conductance and transpiration (G, and E,) in potted saplings of common urban
species in Thailand, viz., Pterocarpus indicus, Lagerstroemia speciosa, and Swietenia macrophylla,
across wet and dry seasons in 2017-2018. Using a Bayesian modeling framework, G, and E;, were
estimated from sap flux density, informed by the soil, atmospheric and tree measurements.
Subsequently, we evaluated their variations with changing vapor pressure deficit (VPD) and soil
moisture across timescales and season. We found that G, and E, were higher and highly variablein L.
speciosa across seasons than S. macrophylla and P. indicus. Our results implied that water-use in these
species was sensitive to seasonal VPD. L. speciosa may be suitable under future climate variability,
given its higher G, and E; across atmospheric and soil moisture conditions. With their lower G,and E,,
P. indicus and S. macrophylla may photosynthesize throughout the year, maintaining their stomatal
opening even under high VPD. These findings benefit reforestation and reclamation programs of
degraded lands.

Tropical forests are one of the largest carbon sinks in terrestrial ecosystems'. Climate change has been predicted
to result in more intense with protracted dry or wet spells, with varying duration, intensity, frequency, and spa-
tiotemporal spread in different parts of the world*?. In fact, drought-induced mortality of global tropical forests
has been recently documented®. Species mortality caused by anthropogenic factors can be important’ and can
result in a loss of carbon storage, leading to a cyclical downturn of increasing temperatures and further mortality.
Therefore, many countries are taking preemptive action to reduce such impacts through reforestation. Refor-
estation includes planting trees on previously degraded lands, which can be demanding on newly planted trees.
Under the predicted intensification of climate change, reforested trees may experience harsh conditions, result-
ing in an unsuccessful establishment. To ensure successful establishment in degraded lands, species robustness
to seasonal variations, especially under a climate change scenario is needed. Because trees in urban conditions
likely experience extreme environmental stresses from heat, drought, and flood, another interesting approach is
to study the tolerance and resilience of urban tree species to climate variability which will infer the physiological
responses of trees and their vulnerability to climate extremes>®.

In Bangkok, street tree species differ in leaf phenology (i.e., deciduous or evergreen), habitat (ranging from
hill evergreen forest to mangrove forest), and origin (native or exotic)’, with the most common street tree spe-
cies being Pterocarpus indicus, Lagerstroemia speciosa, and Swietenia macrophylla®. P. indicus is a fast-growing
medium-size tree native to Asia and can be either deciduous or facultative evergreen, depending on the avail-
ability of soil moisture and the openness of the growth area. L. speciosa is a fast-growing medium-size tree native
to Southeast Asia and is a deciduous species, usually found in mixed deciduous forests. S. macrophylla is an
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evergreen species native to South and Central America and was introduced into Thailand due to its fast growth
and adaptability to various environmental conditions.

The robustness of a given tree species for forest establishment is inferred by investigating its physiological
responses to variations in atmospheric demand (i.e., seasonal variations) and soil water availability, especially
during the early stages of growth. Variability in soil water availability and atmospheric demand make it essential
to estimate the variations in plant ecohydrological process/processes’. Some relevant variables for estimating
such responses are transpiration and photosynthesis, which represent water use and carbon gain of trees. Many
investigations have been widely conducted in trees of various growing stages by measuring leaf level transpira-
tion and photosynthesis'*-"3. However, during leaf-level experiments, it can be difficult to monitor the continual
changes in variables, limiting the amount of useful information that can be gained by estimating such responses.
Moreover, physiological responses at leaf scale may not directly translate to those at the canopy scale’*"”. An
alternative approach is to analyze the whole-tree transpiration and photosynthesis in response to changing
environmental conditions. However, whole-tree photosynthesis is usually difficult to estimate without detailed
measurements of biochemical photosynthetic parameters and leaf nutrients, as required in most photosynthesis
models'®". Instead, canopy conductance may be used to infer a tree’s ability in capturing the atmospheric carbon
dioxide and to impute the responses of whole-tree photosynthesis to environmental changes.

Common techniques for estimating such parameters include sap flux probes which continuously detect
changes in water flow rates in stems and are of various designs (Heat dissipation®*?!, Heat pulse??, Heat ratio®,
Heat balance?®). Data from sap flux probes can be scaled from a point measurement in the stem to whole-
tree transpiration and canopy conductance”2%. As such, proper scaling is needed to estimate the canopy
conductance®?, transpiration®!, and carbon assimilation®?. However, there are inherent errors and uncertainties
involved in the scaling process. Additionally, errors can result from failing to account for capacitance in stems,
which causes a time lag between both fluxes and atmospheric evaporative demand®***. Another issue is missing
data which come from unexpected sensor failure. This can result in an inability to obtain a continuous data set
for analyses across temporal scales.

Normally, gap filling of missing data is performed by applying relationships between the measured sap flux
data and environmental factors such as vapor pressure deficit (VPD) and soil moisture*. However, such an
approach may not capture the true physiological responses of trees and is unable to recover continuous data
when the environmental data are also missing. Therefore, a coherent probabilistic specification is needed to
account for uncertainty resulting from sensor failure®, as unusable data points can cause scaling errors (from
sap flux measurements to canopy processes)*”*%. To overcome these limitations, a method based on hierarchi-
cal Bayesian statistics, called State-Space Canopy Conductance (StaCC) model, was developed recently®'. The
StaCC model uses sap flux density (point observation in stems) to infer transpiration and canopy conductance
(at whole-tree or canopy scale) by explicitly accounting for the above uncertainties associated with the internal
tree hydraulics and measurement errors occurred during observation. While estimating the canopy transpiration
and conductance, the model also allows simultaneous gap-filling of missing sap flux data based on prior infer-
ence on canopy processes. The model substantially improves the estimation of canopy parameters compared to
traditional scaling methods®..

With this context, we estimated whole-tree canopy conductance (G,) and transpiration (E;) of saplings of
three common street tree species in Bangkok, Thailand, and evaluated their variations with atmospheric and
soil moisture, with implications for potential establishment in degraded lands. The specific aims were to (1)
determine the seasonal and interspecific difference in G, and E; in potted saplings of P. indicus, L. speciosa, and
S. macrophylla (2) assess the extent to which such differences are a response to soil moisture and atmospheric
evaporative demand (i.e., VPD). Additionally, we performed analysis across temporal scales, ranging from daily
to monthly, to gain insights into the difference in physiological responses among the species, if exist, and whether
it preserves across timescales. To estimate G, and E, a joint specification of tree-level (sap flux density, sapwood
area, and leaf area) and environmental (air temperature, VPD, and soil moisture) data, together with model
uncertainty was used to build an inference®. We employed the StaCC model on sap flux density data that were
monitored on these saplings for 6 months (from 25th July 2017 to 11th February 2018), covering parts of a dry
and a wet season. Findings from this study will benefit the selection of tree species for reforestation of lands,
formerly under agriculture and logged forests, which can sometimes be found adjacent to national parks in
Thailand. Such areas may be preserved to act as a buffer zone between the protected area and community lands.

Results

Model performance. An initial sensitivity analysis was done to determine the capacitance parameter, /3
(i.e., B was varied between 0.22 and 1 or a storage time between 120 to 0 min), as indicated by high R? and signifi-
cant p values. The f§ parameter represents the water storage capacity in stems which can be discharged through
transpiration, buffering its daily fluctuations. In the context of our analysis, the response in sap flux density can
be dampened by lags in stomatal response and capacitance (i.e., water storage). Additionally, we also ensured
that model parameters converged to clear posterior distributions. These were obtained at different values of f8
for the three species, during a given season. Additionally, based on our analysis, keeping the prior on f weak
(i.e., non-informative prior) improved the model predictions further. Hence, for a given species and season, we
initialized the simulation with a given f3 value, which stabilized to a final value within the first 1000 iterations.
Table 1 indicates the values with which the simulation was initialized (as determined through the sensitivity
analysis) and the mean value obtained after removing the burn-in. For P, indicus and L. speciosa during the wet
season, the variations in sap flux density were best explained by storage time which was around half of that dur-
ing the dry season, while S. macrophylla had a higher storage time in the wet season. A lower storage time means
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Species B Wet [initial, mean] | B Dry [initial, mean] | Mean storage time, wet, dry [Mins]
P indicus 0.63,0.83 0.63, 0.63 17,30
L. speciosa 0.63,0.81 0.86, 0.65 18,29
S. macrophylla 0.86,0.72 0.86, 0.86 23,15

Table 1. Initial and mean values of the species capacitance parameter during wet and dry seasons. The last
column indicates the storage time in minutes based on the mean f value.
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Figure 1. The best model of sap flux density prediction for (a) Pterocarpus indicus (PI), (b) Lagerstroemia
speciosa (LS), and (c) Swietenia macrophylla (SM). The green (red) filled circles represent sap flux density data
during the wet (dry) season. The corresponding R* value for each season is also indicated. The black dashed line
is the 1:1 line. This figure was generated using MATLAB version 7.12.0 R2017a (https://www.mathworks.com/
products/new_products/release2017a.html).

that the lag between the stored water and the transpirational water is short, causing a relatively fast response to
low soil moisture.

Prediction of sap flux density. The model performance varied with species and seasons, with predictions
being the closest for S. macrophylla, intermediate in P. indicus, and the lowest for L. speciosa. Also, the model
performance was relatively better during the wet season. The R? values of the relationship between modeled and
measured sap flux density during the wet (dry) season ranged 0.44-0.76 (0.40-0.85) for P. indicus, 0.46-0.80
(0.39-0.80) for L. speciosa, and 0.75-0.87 (0.61-0.91) for S. macrophylla, while the corresponding mean R* val-
ues were 0.64 (0.65) for P. indicus, 0.70 (0.57) for L. speciosa, and 0.81 (0.78) for S. macrophylla. The correspond-
ing average root mean squared error (RMSE) was 2.73 (2.10), 4.00 (2.71), and 3.36 (2.57) g m~2 s7* for P, indicus,
L. speciosa, and S. macrophylla, respectively. The residuals, which indicate the difference between predicted and
measured sap flux values, did not deviate appreciably from a normal distribution. The scatter plots of the best
sap flux density’s predictions (as indicated by the highest R? value) are plotted in Fig. 1. Around the highest 1 to
3.5% daytime and the lowest nighttime, sap flux values, on average, were under and overestimated by the model,
respectively. This prediction behavior may be associated with the unused PAR sub-model, but this did not influ-
ence our results as previously explained about the indifference between model runs with and without the PAR
sub-model. On average, the model was able to capture the diurnal trends in sap flux density with the residuals
not having an inherent bias.

Canopy conductance and transpiration. Sap flux measurements indicate that water consumption is
different among the species and seasons. We observed a large degree of variation in seasonal and interspecific
magnitude of reference conductance (G, and relative stomatal sensitivity to VPD was observed (figure not
shown). P. indicus had similar G, in both seasons, but was highly sensitive to VPD during the dry season. As
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Daily G, (mmol Weekly G, (mmol Monthly G, (mmol Daily E; (mmol Weekly E; (mmol Monthly E; (mmol

Species Season | m2s7!) m2s7l) m2s7!) m2s7!) m72s7h) m72s7)

Wet 9.4+3F 9+2.3¢ 8.9+1.8° 0.30+0.1¢ 0.29+0.1¢ 0..31+0.03¢
P, indicus . -

Dry 6.7+3.4F 6.6+2.5¢ 6.8+0.9¢ 0.23+0.1° 0.22+0.1¢ 0.23+0.04¢
L ) Wet 77.1+£19.6* 73.6+20.14 71.6+18* 0.76£0.24 0.73+0.2% 0.73+0.2%

. speciosa
P Dry 40.2+11.9% 39.9+8.044 40.5+2.44 0.40+0.1% 0.40+0.14 0.41+0.02*

Wet 20+4.3¢ 19.2£4.5" 19.1+3.1% 0.44+0.1% 0.43+0.18 0.45+0.18
S. macrophylla

Dry 12.4+4.3P 12.4+38 12.9+1.8% 0.28+0.1¢ 0.28+0.1% 0.29+0.04%
Species <0.0001 <0.0001** <0.0001** <0.0001 <0.0001** <0.0001**
Seasons <0.0001 <0.0001** <0.0001** <0.0001 <0.0001** <0.0001**
Species x seasons <0.0001** 0.409 0.334 <0.0001** 0.202 0.230
Remarks Wet>dry Wet>dry Wet>dry Wet>dry

Table 2. Mean stomatal sensitivity along with mean daily, weekly and monthly G, and E; (+ SD) for the

three investigated species during the wet and the dry season. The same alphabetical superscript indicates no
significant difference from each other and vice versa at 5% significant level. P-values in bold and having **
indicate a statistically significant difference between means of the main factors and the interaction between the
main factors.
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Figure 2. Estimated daily averaged (a) canopy conductance (G,) and (b) leaf transpiration (E;) during the
wet (green) and dry (red) season. The vertical dash line indicates the ending of the wet season (DOY 305 or
November 1st, 2017). Plots for P. indicus are depicted in+—, L. speciosa in o-, and S. macrophylla in—markers,
respectively. The shaded regions represent the 95% confidence intervals. This figure was generated using
MATLAB version 7.12.0 R2017a (https://www.mathworks.com/products/new_products/release2017a.html).

indicated in Table 2, whole-tree canopy conductance varied the greatest in L. speciosa with the relative sensitivity
to natural log of VPD being low (\/G,,;<0.50) during both seasons for all the species, with only exception being
P indicus during the dry season (\/G,,>0.70). Both G, and E, showed similar seasonal variation for a given
species but with varying intensity (Fig. 2). The uncertainty in daily G, and E; averages was high during the wet
season, indicating that the variability in VPD and soil moisture contributed greatly, relative to the model error.
Such errors can be amplified further at much shorter, half-hourly timescale, as indicated by the variable R* for
the three species (Fig. 1).

Opverall, the mean values of both G, and E; were statistically different among species and between seasons.
L. speciosa had the highest G, and E; while P. indicus had the lowest values. Both G, and E; were significantly
higher in wet season than in dry season. This difference was more pronounced in G,, where, for L. speciosa, it
was about 10 times higher than P. indicus, while E; was approximately 2 times higher. However, only the mean
daily values indicated a significant interaction between species and seasons. This may be attributed to the lower
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number of samples in the weekly and monthly analysis, leading to a large variation and undetected difference
in the ANOVA test.

Daily, weekly, and monthly G, and E; were the greatest in L. speciosa in either of the season and were the lowest
for P indicus (Table 2). The mean G, and E; for L. speciosa during the wet season was around 77 mmol m= s™!
and 0.76 mmol m™2 s7!, respectively and reached their maximum value (around 140 mmol m™? s and
1.6 mmol m™s7!, respectively) around mid-July, 2017. This can be attributed to the low total leaf area of L. spe-
ciosa (averaged 2.55 m?) compared to P. indicus and S. macrophylla, which had similar leaf areas (averaged ~ 3
m?). In general, G, declined drastically for L. speciosa, with the other two species experiencing marginal declines
as time progressed from wet to dry season, till the end of the study period.

Diurnal variations. During both seasons, VPD variations over the day were between 0.7 and 2.0 kPa, with
VPD being significantly higher during the wet season than in the dry season from 8:00 to 17:00 local time
(LT) (Fig. 3a). The soil moisture content measured in each species was lower during the dry season (Fig. 3b).
The course of hourly G, and E; (averages from 6:00 to 18:00 LT) are plotted for the three species (Fig. 3c and d,
respectively). A uni-modal pattern was observed in both G; and E; in the three species, showing peaks between
8:00 and 14:00 LT (Fig. 3¢ and d). Maximum G, was reached early in the day (around 9:00 LT) for L. speciosa,
while the E; rates peaked approximately 2 h later during the wet season. A sudden rise to high values during the
early hours was more pronounced during the wet season. After this, both parameters declined relatively consist-
ently, during both seasons. Overall, G, and E; were consistently higher during the wet season, with the estimated
E; values for L. speciosa being twice that of the dry season. A plateau during the wet season (less pronounced in
the dry season), was observed for S. macrophylla (from 9:00 to 13:00 LT).

Over various time scales (weekly and monthly not shown), E; was positively correlated with G, within both
wet and dry seasons (Fig. 4 showing daily estimates only). The significant relationships revealed that, on average
over both seasons, a unit change in G, caused a change of 0.45, 1.16, and 0.76 units in E; for P, indicus, L. speciosa,
and S. macrophylla, respectively.

Atmospheric and soil demand. Responses of daily E; to atmospheric evaporative demand, represented
by VPD, and soil moisture, were different between the two seasons and species (Fig. 5). Generally, E; increased
with increasing VPD (Fig. 5a—c) in all species. The sensitivity of E; to VPD was relatively higher during the wet
season and highly pronounced for L. speciosa and S. macrophylla (compare green and red lines in Fig. 5b and ¢),
while that for P. indicus was similar in both seasons (Fig. 5a). Strong decreases in E; with increasing soil moisture
was observed during the wet season for L. speciosa and S. macrophylla, while the effect was highly suppressed
in P, indicus (green lines in Fig. 5d-f). The observed trends of decreasing E; with increasing soil water indicated
possible flooding condition during the wet season. Some extra rainfalls may contribute to this, although we had
no access to rainfall data at the site to confirm it. However, the range of soil moisture during the wet season was
relatively small with differences between the maximum and the minimum around 0.1 m* m™ for both species
(Fig. 5e, f) and the significant trends may be driven by the ‘extreme’ value such as the data point at the lowest
soil moisture of S. macrophylla (the leftmost green symbol in Fig. 5f). During the dry season, E; did not change
significantly for both L. speciosa and S. macrophylla but it increased marginally with increasing soil moisture for
P indicus.

Discussion

Model performance to predict sap flux density insaplings.  Using the Bayesian modeling technique®,
we estimated G, and E; from sap flux density measured in saplings of three common urban species in Bangkok.
The sap flux rates were closely related to the weather variations, particularly VPD. Previous studies have indi-
cated that the stomatal response is sensitive to VPD as it directly affects the leaf water loss which, together with
plant hydraulic system, controls leaf water potential and turgor pressure**-*2. The best model performance was
obtained by uniquely parameterizing each species and season with variable dampening effects (as indicated by
the 3 parameters in Table 1), based on the dependence of water storage and hence transpiration on changes in
soil and plant water status®. Given many uncertainties related to measurement errors (e.g., those in measuring
environmental data), the overall agreement between the model estimates and the data was sufficiently accurate,
as indicated by the respective R? and RMSE values, implying that the model estimates of G, and E; were reliable.
Furthermore, VPD and soil moisture could explain a large portion of the variability in the sap flux density of
the three species, as indicated by mean R? during wet (dry) seasons; 0.64 (0.65) for P. indicus, 0.70 (0.57) for L.
speciosa, and 0.81 (0.78).

While the model output gives reasonable values of sap flux density which allows good estimates of G, and E;
across the three species, certain important caveats need to be considered. In our study, assumptions were made
while predicting J,, G,, and E; from the sensor data, soil moisture, and environmental variables. First, we assumed
that there were no radial or azimuthal variations in sap flux density, due to the small stem size. Additionally,
as the non-conducting wood (pith) was negligible, it was assumed that the sapwood covered the entire stem.
Thus, the estimated values are for potted saplings and more mature individuals could have a relatively modest
variation between the estimated values of G, and E;, due to a higher stomatal sensitivity to VPD**. The differ-
ence between present study and the previous study®' that employed the StaCC model is that their estimations
were based on sap flux density in mature trees and were closely related to the total leaf area index of the crown,
without the need to individually quantify the leaves that constitute it. Also, due to many unusable data points,
we did not use the PAR to generate the estimates. However, we tested the model run with the data provided
by the original model*', including and excluding the PAR sub-model, resulting in an approximately 2% differ-
ence between the two scenarios (0.86 with PAR and 0.88 without PAR). The model setup and parameterization
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Figure 3. Hourly variations in (a) vapor pressure deficit (VPD; kPa), (b) soil moisture (m* m™), (c) canopy
conductance (G; mmol m™ s™') and (d) whole-tree transpiration (E;; mmol m™s™'), averaged over 6 AM to 6
PM LT of all days in the study period, during the dry and wet season. Columns correspond to the three species
(P, indicus (PI); leftmost panel, L. speciosa (LS); middle panel, and S. macrophylla (SM); right panel) and seasons
plotted in green (wet) and red (dry) symbols. This figure was generated using MATLAB version 7.12.0 R2017a
(https://www.mathworks.com/products/new_products/release2017a.html).
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Figure 4. Daily averages of transpiration (E;) plotted against canopy conductance (G,) for (a) P. indicus (PI),
(b) L. speciosa (LS), and (c) S. macrophylla (SM) and seasons plotted in green (wet) and red (dry) symbols. The
black lines are linear fits, with the corresponding regression statistics indicated in each panel. This figure was
generated using MATLAB version 7.12.0 R2017a (https://www.mathworks.com/products/new_products/relea
se2017a.html).
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Figure 5. Daily averages of transpiration (E;) plotted against VPD (a—c) and soil moisture (d-f) with the rows
corresponding to the three species: P. indicus (PI), L. speciosa (LS), and S. macrophylla (SM), and seasons plotted
in green (wet) and red (dry) symbols. This figure was generated using MATLAB version 7.12.0 R2017a (https://
www.mathworks.com/products/new_products/release2017a.html).

may thus hide errors associated with such assumptions on canopy structure and missing information through
appropriate parameter values. As indicated by the R* and RMSE values, the model G, and E; estimates could be
generated without a substantial loss in model performance.

Canopy conductance and transpiration. The distribution of G, was observed to be much broader for L.
speciosa, relative to P. indicus and S. macrophylla, and approaching maximum G, during the wet season (Table 2
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and Fig. 2). Species-specific stomatal response is sensitive to environmental drivers, including atmospheric and
soil moisture conditions, in addition to species phenology, which may promote a greater water flux during spe-
cific periods. The observation of relatively high levels of G, in L. speciosa (deciduous species’) may be attributed
to the fact that drought deciduous species tend to maximize carbon gain during the growing season (wet season),
at the cost of a shorter leaf longevity compared to dry evergreen species®. P. indicus and S. macrophylla, which
are evergreen species, had relatively lower values of G, and E; when compared to the deciduous L. speciosa, dur-
ing the study period. The evergreen species are able to photosynthesize all year round*’, without losing all the
leaves in the canopy during any season*. Therefore, opened stomata for photosynthesis can be maintained at the
same rate throughout the seasons (Table 2).

During the wet period, we found that the atmospheric demand (VPD) was higher than in the dry period
from 10 am to 6 pm (Fig. 3a) resulting in a higher canopy conductance and transpiration. Typically, VPD during
the dry period should be higher than the wet period. However, in our experiments, saplings were placed on the
roof top of a building, which could have had some confounding effect of heat dissipation from the building or
the cement floor resulting in a high VPD during the wet season.

In the present study, as the saplings were potted, isolated, well ventilated, and placed on the balcony of a build-
ing, the variability in G, was closely related to the atmospheric demand, with an approximate but weak linear
relationship observed between daily variability in G, and E; (Fig. 5)*. During the dry season, G, and E; were
greatly reduced in all three species, which could indicate a moderation in the internal water potential, with the
most prominent decrease in L. speciosa. The diurnal course of G, and E; was also variable between the three
species (Fig. 5). In a previous study®’, it was reported that the sap flux density peaked just before noon and then
decreased gradually throughout the late afternoon. This could be explained by a relatively higher stomatal closure
in all species under high evaporative demand.

Soil and atmosphericdemand. Stomatal response to VPD is usually optimized by minimizing water loss
for a given amount of carbon assimilation®'. Apart from sustaining a high rate of assimilation, this adaptability
also helps in maintaining optimum leaf temperatures®. A reduction in the available soil moisture can lead to
stomatal closure, reducing the evaporative demand on the internal water potential and decreasing the rate of
depletion in root zone water™. Similar relationships with soil moisture have been observed in the Amazonian®
and Bornean rain forests®® and may reflect a response mechanism to counteract short-term water stress induced
by partial drying of root zone during dry periods.

A previous study®® reported that S. macrophylla was able to extract water at relatively lower levels of soil water
content. However, our study was on potted saplings, whose root expansion was limited in a container, where S.
macrophylla was able to extract most water in the container until the soil moisture reached 0.2 m* m™ in dry
period (Fig. 5b). The highest transpiration rates estimated for L. speciosa might indicate a low xylem resistance
to water flow and a deep root system®” to maintain the water flow during dry season. Soil moisture used by L.
speciosa during the dry season was also the highest among the three species and was above 0.25 m® m™ even
during times when the estimated transpiration rate was the highest. This could be due to the total leaf area of
L. speciosa being the lowest, such that the rate of water depletion in the container was lower than that for S.
macrophylla and P. indicus.

Suitable species for restoration under a future climate change scenario. Tropical species may be
susceptible to variation in temperature, with a relatively small change in mean temperature causing a dispropor-
tionately large change in plant function due to heat related stresses. Additionally, extreme weather events due
to erratic precipitation patterns can lead to an increased likelihood of excessive precipitation or protracted dry
spells. The adaptability of a species to respond to such occurrences would strongly impact their survival. This
trade-off can cause susceptibility to drought conditions in those plants that have been growing in waterlogged
conditions and vice versa®®. Such large variations in temporal difference in soil moisture conditions may be det-
rimental for endangered species having narrow physiological tolerances® or poor competitors®.

Forests degraded due to prolonged mono-crop practice, from fires, or a high mortality rate resulting from
climate change, can be restored back from a state of being totally razed. Buffer zones around national parks fall
under a sensitive land use criterion, and are treated as a protected area. But native people residing in such areas
are allowed to live of the land while being under strict regulatory supervision. Illegal deforestation and ill-effects
of climate change have resulted in a high mortality rate of forest species. One strategy for devising a restoration
plan is to choose native species because the introduced alien species may easily spread and are harmful to the
native species.

Deciduous species exhibit higher levels of transpiration and greater cooling and drought avoidance through
leaf loss, relative to evergreen species, which have a limited physiological and morphological adaptability to
survive wider swings in water and temperature ranges®-%2. While evergreen species, mostly native to wetter
environments, can have fine roots concentrated near the soil surface during the dry season as nutrients and
water are readily available on the soil surface. Therefore, when water is not a limiting factor on the forest floor,
evergreen species compete for nitrogen and light resources®, which under a restoration scenario, apart from soil
water and nutrients are key limiting factors determining plant survival.

All three species in this study are native to tropical regions and can be considered for establishment under
a restoration program. Moreover, since all of them are fast-growing species, they can also be pioneer species
in degraded or barren lands as they would provide shade for other species. Under circumstances of low soil
nutrition and the need for high rate of nutrient cycling, L. speciosa could be a suitable choice for restoration as
it tends to photosynthesize rapidly, as indicated by higher canopy conductance and transpiration (Table 2 and
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Fig. 2). Furthermore, given its deciduous nature, it would shed leaves during the dry season resulting in higher
return rates of soil nutrient recycling.

Under a climate change scenario with higher temperatures and drier atmosphere and soil water stress, P
indicus is likely to be suitable choice under the restoration program, as it maintained a steady canopy conduct-
ance and transpiration during both wet and dry season soil moisture and air vapor demand (Fig. 3). This suggests
that P, indicus would maintain a steady growth rate, independent of how dry the soil or air is. In other words, the
stomata of P. indicus are relatively less sensitive to air and soil moisture demands when compared to L. speciosa
and S. macrophylla. Also, P. indicus would be able to survive even if the future climate is predicted to be wetter
than at present. However, the only downside of considering P. indicus is its potentially relatively slow growth
rate due to low stomatal opening for photosynthesis but if the annual growth is to be accounted for, it may not
be much different from the other two species.

Conclusions

We report the model estimates of G, and E; for the three potted sapling tree species across temporal scales during
the wet and dry season using the StaCC model, which has been previously used only with the mature tree spe-
cies. With our unique parameterization for species and season, we concluded that the model was able to perform
well with the sapling data and could be used further to provide meaningful estimates of G, and E; for saplings.
As the estimated transpiration rates of the studied species were variable, it is possible to select the most suitable
species to be planted accordingly to restore degraded lands for effective reforestation. Transpiration per unit leaf
area was the highest in L. speciosa while that in S. macrophylla and P. indicus was lower in both seasons. During
the wet season with high VPD, higher amount of water loss through transpiration occurred compared to the
dry season with a lower VPD. P. indicus is likely to be insensitive to changes of soil moisture and atmospheric
demands, while L. speciosa responded to even small variations in the weather conditions. Leaf phenology might
play a crucial role in G, and E; due to differences in the species’ behavior. Being a deciduous species, L. speciosa
would have a stronger stomatal control, while P. indicus and S. macrophylla, as evergreen species, tended to have
low water use, given the ability to photosynthesize all year round, and would be able to maintain their stomatal
opening even under the high atmospheric demand. Nevertheless, future studies on field-grown trees should be
performed to confirm the findings.

Methods

Experimental setup and environmental measurement. The study site was established on the bal-
cony of the 4th floor of a building in Chulalongkorn University, Bangkok (13°44'2.9" N 100° 31’ 54.1" E). Based
on the 30-year- record (1981-2010) of climate data from a Bangkok metropolis station (Thai Meteorological
Department), mean annual air temperature was 28.6 °C and mean annual precipitation was 1648 mm. This
study was undertaken from 25th July 2017 to 11th February 2018, which included both the wet (25th July-31st
October 2017) and dry season (1st November 2017 to 11th February 2018). Ten trees for each species were
bought from a nursery (Chatuchak market) and an automatic irrigation system was used to water the trees once
a day. Despite the daily irrigation, the fluctuations of soil moisture may be large enough to affect any physiologi-
cal responses of the potted saplings, hence we considered soil moisture as a covariate in this study. A detailed
description of the experimental setup and the measurements can be found in a previous study>® which mainly
reported the observed sap flux density without scaling up to canopy conductance. We measured half-hourly air
temperature (°C) and relative humidity (RH in %) with a probe (HC23-L, Campbell Scientific, Logan UT, USA),
which were used to calculate VPD (kPa)®. Photosynthetically active radiation (PAR, umol m™ s™') was meas-
ured using a quantum sensor (LI190R-L, Li-COR Biosciences, Lincoln, NE, USA. All these instruments were
installed at approximately 2 m above the saplings. Volumetric soil moisture (% by volume) was monitored using
Time-Domain Reflectometry (TDR) probes (CS 616, Campbell Scientific, Logan UT, USA), with the default fac-
tory calibration, installed in 2 pots for L. speciosa and S. macrophylla and 3 pots for P. indicus.

Tree biometric data. Tree data, including girth at breast height (GBH in cm), and leaf area were also
measured to parameterize the model. The GBH was converted to diameter at breast height (DBH), assuming the
stems were circular. Sapwood area was estimated from the measured GBH using the equation for calculating a
circle, assuming negligible non-conducting wood (pith) due to small stem size (GBH ranged 7.3-10.7 cm). The
assumption of negligible pith was confirmed from cutting some stems in the previous experiment and found that
98% of the basal area was sapwood area. For leaf area, we sampled 5 leaves from the upper and lower half of the
crown of each sapling, scanned using a scanner (EPSON L3110 model) and analyzed the areas using Image]®°.
Total leaf area of each sapling was then determined by multiplying the average measured leaf areas with the
number of leaves in the respective crown layer. For scaling purposes using the model, leaf area and sapwood area
were determined at the beginning of the study. We realized that leaf shedding may occur in some species, which
could change the leaf areas of the studied saplings. However, since the study period was of 6 months, we could
not get significant change in leaf area. Also, we considered to preserve the leaves because collecting them for
the measurement may influence the sap flux measurements through changing transpirational area. Mean values
(£ SD) of total leaf area of the saplings were 3 +0.34 m? for P. indicus, 2.55+0.18 m? for L. speciosa and 2.97 +0.28
m? for S. macrophylla.

Sap flux measurement. To measure sap flux density (J; g m™ s7!), of the saplings, Granier-type thermal
dissipation probes??! (TDPs) were constructed. Each T-type thermocouple (copper-constantan) was encapsu-
lated within a steel needle making up the probe. A data logger (used to measure temperature difference between
the two probes) was connected to each copper end with the constantan ends connected to each. The sap flux rate
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was measured continuously by tracking the difference between the unheated (upstream or lower probe) and the
heated (downstream or upper probe). The temperature difference was converted to sap flux density using the
Baseliner program version 4.0%. All environmental sensors and sap flux probes were connected to a datalogger
(CR1000, Campbell Scientific, Logan, UT, USA) which recorded 30-min average data throughout the study
period. However, due to sensor failure for a relatively long time, we could not obtain continuous PAR record,
with gaps covering 39% of the period. Consequently, the PAR data were not considered in further analysis after
finding only 2% difference between running the model with and without the PAR sub-model.

Model description. We used the State-Space Canopy Conductance (StaCC) model to gap-fill the missing
sap flow measurements using Bayesian inference, and to estimate the latent variables such as canopy stomatal
conductance (G,), transpiration per unit leaf area (E;), and canopy transpiration (E.)*!. The model utilizes a
combination of sap flux data and canopy conductance models while accounting for random errors associated
with individual sensors. The final hierarchical Bayesian construct is a joint distribution accounting for sap flux
measurement, latent states (transpiration and canopy conductance), and model parameters. The data model uses
the measured sap flux density to estimate sap flux rate in probe i at time ¢ as:

Jit ~ NU:Z(dj)ai, S) (1)

where J; is the average sap flux at time ¢, Z(d,) is the sapwood depth sub-model, g; is the random effect due to
probe i and S is the observational variance. As the sap flux was measured on potted saplings with small stem size
(GBH ~7.3-10.7 cm), the sapwood depth sub-model was not used in this study. The model estimates canopy
conductance (G,) and transpiration per unit leaf area (E;). The steady-state conductance at instant ¢ (G, ,, mmol
m~s7") is modeled semi-mechanistically®”*® through multiplicative nonlinear functions of environmental covari-
ates, including vapor pressure deficit (D,), photosynthetically active radiation (Q,), and volumetric soil moisture
(M,) as:

Gs¢ = f(Dr)g(Qi)h(M;) (2)
The sub-model estimating the effect of D, on G, has the form:
f(Dy) = Gref_ A1In(Dy) (3)

where G,,is the reference conductance (or the canopy conductance at D,=1 kPa) and X is the stomatal sensitivity
to D,%8. The dependence of G,, on light is incorporated through the sub-model:

g(Q1) = 1—orexp(Qs /o) 4)

where, a,; accounts for nighttime conductance and a, is the sensitivity to Q,. However, because of the large gaps
in PAR record, we did not use this light sub-model, as explained previously. The soil moisture sub-model has
the form:

h(M;) = exp (—0.5(M;— a3)*/aj if My < a3

5
or h(My) = 1ifM; > a3, ®)

where a; is the threshold below which M, reduces G, ; and a, controls the sensitivity of the reduction in G, with
decrease in M, below threshold. G, is used to calculate actual canopy conductance (G,) using the state equation:

Gt = G—at + (Goy—Gi—ar) Vi, (6)

with the assumption that G, depends on the conductance at previous time step t—dt and dt=30 min and
V,=1-exp(—dt/1). The V, term accounts for stomatal lags and =10 min®'. Canopy conductance is then scaled
to calculate E; (kg m™s™') as:

EpLt = Giqy (7)

where g, is a composite variable. We kept a weak prior on the species-specific lags in the capacitance sub-model
described in the previous study®. Additionally, wherever possible, the same priors for the data and process mod-
els were used®'. A separate model analysis was implemented for each of the three species and the two seasons.
The Gibbs sampler was run for 10,000 iterations and the first 3000 iterations were discarded as burn-in. The
model generated J,, G,, and E; estimates at each time step and was used to evaluate the differences in water flux
among species and across the wet and dry seasons. Daily, weekly, and monthly averages of J,, G,, and E;, were
calculated for each species to evaluate the variability in water flux across temporal scales. We then estimated the
relationship between daily G, and E; and environmental variables (VPD and soil moisture) using linear regres-
sion analyses. The analyses and visualization were carried out on MATLAB 7.12.0 R2017a (The MathWorks,
Inc., Natick, Massachusetts, USA). To determine the interspecific and inter-seasonal differences, ANOVA and
multiple regressions associated with mean parameters were performed, using the MATLAB program.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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Objective

Proposed activities

Actual activities

Outputs

1. Study the past responses of
tree growth to climate change

1. Collect tree ring samples in
Thai and Chinese forests and
analyze ring widths and their
relationship with climatic
variables.

1. Collected tree ring samples
in a Thai forest and analyzed
tree rings and their relationship
with climate variables
including temperature and
precipitation.

1. A manuscript titled
“Growth-climate relationships
and long-term growth trend of
Choerospondias axillaris at
Mosingto, Khao Yai National
Park, Central Thailand”
accepted by Forests (Q1
SCOPUS).

2. Study the present responses
of forests to climate variability
and assess the vulnerability
and resilience of forests

1. Measure water and carbon
flows in forests.

2. Perform analysis of the
variations of the water and
carbon flows with climate
variability.

3. Collect samples and analyze
tree hydraulic and plant
functional traits.

4. Perform data analysis and
interpretations.

1. Set up sap flow
measurement net work on trees
in Thai forests and began data
collection during the last
period of the project.

2. Tested a model that was
developed to estimate canopy
conductance of forests from
sap flow data using previously
collected sap flow data from
saplings of tropical tree
species.

3. Measured and analyzed leaf
gas exchange parameters
including leaf photosynthesis
and stomatal conductance of
dominant tree species in Thai
forests of various successional
stages.

1. Half-hourly continuous data
until the present.

2. A publication titled
“Comparison of water-use
characteristics of tropical tree
saplings with implications for
forest restoration” published in
Scientific Reports (Tier 1
SCOPUS)

3. A publication titled
“Variation of leaf-level gas
exchange rates and leaf
functional traits of dominant
trees across three successional
stages in a Southeast Asian
tropical forest” published in




4. Measured and analyzed tree
hydraulic parameters to study
the seasonal variations of
dominant tree species among
successional forests and
assessed their vulnerability to
drought with implications for
future climate change impact,
such as drought, on the
species.

5. Developed allometric
equations for estimating
sapwood area of trees in the
Thai forests. These equations
were used in combination with
sap flow data to preliminary
calculate canopy transpiration
of the forests.

6. Measured and analyzed soil
respiration of three
successional forests in
Thailand across seasons and
investigated different
environmental factors that may
contribute to its variations.

7. Measured and analyzed
litterfall and litter

Forest Ecology and
Management (Tier 1 SCOPUS)
4. A manuscript titled
“Variations in leaf water status
and drought tolerance of
dominant tree species among
three successional forests in
Southeast Asia” submitted to
Journal of Ecology (Tier 1
SCOPUS)

5. A manuscript titled
“Sapwood area ~DBH
allometries for 14 common
tree species in a successional
tropical forest in Thailand”
was accepted by Forestry: An
International Journal of Forest
Research (Q1 SCOPUS)

6. A publication titled
“Different responses of soil
respiration to environmental
factors across forest stages in a
Southeast Asian forest”
published in Ecology and
Evolution (Q1 SCOPUS)

7. A manuscript titled “Litter
dynamics across successional




decomposition of three
successional forests in
Thailand.

stages of evergreen seasonal
tropical forests: seasonal
patterns and productivity” is
being prepared

3. Study the future impacts of
climate change on forest
biomass, productivity, and
diversity.

1. Use and validate a dynamic
global vegetation model
(LPIJmL-FIT model) using the
past response results.

2. Perform analysis of future
impacts of climate change on
the forests in the next century.

1. Due to difficulty and
challenges in obtaining data
for model parameterization and
collaborative work between
partners, we could not achieve
the originally proposed plan.
However, we did our best to
obtain data related to
vulnerability to drought of tree
species in both Thai and
Chinese forests and perform a
synthetic analysis to
investigate the relationship
between the parameter related
to drought tolerance of trees
and site conditions of the
forests along the latitudinal
gradient.

1. Preliminary results which
call for further investigation in
the future.

(Associate P

Date:

rofessor Pantana Tor-ngern, Ph.D.)
Principal Investigator




