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Abstract

The physiological response of trees to drought is crucial for understanding the risk of mortality and its feedbacks to climate
under the increase in droughts due to climate change, especially for the largest trees in tropical rainforests because of their
large contribution to total carbon storage and water use. We determined the response of the mean canopy stomatal conduct-
ance per unit leaf area (g,) and whole-tree hydraulic conductance (G,,) of the largest individuals (38-53 m in height) of a typi-
cal canopy tree species in a Bornean tropical rainforest, Dryobalanops aromatica C.F.Gaertn., to soil moisture reduction by a
4-month rainfall exclusion experiment (REE) based on the measurements of sap flux and leaf water potentials at midday and
dawn. In the mesic condition, the g at vapor pressure deficit (D) =1 kPa (g.s) was small compared with the reported values
in various biomes. The sensitivity of g, to D (m) at a given g, (m/g.r) Was > 0.6 irrespective of soil moisture conditions,
indicating intrinsically sensitive stomatal control with increasing D. The REE caused greater soil drought and decreased the
mean leaf water potentials at midday and dawn to the more negative values than the control under the relatively dry condi-
tions due to natural reduction in rainfall. However, the REE did not cause a greater decrease in g, nor any clear alteration in
the sensitivity of g, to D compared with the control, and induced greater decreases in G, during REE than the control. Thus,
though the small g, and the sensitive stomatal response to D indicate the water saving characteristics of the studied trees
under usual mesic conditions, their limited stomatal regulation in response to soil drought by REE and the resulting decline
in G, might suggest a poor resistance to the unusually severe drought expected in the future.
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Introduction

Tropical forests account for 44% of the total global forest
area (Keenan et al. 2015). Such forests play an important
role in global carbon cycling (e.g. Beer et al. 2010) and are
a major source of hydrologic flux that influences regional
and global climate and water cycling (e.g. Kanae et al.
2001; Lean and Warrilow 1989; Spracklen et al. 2012).
Tropical rainforests generally occur in humid environ-
ments that receive abundant annual rainfall with little or
moderate seasonality (Kumagai et al. 2016). However, a
dataset constructed from worldwide climate stations shows
a long-term trend for decreasing rainfall in tropical rain-
forest regions in Africa and Asia during the late twentieth
century (Malhi and Wright 2004). With regard to interan-
nual variability, the El Nifio-Southern Oscillation (ENSO)
is the primary driver of rainfall fluctuations for large areas
of Southeast Asia and central and northern South Amer-
ica (Malhi and Wright 2004). Reduced rainfall during El
Nifio events is observed in a band extending from Bor-
neo to New Guinea and in northeast Amazonia (Malhi
and Wright 2004). Furthermore, the results from climate
models demonstrate that the frequency and intensity of
El Nifio events increase because of greenhouse warming
in the future and that the effect continues even after the
stabilization of greenhouse gas concentrations (Cai et al.
2014, 2018; Timmerman et al. 1999; Zheng et al. 2019).
Increases in tree mortality rates associated with intense
drought during severe El Nifio events have been reported
for multiple tropical rainforests in Borneo, Amazonia and
Central America (e.g. Clark 2004; Meir and Grace 2005;
Nakagawa et al. 2000; van Nieuwstadt and Sheil 2005;
Williamson et al. 2000). In the Amazon basin, severe
drought in 2005, which was not driven by an ENSO
event, caused an increase in the incidence of tree mortal-
ity and loss of aboveground biomass in many rainforest
sites, thereby converting them from sinks to sources in
carbon cycling (Phillips et al. 2009). These studies indi-
cate that hydro-climatic change in the future may induce
degradation of tropical forests (Feldpausch et al. 2016;
Kumagai and Porporato 2012a; Phillips et al. 2009), in
turn affecting feedbacks to the atmosphere (Bonan 2008;
Kumagai et al. 2013; Meir et al. 2006; Takahashi et al.
2017). Fauset et al. (2015) demonstrated that, though the
abundant species tends to contribute more to the total
biomass and productivity in Amazonian forests, species
maximum size also strongly influences biomass and pro-
ductivity. The greater increases in mortality of large trees
during unusually severe droughts were reported in tropical
forests in Borneo and Central America (e.g. Condit et al.
1995; Nakagawa et al. 2000; van Nieuwstadt and Sheil
2005). Furthermore, Bennett et al. (2015), based on data
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for tree growth and mortality in forests worldwide, con-
cluded that droughts consistently had a more detrimental
impact on the growth and mortality rates of larger trees.
Therefore, to predict future carbon and water cycling in
tropical rainforest ecosystems and their feedbacks to the
local and global climate, an understanding of the ecologi-
cal and physiological responses of large trees in tropical
rainforest to drought is crucial.

Phillips et al. (2010) suggest that Bornean forests, which
are located in the Southeast Asian tropics, show greater
drought-sensitive mortality than Amazonian forests. This
conclusion motivates greater consideration of the influ-
ence of drought on physiological response and water use
of Bornean tropical forest trees. Bornean tropical rainfor-
ests are among the most humid biomes in the world and
receive abundant rainfall throughout the year (see Kumagai
et al. 2016). In such climatic conditions, water and carbon
exchange between the atmosphere and the forest ecosystem
is intense (Kumagai et al. 2004, 2005, 2009). Regulation of
water use in these ecosystems tends to be limited on account
of the usually abundant water resources, despite episodes of
relatively severe drought (Kumagai and Porporato 2012b).
However, water use and physiological response under
drought are not yet well understood for these Bornean tropi-
cal rainforests, partly because of the irregular and infrequent
occurrence of drought. In Southeast Asian tropical rainfor-
ests, it is common for trees to attain a maximum height of
up to 70 m (see Yamakura et al. 1986). It was observed that
only the upper 10-15% of the total number of largest trees
in the present research plots in a Bornean tropical rainforest
explained c. 75% of the total aboveground carbon storage
and water use in the forest ecosystem (Tomo’omi Kumagai,
unpublished). Thus, emergent tree species should be given
higher priority to understand the response of water use to
drought.

With regard to regulation of water status, plants can be
categorized as ‘isohydric’ or ‘anisohydric’, which represent
both ends of the water status regulation continuum rather
than a dichotomy. Isohydric plants maintain a constant
midday leaf water potential (¥, 4,,) regardless of drought
conditions by regulation of stomatal conductance and tran-
spiration, whereas anisohydric plants allow ¥, g, to decline
with decreasing soil moisture (see McDowell et al. 2008).
This categorization has been associated with consideration
of the causes of drought-induced tree mortality (McDow-
ell et al. 2008). Namely, the constant ¥, ,, of isohydric
plants is advantageous for avoidance of drought-induced
hydraulic failure, whereas stomatal closure during pro-
longed periods of drought can lead to carbon starvation. In
contrast, hydraulic failure at a lower ¥, g,, tends to occur
more often for anisohydric plants than for isohydric plants
(McDowell et al. 2008). We note that Martinez-Vilalta and
Garcia-Forner (2017) insisted that it is difficult to attribute
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the potential cause of drought-induced mortality (hydraulic
failure or carbon starvation) to iso/anisohydric regulation
of ¥, 4,y because of the complexity of the relationship of
W, 4ay With stomatal regulation and xylem vulnerability to
drought. As for the vulnerability of hydraulic failure, recent
studies investigated the hydraulic safety margins determined
as the differences between xylem pressure at 50% loss of
conductivity and minimum xylem pressure under natural
condition rather than an iso/anisohydric categorization, and
examined the differences between angiosperms and gym-
nosperms (Choat et al. 2012; Meinzer et al. 2009). Nev-
ertheless, the concept of iso/anisohydric behavior is still a
promising tool to understand the characteristics of drought
responses of plants.

For this categorization and further examination of the
environmental and biological control of plant water sta-
tus and stomatal behavior, derivation of the mean canopy
stomatal conductance per unit leaf area (g,) at vapor pres-
sure deficit (D)=1 kPa (g.¢) and the sensitivity of g to
D (m) from the observed g, should be useful (Oren et al.
1999). The g is considered to represent the intrinsic and
maximal capacity of g,. The m/g. ratio of 0.6 is predicted
from the simple hydraulic model assuming perfect stoma-
tal regulation of constant differences between leaf and soil
water potentials with respect to D (Oren et al. 1999). An
m/g . ratio larger (smaller) than 0.6 denotes more (less)
strict regulation of the minimum leaf water potential (e.g.
Ewers et al. 2005). Kumagai et al. (2015) showed that the
0.6 m/g ¢ ratio may be a criterion for determining whether
a studied plant shows isohydry or anisohydry. In addition,
some observational studies have shown that it is possible for
m/g . to change temporally (e.g. Ewers et al. 2005). Igarashi
etal. (2015) reported a seasonal decline in m/g. in the leaf-
senescence season in a deciduous teak plantation in northern
Thailand, which suggests that stomatal sensitivity is altered
in response to seasonal drought. Thus, the values of g . and
mlg.; and their responses to drought are useful measures to
examine the characteristics of water-use regulations of plants
based on the concept of iso/anisohydric categorization.

Observational study of the effects of unusual drought
alone is challenging. Thus, field-based rainfall exclusion
(canopy throughfall exclusion; TFE) experiments represent
a promising approach to investigate the responses of tropi-
cal rainforest trees to soil moisture reduction (e.g. da Costa
et al. 2010; Fisher et al. 2006; Nepstad et al. 2007; Rowland
et al. 2015). We conducted a rainfall exclusion experiment
(REE), which aimed to exclude c. 100% of incident rain-
fall from penetrating to the soil, with a typical canopy and
emergent evergreen species in Bornean tropical rainforests,
Dryobalanops aromatica C.F.Gaertn. (Dipterocarpaceae),
to examine the response of their water use to artificial soil
moisture reduction based on the concept of iso/anisohy-
dric categorization. Though either isohydric or anisohydric

categorization is used to represent the strategy of one species
in general, we examined the characteristics of the responses
of water status to changing D and soil moisture using the
words “isohydric-like” or “anisohydric-like” in this study.
We derived g, and whole-tree hydraulic conductance (G,)
based on the measurements of sap flow and leaf water poten-
tial. We investigated whether ¥, 4,,, g and its sensitivity to
D changed in response to soil moisture reduction by com-
paring the changes in ¥, 4,,, g, and m/g; between REE
and control trees. We further investigated how G, changed
in response to the soil moisture reduction. The extent of the
changes in g, and G|, under the different extent of soil mois-
ture reduction caused by naturally reduced rainfall and REE
treatment was determined. In addition, we also examined the
absolute values of g.; and m/g,.; to determine the intrinsic
stomatal regulation of D. aromatica.

Materials and methods
Study site

The study was conducted in a lowland mixed dipterocarp
forest in Lambir Hills National Park, Sarawak (the north-
western part of Borneo), Malaysia (4° 12' N, 114° 02" E).
The continuous canopy height at the study site is about 40
m, but emergent trees attain a height of 50 m (Kumagai
et al. 2004). The mean leaf area index was 6.2 m?> m~2 and
ranged spatially between 4.8 and 6.8 m? m~2 (Kumagai et al.
2004). Soils at the study site are classified as Red-Yellow
Podzolic Soils (Malaysian classification) or Ultisols (United
States Department of Agriculture Soil Taxonomy), with high
sand content (62-72%) and high porosity (54-68%) (Ishi-
zuka et al. 1998). The depth of the soil layer was 2.32 m on
average and was around 1 m in shallow areas (Wakahara
et al. 2014). The ground water table was not observed (Taeko
Wakahara, personal observation). The mean annual rainfall
was 2600 mm with interannual variation ranging between
2191 and 2944 mm (Kume et al. 2011). Rainfall was distrib-
uted through the year with no distinctive phase-locked dry
seasons (Kume et al. 2011). The mean annual temperature
from 2000 to 2009 was 25.4 °C, with seasonal variation
of slightly higher temperature between July and September
(Kume et al. 2011).

A 93-m-tall canopy crane with a 75-m-long rotating jib
was constructed at the study site to provide access to the
upper canopy. Rainfall and solar radiation (R,) were meas-
ured at the top of the crane, 85.8 m above the ground, with a
tipping bucket rain gauge (RS102, Ogasawara Keiki, Tokyo,
Japan) and a solar radiometer (MS401, EKO, Tokyo, Japan),
respectively. Air temperature (77,), relative humidity (4), and
wind speed (U) were measured at 60 m above the ground
on the crane with a thermohygrograph (HMP35A, Vaisala
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Co., Helsinki, Finland) and a cup-anemometer (AC750,
Makino Instruments, Tokyo, Japan), respectively. Data log-
gers (CR10X, Campbell Scientific Inc., Logan, UT, USA)
recorded R, T,, h, and U every 5 s, and 10-min averages
were calculated. Details of meteorological observations and
data processing are provided by Kume et al. (2011). Net
radiation (R,) was estimated using the empirical relationship
with R, obtained from intensive observations at the study
site, as R, = 0.87R,—35.0 (R2 =0.99; Kumagai et al. 2004).

Plant materials, rainfall exclusion experiment,
and soil moisture measurement

We selected seven canopy or emergent trees of D. aro-
matica located within a distance of about 350 m from the
crane. D. aromatica is a typical canopy evergreen species

Table 1 Stem diameter (Dy), tree height (H), and total leaf area (A4;)
of Dryobalanops aromatica trees studied in the rainfall exclusion
experiment (REE) in Lambir Hills National Park, Sarawak, Borneo

Tree# Dg(m) H(m) A *(m* REE period

DI 0.64 2.4 272.3 15 Nov 2008-16 Mar 2009
D2 1.06 44.9 579.3 22 Nov 2008-17 Mar 2009
D3 0.59 37.8 222.5 28 Nov 2008-18 Mar 2009
Cl 0.95 50.2 540.9  Control

Cc2 1.44 534 1021.0 Control

C3 0.58 40.4 2262 Control

c4 0.52 43.4 203.6  Control

2 A of all sample trees was estimated from Dg and H using allometric
equations proposed for a tropical lowland evergreen dipterocarp forest
in East Kalimantan, Borneo (Yamakura et al. 1986), with leaf mass
per area of D. aromatica measured at the study site (Kenzo et al.
2004).

Fig.1 a Schematic illustra-

tion of the rainfall exclusion a
experiment. Photographs of the
experimental setup taken from b

above and c the side

Rainwater

distributed on the Malay Peninsula, Borneo, and Suma-
tra (Ashton 2004). The REE was conducted with three of
the seven selected trees (D1-D3) from November 2008 to
March 2009, and the remaining four trees were exposed to
natural conditions as the control (C1-C4) (Table 1). For the
REE, transparent and soft vinyl chloride sheeting of 30 m
diameter was placed above the ground around the base of
each selected tree (with the trunk located at the center of the
sheeting), to function like a large umbrella to prevent rain
water from reaching the ground (Fig. 1). Before installation
of the sheeting, we confirmed that the maximum horizontal
spread of the root system of D. aromatica was less than 15
m from the stem based on the survey of the rooting area by
tracing the randomly selected roots from the sampled trees
(Yamashita et al. 2012). The sheeting sloped from the center
to the margin to ensure that rain water ran off the sheeting
and away from the tree. The height of the sheeting above
the ground was 7 m at the center and 1 m at the margin to
allow aeration. Growth of understory trees was allowed by
cutting a small slit in the sheet as appropriate. The rainfall
that passed through each slit was captured by a funnel to
prevent it reaching the soil.

It took several days to install the sheeting around an
individual tree, therefore the starting date of the REE dif-
fered up to 13 days among the individual trees (Table 1).
For the analysis of tree water-use behavior under different
drought conditions, we delimited five observation periods:
the period before the REE (B; from 1 October 2008 to the
day preceding the REE starting date); the initial period of
the REE (P1; from the REE starting date to 31 December
2008); the middle period of the REE (P2; from 1 January
2009 to 10 February 2009); the late period of the REE (P3;
from 11 February 2009 to the end date of the REE); and the
period after the REE (A; from the first day after the REE end
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date to 31 May 2009) (see Table 1). For control trees, the
same starting and end dates of periods as the REE-treated
tree D2 were adopted (see Table 1). Note that all REE trees
and control trees were exposed to the natural environmental
conditions in the periods B and A, whereas only REE trees
were exposed to artificial soil moisture reduction by REE in
the periods P1 to P3.

The height (H) of the selected trees ranged from 37.8 to
53.4 m (Table 1). The girth of the stem of the selected trees
was measured just above the buttress root. Stem diameter
(Dg) was calculated assuming a perfect circle shape in cross-
section, and varied from 0.52 to 1.44 m among the stud-
ied trees. The total leaf dry weight per tree was estimated
from H and Dg using allometric equations determined for a
lowland dipterocarp forest in East Kalimantan, the eastern
portion of Borneo, of which the range of H and Dg were up
to 70 m and 1.3 m, respectively, covering the range of our
studied trees (Yamakura et al. 1986). Total leaf area per tree
(A;; m?) was estimated by dividing total leaf dry weight by
leaf mass per area of D. aromatica measured at the study site
(160.4 g m~2; Kenzo et al. 2004) (Table 1).

Paired measurements of volumetric soil moisture con-
tent (0) inside and outside the sheeting for REE were con-
ducted using amplitude domain reflectometers (SM200,
Delta-T Devices, Cambridge, UK) at the D1 and D3 plots
and dielectric aquameter sensors (EC-10, Decagon Devices,
Inc., Pullman, WA, USA) at the D2 plot. Two sets of three
sensors were installed at each plot: one set was inside the
sheeting for REE and the other was outside. The three sen-
sors of each set were installed at depths of 0.1, 0.3, and 0.8
m in the soil of the D1 and D3 plots and 0.1, 0.2, and 0.5
m in the D2 plot. The 6 was recorded at 1-h intervals with
data loggers (CR1000, Campbell Scientific). Tensiometers
(Special order, Environmental Measurement Japan Co. Ltd.,
Fukuoka, Japan) were also installed to monitor matric poten-
tial (W) at the same depths as 0 thereby providing the neces-
sary measurements to compute in-situ soil water retention
curves at each depth or to consider the possible spatial vari-
ations in the soil moisture condition. The weighted average 0
in the 0- to 0.8-m (6,_, g) and 0- to 0.5-m (8,,_, 5) soil layers
was calculated as 0,_qg = (206, + 3560, + 506 5) /105
and 0y_y5 = (156, + 200, + 306, 5) /65 (where 0, is 0 at
a depth of x m, in m® m™3), respectively. The relative extract-
able water in the soil (®; m®* m™>) was calculated by using
these weighted average 6 as © = (9 - 0,)/(9S - 0,), where
0, and O, are the residual and the saturated water content
averaged in the soil layer for each plot, respectively (Inoue
et al. 2017). We used O to estimate the soil moisture con-
ditions of the upper soil layer because ¥ declined below
the lower limit of the measurement range of a tensiometer,
which is about — 0.1 MPa. The ® at the D3 site was avail-
able only until December 2008 because of problems in the
measurement system.

Sap flow measurement

Sap flow was measured for all of the REE trees (D1-D3)
and two control trees (C1 and C2) by the thermal dissipa-
tion method with self-made Granier-type sensors (Granier
1987). Each sensor consisted of a pair of heated and
unheated probes (20 mm long and 2 mm diameter), each
containing a needle with a thermocouple. The temperature
difference between the heated and unheated probes (AT)
was measured every 30 s, and the 30-min averages were
recorded by a data logger (CR1000, Campbell Scientific).
The xylem sap flux density (Fy; mm s~ ') was calculated
from AT using Granier’s (1987) procedure. The details of
the sensor structure, installation, and measurement system
are identical to those of Tateishi et al. (2010).

A set of six sensors were inserted radially into the stem
just above the buttress root in each studied tree. Three
sensors were inserted at 0—20 mm depth in the sapwood in
the southeast, northwest, and southwest or northeast direc-
tions; two sensors were inserted at 20-40 mm depth in the
east and west directions; and one sensor was inserted at
40-60 mm depth in the east or northeast directions. The
sensors were sufficiently separated to prevent the influence
of the heated probe of a neighboring sensor. The portion of
the trunk in which the sensors were inserted was insulated
with an aluminum cover to avoid thermal influences from
radiation. Thirty sensors in total were installed through-
out the study period (October 2008—May 2009). Although
damaged sensors were replaced as frequently as possible,
long data gaps resulted from irregularity in the electricity
supply as well as sensor failure because the studied trees
were distributed over a wide area and were located far
from the power source. As a result, Fy for D2 and C2 was
measured only until December 2008 and January 2009,
respectively.

Whole-tree transpiration (Eq; kg s™!) was calculated
with consideration of radial profiles of sap flux density
using Eq. (1):

Er=Y (4.F0). 1)

where Ag ; (m?) and E (mm s~ ') are the donut-shaped
sapwood area and the circumferential mean F, respectively,
at depth i (i=0-20, 20-40, and 40-60 mm). An additional
intensive measurement of radial profiles of F4 up to 100
mm depth showed that the contribution of F; at 60—100 mm
depth was less than 8.8% (data not shown). Thus, F; > 60
mm depth in the sapwood was ignored for estimation of Er.
We calculated E only when data for all of the six sensors
per tree were available. The E per unit leaf area (E; ; mm
s~ 1) was derived with the formula:
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If A; changed during the observation period, we needed
to take its effect on Eq. (2) into consideration. We monitored
leaf-fall of the REE trees using litter traps installed on the
sheeting, and confirmed that the amount of leaf litter did not
change significantly even during the REE treatment periods
(data not shown). Thus, we assumed A; was constant for
each studied tree throughout the observation period.

Leaf water potential measurement

Leaf water potential at dawn (¥)_4,,,) and ¥, 4,, were meas-
ured for all of the REE trees and three control trees (C1, C3,
and C4) between 12:00 and 14:00 and between 06:00 and
07:00, respectively, using a Scholander-type pressure cham-
ber (Model 1002, PMS Instruments, Corvallis, OR, USA)
with N, balancing gas. We accessed the upper canopy to
sample leaves with the gondola of the canopy crane except
for D2 and D3, which were beyond the crane jib range. We,
therefore, reached the upper canopy of D2 and D3 with lad-
ders attached to the tree trunks. Three to five leaves per tree
were sampled from sun-exposed shoots at almost the same
height of the canopy of each tree at every measurement.
Measurements of ¥, 4, were recorded for the periods from
B to A; the number of measurement days per tree per period
varied from 1 to 8 d. Measurements of ¥, 4,, were recorded
from P1 to A for D1-D3 and C1, and from P3 to A for C2
and C3; the number of measurement days per tree per period
varied from 1 to 4 d.

Calculation and analysis of mean canopy stomatal
conductance

The g, (ms™ 1) was calculated for each tree used for sap flow
measurement with the simplified form of the Penman—Mon-
teith equation (Kumagai et al. 2008; Oren et al. 2001; Pataki
and Oren 2003):

_ YMEL
B PacpD’

s 3
where v is the psychrometric constant (Pa K=1), A is the
latent heat of vaporization of water (J kg™ 1), p, is the density
of dry air (kg m™?), ¢, 1s the specific heat of air at constant
pressure (J kg=! K™ 1), and D is the vapor pressure deficit
(Pa). Two important assumptions must be satisfied to use
Eq. (3) for calculation of g: (1) the leaf boundary-layer con-
ductance (gy,) is large relative to leaf stomatal conductance,
and (2) the time-lag between transpiration in the canopy
leaves and Fy measured in the lower stem can be ignored.
Assumption (1) means coupling between the leaf surface
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and atmosphere and negligible effect of wind speed on tran-
spiration. Assumption (1) can be justified because we exam-
ined the relationship between D and E| under different wind
speeds and observed little variation (data not shown). It has
been considered that coniferous species can be expected to
satisfy Assumption (1) because of the narrow leaves with
small characteristic dimension (d) but not for broadleaf spe-
cies, such as D. aromatica, because of the large d (Kume
et al. 2015). However, on the basis of wind tunnel experi-
ments and model calculations, Kume et al. (2015) revealed
that the significance of the effect of wind speed on transpira-
tion cannot be simply determined by d nor leaf type (conifer-
ous or broadleaf) and that the species with low leaf stomatal
conductance can satisfy Assumption (1) irrespective of leaf
type. Assumption (2) can be also justified because less-than-
20-min time-lag was observed in comparisons of the diurnal
course of sap flow velocity in the basal stem above the but-
tress roots of a D. aromatica at the study site with that in a
twig at the height of 52.4 m of the same tree and with the
canopy-scale transpiration (Kume et al. 2008).

Responses of g to environmental variables are com-
monly described by a series of multiplicative functions of
each variable (Jarvis 1976). Oren et al. (1999) focused on
the relationship between g, and D (kPa) under the condition
of non-limiting light and modeled as:

8s = 8sref — minD. (4’)

In the present study, we determined g..; and m for each
studied tree in each observation period to facilitate the com-
parison of g response to D between the observation periods
and between the REE and control trees. We used boundary
line analysis, which allowed selection of data representing
the maximum conductance without the effect of low light
(e.g. Ewers et al. 2001; Schifer et al. 2000). The upper
boundary line was derived by regressing Eq. (4) with data
obtained as follows: (1) partitioning g, data into 0.2 kPa D
intervals after excluding data when D <0.5 kPa, R, <OW
m~2 and under rainy conditions, (2) calculating the mean
and standard deviation of g in each interval, (3) removing
outliers (P <0.05, Dixon’s test: see Sokal and Rohlf 2012),
(4) selecting the data falling above the mean plus one stand-
ard deviation, (5) averaging the selected data for each D
interval with n>3 for the remaining g, values, and (6) g
and m were calculated as the intercept and slope of the linear
regression line between the mean g values of all D intervals
obtained in Step (5) and InD.

Calculation of whole-tree hydraulic conductance

Whole-tree hydraulic conductance (G,; mm day~! MPa~ 1)
of each studied tree was calculated for each observation
period using Eq. (5) following Wullschleger et al. (1998):
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E
Y- (E + ‘Pg>
E,
(‘{’Ldawn + ‘Pg> - (m + ng>

EL

G, =

s

LI’l_dalwn - ‘Pl_day (5 )

where E_L, W) gawn and ¥ 4,, are mean daily E;, mean
W\ gawn and mean ¥, 4., respectively, in each observation
period, ¥ is mean soil water potential, and ¥, is gravita-
tional potential at the tree height.

Results

Environmental conditions and whole-tree
transpiration

Rainfall was observed thorough the whole study period with
variations in daily depth and the number of days with no
rainfall between the observation periods (Fig. 2a). Mean
daily rainfall values were 10.4, 7.9, 19.1, 5.9, and 4.6 mm
day_1 in B, P1, P2, P3, and A, respectively, and gradually
declined from B to A except in P2. Mean daily rainfall in P2
was the largest among the periods and was about 2.7 times
the 10-year mean from 2000 to 2009 (7.1 mm day™ 1y at the
study site. Mean daily rainfall in P3 and A were smaller
than the 10-year mean from 2000 to 2009. The ® measured
outside the sheeting for REE also declined gradually from
B to A except in P2, indicating that the control trees were
exposed to humid conditions in P2 but to relatively dry con-
ditions in P3 and A because of naturally reduced rainfall
(Fig. 2b—d). R, and D declined from B to P2 then increased
from P2 to A (Fig. 2a).

The values of ® measured inside the sheeting for REE
were not different from the values measured outside the
sheeting in B and A. However, ® measured inside the sheet-
ing was considerably smaller than that measured outside the
sheeting from P1 to P3, though temporal sudden increases
were observed because of rainwater leakage caused by a
partial breakage in the sheeting due to fallen branches or
heavy rainfall (Fig. 2b—d). This indicates that REE treatment
effectively caused greater soil moisture reduction around
the REE trees during P1—P3 compared with the naturally
reduced rainfall in A.

The mean ¥, 4,,, Of control trees was less negative
than —0.39 MPa throughout the observation periods and
showed little or no variation. The mean ¥, 4, was slightly
less negative in P2 than in the other periods (Fig. 3d, f, g)

because of the moist conditions due to the occurrence of
high rainfall (Fig. 2). There were not significant differences
between ¥, 4,,,, of REE and the control trees in B (P=0.14).
The mean ¥, 4,,, of the REE trees declined to between
—0.43 and —0.59 MPa during REE treatment, from P1 to
P3, although the differences among the observation periods
were not statistically significant in D2 (Fig. 3a—c). ¥} g,y
of the REE trees were significantly more negative than those
of the control trees in P1, P2, and P3 (P <2.7x 107 %) even
though the rainwater leakage caused temporal increases in ©
in the upper soil layer (0- to 0.8-m depth) around the REE-
treated trees (Fig. 2b—d). These results indicate that the REE
trees were exposed to a severer drought than the control trees
during P1-P3.

The mean daily E; of control trees showed small vari-
ation among the observation periods; a slight decline was
observed between B and P2 in C1 (Fig. 3d), which may be
affected by the declines in R, D, and rainfall in these periods
(Fig. 2). The mean daily E| of the REE trees significantly
declined during REE treatment, with the smallest values
observed in P2 (Fig. 3a—c).

Mean canopy stomatal conductance

In all studied trees, g, decreased with increasing D. When
compared at the same D, g, declined from B to P1 in the
REE trees and the control tree C1 (Fig. 4a—d). The g, of all
REE trees and C1 remained lower throughout the periods
P1-P3 and A. The g, of C2, which might be underestimated
due to overestimation of A; (see Table 1, Egs. (2), (3)), was
relatively constant over the observation periods (Fig. 4e).
The g..rand m of the REE trees declined during REE treat-
ment (P1-P3) and remained small in A (Fig. 5a—c). For
the control trees, g and m of C1 also declined gradually,
whereas those of C2 slightly increased (Fig. 5d, e). During
the entire observation period, g.; of the REE trees D1, D2,
and D3 declined by 16.2%, 16.8%, and 27.9%, respectively,
and m declines by 30.1%, 24.5%, and 46.0%, respectively.
These values were not greater than those of C1 except for
m of D3; g...r and m of C1 declined by 29.9% and 33.0%,
respectively. The values of m/g . differed among the studied
trees; however, the time series showed no clear differences
between the REE and the control trees (Fig. 6). Note that
m/g.r 1s unaffected by possible underestimation of g, of
C2 because its influence on both m and g is cancelled
by using their ratio. Thus, g, g.s» and m for both the REE
and the control trees except for C2 declined throughout the
observation periods, and the rates of their temporal declines
were not greater for the REE trees than for the control tree
C1. These results suggest that, though the background trend
of soil moisture caused by natural reduction in rainfall over
the entire observation period (Fig. 2) likely caused a small
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Fig.2 Meteorological and soil moisture conditions from October
2008 to May 2009. a Daily rainfall (vertical bars), daily mean net
radiation (R,, thin line), and daily mean vapor pressure deficit (D,
thick line). Relative extractable water (®) in the soil inside (thick

reduction in g of both the REE and the control trees (Fig. 4),
greater soil moisture reduction caused by REE treatment had
little influence on the values of g, and the sensitivity of g
regulation to D of the REE trees.
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line) and outside (thin line) the sheeting for the rainfall exclusion
experiment (REE) at the b D1, ¢ D2, and d D3 plots. Horizontal bars
in b, ¢ and d show the initial, middle, and late periods of REE (P1,
P2, and P3, respectively).

Whole-tree water status

The mean ‘I‘Lday of the control trees varied between —0.76
and — 1.30 MPa over the whole observation period and the
value was lowest in P3 (Fig. 7d—f) during which the rain-
fall amount was small (Fig. 2). The mean ¥, 4,, slightly
increased in P2 in response to the moist soil condition
around the control trees due to the occurrence of high
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rainfall. The mean ¥, 4,, in A was less negative than that
in other periods, although the mean daily rainfall in A
was the smallest, probably because considerable rain-
fall occurred just before the measurement day. On the
other hand, the mean ¥, 4,, of the REE trees significantly

declined during the REE treatment and was more negative
than that of the control trees. The minimum mean ¥, 4,,
values were —1.58, —1.91, and — 1.60 MPa in P3 for D1,

D2, and D3, respectively (Fig. 7a—c).
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The G, of the D1 and D3 trees declined markedly dur-
ing the REE treatment (Fig. 8a, b). The Gp of the C1 tree
also declined in P1 and P3, during which rainfall was
lower than during the other periods (Fig. 8c). However,
the extent of the decline in G, was greater for D1 and D3
than for C1; the maximum ratios of the decline in Gp dur-
ing the REE treatment to those in A were 60.2% and 63.6%
for D1 and D3, respectively, which were much larger than
the 53.1% for the C1 tree. The G, of the control tree C1
increased in A, although the mean daily rainfall in A was
the smallest, reflecting the increase in ¥, 4, due to the
occurrence of rainfall just before the measurement day
(see Fig. 7d and Eq. (5)). In contrast to the declines in Gp
being greater for the REE trees than for the control tree
C1, the changes in g..; were small in both the control and

@ Springer

0 T T T T
0.0 05 1.0 1.5 2.0 25

D (kPa)

REE trees (Fig. 8). These findings indicate that soil mois-
ture reduction induced only limited stomatal regulation,
irrespective of the extent of the soil moisture reduction
caused by background rainfall decline and REE treat-
ment, and caused a greater decline in G, corresponding
to the greater soil moisture reduction caused by the REE
treatment.

Discussion

Extent of drought caused by REE treatment

The 4-month REE effectively caused a drought for the REE
trees, as indicated by the declines in ©® and ¥, g4,,,, being
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greater for the REE trees than for the control trees during
the REE treatment (Figs. 2, 3). However, the extent of the
drought was moderate, because the minimum values of the
mean ¥ g, and mean ¥, 4, of the REE trees during the
treatment were only —0.59 and — 1.91 MPa, respectively.
This may be partly attributed to temporal rainwater leakage
caused by a partial breakage of the sheeting. In addition,
the water-holding capacity of the soil at the study site may
also attribute to this moderate decline in ¥} 4,,,- The Ulti-
sols in this site have a very high sand content (62-72%),
and therefore soil water drains rapidly at low tensions, but
water might be held at higher tensions in these soils and
does not drain easily, similar to clay soils (Kumagai et al.
2004, 2009), which could mitigate the minimum soil water
potential. Considering the large size of the sampled trees,

there remains the possibility of soil water acquisition by
the trees during the REE treatment from outside the sheet-
ing for the REE and/or deeper soil layer than that where
® was measured, though the size of the sheeting (15 m in
radius) was determined to cover the rooting area based on
the traced distance of the selected roots from the sampled
trees (Yamashita et al. 2012) and the survey of the vertical
profile of the roots indicated that the roots were not deep in
this site (Tomonori Kume, unpublished data). The REE trees
were selected among trees situated on upland or midslope,
where the soil water tends not to converge. However, pos-
sible horizontal water exchange in deep soil layers between
the inside and outside of the REE areas may also explain the
moderate declines in W) g, and ¥} g,

@ Springer



Journal of Plant Research (2020) 133:175-191

186
1.4
'?:1.2-
T 1.0 ® D1
E‘“_’ 1.0 s
< 0.8 D2
\g 0.6 1 o C1
D"’) 04' o 02
= 0.2
S
OO T T T T T
B P1 P2 P3 A
Period

Fig.6 Ratios of m [the sensitivity of mean canopy stomatal conduct-
ance (g,) to the natural log of vapor pressure deficit (D); —dg/dIn(D)]
t0 gyer (g5 at D=1 kPa) of D. aromatica trees in the rainfall exclu-
sion experiment (D1, closed circles; D2, closed triangles; D3, closed
squares) and control trees (C1, open circles; C2, open squares) in
each observation period

Intrinsic stomatal regulation

In the present study, the m/g.; of all studied trees of D.
aromatica in both REE and control plots was about or
greater than 0.6, irrespective of soil moisture conditions,
which implies that the trees were intrinsically isohydric-like
(Fig. 6). However, this represents the sensitivity to increas-
ing D, i.e. at a short time scale. Compared with reported
values of g recorded from a variety of biomes (Oren et al.
1999), the values observed in the present study were in the
lower range, i.e. 45-62 mmol m~2s~! for D1-D3, 21-29
mmol m~?s~! for C1, and 11-13 mmol m~2 s~ ! for C2, even
under mesic conditions (Fig. 5). Note that the heights of the
studied trees were about 40 m or taller, and those of C1 and
C2 were c. 50 and 53 m, respectively (cf. Table 1). Decreas-
ing hydraulic conductance with tree height can reduce sto-
matal conductance to prevent the leaf water potential from
becoming overly negative (Schifer et al. 2000). Hence, the
lower values of g and the higher values of m, resulting
in the higher m/g . ratio, might be due to the exceptional
height of the trees observed in this study. The narrow range
of D (see Fig. 4) may also contribute to the high m/g.¢
ratio because of the deviation in the relationship between g
and InD from linearity, as described by Oren et al. (1999).
However, no clear relationships between the range of D and
the m/g. ratio values were observed in the present study
(see Figs. 4, 6).
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Effect of soil moisture reduction to stomatal
regulationand G,

Although the background trend of soil moisture caused
by natural reduction in rainfall (Fig. 2) likely caused a
small reduction in g, of both the REE and the control trees
(Fig. 4), the greater soil moisture reduction caused by the
REE treatment did not induce larger declines in g for
the REE trees compared with those of the control trees. In
addition, m/g . showed less variation under conditions of
reduced soil moisture (Fig. 6). These results indicate that
stomatal behavior was not altered in response to soil mois-
ture reduction caused by the REE, which was consistent
with the results of Kumagai and Porporato (2012b). This
limited stomatal response allowed the decline in ¥, 4,
corresponding to the extent of soil moisture reduction,
which indicated that the studied trees of D. aromatica were
anisohydric-like with respect to soil moisture reduction
over a time scale of several months. Thus, the emergent
D. aromatica trees were conservative in water use and
caused little alteration in stomatal behavior in response
to soil moisture reduction induced by the REE treatment,
allowing ¥, 4,y and G, to decline (Figs. 6, 7, 8).

Gp includes several components, such as soil, root, stem,
and leaf hydraulic conductances, and is affected by multi-
ple factors relating the xylem and extra-xylem within the
plant (Hacke 2014). Though the extent of soil moisture
decline sensed by the REE-treated trees was moderate, the
present study could not explicitly determine whether the
plant hydraulic conductance was more responsible for the
decline in G, than the soil hydraulic conductance. The loss
of xylem conductivity due to vascular damage in some com-
ponents of the tree is a possible reason for the decline in
Gp. However, the REE-treated trees did not die and the Gp
value recovered in A with an increase in soil moisture (see
Fig. 8), implying that fatal hydraulic failure such as irrep-
arable vascular damage was avoided. Fisher et al. (2006)
showed that the decrease in soil-to-leaf hydraulic conduct-
ance, rather than the decline in soil water potential, was the
dominant cause of restricted water use under soil drought
in an eastern Amazonian forest by comparing the obser-
vation data and the predictions of a soil-plant—atmosphere
model with isohydric stomatal behavior. Thus, we inferred
that the decrease in Gp (Fig. 8), in turn, might restrict water
use of the REE-treated trees as a passive reaction (Fig. 3)
at the same time that the opposite effect was induced by the
increase in W) oy, — ¥ gay caused by the declines in ¥, g,,
due to the limited stomatal control [see Eq. (5)], which might
contribute to prevent hydraulic failure. In addition, Inoue
et al. (2017) observed that the sun-exposed leaves at the top
of the crown of the same trees of D. aromatica used in the
present study decreased the leaf water potential at turgor loss
point by osmotic adjustment during the REE treatment and
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enabled ¥, 4,, to decline without the loss of turgor pressure.
This leaf adaptability should also contribute to the tolerance
of the tree to soil moisture reduction. Declines in the leaf
water potential at the turgor loss point in response to drought
is reported with various species in diverse biomes (e.g. Bar-
tlett et al. 2014; Johnson et al. 2018). Osmotic adjustment
in response to the artificial long-term drought treatment was
also observed with tropical rainforest trees in the Amazon
(Binks et al. 2016).

Vulnerability to soil drought

Recent evidence suggests that avoidance of the risk of
hydraulic failure is the optimal strategy for water use in
both isohydric and anisohydric species. For example,
Sevanto et al. (2014) and McDowell (2011) demonstrated

P2 P3 A

feedback between hydraulic conductivity and carbohydrate
availability, and Meinzer et al. (2009) reported that a vari-
ety of mechanisms enable maintenance of hydraulic safety
under dynamic conditions. This might partly explain why
examination of hydraulic failure thresholds is a powerful
means of predicting tree mortality (Anderegg et al. 2015).
Furthermore, recent studies reported that the major cause
of tree mortality under severe drought was deterioration of
the hydraulic system (e.g. Anderegg et al. 2014; Rowland
et al. 2015) and that drought results in the death of a greater
number of large trees than of smaller trees (e.g. Bennett
et al. 2015; Rowland et al. 2015). Manzoni (2014) collated
published data on hydraulic traits of woody species grow-
ing in different biomes worldwide with contrasting climates
and showed that the water potentials at 50% loss of xylem
conductivity (¥s,,) were lower than those at 50% stomatal
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Fig.8 Whole-tree hydraulic conductance (G, open squares) and
mean canopy stomatal conductance at vapor pressure deficit=1 kPa
(8grep> Closed triangles) of D. aromatica trees in the rainfall exclusion
experiment (a D1 and b D3) and control trees (¢ C1) in each observa-
tion period

closure (W5,) for most traits, consistent with a water-use
strategy of first avoiding the risk of hydraulic failure.

In the present study, soil moisture reduction caused by
the REE treatment resulted in limited stomatal regula-
tion among the studied trees, allowing ¥, 4, to decline
in response to the soil moisture reduction (Figs. 5, 7).
As aresult, G, was reduced with constant g, under the
reduced soil moisture (Fig. 8). Though it is unknown
whether the G, decline was attributed to the loss of xylem
conductivity or for other reasons, our results seem to be
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somewhat inconsistent with the conclusion of Manzoni
(2014). It should be noted, however, that Manzoni (2014)
did not include data from tropical rainforests. According
to Choat et al. (2012), trees in tropical rainforests growing
under abundant annual rainfall tend to show a less nega-
tive W5, because the trees do not have to maintain a large
safety margin (i.e. the difference between ¥, and actual
minimum xylem pressure) under such humid conditions.
Their results seem to suggest the higher vulnerability of
tropical rainforests to hydraulic failure in case of unusu-
ally severe drought than the other biomes, and seem to be
consistent with our results. More extensive and detailed
studies are necessary to determine the responsibility of
a loss of xylem conductivity to the decline in G, of the
emergent trees of D. aromatica and their vulnerability to
hydraulic failure. In addition, because the extent of soil
moisture reduction sensed by the REE-treated trees was
still moderate and below the level at which their death is
induced, further studies are necessary to determine the
effects of much longer and severer soil drought than that
caused by our REE on their water use regulation.

McDowell and Allen (2015) pointed out that mechanis-
tic description of tree hydraulics can contribute to predic-
tion of tree mortality and forest die-off induced by climate
change. In addition, Mencuccini et al. (2015) suggested the
possibility of modeling carbon starvation, hydraulic failure,
and phloem transport failure to explore possible physiologi-
cal vulnerabilities under severe drought. The results of the
present REE provide information necessary for develop-
ment and analysis of such mechanistic models. Because
tropical rainforests contain a rich diversity of tree species
and a variety of tree sizes, it is important to investigate the
differences in the response of water use to drought among
species and tree sizes within a forest to predict the impact
on forest dynamics. At the present study site, Hiromi et al.
(2012) investigated interspecific variation in water use at
the leaf scale among four emergent dipterocarp species,
including D. aromatica, under the natural environmental
conditions. These authors reported that the leaf-scale tran-
spiration rate, stomatal conductance, and midday decline in
leaf water potential of D. aromatica were smaller than those
of the other species. These responses may be advantageous
to D. aromatica trees because they use less water, even
though they are anisohydric-like for soil moisture reduc-
tion, whereas the other emergent tree species may be more
vulnerable to drought (Hiromi et al. 2012). More extensive
and complex experiments are needed to acquire detailed
information on reproduction and prediction of vulnerabil-
ity of tropical rainforests to climate change-related severe
drought expected in future.
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