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ABSTRACT

Although Bornean tropical rainforests are among the
moistest biomes in the world, they sporadically experience
periods of water stress. The observations indicate that these
ecosystems tend to have little regulation of water use,
despite episodes of relatively severe drought. This water-use
behaviour is often referred to as anisohydric behaviour, as
opposed to isohydric plants that regulate stomatal move-
ment to prevent hydraulic failure. Although it is generally
thought that anisohydric behaviour is an adaptation to
more drought-prone habitats, we show that anisohydric
plants may also be more favoured than isohydric plants
under very moist environments where there is little risk of
hydraulic failure. To explore this subject, we examined the
advantages of isohydric and anisohydric species as a func-
tion of the hydroclimatic environment using a stochastic
model of soil moisture and carbon assimilation dynamics
parameterized by field observations. The results showed
that under very moist conditions, anisohydric species tend
to have higher productivity than isohydric plants, despite
the fact that the two plant types show almost the same
drought-induced mortality. As precipitation decreases, the
mortality of anisohydric plants drastically increases
whereas that of isohydric plants remains relatively constant
and low; in these conditions, isohydric plants surpass aniso-
hydric plants in their productivity.

Key-words: climate change; drought; mortality; photosyn-
thesis; plant water stress; soil water balance; stochastic
process; transpiration.

INTRODUCTION

Tropical forests in Southeast Asia represent approximately
11% of the world’s tropical forests in terms of area (World
Resources Institute 2007). These forests have the highest
relative deforestation rate among all forests in tropical
areas (Houghton & Hackler 1999; Malhi & Grace 2000),
and their possible roles in the global and regional climate
and hydrological cycles are important concerns (e.g. Kanae,
Oki & Musiake, 2001; Malhi & Wright 2004; Mabuchi, Sato
& Kida 2005;Werth & Avissar 2005).An analysis of climatic

trends of global tropical rainforest regions showed that
rainfall appears to have declined more significantly in
Southeast Asia than in Amazonia, and that the El Niño
Southern Oscillation (ENSO) may be the primary driver
inducing drought in Southeast Asia (Malhi & Wright 2004).
Furthermore, results from a global climate model showed
more frequent El Niño-like conditions because of the
human-induced greenhouse effect (Timmermann et al.
1999).

Bornean tropical rainforests in Southeast Asian tropics
are among the moistest biomes of the world, with abundant
rainfall throughout the year (see fig. 3 in Kumagai et al.
2005). In these climatic conditions, there is intense water
and carbon exchange between the atmosphere and the
forest ecosystem (Kumagai et al. 2004c, 2005, 2009). This
also implies that small perturbations in the rainfall regime
could significantly change biogeochemical cycling; for
example, a severe drought was associated with the ENSO
event of 1997–1998, which induced high tree mortality in
tropical rainforests of Malaysian and Indonesian Borneo
(Nakagawa et al. 2000; van Nieuwstadt & Sheil 2005; Allen
et al. 2010). Thus, it is important to understand the drought
physiology of rainforests adapted to very moist environ-
ments to predict how the dynamics of such forest ecosys-
tems will respond to climate change (see Fisher et al. 2006).

In terms of regulation of water status, plants can be cat-
egorized as ‘isohydric’ or ‘anisohydric’.This is thought to be
a promising approach to define basic drought physiology,
which can be used to quantify the causes of climate-induced
forest dynamics, especially mortality and die-off (e.g. Fisher
et al. 2006; Franks, Drake & Froend 2007; McDowell et al.
2008; Breshears et al. 2009). Isohydric plants regulate tran-
spiration by stomatal closure to maintain constant midday
leaf water potential, thus avoiding drought-induced hydrau-
lic failure. However, stomatal closure during longer periods
of drought can lead to carbon starvation, resulting in tree
mortality (McDowell et al. 2008; Breshears et al. 2009). In
contrast, anisohydric plants have less stomatal sensitivity
and allow midday leaf water potential to decline with
decreasing soil moisture. Thus, hydraulic failure occurs at a
much more negative water potential for anisohydric than
for isohydric species (e.g. Linton, Sperry & Williams 1998;
West et al. 2007). This may help anisohydric species to stave
off carbon starvation at least during moderate but long
droughts. Some studies have suggested that anisohydric
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species tend to have xylem morphology adapted to with-
stand lower water potential without excessive and cata-
strophic cavitation, and that regulation allows these species
to continue to take up carbon during severe drought (Oren
et al. 1999; Ewers et al. 2005; McDowell et al. 2008). Aniso-
hydric plants have been reported to occupy more drought-
prone habitats than isohydric species, although there are
exceptions (see McDowell et al. 2008). In effect, several
aspects of the environmental or evolutional significance and
mechanisms of both isohydric and anisohydric species
remain unclear (Franks et al. 2007).

Previous studies (Kumagai et al. 2004c, 2005) and our
on-going through-fall exclusion experiment (Fig. 1) indicate
that the studied tropical rainforest ecosystem, which is nor-
mally a very moist environment, tends to have little regu-
lation of forest water use, even during the sporadic periods
of severe soil drying. It is interesting to note that the 50 cm
top soil layer at this study site, comprising sandy clay loam,
can retain around 70 mm water even under residual soil
moisture conditions (Kumagai et al. 2004b,c); therefore,
during periods of severe drought, transpiration of this rain-
forest might continue using the soil water. Thus, we hypoth-
esized that anisohydric behaviour would confer a carbon
uptake advantage to tree species adapted to the moist envi-
ronment, because there would be little risk of water stress-
induced hydraulic failure (see Kumagai et al. 2008). In this
study, we clarified and tested the above hypothesis, and
suggest a reason why anisohydric plants may be prevalent
at the studied tropical rainforest site. We analysed the
effects of climate-induced water stress on water status, pro-
ductivity and survival of both isohydric and anisohydric

plant species, and discuss their advantages in a given envi-
ronment. We then tested the potential critical point of the
presence of anisohydric plants in response to a global-
change-type drought (see Breshears et al. 2005).

METHODS

Soil moisture dynamics is a key factor controlling hydro-
logic fluxes through the soil–plant–atmosphere continuum
(SPAC). Thus, soil moisture dynamics can be fundamental
information for describing ecosystem processes such as
water stress and carbon assimilation (e.g. Rodriguez-Iturbe
et al. 1999; Laio et al. 2001; Porporato et al. 2001; Porporato,
Daly & Rodriguez-Iturbe 2004; Rodriguez-Iturbe & Porpo-
rato 2004). Accounting only for changes in mean responses
to climatic variability is not sufficient for realistic investiga-
tions on the effects of climate change on ecosystems.
Instead, such investigations must account for the stochastic
component of hydrologic forcing and its possible changes in
terms of frequency and amount of rainfall events. These
changes are responsible for modifying soil moisture dynam-
ics and the temporal structure (i.e. intensity, duration and
frequency) of periods of water stress and impaired plant
assimilation (Porporato et al. 2001, 2004). Probabilistic
descriptions of ecosystem process dynamics are useful to
describe the effects of climatic fluctuations such as severe
drought induced by current ENSO cycles and global
climate change.

In this study, we used a simple SPAC model linked to
probabilistic descriptions of soil moisture and plant water
stress (Porporato et al. 2001), to arrive at a synthetic char-
acterization of plant carbon assimilation dynamics (Daly,
Porporato & Rodriguez-Iturbe 2004).The computed results
were linked to previous observations in a tropical rainforest
in Southeast Asia (Kumagai et al. 2004a,b,c, 2005, 2006;
Manfroi et al. 2006; Ohashi et al. 2008). We compared the
dynamics of plant water stress and productivity between
isohydric and anisohydric species in various rainfall
regimes. We used a stochastic representation to test their
advantages and survival in the studied tropical rainforest
site under the current climatic conditions and under pos-
sible climate change-induced drought. For completeness, a
review and description of the modelling scheme is pre-
sented in the following discussion (see Rodriguez-Iturbe &
Porporato 2004) and a list of symbols used in the model is
given in the Appendix.

Stochastic soil moisture dynamics model

The stochastic soil moisture model used in this study was
originally proposed by Rodriguez-Iturbe et al. (1999) and
improved by Laio et al. (2001). Under the conditions that
lateral movement can be neglected, the vertically integrated
soil moisture balance equation is given as follows:
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Figure 1. Time series of soil moisture (s) at the through-fall
exclusion experiment site (thick line) and a control site (thin
line) (a), and diurnal courses of whole-tree (Dryobalanops
aromatica Gaertn. f.) sap flow under normal conditions (b) and
severe drought conditions (c). Arrow denotes start of
experiment. There was little change in sap flow between normal
and severe drought conditions.
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where n is the soil porosity, Zr is the rooting depth, s is the
degree of saturation varying between 0 and 1, t is time, R is
the rainfall rate, I is the canopy interception loss, Q is the
rate of infiltration-excess, E(s, t) is the evapotranspiration
rate and L(s) is the leakage. Equation 1 is a stochastic ordi-
nary differential equation for the state variable s, and is
solved on daily timescales. The frequency of rainfall events
can be assumed to be a stochastic variable expressed as
an exponential distribution with the mean time interval
between precipitation events 1/l. The amount of rainfall,
when it occurs, is also assumed to be an independent
random variable described by an exponential probability
distribution with the mean depth of rainfall events, a.
Losses to the atmosphere from canopy interception, I, are
represented using a threshold of rainfall depth D, which
denotes interception capacity and below which effectively
no water reaches the ground. Saturation overland flow, Q, is
derived from rainfall excess, which occurs when rainfall
depth exceeds the available storage.

Leakage losses are assumed to occur through gravita-
tional flow. L(s) is assumed to be at its maximum for satu-
rated soil moisture conditions and can be expressed as the
hydraulic conductivity K(s), that is, the exponential function
of Ksat, the saturated hydraulic conductivity, sfc, s at ‘field
capacity’, the water content held in the soil after gravity
drainage where K(s) has a value of zero, and b, a parameter
that can be obtained by fitting the power law unsaturated
hydraulic conductivity to the field data (e.g. Laio et al.
2001).

In this model, the main limiting factor controlling the
evapotranspiration is considered to be soil moisture. Spe-
cifically, the dependence on s is given by (e.g. Laio et al.
2001)
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where EW and Emax are the soil evaporation and the
maximum evapotranspiration, respectively, and sh, sW and s*
are s at ‘hygroscopic point’, ‘plant wilting point’ and ‘plant
stress point’, respectively. When s falls below a given s*,
plant transpiration is reduced by stomatal closure to
prevent internal water losses. Then, soil water availability
becomes a key factor in determining the actual evapotrans-
piration rate. Transpiration and root uptake continue at a
reduced rate until s reaches sW. Below sW, soil water is
further depleted only by evaporation at a low rate to sh.

When the soil contribution to total evaporation is insig-
nificant (given the high leaf area index, LAI, at the site) and
in the absence of free water on vegetation, the bulk surface
conductance is strongly related to the behaviour of leaf
stomatal conductance (Kelliher et al. 1995; Raupach 1995,
1998). Equilibrium evaporation occurs when air passes over

an extensive wet surface and becomes saturated. However,
because even such air is seldom saturated, the ratio of
actual evaporation to the equilibrium evaporation is often
20–30% greater than unity (Priestley & Taylor 1972). This
ratio is referred as the Priestley–Taylor coefficient, aPT. De
Bruin (1983) found that although aPT varies with wind
speed, surface roughness, and the entrainment of dry air at
the top of the atmospheric boundary layer, it depends pri-
marily on the surface conductance. Furthermore, McNaugh-
ton & Jarvis (1983) showed that equilibrium evaporation is
the evaporation at the limit of complete decoupling. In our
previous studies (Kumagai et al. 2004c, 2005), we found high
decoupling coefficient values because of the relatively large
surface conductance compared with aerodynamic conduc-
tance, and that net available energy is the primary forcing
variable for evapotranspiration at the study site. Thus, we
used a modified Priestley & Taylor (1972) expression to
compute EW and Emax, as follows:

E
L

Ri PT_i
v w

n=
+

κα δ
ρ δ ε( )

(3)

where i denotes W or max, aPT_W and aPT_max are the
Priestley–Taylor coefficients (aPT) for EW and Emax, respec-
tively, k is a unit conversion factor, d is the rate of change of
saturation water vapour pressure with temperature, Lv is the
latent heat of vapourization of water, rw is the density of
water, e is the psychrometric constant, and Rn is the net
radiation above the canopy.A major uncertainty in Eqn 3 is
aPT, which, for forested ecosystems, is usually less than its
typical value of 1.26 because of additional boundary layer,
leaf, xylem and root resistances. Measured evapotranspira-
tion data are used to obtain daily aPT, and then the relation-
ship between s and daily aPT can be derived.aPT_W and aPT_max

are parameterized by fitting Eqns 2 and 3 to the relationship
(see Fig. 2a). For the stochastic model computations, all
thermodynamic variables in Eqn 3 were assumed to be
constant values, Rn was also obtained by averaging yearly
observed values, and the effect of atmospheric humidity on
stomatal conductance was ignored to maintain analytical
tractability. Note that using averaged Rn (which gave an
averaged value of evapotranspiration; Kumagai et al. 2004b,
2009), and using a function for stomatal response to increas-
ing vapour pressure deficit (Kumagai et al. 2004a,b) resulted
in little change to the probabilistic descriptions of soil mois-
ture and daily transpiration rate. Figure 2a summarizes the
evapotranspiration model used in this study.

Because of the stochastic rainfall forcing in Eqn 1, its
solution can be represented only in a probabilistic manner.
In this framework, the probability density function (PDF)
of s, p(s), can be derived from the master equation of the
process (see Rodriguez-Iturbe & Porporato 2004).

Carbon assimilation and plant water
stress dynamics

Daily carbon assimilation An is defined as the canopy pho-
tosynthetic rate, which does not take into consideration the
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carbon lost by ecosystem respiration. A behaviour similar
to that of E(s, t) is also found for the dependence of An on
s (see Fig. 2a,b). This dependence may be functionally
approximated as follows (Daly et al. 2004):
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where sWA and s*A are sW and s* for assimilation,respectively,
and AW and Amax are An at sWA and the maximum value,
respectively.The probabilistic structure of An can be derived
from p(s) by a derived-distribution approach. Accordingly,
the PDF of An, p(An), has an atom of probability in zero,
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productivity of isohydric and anisohydric plant species in
each given climatic condition.

Following Porporato et al. (2001) the (static) plant water
stress, z, can be defined as zero when soil moisture is above
the level of incipient stomatal closure, s*, and defined as the
maximum value of one when soil moisture is at the level of
complete stomatal closure, sW.There is a non-linear curve in
the value of z between s* and sW:
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where q is a measure of the non-linearity of the effect of
soil moisture deficit on plant conditions, and can vary with
plant species (Fig. 2c). Plants with a higher q-value,
that is, stronger non-linearity, can have lower z with
decreasing s but abruptly increase z in the immediate
vicinity of sW. This means that such plants can allow their
leaf water potential to approach the xylem cavitation
threshold without suffering from water stress (Porporato
et al. 2001).

Like in the case of p(An), the probabilistic structure of z
can be derived from p(s) by substituting Eqn 5 for s. The
PDF of z, fZ(z), has an atom of probability at z = 0,
FZ(0) = 1 - P(s*), and one at z = 1 equal to FZ(1) = P(sW)
(where P denotes the cumulative density function of s).The
continuous part of fZ(z) between zero and one correspond-
ing to sW < s < s* can be written as follows (Porporato et al.
2001):
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Figure 2. Relationships between soil moisture (s) and (a) transpiration (Priestley–Taylor coefficient, aPT), (b) carbon assimilation (An),
and (c) static water stress (z), for anisohydric (solid lines) and isohydric (broken lines) species. Closed squares denote eddy covariance
measured aPT and An in bins of s, and vertical bars represent one standard deviation. The parameters used for soil characteristics are
sh = 0.05, sW = sWA = 0.1, s* = s*A = 0.34, and those for transpiration, carbon assimilation and static water stress are aPT_W = 0.57 and 0.01,
aPT_max = 0.82 and 0.66, AW = 0.7 and 0 mol m-2 day-1, Amax = 0.84 and 0.67 mol m-2 day-1, and q = 3 and 1 for anisohydric and isohydric
species, respectively.
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the mean value of water stress given that, for our purposes,
the plant is under stress (Porporato et al. 2001):

′ =ζ ζ
P s( *)

(8)

where P(s*) denotes only the part of the PDF correspond-
ing to z above 0.

The information on plant conditions given by the mean
and the PDF of water stress needs to be completed by
describing the duration of the period of water stress. The
length of the time in which soil moisture is below a thresh-
old is among the most important stochastic variables to
analyse the temporal dimension of water stress.The analyti-
cal expression for the mean duration of an excursion below
the threshold, sW, can be obtained using a crossing analysis
as follows (Porporato et al. 2001):
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where l′ is the frequency of rainfall events given by
lexp(-D/a), and g[·,·] is the lower incomplete gamma
function.

Porporato et al. (2001) defined the measure of vegetation
water stress combining ′ζ with the mean duration and fre-
quency of water stress during the growing season, known as
‘dynamic’ water stress or mean total dynamic stress during
the growing season, θ . Likewise, to describe plant mortality
and survival induced by hydraulic failure under severe
drought conditions, here we defined a ‘tree death index’, h,
using Eqns 8 and 9 as follows:
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where k is a parameter representing an index of plant resis-
tance to drought and Tseas is the length of a growing season.
Tree mortality described by h was related to a permanent
damage caused by drought-induced hydraulic failure. Note
that, unlike Porporato et al.’s θ , we use TsW instead of using
the mean duration of an excursion below s*. Moreover, we
do not take into account the effect of the frequency of water
stress in Eqn 10 because permanent damage leading to tree
mortality occurs at the maximum level of water stress and
tree mortality is a single event. In this study, the tree death
index during a season, h, is used to analyse plant mortality
and survival of isohydric and anisohydric species in each
given climatic condition.

THE DATA

Vegetation–atmosphere exchange and meteorological data,
which were well suited for estimating the SPAC model
parameters, were obtained for a natural forest in Lambir
Hills National Park (LHNP; 4°12′N, 114°02′E, 200 m a.s.l.)

30 km south of Miri City, Sarawak, Malaysia. The rainforest
in LHNP consists of two types of original vegetation
common to Borneo; mixed dipterocarp and tropical heath
forest. The former contains various genera of the family
Dipterocarpaceae, which covers 85% of LHNP.The average
canopy height in the study site is approximately 40 m, but
the heights of the emergent treetops can reach 50 m. The
LAI ranged spatially from 4.8 to 6.8 m2 m–2 with a mean of
6.2 m2 m–2. The monthly amounts of litterfall were similar
throughout the year, suggesting only small variations in the
LAI. The soils consist of red-yellow podzolic soils (Malay-
sian classification) or ultisols (United States Department of
Agriculture Soil Taxonomy), with high sand content (62–
72%), an accumulation of nutrients at the surface horizon,
low pH (4.0–4.3) and high porosity (54–68%).

The mean annual rainfall (Q) at Miri Airport, 20 km from
LHNP, was approximately 2740 mm for the period from
1968 to 2001. In LHNP, the value was approximately
2600 mm for the period from 2000 to 2006. The long-term
record at Miri Airport shows significant inter-annual varia-
tions in rainfall in this region; for example, the maximum
and minimum annual rainfalls for 1968–2001 were 3499 mm
in 1988 and 2125 mm in 1976, respectively. In the computa-
tions used in this study, we used default parameters for
rainfall characteristics, which were estimated from the
above long-term record and Q = Tseasla, as Q = 2740 mm,
l = 0.54 day-1 and a = 13.9 mm. The mean annual tempera-
ture in LHNP is approximately 27 °C with little seasonal
variation.

In LHNP, we established a 4 ha experimental plot
gridded into 400 subplots of 10 ¥ 10 m. An 80 m tall (at the
base of the gondola) canopy crane with a 75 m long rotating
jib was constructed at the centre of this plot to provide
access to the upper canopy. Some observational floors of
the canopy crane were devoted to eddy-covariance flux
measurements and above-canopy meteorological measure-
ments such as radiation flux, air temperature and humidity,
wind velocity and rainfall. The subplots were used for mea-
surements of through-fall, stemflow, in-canopy micrometeo-
rological factors, and soil moisture.

Table 1 shows the model parameters for soil characteris-
tics and evapotranspiration for computing the soil moisture
dynamics in LHNP.The methods by which these parameters
were derived and how the computation results were vali-
dated are provided elsewhere (Kumagai et al. 2009). Note

Table 1. Model parameters of soil characteristics and
evapotranspiration in Lambir Hills National Park

Parameter Description Value

Zr (mm) Eqn 1 1000
n Eqn 1 0.36
Ksat (mm day-1) Saturated hydraulic conductivity 33.4
b Exponent of the soil–water retention

curve
6.3

Rn (W m-2) Eqn 3 135.3
D (mm) Interception capacity 1.10
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that although Rn data were separated for wet and dry
seasons in Kumagai et al. (2009), yearly average Rn was used
in this study because the distinction between wet and dry
seasons is somewhat unclear in LHNP. In the present study,
we used the eddy covariance measured evapotranspiration
and net ecosystem exchange (see Kumagai et al. 2004a,
2006) to derive the relationships between s and daily aPT

(Kumagai et al. 2004b) and An for the vegetation, that is,
anisohydric plants (Fig. 2a,b). It should be noted that these
aPT and An functions of s in Fig. 2a,b are highly consistent
with observed results; that is, the tropical rainforest ecosys-
tem in LHNP shows little regulation of forest water use
despite episodic severe soil drying.

The aPT and An for isohydric plants were assumed to
increase linearly from ~0 at sW to their maximum values at
s* and then remain constant to saturation (Fig. 2a,b). In
addition, isohydric plants are assumed to be more parsimo-
nious than the anisohydric plants, because isohydric plants
lose their high gas exchange ability in compensation for
their economical water use. Isohydric plants regulate sto-
matal aperture to prevent water potential from falling
below a critical threshold (see McDowell et al. 2008), and
this corresponds to the assumed relationship between aPT

and s. Also, Franks & Farquhar (1999) showed that reduced
stomatal sensitivity to atmospheric dryness is accompanied
by higher gas exchange capacity. This finding lends support
to our assumption about the different behaviour of An in
response to s between isohydric and anisohydric plants:
first, the maximum values of aPT (aPT_max) and An (Amax) for
isohydric plants were arbitrarily set at 80% of those for
anisohydric plants (Fig. 2a,b). Then, we examined the sen-
sitivity of productivity to changing aPT_max and Amax in iso-
hydric plants. Given the above difference in the aPT

functions of s between isohydric and anisohydric plants, the
increment rate of z with soil moisture deficit can be taken as
a constant increase for isohydric plants, and a non-linear
increase for anisohydric plants (Fig. 2c). This assumption is
thought to be reasonable because anisohydric plants can
allow their water potential to approach the hydraulic failure
threshold without sensing water stress (see McDowell et al.
2008). In the same manner as the sensitivity test to changing
the aPT_max and Amax in isohydric plants, first, we arbitrarily
set the non-linearity parameter in Eqn 5, q, as 3 (Fig. 2c),
and then examined the sensitivity of mortality to changing q
in anisohydric plants.

Nakagawa et al. (2000) reported extremely high tree mor-
tality at this study site as a result of the severe drought
associated with the ENSO event of 1997–1998. We deter-
mined the parameters of plant resistance to drought, k, in
Eqn 10 for both plant types, assuming that the tree death
index, h, reaches its maximum value under such severe
hydroclimatic conditions (see Kumagai et al. unpublished
data).

Using the model parameters for the present vegetation,
that is, anisohydric plants, and time courses of rainfall as
local forcing data, the soil moisture balance model (Eqn 1)
was validated in deterministic mode (i.e. not using proba-
bilistic descriptions). As a result, we found that the model

well reproduced the structure of measured s time series
(Fig. 3) (Kumagai et al. 2009). Also, in the context of
the s model validation, we confirmed that the modelled
estimates of total annual evapotranspiration and carbon
assimilation were consistent with the measured values
(see Kumagai et al. 2004a, ~1400 mm year-1 and
~33 tC ha-1 year-1, respectively).

RESULTS

Figure 4a and b show the mean assimilation, 〈An〉, of
anisohydric and isohydric plants (using 80% values of the
maximum aPT (aPT_max) and An (Amax) for anisohydric
plants), respectively, as a function of the frequency of rain-
fall events (l) with total rainfall (Q) kept constant. The
productivity of anisohydric plants was high and constant for
Q > 1300 mm, but decreased below this value (Fig. 4a). On
the other hand, isohydric plant productivity remained rela-
tively stable with varying Q, despite its significant decrease
when Q < 1100 mm (Fig. 4b). Also, changes in 〈An〉 of
isohydric plants with varying l were less than those of
anisohydric plants, and this tendency was apparent below
Q = approximately 1100 mm (Fig. 4a,b). Differences in 〈An〉
between anisohydric and isohydric plants (Fig. 4c) revealed
that the productivity of anisohydric plants was higher than
that of isohydric plants for any rainfall regime as long as
Q > 1100 mm, and that the productivity of isohydric plants
surpassed that of anisohydric plants at any (realistic)
l-value below Q = approximately 800 mm. As a further
analysis, we plotted l at 〈An〉a - 〈An〉 i = 0 (l0: see Fig. 4c)
against Q to identify the transition zone between the rela-
tive merits of the anisohydric and isohydric plants’ produc-
tivities (Fig. 5). The relationship between Q and l0 was
approximately linear within a narrow range (Q = 840 to
1060 mm), implying that there may be an abrupt transition
of the predominance of one species over another as the
rainfall regime changes.
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Figure 3. Time series of measured (solid circles) and calculated
(curve) daily average soil moisture content (s) in Lambir Hills
National Park. The measurement period was day of year (DOY)
78, 2001 to DOY 151, 2002.
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Likewise, we compared the tree death index (h) as a
function of l between anisohydric (using the non-linear
parameter q = 3) and isohydric plants (Fig. 6). Decreasing
Q markedly increased the hydraulic failure-induced mor-
tality of anisohydric plants (Fig. 6a), but not isohydric
plants (Fig. 6b). An increase in l denotes conditions of
frequent but low rainfall intensity. Under such conditions,
anisohydric plants above Q = approximately 1200 mm
(Fig. 6a) and isohydric plants for any Q (Fig. 6b) decrease
their risk of hydraulic failure and mortality, whereas
for anisohydric plants under drier conditions there
are ‘optimum’ values of l that minimize their morta-
lity (Fig. 6a). In the absence of drought (i.e. above
Q = approximately 1500 mm), normal mortality rates are
likely to be lower for both types of plants, but under drier
conditions (below Q = approximately 1000 mm), isohydric
plants tended to survive and prevent hydraulic failure
more effectively than anisohydric plants (Fig. 6c).
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Figure 4. Mean assimilation rate (〈An〉) computed for
anisohydric (a) and isohydric plants (b) (represented by
subscripts a and i, respectively) and their difference (c) as a
function of frequency of rainfall events (l) for different annual
total rainfall (represented by the number (mm) on or beside
each line).
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where productivity of anisohydric plants surpasses that of
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Figure 7 shows differences in 〈An〉 and h between aniso-
hydric and isohydric plants when l is kept constant as the
default value (l = 0.54 day-1) but mean depth of the rainfall
event (a) and Q are changed. In addition, we investigated
the effects of changing model parameters aPT_max and Amax

for isohydric plants and q for anisohydric plants on produc-
tivity (Fig. 7a) and mortality (Fig. 7b), respectively. When
using parameters less than approximately 90% of aPT_max

and Amax, anisohydric plants showed much higher produc-
tivity than isohydric plants at approximately Q > 1300 mm
(Fig. 7a). Even when the same values for aPT_max and Amax

were used for the two plant types, the difference in 〈An〉 was
greater than zero, peaking at approximately Q = 1200 mm
(Fig. 7a). However, using any q for anisohydric plants, the
mortality of the two types of the plants was the same at
approximately Q > 1300 mm (Fig. 7b). This implies that in
this area, including the study site with Q = 2740 mm, aniso-
hydric plants tend to occur naturally. On the other hand, at
Q = 1000 mm, although there is no advantage in productiv-
ity for anisohydric plants (Fig. 7a), their mortality becomes
appreciably higher than that of isohydric plants (Fig. 7b).
Furthermore, below this Q, using any values for the param-
eters, isohydric plants showed greater productivity and
lower mortality than anisohydric plants (Fig. 7a,b). This

may indicate the prevalence of isohydric plants in areas
where Q < 1000 mm.

DISCUSSION

Partitioning isohydric and anisohydric species might be an
effective approach for modelling climate change-induced
forest dynamics that affect plant survival and mortality
under severe drought conditions. McDowell et al. (2008)
provided a general framework for the hypothetical mecha-
nisms underlying tree mortality: carbon starvation occurs
when the duration of the drought and the resulting reduc-
tion in photosynthesis exceed the amount of carbon
reserves stored for maintenance of metabolism, whereas
hydraulic failure occurs if the drought is sufficiently intense
to push a plant past its threshold for irreversible desiccation
before carbon starvation occurs.

This categorization, when the stomatal regulation char-
acteristics of isohydric and anisohydric species are taken
into account, implies that the main cause of mortality of
isohydric species is carbon starvation, and that of anisohy-
dric species is hydraulic failure. Some research has docu-
mented, at least partially, the validity of this hypothesis (e.g.
Breshears et al. 2009). Likewise, in our computations, the
higher productivity of anisohydric species under relatively
wet conditions (Figs 4 & 7) might indicate that anisohydric
species are more resistant than isohydric species to carbon
starvation.

In our model, we used the function of tree mortality
considering only hydraulic failure. This was because for
isohydric and anisohydric species, mortality caused by
carbon starvation depends on impairment of photosynthe-
sis by water stress and is thus closely related to xylem
hydraulic failure. Furthermore, there is recent evidence
that avoiding the risk of hydraulic failure is the best strat-
egy for water use in both isohydric and anisohydric
species. For example, McDowell (2011) reported feedback
between hydraulic conductivity and carbohydrate avail-
ability, and Meinzer et al. (2009) reported a variety of
mechanisms for maintaining hydraulic safety under
dynamic conditions.

Our model suggests that anisohydric species may be
more susceptible than isohydric species to drought-related
mortality induced by hydraulic failure (Figs 6 & 7).
However, it has been reported that in general, anisohydric
plants are better adapted to drier environments because
of their more cavitation-resistant xylem (Oren et al. 1999;
Clearwater & Clark 2003; Brodribb & Holbrook 2004;
Ewers et al. 2005; McDowell et al. 2008). A notable insight
that emerges from the adaptation of anisohydric species to
drought-prone habitats is that such anisohydric plants are
likely to have lower sw and higher q (see Fig. 2c). This is
because their xylem structure confers morphological
advantages, allowing leaf water potential to approach
its cavitation threshold without incurring damage from
the xylem hydraulic failure (see Porporato et al. 2001).
Instead, their aPT_max accompanied by Amax (see Fig. 2a,b)
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is likely to be reduced because of the positive relationship
between gas exchange capacity and its insensitivity to
environmental factors (e.g. Franks & Farquhar 1999). Note
that aPT and An at the lower s domain (see Fig. 2a,b) are
still greater for anisohydric than isohydric plants. For this
case, we computed 〈An〉 and h for both types of plants;
under drier conditions, 〈An〉 became higher and h became
lower for anisohydric plants, compared with their respec-
tive values for isohydric plants. This implies that anisohy-
dric species may be prevalent in drought-prone habitats
(data not shown).

Figure 7 shows the possible prevalence of anisohydric
species at the studied rainforest site in the wetter domain
(Q > 1000 mm). It is important to note that we assumed no
seasonality in rainfall in these computations (see Kumagai
et al. 2005). The reduction in Q is likely to be accompanied
by a prolonged dry period, which affects plants’ strategies
to cope with soil water availability (Rodriguez-Iturbe
et al. 2001). For example, Fisher et al. (2006) conducted a
through-fall exclusion experiment in an Eastern Amazo-
nian rainforest, shifting the rainfall regime toward that of
a seasonal forest or savanna bioclimatic zone. They found
that the plants used for their through-fall exclusion experi-
ment were isohydric, implying an exception to our com-
puted results. Furthermore, Malhi et al. (2009) pointed out
that in considering the transient response of the rainforest
to rapid climate change, there may be some buffers against
drought, which are attributed to isohydric regulation of
forest water use observed in the Eastern Amazonian rain-
forest (Fisher et al. 2007). These possible discrepancies
with our results are likely because of the fact that,
although the mean annual rainfall in their rainforest is
comparable with that at our site (around 2300 mm), the
pronounced dry season between July and December gives
an advantage to isohydric behaviour. In reality, some
studies, including a finding from the control plot of the
through-fall exclusion experiment (Fisher et al. 2006),
found no seasonality in transpiration. This implies, at least
partly, that there is anisohydric regulation of water use in
an Amazonian (Carswell et al. 2002) and a Bornean
(Fig. 1; Kumagai et al. 2004c, 2005) tropical rainforest, sug-
gesting the possible existence of anisohydric plants in
these moist environments.

In summary, distinguishing between isohydric and aniso-
hydric species might be critical when considering forest
dynamics, because the preferential mortality of isohydric/
anisohydric species in response to severe drought may alter
the composition of the vegetation (e.g. Mueller et al. 2005).
The framework presented in this study allows us to consider
the effects of different physiological characteristics of iso-
hydric or anisohydric species on their responses to changes
in hydroclimatic variables, and consequently, to determine
the effects of such changes on forest dynamics (see Porpo-
rato et al. 2004). This, however, will require more extensive
and technically difficult experiments to understand the
physiology of rainforest trees, and how they respond to
both sporadic and new (i.e. climate change-induced) severe
drought events.
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APPENDIX

List of symbols

Symbol Units Definition

An mol m-2 day-1 Carbon assimilation rate
〈An〉 mol m-2 day-1 Mean assimilation during a season
AW, Amax mol m-2 day-1 An at wilting point and the maximum value, respectively
Cz Constant in Eqn 6
E mm day-1 Evapotranspiration rate
EW, Emax mm day-1 Soil evapouration and maximum evapotranspiration, respectively
fZ(z) Probability density function of static plant water stress, z
FZ(0), FZ(1) Atom of probability of static plant water stress, z at z = 0 and 1, respectively
I mm day-1 Canopy interception loss
k Index of plant resistance to drought
K mm day-1 Hydraulic conductivity
Ksat mm day-1 Saturated hydraulic conductivity
L mm day-1 Leakage rate
Lv J kg-1 Latent heat of vapourization of water
n m3 m-3 Soil porosity
P Cumulative density function of soil moisture, s
p(An), p(s) Probability density function of An and soil moisture, s, respectively
PA0, PAmax Atom of probability of An in zero and Amax, respectively
q Non-linearity of the effect of soil moisture deficit on plant conditions
Q mm day-1 Rate of infiltration-excess
R mm day-1 Rainfall rate
Rn W m-2 Net radiation above canopy
s m3 m-3 Soil moisture as degree of saturation
sfc, sh, sW, s* m3 m-3 s at field capacity, hygroscopic point, plant wilting point and plant stress point, respectively
sWA, s*A m3 m-3 sW and s* for assimilation, respectively
t day Time
Tseas day Length of a growing season

TsW day Mean duration of an excursion below sW

Zr mm Rooting depth
a mm Mean depth of rainfall event
aPT_W, aPT_max Priestley–Taylor coefficients, aPT, for EW and Emax, respectively
b Exponent of the soil–water retention curve
D mm Interception capacity
d Pa K-1 Rate of change of saturation water vapour pressure with temperature
e Pa K-1 Psychrometric constant
z Static plant water stress
ζ Mean water stress during a season

′ζ Mean water stress given that the plant is under stress

h Tree death index
Q mm year-1 Mean annual rainfall
θ Mean total dynamic stress during a season
k mm s m-1 day-1 Unit conversion factor
l day-1 Mean rate of arrival of rainfall event
l′ day-1 Frequency of rainfall event taking into consideration canopy interception
m Constant in Eqn 6
x, xW Constant in Eqn 6
rw kg m-3 Density of water
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