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ABSTRACT

Seasonal drought is a common occurrence in humid climates. The year 2003 was the driest year during the period 1985–
2011 in southeastern China. The objective of this study was to elucidate the impact of the exceptional drought in 2003,
compared with eddy flux measurements during 2004–11, on the dynamics of evapotranspiration (ET) and related factors, as
well as their underlying mechanisms, in a subtropical coniferous plantation in southeastern China. It was found that daily
ET decreased from 5.34 to 1.84 mm during the intensive drought period and recovered to 4.80 mm during the subsquent
recovering drought period. Path analysis indicated that ET was mainly determined by canopy conductance and deep soil
water content (50 cm) during the intensive drought and recovering drought periods, respectively. The canopy conductance
offset the positive effect of air vapor pressure deficit on ET when suffering drought stress, while the canopy conductance
enhanced the positive effect of air temperature on ET during the late growing season. Because the fine roots of this plantation
are mainly distributed in shallow soil, and the soil water in the upper 40 cm did not satisfy the demand for ET, stomatal
closure and defoliation were evident as physiological responses to drought stress.
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1. Introduction

The occurrence of drought in the Northern Hemisphere
is characterized by decreased rainfall and an altered pre-
cipitation regime (IPCC, 2007). The definition of drought
falls into four categories: meteorological, hydrological and
agricultural droughts that occur as physical phenomena, as
well as socioeconomic drought in terms of water supply and
demand (Mishra and Singh, 2010). The Palmer drought
severity index (PDSI), Budyko’s aridity index (AI), Rela-
tive extractable water (REW) and other indexes have been
used to characterize the occurrence, duration and end of
a drought period (Budyko, 1974; Kumagai et al., 2004;
Mishra and Singh, 2010). For example, the AI is given
as the ratio of precipitation (P) to potential evapotranspira-
tion and is widely used as a drought index (Budyko, 1974;
Jassal et al., 2009).

Forest evapotranspiration (ET) accounts for approxi-
mately 45% of the ET in terrestrial ecosystems and plays a
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key role in water and energy balance (Flanagan et al., 2002).
ET is also an important ecosystem process variable closely
related to energy distribution, stomatal conductance, the car-
bon budget, and water use efficiency (WUE) (Wilson and
Baldocchi1, 2000). Predicting the interaction between forest
ecosystems and climate change requires a solid understand-
ing of the impact of seasonal drought as an intermittent dis-
turbance on the water cycle and its underlying mechanism.
Currently, few studies have been conducted on the effects of
drought in humid climates (Costa et al., 2010).

The few published studies on the impact of seasonal
drought on forest ET in humid climates have focused mainly
on tropical rainforests and forests in the southern United
States, Western Europe, Mediterranean climate areas, and
Southeast Australia (Goldstein et al., 2000; Leuning et al.,
2005; Costa et al., 2010); we are not aware of any research
on the impact of drought stress on forest ET in subtrop-
ical forests in East Asia. The published studies on sea-
sonal drought in humid climates have examined forest ET
and related factors, such as the Bowen ratio (β ), the ra-
tio of latent heat to net radiation (λE/Rn), the Priestley–
Taylor coefficient (α) (Goldstein et al., 2000; da Rocha
et al., 2004; Li et al., 2010), the decoupling coefficient
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(Ω) (Kumagai et al., 2004; Bracho et al., 2008), and
WUE (Jassal et al., 2009). The environmental and physio-
logical mechanisms underlying these parameters have also
been analyzed. WUE is usually measured as the ratio of
gross ecosystem photosynthesis (GEP) to ET (WUE GEP)
and as the ratio of net ecosystem production (NEP) to ET
(WUE NEP).

The responses of forest ET to seasonal drought and its
controlling mechanisms are diverse in humid climate areas
(Bracho et al., 2008; Costa et al., 2010); they are not only
related to forest ecosystem types and their water use strate-
gies (Baldocchi et al., 2004; Hernández-Santana et al., 2008),
but are also influenced by the soil water supply capacity
(Bracho et al., 2008; Costa et al., 2010). When suffering
from drought stress, a declining stage (Goldstein et al., 2000;
Malhi et al., 2002), stable stage (Kumagai et al., 2004; Bra-
cho et al., 2008; Li et al., 2010), and even an increasing
stage (Costa et al., 2010) of forest ET can be observed rel-
ative to non-drought periods. Drought stress alters the in-
teraction between environmental and physiological factors,
and this interaction determines the seasonal variation of ET
(Wilson and Baldocchi1, 2000). Compared with ET, the sea-
sonal variation and controlling mechanisms of energy distri-
bution and WUE under drought stress also exhibit discrep-
ancies, as these factors depend on relative changes between
ET and other flux variables, such as the sensible heat flux
and carbon dioxide (CO2) assimilation (Malhi et al., 2002;
Jassal et al., 2009).

China has a forest area of 175 million ha, or 18% of the
national land size, and plantations account for 31.5% of the
total forest area (CFA, 2005). Of the plantation forests in
China, 42% are distributed in the subtropical region (CFA,
2005). This area is characterized by abundant water and en-
ergy resources supplied by the subtropical East Asian mon-
soon. However, drought stress occurs because of the out-
of-step relationship between temperature and precipitation in
summer, which is associated with a Pacific subtropical high
pressure system (Dairaku et al., 2008). In southeastern China,
seasonal drought generally starts in early July and terminates
in mid-September. The year 2003 was the driest year accord-
ing to meteorological records during 1985–2011. Previous
research based in the plantation used for the present study
has focused mainly on the impact of drought stress on the car-
bon exchange process (Saigusa et al., 2010; Wen et al., 2010).
The response of forest ET and related factors to drought stress
have yet to be investigated.

The objective of the present reported study was to eluci-
date the impacts of the severe drought of 2003, compared
with eddy flux measurements during 2004–11, on the ET
and related factors, including β , λE/Rn,a,Ω, WUE GEP, and
WUE NEP, and their underlying mechanisms, in a plantation
in southeastern China. We hypothesized that, being even-
aged and having a shallow fine rooting system, the stud-
ied plantation would only have access to water in the shal-
low soil layers and that drought stress would be caused by
ET demand exceeding water storage in this part of the soil
profile.

2. Materials and methods

2.1. Site description
The plantation site used for the present study was

Qianyanzhou, a member of ChinaFLUX, an observation
and research network comprising 46 sites in total through-
out China. The site is located within Qianyanzhou Sta-
tion of the Chinese Ecosystem Research Network (CERN)
(26◦44′52′′N, 115◦03′47′′E; a.s.l. 102 m) and is situated in an
area under the influence of the subtropical East Asian mon-
soon climate. The annual average temperature and precipita-
tion amount are 17.0◦C and 1355 mm, respectively, accord-
ing to meteorological records during 1985–2011. The maxi-
mum and minimum annual precipitation amounts during that
period were 2410 mm in 2002 and 945 mm in 2003, respec-
tively.

The flux tower is located in the foothills with a slope
ranging from 2.8◦ to 13.5◦. The plantation was established
in 1985, and the dominant tree species are Masson pine (Pi-
nus massoniana L.), Chinese fir (Cunninghamia lanceolata
L.) and slash pine (Pinus elliottii E.). The plantation has a
maximum leaf area index (LAI) of 5.6 m2 m−2, which was
recorded using an LI-2000 leaf area meter (Model LI-2000,
Licor Inc.). In 2004, the mean height of Masson pine, Chi-
nese fir and slash pine was 9.5, 10.9, and 12.0 m, respec-
tively, with mean diameters at breast height of 13.1, 13.2,
and 15.8 cm, respectively, and stem densities of 444, 210, and
809 stems ha−1, respectively. The soil type is red earth with
red sandstone and mud stone as the parent material. Further
information on the study site is provided in Wen et al. (2010).

2.2. Eddy covariance and meteorological measurements
An eddy covariance system was mounted on a tower at

39.6 m. It consisted of an LI-7500 open-path CO2/H2O an-
alyzer (Model LI-7500, Licor Inc.) and a three-dimensional
sonic anemometer (Model CSAT3, Campbell Scientific Inc.).
Flux variables were sampled at 10 Hz using a CR5000 dat-
alogger (Model CR5000, Campbell Scientific Inc.), and 30-
min mean fluxes were calculated.

Air temperature and relative humidity sensors (Model
HMP45C, Vaisala Inc.) as well as wind speed sensors
(A100R, Vector Inc.) were mounted at heights of 1.6, 7.6,
11.6, 15.6, 23.6, 31.6, and 39.6 m above ground. A four-
component net radiometer (Model CNR-1, Kipp & Zonen
Inc.), a quantum sensor of photosynthetically active radia-
tion (Model LI190SB, Licor Inc.), and a pyranometer (Model
CM11, Kipp & Zonen Inc.) were used to measure radiation.
Soil temperatures were measured at depths of 2, 5, 20, 50,
and 100 cm using thermocouples (105T and 107-L, Camp-
bell Scientific Inc.), and the soil volumetric water contents
were recorded at depths of 5, 20, and 50 cm using three TDR
probes (Model CS615-L, Campbell Scientific Inc.). Precipi-
tation was monitored using a rain gauge (Model 52203, RM
Young Inc.). The meteorological data were sampled at 1
Hz with 30-min averages collected by three CR10X data-
loggers (Model CR10XTD, Campbell Scientific Inc.) and
a CR23X datalogger (Model CR23XTD, Campbell Scien-
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tific Inc.) with a 25-channel solid-state multiplexer (Model
AM25T, Campbell Scientific Inc.).

2.3. Flux correction and gap filling
The ET (g H2O m−2 s−1) and NEP (mg CO2 m−2 s−1) be-

tween the forest and atmosphere were calculated as follows:

ET = w′ρ ′
v(zr)+ρ

n

∑
i=1

[(Δei/γΔt)Δzi] , (1)

NEP = w′ρ ′
c(zr)+Δρczr/Δt . (2)

The first term on the right-hand side is the eddy flux of the
water vapor or CO2, where w′ is vertical wind speed fluctua-
tion (m s−1), ρ ′

v is water vapor density fluctuation (g m−3), ρ ′
c

is CO2 concentration fluctuation (mg m−3), zr is the height of
eddy covariance observation (m), and over-bar indicates an
averaging operation. The second term is the storage of water
vapor or CO2 below zr, where ρ is air density (g m−3), ρc is
the CO2 concentration (mg m−3), ei is vapor pressure at the
height of meteorological profile (kPa K−1), γ is the psychro-
metric constant (kPa K−1), zi is the height of meteorologi-
cal profile observation (m), and t is time (s). All advective
terms in the mass conservation equation are ignored. The
water vapor storage term was calculated based on the profile
air temperature and relative humidity, as suggested by Mc-
Caughey (1985) and Oliphant et al. (2004). The CO2 storage
term was computed using the change in CO2 concentration at
the eddy covariance level according to Hollinger et al. (1994)
and Griffis et al. (2003).

Planar fit rotation was applied to remove the effect of in-
strument tilt or irregularity on the airflow at monthly intervals
(Wilczak et al., 2001). The Webb-Pearman-Leuning (WPL)
correction was performed to correct for the effect of air den-
sity fluctuations on the water vapor and CO2 fluxes (Webb
et al., 1980). Abnormal data caused by precipitation, water
condensation and system failure were eliminated. Any value
that exceeded five times the standard deviation within a win-
dow of 10 values was deleted. To obtain reliable data at night,
all data with a friction velocity less than 0.19 m s−1 were re-
jected (Wen et al., 2010). Negative NEP fluxes at nighttime
(i.e., apparent “photosynthesis”) were also removed from the
datasets. Data gaps were produced as a result of these data
omissions. From 2003–11, the average daytime and night-
time reliable data coverage was 81% and 25% for ET, respec-
tively, and 76% and 20% for NEP, respectively.

Missing micrometeorological data with gaps less than
2 h were interpolated linearly from adjacent data points, and
those with gaps longer than 2 h were interpolated using the
meteorological data from a nearby meteorological station.
Missing water vapor flux and CO2 data were interpolated lin-
early from adjacent values when gaps were less than 2 h. Wa-
ter vapor flux data with gaps longer than 2 h were interpolated
using a look-up table method (Falge et al., 2001). Daytime
CO2 flux data (NEP) with gaps longer than 2 h were esti-
mated using the Michaelis–Menten equation with an inde-
pendent 10-day window (Falge et al., 2001). Nighttime CO2
flux data (REnight, ecosystem respiration) with gaps longer

than 2 h were estimated as a function of soil temperature and
soil water content using the equation suggested by Reichstein
et al. (2002) with a yearly window. To estimate GEP (GEP
= NEP + RE), daytime ecosystem respiration (REday, ecosys-
tem respiration) was estimated by extrapolating the nighttime
relationship function of the ecosystem respiration (REnight)
with soil temperature and soil water content.

2.4. Calculation of bulk canopy parameters
In this study, the daytime values of canopy conductance,

the Priestley–Taylor coefficient (α), and the decoupling co-
efficient (Ω) were obtained by averaging the half-hourly val-
ues from 1000–1600 LST for days with data coverage greater
than 80%. The bulk canopy parameters on rainy days (0000–
1600 LST) were excluded from the analysis. Here, canopy
conductance is the weighted integration of the conductance
of an individual leaf, and is a physiological index that re-
sponds to environmental conditions (Wilson and Baldocchi1,
2000). The canopy conductance (gc) is computed by invert-
ing the Penman–Monteith equation (Monteith and Unsworth,
1990):

gc = (γλEga)/[s(Rn −G)+ρcpVPD−λE(s+ γ)] , (3)

ga = [(u/u∗2)+6.2u∗−0.67]−1 . (4)

Here, Rn is the net radiation (W m−2), G is the soil heat flux
(W m−2), s is the slope of the function relating the saturation
vapor pressure to temperature (kPa K−1), λE is the latent
heat flux (W m−2), cp is the specific heat of air (J kg−1 K−1),
VPD is the air vapor pressure deficit (kPa), ρ is the air density
(kg m−3), ga is the aerodynamic conductance (mm s−1), u
is the wind speed (m s−1), and u∗ is the friction velocity
(m s−1).

The Priestley–Taylor coefficient (a) is considered to be
the ratio of measured ET to climatologically expected ET
(equilibrium ET, ETeq), the latter of which assumes a closed
air volume with abundant net radiation over a “wet” surface
(McNaughton and Spriggs, 1986). The Priestley–Taylor co-
efficient (α) is computed as follows:

α = ET/ETeq , (5)
ETeq = [(Rn −G)s]/(s+ γ) . (6)

The decoupling coefficient (Ω) indicates the magnitude
of the coupling between the vegetation and atmosphere and
ranges from 0 to 1 (Jarvis and McNaughton, 1986). The
coupling characteristic between the vegetation and the atmo-
sphere is controlled by canopy conductance if Ω approaches
0 and by net radiation and temperature if Ω approaches 1:

Ω = (s/γ +1)/(s/γ +1+ga/gc) . (7)

2.5. Path analysis
Path analysis is an extension of multiple regression.

Schemske and Horvitz (1988) and Huxman et al. (2003)
briefly explain the mechanism of path analysis as follows: the
direct path coefficient between the independent and depen-
dent variable is the standardized partial-regression coefficient
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of their first multiple regression, and the indirect path coeffi-
cient is the product of the standardized partial-regression co-
efficients summed across all possible paths. The total causal
coefficient is the sum of the direct and indirect coefficient.
Thus, the path coefficient may represent the direct or indi-
rect, or the sum of direct and indirect, controlling effects of
an independent variable with respect to a dependent variable
(Huxman et al., 2003). A path coefficient of 1 means com-
plete causality, and 0 means no causality. A positive value
indicates positive effect, and vice versa.

In our study, the initial list of environmental and physi-
ological variables used in path analysis included the net ra-
diation, air temperature, air vapor pressure deficit, soil wa-
ter content at depths of 5 cm, 20 cm, and 50 cm (Sw 5cm,
Sw 20cm, and Sw 50cm) and canopy conductance. In order
to ensure the reliability of the path analysis, a stepwise multi-
ple regression analysis was first adopted to select significant
independent variables (p < 0.05). Then, the Pearson product-
moment correlation coefficient between selected indepen-
dent and dependent variables was used to detect the possi-
bility of significant correlation of each variable (p < 0.05).
The aforementioned statistical analysis was performed using
SPSS (2004, ver.13.0; SPSS Inc.). Subsequently, the path
analysis was run for selected variables using Amos (2003,
ver.5.0; SPSS Inc.) to interpret the direct and indirect control-
ling mechanisms of these independent variables on ET and
related factors. All insignificant paths (p > 0.05) and ecolog-
ical nonsense paths were deleted from our path diagram.

2.6. Remotely-sensed vegetation index
As the enhanced vegetation index (EVI) is more resis-

tant to soil background and less susceptible to atmospheric
disturbance, this remotely-sensed vegetation index has been
widely used as an indicator to detect vegetation ecosystem
suffering from drought stress (Churkina et al., 2005; Zhang
et al., 2011). The 8-day EVI at a spatial resolution of 500 m
used in this study was calculated using the method presented
by Huete et al. (2002). Additionally, the MODIS/Terra Sur-
face Reflectance 8-Day L3 Global 500 m (MOD09A1) data
were obtained from the data portal at the Earth Observation
and Modeling Facility at the University of Oklahoma. The
Savitzky–Golay method was adopted to detect and replace
abnormal EVI values (Zhang et al., 2011); a window length
parameter of four was used in this method.

3. Results

3.1. Out-of-step relationship between temperature and
precipitation during summer

Figure 1a shows the seasonal variations of the daily av-
erage air temperature and air vapor pressure deficit. The
annual mean daily temperature was 18.9◦C ± 0.47◦C (mean
± one standard error) in 2003. Herein, spring is defined from
March through May, summer from June through August, au-
tumn from September through November, and winter from
December through February. The lower air temperatures

℃

Fig. 1. Seasonal variations of (a) air temperature (Ta) and air va-
por pressure deficit (VPD), (b) soil water content at depths of 5
cm, 20 cm, and 50 cm (Sw 5cm, Sw 20cm, and Sw 50cm) and
precipitation (P), and (c) enhanced vegetation index (EVI) and
canopy conductance (gc) of the plantation in 2003.

occurred in winter, with a minimum daily value of −2.2◦C,
and the highest daily air temperature occurred in the summer
(up to 34.4◦C). The air vapor pressure deficit was closely re-
lated to air temperature, the annual mean daily air vapor pres-
sure deficit was approximately 0.63±0.03 kPa, and the mini-
mum and maximum daily values were 0.002 kPa and 2.6 kPa,
respectively.

Figure 1b shows the seasonal variations of the precipita-
tion and soil water contents at depths of 5 cm, 20 cm and
50 cm. In general, precipitation occurred more frequently in
spring than in summer and winter. The annual precipitation in
2003 was 945 mm, which was the lowest during 1985–2011
and was 70% of the 1985–2011 mean annual precipitation.
The precipitation in July was approximately 3 mm, which ac-
counted for only 0.5% of the annual total in 2003 and 2.7% of
the July mean precipitation of 1985–2011. Seasonal drought
stress resulted from the relatively high temperatures and lack
of sufficient precipitation in July. The seasonal trend in the
soil water content generally followed that of the precipitation
regime. The soil water content during the first half of the year
was higher than that during the latter half, with the minimum
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value occurring during the seasonal drought. The magnitude
of seasonal variation of the soil water content was 0.09–0.35
(0.18±0.004) m3 m−3, 0.23–0.40 (0.3±0.003) m3 m−3, and
0.27–0.41 (0.34± 0.002) m3 m−3 at depths of 5, 20, and 50
cm, respectively. These magnitudes decreased with increas-
ing soil depth.

Figure 1c shows the seasonal variations of canopy con-
ductance and the 8-day EVI. The annual mean canopy con-
ductance was 4.56± 0.15 mm s−1 with a variation of 1.14–
10.95 mm s−1. The canopy conductance increased over time
in spring to early summer with a gradually enhanced physio-
logical activity, but then dramatically decreased due to the in-
tensive summer drought. With the occurrence of precipitation
in August, the canopy conductance increased again during the
recovering drought period. In autumn and winter, the canopy
conductance decreased with time, coincident with the gradual
attenuation of physiological activity. Although the seasonal
variation of EVI was consistent with that of canopy conduc-
tance, there was an approximate 19-day phase lag of EVI rel-
ative to canopy conductance during the summer drought.

3.2. Drought effects on the seasonal variation of ET
Figure 2 shows the seasonal variations of monthly AI and

7-day running-mean ET in 2003 and 2004–11. An AI value
of less than 1 indicates water-limited conditions (Budyko,
1974; Jassal et al., 2009). The lowest AI value was 0.04 in
July 2003, which was much smaller than the mean value of
1.03 in the same month during 2004–11. Thus, July in 2003
was considered to have experienced severe drought stress
(Fig. 2a).

The ET in 2003 was clearly below the range of that ob-
served in 2004–11 during the seasonal drought (Fig. 2b),
which was indicative of the inconsistent distribution of tem-
perature and precipitation in summer. The ET in 2003 shows
a bimodal curve characteristic, with lower values during the
summer drought and winter, which could be divided into non-
drought periods, including the early [day of year (DOY) 1–
182)] and late (DOY 238–365) growing periods, and seasonal
drought periods, including intensive drought (DOY 183–214)
and recovering drought periods (DOY 215–237). The an-
nual sum of ET was 772 mm, with a daily sum in the range
of 0.33–5.34 mm. During the early growing period, ET in-
creased gradually and reached a peak value of 5.34 mm d−1.
However, ET decreased by 66% to 1.84 mm d−1 during the
intensive drought period. During the subsequent recovering
drought period, ET increased to 4.80 mm d−1, while ET de-
creased again due to decreased plant physiological activities
and atmospheric demand during the late growing period.

The λE/Rn (Fig. 3a), α (Fig. 3b), Ω (Fig. 3d), and
WUE NEP (Fig. 4b) values showed seasonal trends similar to
that of ET, while β (Fig. 3c) and WUE GEP (Fig. 4a) showed
an inverse trend. It is important to note that during the sea-
sonal drought period, WUE NEP and WUE GEP in 2003 were
clearly below the range of the WUE NEP observed in 2004–11
(Fig. 4). An unexpected declined in WUE NEP was observed
as heavy precipitation occurred (DOY 228–230) during the
recovering drought period. The annual mean values of

Fig. 2. Seasonal variations of the (a) monthly Budyko’s arid-
ity index (AI) and (b) 7-day running-mean of ET in 2003 and
during 2004–11 of the plantation. The error bars indicate one
standard error. Vertical solid lines and the dashed line in (b)
indicate the boundary between the non-drought and seasonal
drought periods, and between the intensive drought and recov-
ering drought periods, respectively.

λE/Rn, α , Ω, β , WUE NEP, and WUE GEP were 0.61 ±
0.01, 0.57 ± 0.03, 0.32 ± 0.01, 0.68 ± 0.03, 0.59 ± 0.03
g C kg−1 H2O d−1, and 2.50± 0.06 g C kg−1 H2O d−1, re-
spectively.

Relative to ET, the variations of λE/Rn, α , Ω, and β
showed a phase-advance of several days during the inten-
sive drought period, while the variations of WUE NEP and
WUE GEP showed a phase-lag of several days. The reason
for these shifts was that the increasing trend of ET was less
than those of λE/Rn, α , Ω, and β (Fig. 3) and higher than
those of WUE NEP and WUE GEP. No phase difference was
observed during the recovering drought period.

3.3. Environmental and physiological mechanisms of ET
under seasonal drought

Figure 5 demonstrates the direct and indirect causality of
environmental factors and canopy conductance in the con-
trol of ET during the non-drought and seasonal drought pe-
riods. The equations of path analysis of ET and related fac-
tors are listed in Table 1 for these periods. Only the control-
ling factors that reached the level of statistical significance
(p < 0.05) were adopted in the path analysis. During the in-
tensive drought period, the dynamics of ET was mainly con-
trolled by canopy conductance with a direct path coefficient
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Ω

Fig. 3. Seasonal variations of the daily and 7-day running-mean of (a) the ratio of latent heat to net radiation (λE/Rn),
(b) Priestley–Taylor coefficient (α), (c) Bowen ratio (β ), and (d) decoupling coefficient (Ω) of the plantation in 2003.
The same non-drought and drought periods in Fig. 2b are shown for comparison. Daily α and Ω values were calculated
by averaging all available half-hourly values from 1000–1600 LST.

Fig. 4. Seasonal variations of the 7-day running-mean of wa-
ter use efficiency (a) WUE GEP (GEP/ET) and (b) WUE NEP
(NEP/ET) in 2003 and during 2004–11 of the plantation. The
error bars indicate one standard error. The same non-drought
and drought periods in Fig. 2b are shown for comparison.

of 0.96 (Fig. 5b). The values of λE/Rn and α were pri-
marily dominated by soil water content at 50 cm with a total
path coefficient both of 0.77 (Table 1). The λE/Rn and α
values were also positively and directly dependent on canopy

conductance. The air vapor pressure deficit not only had a di-
rect positive control on ET, λE/Rn, and α , but also indirectly
controlled these factors through its negative effect on canopy
conductance. Furthermore, the air vapor pressure deficit in-
directly controlled ET through its negative effect on shallow
soil water content (Sw 5cm) (Fig. 5b). These negative re-
lationships offset the direct coefficient of air vapor pressure
deficit, ultimately reducing its direct path coefficient from
0.51 to a total coefficient of −0.25 for ET (Fig. 5b, Table 1),
from 0.33 to a total coefficient of 0.13 for λE/Rn and from
0.31 to a total coefficient of 0.08 for α (Table 1). This offset-
ting effect between physiological and environmental factors
can be considered as the protective mechanism of the forest
to cope with drought stress (Wilson and Baldocchi1, 2000).
The value of β was mainly controlled by soil water content
at a depth of 20 cm; canopy conductance also offset the neg-
ative direct effect of air vapor pressure deficit on β . The net
radiation and soil water content at a depth of 20 cm were
dominated WUE GEP and WUE NEP with total coefficients of
−0.54 and 0.55, respectively (Table 1).

During the recovering drought period, the soil water con-
tent at a depth of 50 cm played a direct key role in controlling
ET and β , with direct path coefficients of 0.61 and −0.86,
respectively. λE/Rn and α were dominated by canopy con-
ductance, with direct path coefficients of 0.81 and 0.91, re-
spectively (Table 1). WUE NEP was mainly dominated by
canopy conductance, while there was no significant control
of WUE GEP by any of the aforementioned environmental and
physiological factors.

During the non-drought periods, the prevailing factors
controlling ET, β , λE/Rn, α , WUE GEP, and WUE NEP were
diverse (Table 1). During the early growing period, the
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Fig. 5. The direct and indirect causality of the net radiation (Rn), air temperature (Ta), vapor
pressure deficit (VPD), soil water content at depths of 5 cm, 20 cm, and 50 cm (Sw 5cm,
Sw 20cm, and Sw 50cm), and canopy conductance (gc) in the control of ET during the (a)
early and (d) late growing periods, and the (b) intensive and (c) recovering drought periods of
the plantation in 2003. Solid and dashed arrows represent positive and negative correlations,
respectively.

Table 1. The path analysis equations of net radiation (Rn), air temperature (Ta), vapor pressure deficit (VPD), soil water content at depths
of 5 cm, 20 cm, and 50 cm (Sw 5cm, Sw 20cm, and Sw 50cm), and canopy conductance (gc) in the control of ET, the Bowen ratio (β ), the
ratio of latent heat to net radiation (λE/Rn), the Priestley–Taylor coefficient (α), WUE GEP (GEP/ET), and WUE NEP (NEP/ET) during the
early (DOY 1–182) and late (DOY 238–365) growing periods, and the intensive (DOY 183–214) and recovering (DOY 215–237) drought
periods. The “-” sign indicates no significant independent variables (p < 0.05).

Period Equations r2 p N

Early growing period ET = 0.83Rn +0.51VPD−0.23Sw 50cm−0.21Sw 5cm + 0.15gc 0.92 < 0.01 92
β = −0.62Ta −0.18gc 0.42 < 0.05 92
λE/Rn = −0.53Sw 5cm + 0.44VPD + 0.29gc + 0.04Rn 0.38 < 0.05 92
α = 0.63VPD + 0.59Sw 50cm + 0.52gc −0.11Rn 0.76 < 0.001 92
WUE GEP = −0.97VPD −0.26Ta 0.35 < 0.01 92
WUE NEP = −0.99Ta −0.32VPD −0.22Rn 0.51 < 0.05 92

Intensive drought period ET = 0.96gc +0.42Rn +0.32Sw 5cm −0.25VPD 0.86 < 0.01 31
β = −0.80Sw 20cm +0.50Rn −0.39gc −0.02VPD 0.89 < 0.05 31
λE/Rn = 0.77Sw 50cm +0.52gc −0.45Rn +0.13VPD 0.89 < 0.001 31
α = 0.77Sw 50cm +0.58gc −0.43Rn +0.08VPD 0.88 < 0.001 31
WUE GEP = −0.54Rn −0.28Sw 5cm −0.22VPD 0.41 < 0.05 31
WUE NEP = 0.55Sw 20cm +0.22gc 0.32 < 0.001 31

Recovering drought period ET = 0.61Sw 50cm +0.60Sw 20cm 0.37 < 0.001 15
β = −0.86Sw 50cm 0.74 < 0.001 15
λE/Rn = 0.81gc 0.65 < 0.001 15
α = 0.91gc 0.91 < 0.001 15
WUE GEP - - 15
WUE NEP = 0.60gc 0.36 < 0.001 15

Late growing period ET = 0.87Rn +0.32gc +0.31Ta 0.87 < 0.001 102
β = 0.60VPD −0.50Ta −0.25gc 0.43 < 0.01 102
λE/Rn = 0.45gc −0.41VPD 0.37 < 0.01 102
α = 0.70gc +0.60Ta +0.45Sw 50cm +0.17Rn 0.76 < 0.01 102
WUE GEP = −0.53Ta 0.28 < 0.05 102
WUE NEP = −0.76Ta −0.10Rn 0.18 < 0.05 102
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value of ET was mainly determined by net radiation; β and
WUE NEP were controlled by air temperature. The air vapor
pressure deficit was the main contributor to α and WUE GEP.
The soil water content at 5 cm played a key role in control-
ling λE/Rn. During the late growing period, with the ex-
ception of λE/Rn and α , which were determined by canopy
conductance, ET and β were mainly dominated by net radia-
tion and the air vapor pressure deficit, respectively. WUE GEP
and WUE NEP were both controlled by air temperature (Ta-
ble 1). It is important to note that there was no relationship
between air vapor pressure deficit and canopy conductance
during the non-drought period. The canopy conductance en-
hanced the controlling mechanism of air temperature on β
during the early growing period and on ET and α during the
late growing period.

4. Discussion

4.1. Effects of canopy conductance and soil water content
on ET during seasonal drought

Previous studies have demonstrated that decreased
canopy conductance and soil water content are not always
followed by decreased ET (da Rocha et al., 2004; Li et al.,
2010). This result is mainly due to the uptake of deep soil
water by the root system, which is sufficient to maintain for-
est ET (Leuning et al., 2005; Bracho et al., 2008). For ex-
ample, although canopy conductance declined somewhat, the
ET values of a tropical rain forest in southern China (Li et
al., 2010), and an oak forest and pine forest in the south-
ern United States (Bracho et al., 2008), have been found to
maintain normal rates under drought stress. In addition, the
ET of an Amazon tropical rainforest during a drought period
has been observed to exceed that during a non-drought period
(Costa et al., 2010).

However, our study shows that not all forests can main-
tain unabated ET during seasonal drought. At our site, both
canopy conductance and ET declined during the drought
event. Similar results during seasonal drought have been re-
ported for a rainforest in the Amazon (Costa et al., 2010) and
for a deciduous forest in the southern United States (Wilson
and Baldocchi1, 2000). In our case, it is noteworthy that
canopy conductance and deep soil water content were the
main contributors to ET dynamics during the intensive and
recovering drought period (Figs. 5b and c), respectively, in-
dicating that the amount of soil water in the shallow depths
of 5 cm and 20 cm did not satisfy the demand for ET.

Granier et al. (2007) reported that drought stress can
be relieved by precipitation events. During the recovering
drought period, ET, λE/Rn, α , and canopy conductance
rapidly recovered in this plantation forest, meaning that
drought stress did not cause the majority of premature mor-
tality of roots or twigs as in a study in Western Europe (Bréda
et al., 2006). However, a time delay effect of precipitation re-
plenishing deep soil content should also be considered, as the
deep soil water content (50 cm) was the dominant contributor

to ET during the recovering drought period.

4.2. Plant strategies to cope with seasonal drought
Previous studies have demonstrated that stomatal closure,

defoliation, tapping into deeper sources of soil water, or hy-
draulic lift are strategies that plant species have adapted to
deal with drought stress (Baldocchi et al., 2004; Costa et al.,
2010). When affected by short-term drought stress, plants in-
voke physiological adjustments, such as stomatal closure, to
prevent the leaf water potential from dropping below a criti-
cal level (Hernández-Santana et al., 2008). In this study, the
canopy conductance decreased as air vapor pressure deficit
increased and could be viewed as one of strategies the forest
used to adapt to the drought stress. Decreased canopy con-
ductance can offset the enhanced effect of air vapor pressure
deficit on ET, λE/Rn, and α . Other adaptive strategies could
also include defoliation.

There was a 19-day phase lag between the decline in EVI
relative to the decline in canopy conductance, thereby illus-
trating a delayed effect between stomatal closure and defolia-
tion during the intensive drought period, as well as the revival
of vegetation during the recovering drought period. This de-
foliation phenomenon was confirmed by our monthly litter
measurements of the dominant trees. In July (DOY 182–
212) and August (DOY 213–243) in 2003, the litter fall was
41.25 and 64.84 g m−2, respectively, which was 2.8 and 2.2
times more than the July and August monthly averages, re-
spectively, during 2004–07. The phase-lag phenomenon in
this plantation was similar to that observed in an oak forest,
which showed a characteristic use of stomatal closure and de-
foliation to adapt to drought stress (Hernández-Santana et al.,
2008), but differed from forests that have the ability to tap
into deep soil water sources (Migliavacca et al., 2009) or to
remediate soil moisture deficits via hydraulic lift (Ishikawa
and Bledsoe, 2000).

At our site, the fine roots of the dominant trees were
mostly distributed between the depths of 20–30 cm, and
mainly in the upper 40 cm (Fig. 6). The soil moisture dropped
rapidly at this rooting depth, but not in the deeper layer during
the drought event (Fig. 1c), suggesting that the fine roots per-
formed most of the water uptake to sustain ET. Furthermore,
being uniform in age and rooting distribution, this plantation
forest does not have the capacity to redistribute water via hy-
draulic lift.

4.3. Impact of drought on the energy distribution and de-
coupling characteristic

Drought affects the stomatal conductance of vegetation
and results in changes in latent and sensible heat exchange
properties (Wilson and Baldocchi1, 2000; Liu et al., 2008).
Drought stress also altered the energy distribution regimes
(Fig. 3a), and β reached 1.70, even during the growing sea-
son in this plantation (Fig. 3c). During the intensive drought
period, the sensible heat flux dominated the radiation energy
partition. The latent heat flux gradually dominated the energy
distribution again during the recovering drought period.
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Fig. 6. The percentage of fine root distribution of P. massoni-
ana, C. lanceolata, P. elliottii, and dominant trees at different
soil depths of the plantation.

Similar to our plantation, the β of a ponderosa pine plan-
tation in Sierra Nevada in the United States was higher than
1 when affected by drought stress (Goldstein et al., 2000).
However, in a tropical rain forest in the Amazon suffering
from drought stress, no obvious effect on β was found (da
Rocha et al., 2004). On an annual scale, the annual mean
value of 0.68 was higher than that of deciduous forests (0.42),
but lower than that of coniferous forests (1.07) and of forests
in Mediterranean climates (1.79) (Wilson et al., 2002).

In this plantation, drought enhanced the coupling effi-
ciency between the forest and the atmosphere. The majority
of the Ω values in this study were less than 0.5, thus indicat-
ing that ET was highly sensitive to physiological variability.
Drought caused Ω to approach the lowest value (0.14). The
annual mean value of Ω was 0.32, which was slightly higher
than 0.21 reported for a cypress forest in Japan (Kosugi et al.,
2007) and 0.24 for a Douglas fir forest in Canada (Humphreys
et al., 2003), but lower than 0.50 for a temperate deciduous
forest in the southern United States (Wilson and Baldocchi1,
2000).

4.4. Impact of drought on WUE
As NEP depends on how GEP and RE are affected rel-

ative to each other (Reichstein et al., 2005), the response
of WUE (NEP/ET and GEP/ET) to seasonal drought also
differs. Zhang et al. (2011) illustrated that GEP and NEP
during the 2003 drought period were below the range dur-
ing 2004–08 in this plantation and that GEP was more re-
sistant than NEP in response to drought stress. An inverse
seasonal variation between WUE NEP and WUE GEP was ob-
served during the seasonal drought period (Fig. 4). This was

mainly attributed to the decreased trend of ET (65%), which
was smaller than that of NEP (93%) but larger than that of
GEP (60%) during the intensive drought period, while the in-
creased trend of ET (161%) was also smaller than that of NEP
(203%) and larger than that of GEP (65%) during the recov-
ering drought period. The seasonal variation of WUE GEP in
this plantation is consistent with a deciduous boreal forest in
Canada, in which a higher WUE GEP was observed during
seasonal drought, but different from a mixed-wood boreal
forest in Canada (Brümmer et al., 2012). Furthermore, al-
though the WUE NEP of a poplar plantation in northern Italy
decreased in a manner similar to our plantation, the poplar
plantation declined mainly due to a decrease in NEP, while
ET remained at a normal rate when suffering from drought
stress (Migliavacca et al., 2009).

Our results indicated that there was no significant dom-
inant variable for WUE GEP during the recovering drought
period (Table 1), which was not only related to the differ-
ent controlling mechanisms of CO2 assimilation and ET, but
also due to their discrepancies in the physiological response
to drought stress. The stepwise multiple analysis showed that
ET was only dominated by soil water content at depths of 50
cm and 20 cm during the recovering drought period, while
there were no dominant factors for GEP. This could also be
attributed to different nitrogen mineralization and carboxyla-
tion processes in response to soil water stress (Jassal et al.,
2009).

5. Conclusions

In the present reported study, we illustrated the impact of
an exceptional drought stress event in 2003 on the dynamics
of ET and related factors, as well as their underlying mecha-
nisms, in a subtropical coniferous plantation in southeastern
China. The main findings can be summarized as follows:

(1) ET declined during the intensive drought period and
gradually increased during the recovering drought period.
λE/Rn, α , Ω, and WUE NEP showed similar seasonal varia-
tions as ET, while β and WUE GEP exhibited inverse seasonal
variations to ET.

(2) ET and related factors, except WUE GEP, were mainly
determined by canopy conductance or deep soil water content
during the seasonal drought periods. The canopy conduc-
tance offset the positive effect of air vapor pressure deficit on
ET, λE/Rn, and α during the intensive drought period, while
the canopy conductance enhanced the positive effect of air
temperature on β during the early growing period and on ET
and α during the late growing period.

(3) Deep soil water did not satisfy the water needs of ET,
and thus stomatal closure and defoliation were adopted by
this plantation to cope with drought stress. A time delay ef-
fect of precipitation-recovered ET was observed during the
recovering drought period.
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