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Abstract Responses of transpiration (Ec) to rain pulses are
presented for two semiarid tree species in a stand of Pinus
tabulaeformis and Robinia pseudoacacia . Our objectives are
to investigate (1) the environmental control over the stand
transpiration after rainfall by analyzing the effect of vapor
pressure deficit (VPD), soil water condition, and rainfall on
the post-rainfall Ec development and recovery rate, and (2) the
species responses to rain pulses and implications on vegetation
coverage under a changing rainfall regime. Results showed that
the sensitivity of canopy conductance (Gc) to VPD varied under
different incident radiation and soil water conditions, and the two
species exhibited the same hydraulic control (−dGc/dlnVPD to
Gcref ratio) over transpiration. Strengthened physiological control
and low sapwood area of the stand contributed to low Ec. VPD
after rainfall significantly influenced the magnitude and time
series of post-rainfall stand Ec. The fluctuation of post-rainfall
VPD in comparison with the pre-rainfall influenced the Ec recov-
ery. Further, the stand Ec was significantly related to monthly
rainfall, but the recovery was independent of the rainfall event
size. E c enhanced with cumulative soil moisture change
(ΔVWC)within each dry–wet cycle, yet still was limited in large

rainfall months. The two species had different response patterns
of post-rainfall Ec recovery. Ec recovery of P. tabulaeformis was
influenced by the pre- and post-rainfall VPD differences and the
duration of rainless interval. R. pseudoacacia showed a larger
immediate post-rainfall Ec increase thanP. tabulaeformis did.We,
therefore, concluded that concentrated rainfall events do not
trigger significant increase of transpiration unless large events
penetrate the deep soil and the species differences of E c in
response to pulses of rainmay shape the composition of semiarid
woodlands under future rainfall regimes.
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Introduction

Understanding tree and stand water use is key for successful
ecological restoration in semiarid regions where water avail-
ability is the primary limiting factor for tree survival and stand
development (Dulamsuren et al. 2010; McVicar et al. 2007;
Prieto et al. 2009; Yaseef et al. 2010). For example, in
drought-prone regions, intermittent water availability
threatens the survival of woodlands (Batisani and Yarnal
2010; Krol and Bronstert 2007; Tietjen et al. 2010) especially
in summer due to high evaporative demand, which reduces
shallow, short-lived soil moisture resources. Obviously, sum-
mer rainfall events, though highly variable, are critical for the
survival of plants in some regions. Therefore, rainfall patterns
(intensity, amount, interval, and seasonality) have a strong
influence on stand development due to their direct influence
over water infiltration into deep soil that support tree survival
during dry spells (Loik et al. 2004; McVicar et al. 2007;
Schwinning et al. 2004).

However, tree and stand transpiration responses to rain
pulses are rarely investigated, even though they are of
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particular importance for understanding and predicting the
structure and function of water-limited ecosystems susceptible
to the shifts in rainfall regime in semiarid regions (Campbell
and Murray 1990; Ivans et al. 2006; Nagler et al. 2007). Our
current understanding on the response of transpiration to rain
pulses comes from the studies conducted over grassland and
shrubs (Fravolini et al. 2005; Ignace et al. 2007; Potts et al.
2006). These studies have examined the influence of soil
texture and species on the response of transpiration to rain
pulses (Cheng et al. 2006; Fravolini et al. 2005), threshold of
pulse size for triggering significant responses in these ecosys-
tems (Cheng et al. 2006), the impact of changing rainfall
regimes on vegetation composition (Bendevis et al. 2010;
Salve et al. 2011), and how such responses affect the biomass
growth (Cheng et al. 2006). Plant life form (grasses or trees)
and species influence the response of transpiration to rain
pulses, as they may extract water from different soil depths
(Zeppel et al. 2008a). Trees with deep and extensive roots
exploit substantial soil water for transpiration (Huxman et al.
2005; Lubczynski and Gurwin 2005) and thus are more influ-
ential on the regional water balance and water availability
(Brown et al. 2005; Farley et al. 2005; van Dijk and Keenan
2007). A recent synthesis study comparing a range of shrub
and tree species in southern Australia concluded that four
types of transpiration responses to rainfall events are no,
delayed, small and rapid, and large and rapid responses
(Burgess 2006). A threshold of 20 mm rainfall was observed
to trigger significant transpiration response by a Eucalyptus–
Callitris forest (Zeppel et al. 2008a). By contrast, it takes only
10 mm rainfall to induce significant response of mesquite
shrubs (Fravolini et al. 2005). Despite the pronounced species
differences in reacting to rainfall, a wide range of species, on
the other hand, observed the same hydraulic control across
various habitats and environmental conditions. A 0.6 ratio
between stomatal conductance at 1 kPa (G sref) and the stoma-
tal sensitivity to vapor pressure deficit (VPD) (−dG s/dlnVPD)
was observed across the various habitats (Ewers et al. 2005;
Katul et al. 2009; Oren et al. 1999). With convenient and
accurate monitoring of the Gcref and VPD, reliable Gc can
be obtained at any given time. Therefore, such a relationship
may facilitate the estimation of canopy conductance of a stand
which is composed of different species. Knowledge of specif-
ic transpiration response process of mixed-stand to rainfall
pulses in a water-limited habitat is needed to understand the
local ecohydrology.

Tree and forest transpiration is also largely controlled by
environmental factors and thus its responses to rain pulses
needs to be explored in the context of those controlling factors
(David et al. 2004; Ewers et al. 2008; Hernández-Santana
et al. 2008; Komatsu et al. 2006; Oren and Pataki 2001;
Tang et al. 2006; Tognetti et al. 2005, 2009; Wullschleger
et al. 2000). There have been studies demonstrating how the
responses are governed by environmental factors, such as

VPD, soil water distribution (Wullschleger and Hanson
2006), rainless interval (Sponseller 2007), and soil properties
(Fravolini et al. 2005). VPD influences transpiration through
canopy conductance. Stomatal closure is a major physiologi-
cal process regulating water use (Giorio et al. 1999) and a
mechanism to avoid irreversible damage to the plant hydraulic
system (Martínez-Vilalta et al. 2002), therefore, is considered
the initial response of tree and stand transpiration to water
stress (Bréda et al. 2006). Consequently, canopy conductance
decreases against increasing VPD (Cunningham 2004; El-
Sharkawy et al. 1985; Renninger et al. 2010; Wallace and
McJannet 2010). Also, VPD exerts a major influence
over the duration of how long the moisture pulse gen-
erated by each rain event can last a critical mechanism
for plant growth under dry environments. Soil water
associated with rainfall regimes influences stand transpi-
ration through the fluxes of water within the root zone.
Percolation into the soil profile during large rain events,
hydraulic lift (Cermák et al. 1995; Dawson 1993;
Schwinning et al. 2002), and deep water reserves
(Jackson et al. 1999) provides a water source for deep
rooted trees. Therefore, soil water is the final form of
rainfall that ultimately enters the transpiration system.
Interactions between environmental factors translating
rainfall to available water for transpiration (Fravolini
et al. 2005) are becoming more important to understand
and predict ecological and hydrological processes at
multiple temporal and spatial scales (Box 1996; Sellers
et al. 1997; Zhao et al. 2006).

A 3-year (2008–2010) study was conducted to measure the
tree transpiration, microclimatic conditions, and soil water
content in a Chinese pine (Pinus tabulaeformis ) and Black
Locust (Robinia pseudoacacia) plantation forest in Shanxi
Province, China. These two species are widely used in semi-
arid regions in China for ecological restoration and erosion
control campaigns. Moreover, they have contrasting physio-
logical characteristics that enable the comparative study on the
species difference in responding to environmental factors.
Physiologically, the conduit of gymnosperm is narrower than
that of the angiosperm, leading to an increased resis-
tance in conifers to cavitation. Moreover, the root dis-
tribution of Chinese pine trees in the region was proved
deeper than that of Black Locust trees (Wang et al.
2010). We, therefore, hypothesized that Chinese pine
trees would be more responsive to VPD after rainfall
as it suffered less from cavitation-related xylem dys-
function. Our specific objectives are to investigate (1)
the environmental control over the stand transpiration after
rainfall by analyzing the effect of VPD, soil water condition,
and rainfall on the post-rainfall Ec development and its recov-
ery rate; and (2) the species differences in response to rain
pulses and its implication on vegetation coverage under
changing rainfall regimes.
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Method and materials

Site description

The experiment was conducted in the Caijiachuan catchment
(36°14′27″∼36°18′23″N, 110°39′45″∼110°47′45″ E) located
in the semiarid Loess Plateau in Ji County, Shanxi Province,
China. The catchment that sits within a semiarid region fea-
tures a typical tableland and gully terrain on the Loess Plateau.
The mean annual pan evaporation is 1,723 mm, whereas the
mean annual precipitation is 579 mm (Bi et al. 2008), 70 % of
which falls between June and September. The annual aver-
aged temperature is 10 °C with the highest being 38.1 °C and
the lowest −20.4 °C, giving an annual frost-free period of
172 days. Soil in the studied area is loess-derived cinnamon
soil (Bi et al. 2008). The experiment plot is located in a 18°
north-facing slope with the elevation of 1,125 m a.s.l. The
stand is composed of P. tabulaeformis and R. pseudoacacia ,
and the demographical survey is shown in Fig. 1. The
age of the stand is 16 years. The planting space is
1 m×3 m with a stand density of 2,450 trees/ha and a
canopy coverage of 0.6. The root distribution of P.
tabulaeformis and R. pseudoacacia are concentrated within
0–100 cm (Liu et al. 2007; Shan and Liang 2006). In contrast
to evergreen P. tabulaeformis species, R. pseudoacacia start to
shed leaves by the end of September.

Sap flux measurement and calculation

The sap flux measurements were conducted continuously
from 11 July to 31 October 2008, 1 July to 31 October
2009, and 1 July to 12 October 2010. Sap flow was measured
at a height of 1.3 m of each sampled tree using thermal
dissipation probes (TDP) (Granier 1987). Sixteen trees includ-
ing all diameter at breast height (DBH) classes were instru-
mented within a 20×20 m plot in the stand, representing size
classes within the plots (Table 1). A square of 5×5 cm bark on
the north face of the tree was peeled off and a set of sensors
was inserted into holes drilled in the debarked trunk. Ten to
20 cm probes were used in order to avoid the contact with
non-conducting wood due to small DBHs. Silicon foam was
applied to seal the crevice so that sensors were not influenced
by water outside. Finally, the part of the trunk with implanted
sensors was covered with aluminum foil to prevent ambient
thermal interference. The sensors were connected to CR1000
data logger (Campbell Scientific Inc., Logan, UT, USA)
powered by a 12-V solar cell system. The measurement inter-
val of the sap flux density was preprogrammed to be 10 s and a
30-min average recorded. No data were recorded on some
days because of power failure.

Sap flux density was calculated according to standard
calibration for the TDP method based on temperature differ-
ences between the two probes (Granier 1987):

J s ¼ 0:0119 � ΔTm−ΔTð Þ
.
ΔT

h i1:231
ð1Þ

in which J s is sap flow density (in gram per square centimeter
per second), ΔTm is the maximum temperature difference
between sensors during a day (in degree Celsius), and ΔT
the temperature difference between sensors at any given time
(in degree Celsius). ΔTm was determined according to Lu
et al. (2004)

A test of the radial profile of sap flux indicated that there
was no significant relationship between J s and depth follow-
ing the approach developed by Oishi et al. (2008). Therefore,
we assumed an uniform sap flux across the sapwood for the
two species and the J s of entire xylem area was represented by
respective sensors installed in individual trees. The J s of
sampled trees was used as the average J s of their respective
DBH classes. The transpiration rate on hourly or daily scale
(E , in gram per hour or gram per day) of certain DBH class
was calculated by multiplying J s with total sapwood area (A s,
in square centimeter) of that DBH class and time conversion
coefficient from seconds to hours (3,600). The stand transpi-
ration (in gram per hour or gram per day) was obtained by
adding all different classes together. The individual sapwood
area was determined by discriminating between sapwood and
heartwood of the increment cores based on color difference.
Two cores were drilled along the north–south and the east–west

Fig. 1 Demographical survey of the stand. Vertical bars represent num-
ber of trees in a given DBH class (Frequency), line and dot for the ratio of
total sapwood area in given class (DBHi) to that of all trees of the same
species in the stand (SADBHi /SAsum). The DBH and tree height (H) are
given as mean±standard error (S.E.)
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radius of each tree, respectively. Cores were not taken from the
sampled trees for TDP observation to avoid the possible influ-
ence from the wound. The relationship between A s and
DBH for the two species are A s=3.4DBH−8.7 (n =8, R2=
0.96) for R. pseudoacacia and A s=10.1DBH−37.1 (n =
8, R 2=0.99) for P. tabulaeformis . The daily canopy
transpiration (daily E c, in millimeter per day) was cal-
culated as the total daily sap flow amount of the stand
divided by ground area.

Estimation of canopy conductance

First, we plotted J s against VPD and the hysteresis loop
between J s and VPD was less significant under the scenario
of no time lag than of 1 h time lag between transpiration and
water uptake (Komatsu et al. 2006). Therefore, it is valid to
assume that the effect of stem water capacitance was negligi-
ble. Secondly, we confirmed good aerodynamic coupling
between the stand canopy and the ambient air. Under well-
coupled conditions, the canopy is surrounded by the boundary
layer and the depth of the layer would be not vary with wind
speed (Bernier et al. 2006), and thus the canopy conductance
response under different wind speeds shows no significant
difference. In our study, canopy conductance and VPD did
not show significant differences under different wind speed
ranges (Fig. 2), this indicated that the plantation canopy was
well coupled aerodynamically with the atmosphere (Jarvis and
McNaughton 1986). With these two conditions being satis-
fied, the canopy conductance (G c, in millimeter per second)

can be calculated by using a simplified Penman–Monteith
equation (Yunusa et al. 2010):

Gc ¼ λγEc

.
ρCpVPD
� � ð2Þ

in which λ is the latent heat of vaporization (2.45 MJ kg−1),
Ec the transpiration rate in seconds (in kilogram per square
meter per second), γ the psychrometric constant
(0.066 kPa °C−1), ρ the air density (1.29 kg m−3), Cp the
specific heat capacity of air (0.001 MJ kg−1 °C−1), and VPD
the vapor pressure deficit (in kilopascal). G c values on rainy
days were not included as J s values were subjected to noise
(To et al. 2008). G c at VPD>0.6 kPa (Ewers and Oren 2000)
was used to examine the influence of VPD over physiological
control of tree transpiration.

To estimate the average canopy stomatal sensitivity to
VPD, we employed the simplified formula developed by
Mackay et al. (2003):

Gc ¼ ‐m � LnVPDþ Gcref ð3Þ

where G c is canopy conductance, as the substitute for an
estimate of average stomatal conductance over the canopy
(in millimeter per second) (Ewers et al. 2001), and −m is the
slope of Gc versus lnVPD (−dGc/dlnVPD), quantifying the
sensitivity of average canopy stomatal conductance to VPD.
G cref is reference canopy conductance at VPD=1 kPa and can
be used as surrogate forGcmax (Ewers et al. 2001). The ratio of
–m to G cref is 0.6 across a wide range of species (Oren et al.
1999) and environmental conditions (Ewers et al. 2001). The
ratio is lower than 0.6 when tree species allow the minimum
leaf water potential to drop with increasing VPD and the range
of VPD increases. It is higher than 0.6 when the ratio of
boundary layer conductance to stomatal conductance is low
(Oren et al. 1999). Boundary analysis described by Ewers
et al. (2005) and Schäfer et al. (2000) was used to analyze
physiological response under measured conditions. The Gc

data of each soil water and light class were partitioned into
0.2 kPa VPD intervals. We calculated the mean and standard
deviation of Gc for each interval and removed the outliers
using Dixon’s test. G c data above the mean and one standard
deviation were averaged for each VPD interval. If there were
less than 5 data points, the interval would not be considered to
avoid potential lack of representativeness.

Table 1 Characteristics of
sampled trees (mean ± S.E.) Sample/total number DBH Sapwood area Crown area Height

(cm) (As, cm
2) (m2) (m)

Pinus tabulaeformis 10/67 7.87±0.65 43.10±6.68 9.85±1.60 4.15±0.26

Robinia pseudoacacia 6/34 7.89±1.35 18.50±3.67 12.67±2.67 4.12±1.07
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Fig. 2 The relationship between the stand canopy conductance and VPD
under different wind speed classes after applying boundary line analysis.
Canopy conductance data were pooled from sunny days and when the
VPD exceeded 0.6 kPa. R2 >0.6 for all fitting curves
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Meteorological and soil moisture measurement

Meteorological data were obtained from an automatic weather
station at the foot of the plot-located hill established by
Beijing Forestry University in 2008 and 2009, and from
HOBOU30 (Onset Computer Corp., Bourne, MA, USA) lo-
cated on the hill top in 2010. All meteorological data were
measured every 10 s and automatically recorded as 30 min
average. The raw temperature and humidity data were used to
calculate the VPD (in kilopascal) following standard equa-
tions (Campbell and Norman 1998).

Volumetric soil water content (VWC, θ , in cubic centime-
ter per cubic centimeter) was measured using EM50 (Decagon
Devices Inc., Pullman, WA, USA). VWC of the surface layer
(25 cm) was monitored from 2008 to 2010 and additional
sensors were installed to measure the VWC of the deep layer
(75–100 cm) in 2010. Relative extractable water (REW,
unitless) (Gartner et al. 2009; To et al. 2004; Tognetti et al.
2009) was calculated by using averaged θ across layers as:

REW ¼ θ−θminð Þ
.

θmax−θminð Þ ð4Þ

where θmax and θmin are the saturated water content (maxi-
mum measured θ) and minimum soil water content during the
observation. REW varies between 0 and 1. Soil moisture
conditions were defined as severely stressed when REW
ranged between 0 and 0.1, moderately stressed when
REW=[0.1, 0.4], and non-stressed when REW >0.4, respec-
tively, according to Bréda et al. (2006).

To examine the response of tree/stand transpiration to rain
pulses, we defined Transpiration Recovery to compare daily
Ec in consecutive days after a rainfall event with Ec in the day
before the rain event:

Transpiration Recovery ¼ Ei−Elst i ¼ 1; 2; 3……ð Þ ð5Þ

where Ei stands for transpiration on the i th day after a rainfall
event and E lst for transpiration on the last day before the event.
Therefore, rain pulses within 24 h were counted as a single
rain event in order to study the course of transpiration after
rainfall. Only rainfall events exceeding 5 mmwere included in
the transpiration recovery analysis.

Statistical analysis

All statistical analysis was performed using SPSS (Version
16.0, Chicago, IL). Curve fitting was run through SigmaPlot
(version 10.0, Systat Software, California, USA). Datasets
that did not observe normal distributions were square root-
transformed, and ANOVA analysis was then employed to test
the existence of significant differences among groups, and the
multiple comparisons of the results were performed by LSD

post hoc test (least significant difference t test). This test is
based on the premises that the initial ANOVA is significant. It
has the least limiting conditions and independent critical t
from the number of groups

Results

Environmental variables and transpiration

Environmental factors varied among years, triggering interan-
nual variation of transpiration (Fig. 3). The average daily
incident radiation was 14.58, 13.7, and 15.55 MJ day−1 m−2

for 2008, 2009, and 2010, respectively, and there was no
significant difference among 3 years (P =0.17, one-way
ANOVA). Daily averaged VPD in 2009 (0.67 kPa) and in
2010 (0.63 kPa) was significantly lower than that in 2008
(0.79 kPa) (P =0.008, ine-way ANOVA), indicating that year
2008 had drier air and soil than the other years. Averaged daily
VWC was 0.09±0.003 (S.E.)cm3 cm−3 in 2008, significantly
lower than that in 2010 (0.19±0.006 cm3 cm−3) and 2009
(0.19±0.007 cm3 cm−3). VWC of 0–25 cm reflected the
occurrence of rainfall and recovered substantially when daily
rainfall was more than 20 mm. VWC of 75–100 cm began a
slight increase by the end of August. Soil moisture between
layers of 0–25 cm and 75–100 cm in 2010 showed significant
differences as summer progressed (P <0.01, paired t test).

In the rainy season, a large percentage of rainfall was not
used for stand transpiration. Stand transpiration remained at a
stable low range of 10 ∼ 15 mm month−1 despite of the
contrasting rainfall amount, leading to varied transpiration to
rainfall ratio among months (Table 2).

Ec and G c in relation to incident radiation and VPD

Canopy conductance (G c) and transpiration (E c) on sunny
days followed the same daily pattern, but varied in magnitude
under different REW ranks (Fig. 4a–c). The influence of solar
radiation (R ) on Gc was limited on the morning before R
reached 1.8 MJ m−2 h−1 and the fluctuation of R was not
reflected inG c patterns after that value. However,G c decrease
did not induce an instant decline of Ec. In contrast, E c kept
increasing before VPD peaked whereas R had dropped for
hours. Contrasting to most studies, our stand failed to sustain
the maximum transpiration with increasing VPD (Fig. 5),
even though logarithmic decrease of G c against the VPD
was observed for both species (Fig. 6b).

G c data were sorted into specific ranks in order to examine
the role of R and REWaffecting its relationship with VPD.Gc

was the most sensitive to VPD when R was between 1 and
2 MJ m−2 for both species (Fig. 6c), but the two species
differed in the sequencing of sensitivity magnitude under
different soil water conditions (Fig. 6d). Although the G c
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sensitivity and Gcref varied among different ranks for both
species, no significant deviation from 0.6 was found in
the –dG c/dlnVPD to G cref ratios (Fig. 6c, d). In contrast
to R. pseudoacacia , Gc of P. tabulaeforms failed to show any
response pattern to VPD when solar radiation was lower than
1 MJ m−2 (Fig. 6c).

Transpiration recovery and influencing factors

The timing, rate, and course of transpiration recovery were
different between species and influenced by VPD, rainfall,
and VWC. Statistics showed that the transpiration of R.
pseudoacacia reached the maximum recovery rate earlier than
that of P. tabulaeformis did for 71 % of rainfall events. The
timing for transpiration to reach the after-rainfall maximum
was dependent more on VPD (P <0.032) than VWC of ob-
served layers (P >0.05). In addition, the pattern of Ec after
rainfall was more correlated to VPD than to VWC (75–
100 cm) (Fig. 7a). The maximum transpiration recovery was
species-specific, but the Ec recovery of P. tabulaeformis was
significantly related to the difference between post- and pre-
rainfall VPD values (Fig. 7b). Moreover, Ec recovery of P.
tabulaeformis and the stand was also significantly influenced
by the time interval between the neighboring rain events
(Fig. 7c), and the recovery of E c declined as the interval
extended.

Although the rainfall amount did not affect the Ec recovery
on the event scale, it exerted a significant influence over the
total transpiration on the monthly scale (Fig. 8). However, the
saturation of stand transpiration increased with respect to large
rainfall (∼100 mm month−1) (Fig. 8a) and the substantial
margin between the transpiration and monthly rainfall
(Table 2) indicated that the rainfall was lost through other
hydrological processes such as surface runoff and/or canopy
interception during the rainy season. Moreover, daily timing
of rainfall occurrence influenced transpiration. Soil water
influence over transpiration showed on a scale of dry–wet
cycle (Fig. 8b).

Discussion

Low E c

Considering the percentage of transpiration in rainfall, the
transpiration by the two species and the stand as a whole were
low. Moreover, the range of transpiration response to rainfall
was narrow and transpiration did not increase after rainfall
larger than 100 mm month−1 (Fig. 8a). Low transpiration was
governed by strict physiological regulation (Fig. 6) and daily
VPD exceeding 1 kPa (Fig. 5). This indicates that trees
adopted a conservative water use strategy and can be attribut-
ed to a gradual stomatal closure against VPD increase, which
maintains water potential above a critical threshold and pro-
tects the xylem from runaway cavitation (Sperry 2000;
Tognetti et al. 1998b; Tyree and Ewers 1991). As the soil
dries, water conductivity increasingly limits water transport
from soil to the roots (Yunusa et al. 2010) and leads to a
decreased water supply rate. Because water supply could not
match transpiration, as would occur during uninhibited
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stomatal conductance, plants will rapidly dehydrate or devel-
op xylem cavitation if transpiration is not reduced. As a result,
an internal hydraulic limit (Kolb and Sperry 1999; Meinzer
et al. 1999; Tognetti et al. 1998a; Williams et al. 2001) in the
flow path will be imposed, constituting a mechanism to de-
termine a maximum E affordable by the plant (Hogg et al.
1997; Hogg and Hurdle 1997). The restraint on sustaining
maximum E (Fig. 5) indicated the adaptation of trees to water
stress in order to prevent cavitation at low soil water avail-
ability. Therefore, it is apparent that trees are adopting a
conservative water use strategy.

The low E c was also caused by the stand structure,
reflecting the dominant influence of tree size over transpira-
tion amount (Cienciala et al. 2000; Meinzer et al. 2004); Ec

from this mixed stand in our study is comparable with the
stand transpiration of a R. pseudoacacia stand on the Loess
plateau (Wang et al. 2010) that has a similar DBH distribution
despite of the species composition difference. Based on such
influence of tree size over Ec, the low transpiration of our
stand can be partially ascribed to conservative water use
strategies and the poor growth rate that led to low DBH and

A s/A ground. The demographic survey indicated that stem
growth of the stand occurred only in smaller DBH classes,
mainly from 4–6 cm in 2008 to 6–8 cm in 2010 other than in
larger DBH classes (>8 cm) (data not shown). Therefore,
stand structure factors should be taken into account when
the species differences in transpiration are tested.

Environmental control over Ec and Ec recovery after rainfall

By pinpointing the turning point when G c began to decline
(indicated by vertical lines in Fig. 4) under all REW condi-
tions, Gc showed no further increase with incident radiation
above 1.8 MJ m−2 h−1, supporting the role of R in controlling
the opening and closure of stomata.Gc reached a plateau as R
increased, suggesting that stomata had fully opened. The
apparent increase of transpiration with R in the morning was
attributable to the increasing VPD as well as highly coupling
between canopy and the atmosphere.

Among studies of E c recovery after rainfall, few have
examined the link between VPD and the recovery of Ec. But
as demonstrated in temperate Australian woodland (Zeppel

Table 2 Cumulative transpiration of stand (Ec-stand, in millimeter) and concurrent rainfall (P, in millimeter) during the study periods

2008 2009 2010

Ec-stand P Ec-stand/P (%) Ec-stand P Ec-stand/P (%) Ec-stand P Ec-stand/P (%)

July 11.73a 13.60 86.25 15.46 96.30 16.05 14.95 78.80 18.97

August 15.53 106.80 14.54 13.90 155.43 8.94 15.81 130.00 12.16

September 15.08 92.00 16.39 10.66 94.10 11.33 14.61 30.80 47.44

October 9.05 0.90 7.30 20.00 36.50 5.70b 14.00 40.71

Sum 51.39 213.30 24.09 47.31 365.83 12.93 51.07 253.60 20.14

Missing data due to power failure was substituted by regression equation derived from the relationship with simultaneous VPD
aData for July contained only 21 days from the beginning of the observation in 2008
bData for October contained 12 days till the end of the measurement in 2010
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et al. 2008a), our study demonstrated the influence of VPD
over the pattern and the extent of E c recovery (Fig. 7).
Additionally, Ec pattern after rainfall followed that of VPD,
especially when daily VPD was under 1 kPa (Fig. 7a) which
posed very limited constraints over transpiration (Fig. 4).
Although not exerting direct influence over Ec progression,
soil water content also affected the relationship between the
timing of the largest Ec recovery and VPD.

The influence of soil moisture over transpiration has been
established by many studies (Kume et al. 2007; Llorens et al.
2010; Oren and Pataki 2001). Our current study was unable to
establish a firm relationship between transpiration and soil
water content of the observed layers. Soil moisture variation
after rainfall failed to show consistent influence over transpi-
ration (Fig. 7a). However, the prolonged rainless interval
lowered Ec recovery (Fig. 7c) and cumulative VWC change
within respective wet–dry cycle showed significant influence
over the stand Ec (Fig. 8b). Moreover, averaged daily Ec also

increased as the soil moisture condition improved (Fig. 4).
The buffering effect of deep layer water storage may play a
role because transpiration did not show significant decline
under the condition of higher deep layer VWC even though
the upper layer VWC kept decreasing (Fig. 3c). Similar ob-
servations of uncoupling between upper soil water and tran-
spiration have been reported (Lundblad and Lindroth 2002;
Zeppel et al. 2008b). Moreover, species differed in extracting
soil water, causing the variation of soil water distribution. The
influence of soil water on transpiration may also be obscured
by atmospheric factors such as high VPD. The dry air causes
strengthened stomatal control over transpiration regardless of
soil water conditions (Brodribb and Holbrook 2006).
Therefore, the influence of episodic drought-spells over this
semiarid stand was influenced by multiple variables.

There was no significant relationship between single-event
rainfall amount and Ec recovery period. It could partially be
attributed to the fact that there was a time lag between the
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rainfall and soil water replenishment. It took about 10 days for
deep layer soil water to increase significantly (Fig. 3).
However, the insufficient driving force by VPD after rainfall
was the main reason. We found that E c reached the maximum
as VPD fell between 1 to 1.5 kPa (Fig. 5).The statistics
showed that less than 25 % of the days within the months
having rainfall larger than 100 mm met this criterion for large
Ec. Therefore, even with great supplement from rainfall, E c is
limited due to low driving force demanded by the air. As a
result, monthly Ec failed to increase against monthly rainfall
larger than ∼100 mm. Although contributing little to increase
Ec, large rainfall events are necessary to maintain deep water

reservoirs. Small rainfall events were not able to replenish the
deep soil effectively due to root absorption of water and
evaporation during the percolation process; therefore, the deep
layer VWCmax within a dry–wet cycle was not significantly
enhanced. By contrast, a large rainfall event (83.8 mm) in-
duced the highest VWC during the whole study period and the
replenish period was prolonged. Based on the fact that deep
layer VWC continued to stay high, it was clear that the
replenishment from large rainfall could be sustained even
when there was no comparable event to contribute water
directly to the deep layers. In addition to the indirect influence
of rainfall size on Ec through soil water, the rainless interval
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duration was negatively related to the recovery level of Ec of P.
tabulaeformis .

Influence of species differences over vegetation covering

Species differences in transpiration were observed, especially
in responses to environmental drivers. However, the hydraulic
control factor (−dG c/dlnVPD to Gcref ratio) cannot be ruled
out. Many species observed the same hydraulic control
(−dG c/dlnVPD to G cref ratio) across different habitat and
environmental conditions as indicated by a fixed ratio of 0.6
between stomatal conductance at 1 kPa (G sref) and the stoma-
tal sensitivity to VPD (−dG s/dlnVPD) (Ewers et al. 2005;
Katul et al. 2009; Oren et al. 1999). Our two studied species
also exhibited the same extent of hydraulic control (−dGc/
dlnVPD to G cref ratio) over transpiration under contrasting
solar radiation and soil water conditions (Fig. 6). But species
with highG cref has the disadvantage of dramatic change ofGc

with VPD variation. This accounted for the rapid response of
Ec by P. tabulaeformis to VPD after rainfall (Fig. 7a) and led
to the differed transpiration recovery after rainfall between the
two species. Due to more sensitive stomatal response to VPD,
P. tabulaeformis , thus the stand, was able to regulate transpi-
ration according to VPD (Fig. 7 C) while R. pseudoacacia not
(Fig. 7b). Another factor that contributes to species-specific
Ec response pattern to rainfall is the root distribution as the
depth to which roots can reach and absorb soil water varies
greatly among species (Liu et al. 2007). Consequently,
shallow-rooted trees respond faster to precipitation than deep-
ly rooted ones (Cienciala et al. 2000; Meinzer et al. 2004).
Moreover, the negatively related E c recovery of the two
species indicated that the two species react differently to the
rainfall which replenished different layers depending upon the
size. R. pseudoacacia trees have a more robust shallow root
system than P. tabulaeformis at this site (Wang et al. 2010).
This accounts for the larger Ec increase rate immediate after
rainfall in R. pseudoacacia than P. tabulaeformis .

In water-limited environments, the ability of tree species to
exploit soil water is crucial for survival. Isotopic study has
found that proportions of water contribution from different
soil layers for plant uptake vary seasonally and among plant
species (Rong et al. 2011). The distribution of soil water
among layers will be influenced by changing rainfall
regimes in the future. Under the scenario of less inten-
sive, but more frequent rainfall in the future, plants
equipped with shallow root systems stand a higher
chance of survival than their deep-rooted co-habitants.
This is because their drought stress could be quickly
alleviated and they may use up the limited rainfall so
that less water will access deep layers. Further, the
desiccation of the soil upper layer induces an absolute
increase of water uptake from the deeper wet layers (Li
et al. 2002; Rong et al. 2011). Alternatively, if the

duration of the drought becomes longer and rainfall
becomes more concentrated, the deep-rooted species that
can access to the reserved water are more likely to
survive as the upper layer water crucial for shallow-
rooted species can be evaporated quickly. Species com-
position and tree growth dependence on the soil water
profile has been observed on mountain slopes. Deep-
rooting species showed better diameter growth on
deeper soil sites than on shallower ones, although a
shallow-rooting species showed little difference between
them (Yanagisawa and Fujita 1999). Therefore, the na-
ture of rainfall pattern changes will reshape the species
composition in semiarid areas. In order to develop a
comprehensive understanding on this issue, future stud-
ies examining the relationship between E c and soil
water, as well as the redistribution of water within and
among soil layers are needed (Caldwell et al. 1998;
Ishikawa and Bledsoe 2000).

Conclusions

The two species showed the same hydraulic control (−dGc/
dlnVPD to Gcref ratio) but varied explicitly in post-rainfall
transpiration recovery to environmental drivers and thus in
transpiration responses to rain pulses. Compared with soil
water, VPD exerted a major influence over E c and the recov-
ery of Ec after rainfall in semiarid region. The differences
between pre- and post-rainfall VPD contributed to the tran-
spiration recovery potential. Soil water was not replenished
sufficiently by the rainfall and failed to maintain transpiration.
But the continued duration of certain soil water conditions
determine the transpiration intensity. Therefore due to the
buffering effect of soil water, the lasting improvement of
transpiration will show only after rainfall wets the soil to a
stable high level. Rainfall had a significant influence over
monthly transpiration, but failed to trigger a proportionate
increase in Ec in large rain events and large pulses are neces-
sary for the sustainment of transpiration in later growing
season. The timing of the rainfall events is another important
factor in affecting the total amount of stand transpiration.
Species differences were found in E c and Ec recovery in
response to environmental factors. These findings indicate
that species differences in transpiration response to pulses of
rain will reshape the vegetation patterns in the future climates.
However, the same hydraulic control of the two species
over transpiration can be used to estimate the stand tran-
spiration accurately. Our study highlights that it is crucial
to understand how the distribution of soil water following
pulses of rain supports E c for a better understanding of
the maintenance of tree transpiration and survival during
drought stress in future climates and more extreme hydro-
logical cycles.
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