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Abstract: Rainfall pulses can significantly drive the evolution of the structure and function of semiarid ecosystems, and
understanding the mechanisms that underlie the response of semiarid plants to rainfall is the key to understanding the re-
sponses of semi—arid ecosystems to global climatic change. We measured sap flow in the branches and stems of shrubs
(Caragana korshinskii Kom. and Hippophae rhamnoides Linn.) using sap flow gauges, and studied the response of sap
flow density to rainfall pulses using the “threshold—delay” model in the Chinese Loess Plateau. The results showed that
the sap flow began about 1 h earlier, and increased twofold after rainfall, compared to its pre-rainfall value. The sap flow
increased significantly with increasing rainfall classes, then gradually decreased. The response of sap flow was different
among rainfall, species, position (branch and stem) during the pulse period, and the interactive effects also differed sig-
nificantly (P <0.0001). The response pattern followed the threshold—delay model, with lower rainfall thresholds of 5.2,
5.5 mm and 0.7, 0.8 mm of stem and branch for C. korshinskii and H. rhamnoides, demonstrating the importance of
small rainfall events for plant growth and survival in semi-arid regions.
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INTRODUCTION

Managing scarce fresh surface water resources is becoming
an increasingly important environmental, social and economic
issue across many regions of the world (Ma et al., 2012; Wang
et al., 2011). An understanding of the patterns and behaviour of
water use of vegetation can contribute to the effective manage-
ment of these water resources (Potts et al., 2006). Understand-
ing plant water use is the key for successful ecological restora-
tion in water-limited environments (Chazdon, 2008; Wang et
al., 2011). Water is the most important factor limiting ecosys-
tem processes and function in arid and semi-arid regions
(Chazdon, 2008; Moran et al., 2009).

Rainfall is a major driver of biological processes in semi—
arid ecosystems (Cao et al., 2011; Chen et al., 2010; Wang et
al., 2010). Sap flow significantly accelerated, and plant transpi-
ration increased, after plants extract the water provided by large
rainfall events (Du et al., 2011; Liu et al., 2012), and this trig-
gers a cascade of responses that effects plant growth, reproduc-
tion, and net ecosystem productivity (Moran et al., 2009; Ogle
and Reynolds, 2004; Rana et al., 2005). Consequently, these
events alter the carbon and water balance in the semi—arid
ecosystem (Kigalu, 2007), and rainfall pulses could significant-
ly drive the evolution of the structure and function of semi—arid
ecosystems (Liu and Zhao, 2008; Reynolds et al., 2004). Un-
derstanding the responses of sap flow to rainfall pulses is there-
fore the basis for comprehending the physiological responses of
plants and how these responses determine the eco—
physiological patterns of adaptation of plants to their habitats
(Klein et al., 2014). The paradigms of resource partitioning
such as the Westoby—Bridges theme of ‘triggering pulses’
(Noy—Meir, 1973) and rooting patterns and resource acquisition
(Walter, 1971), have been integrated into a conceptual Thresh-
old—Delay model, proposed by Ogle and Reynolds (2004). The
composite model drew on earlier paradigms of resource parti-
tioning (Walter, 1971), thresholds (Sperry, 1986), and pulse
responses (Noy—Meir, 1973) to describe the response of differ-

ent plants to rainfall in terms of a “threshold—delay” model.
This model permits analysis of the effects of individual pulses
of rain based on the physiological responses of plants (Cheng et
al., 2006; Ogle and Reynolds, 2004). A weakness of the model
is that it is empirical rather than mechanistic. Thus, no single
parameterized threshold—delay model can be expected to de-
scribe every system, and the model must be parameterized for
each site. However, many scientists have investigated the re-
sponses of the woody, shrub and herbage to rainfall pulses
using this model (Ivans et al., 2006; Ogle and Reynolds, 2004;
Sponseller, 2007), and their results provided a useful frame-
work for evaluating plant responses to rainfall pulses (Morgan
and Barton, 2008; Zeppel et al., 2008).

Rainfall pulses can rapidly increase sap flow and alter the
water use efficiency of vegetation (Morgan and Barton, 2008;
Zeppel et al., 2008). Some studies have reported that the re-
sponse of different species to rainfall pulses and plant water use
strategies would be various within a given area (Noy—Meir,
1973; Reynolds et al., 2004). For example, shrub species in the
Proteaceae, such as Isopogon gardneri rapidly increased their
sap flow (by up to 5 times) after 34 mm of rainfall event in
southern Australia, whereas deep-rooted eucalyptus species
were sufficiently reliant on antecedent soil condition that they
did not respond to precipitation (Amenu and Kumar, 2008;
Dawson et al., 2007). These results agreed with those reported
by Xu and Li (2006) based on studies of the photosynthesis of
Haloxylon ammodendron and Tamarix ramosissima. However,
the results for the same species may vary within a fixed area.
For example, sap flow of Eucalyptus crebra increased rapidly
as rainfall increased from 5 to 20 mm in eastern Australia
(Domec et al., 2006; Zeppel et al., 2008), but did not increase
under comparable conditions in southern Australia (Stewart and
Burgess, 2006). In addition, sap flow varies with respect to
water availability in different soil layers (Kurz et al., 2006;
Wilson et al., 2001), Nadezhdina et al. (2007) found that sap-
wood depth of mature olive trees ranged from 22 to 55 mm
with greater variability in trunks than in branches. Studies of
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the response of sap flow to rainfall pulses are scarce around the
world, and previous studies have not quantified the response
parameters and have only qualitatively described differences
between species (Engel et al., 2005; Stewart and Burgess,
20006).

The Loess Plateau in China experiences severe soil erosion,
vegetation degradation and desertification (Jiao et al., 2011;
Wang et al., 2010). To overcome these problems, extensive
vegetation reestablishment practices have been implemented by
the Chinese government (Wang et al., 2013; Zhang et al.,
2009). Caragana korshinskii Kom. and Hippophae rhamnoides
Linn. are the dominant woody species in the Loess Plateau.
They are widely used for ecological restoration (Xiao et al.,
2011; Zhang et al., 2009). However, the unbalance between
water supply and demand is becoming particularly acute be-
cause of the initially simple, cultivated vegetation system has
developed toward a more complex, cultivated and natural eco-
system capable of reversing desertification (Cao et al., 2011;
Jian et al., 2012; Wang et al., 2013). In view of this situation, it
is necessary to study the response of sap flow to rainfall pulses.
To our knowledge, little is currently known about the response
of C. korshinskii and H. rhamnoides to rainfall pulses and other
environmental conditions. Global climate change appears in-
creasingly likely to increase the variability of rainfall patterns
(BassiriRad et al., 1999; Cheng et al., 2006). Therefore, the
planted shrubs will be forced to endure repetitive cycles of
water scarcity followed by rainfall response (Burgess, 2006;
Eberbach and Burrows, 2006). Understanding the mechanisms
that underlie the responses of the planted shrubs to rainfall is a
key problem in studies of the responses of semi—arid ecosys-
tems with vegetation restoration to global climate change
(Blackman and Brodribb, 2011; Blackman et al., 2010; Fravoli-
ni et al., 2005; Ivans et al., 2006; Potts et al., 2006; Sponseller,
2007).

In the present study, we investigated the response of these
two shrubs to rainfall events by measuring sap flow in their
branches and stems using stem flow gauges to examine the
different effects of rain pulse size on uptake of rains by the
above two dominant shrubs in field conditions. Our aims were
to: (1) determine the rainfall threshold required to elicit an
increase in shrub water use; (2) understand the relationship
between the response of sap flow to rainfall pulses and rainfall
amounts, soil moisture, plant water potential and meteorologi-
cal factors; (3) provide a scientific basis for understanding the
mechanisms that underlie the responses of these shrubs to glob-
al climatic change.

MATERIALS AND METHODS
Site description

The experiments were conducted in C. korshinskii and
H. rhamnoides plantations from June to September 2012 in the
Anjiapo catchment, Dingxi County (35°35'N, 104°39'E) of
Gansu province in western Chinese Loess Plateau. The annual
mean precipitation is 420 mm with great seasonal variations.
Over 60% of the precipitation falls between July and Septem-
ber. The average monthly air temperature ranges from —7.4 to
27.5°C, with mean annual temperature of 6.3°C. Average annu-
al pan evaporation is 1510 mm. The soil is silt loam of loess
origin (Wang et al., 2010), which can be classified as Cherno-
zem according to IUSS Working Group WRB (2006). Land
uses in the study area include croplands, grasslands, artificial
shrublands and woodlands. A representative C. korshinskii
experimental plot and a H. rhamnoides experimental plot of
100x100 m size were selected, and all vegetation and sap flow
measurements were conducted inside these two plots. Table 1
showed the basic situation of C. korshinskii and H. rhamnoides
plots.

Weather data

We installed a meteorological tower in the open area approx-
imately 100 m from the study site. The meteorological variables
were wind speed, air temperature, relative humidity, net and
photosynthetically active radiation, rainfall, and atmospheric
pressure. These parameters were measured using an AG1000
automatic weather station (Onset Computer Corporation,
Pocasset, MA, USA). The sensors were installed at two levels
above the ground (2 and 3 m). Rainfall was measured with a
tipping-bucket rain gauge (model TE525, metric; Texas Elec-
tronics, Dallas, TX). Volumetric soil moisture was measured by
means of probes (Decagon Devices, Pullman, WA, USA),
installed at five depths below the soil surface (10, 20, 30, 40
and 50 cm in the C. korshinskii and H. rhamnoides woodlands.
The meteorological data and volumetric soil moisture were
measured at a frequency of 10 Hz and recorded every 5 min
using a CR1000 datalogger (Campbell Scientific Inc., Logan,
UT), then stored as the 30-min mean data, whereas rainfall and
wind data were stored as the 10-min mean data. Soil water
content was measured every 2 days by means of oven-drying to
validate the soil moisture data provided by the probes during
the study period.

Table 1. A brief view of sample areas of survey for C. korshinskii and H. rhamnoides plantations in the Anjiagou catchment.

Parameter Sample Mean+=SD
numbers C. korshinskii H. rhamnoides

Geographical parameters  Slope aspect -- SE SE

Slope position - Middle Upper
Biological parameters Plant height (mm) 80 1700£110 191£17

Basic diameter (mm) 150 15.1£2.1 1.67+0.33

Projected area (m?) 50 3.02+0.44 3.54+0.21

Leaf area index (LA1) 320 1.04+0.09,1.58+0.22, 0.93+0.12,1.154+0.17

2.15+0.16,2.16+0.15 1.87+0.21, 2.15+0.20

Soil parameters Clay (< 0.002 mm; %) 3 9.17+1.20 11.04+2.3

Silt (0.05-0.002 mm; %) 3 75.59+9.21 76.69+11.34

Sand (0.05-2 mm; %) 3 15.24+1.16 12.27+2.81

Organic matter (%) 3 0.68+0.08 0.71+0.04

pH 3 8.1+0.94 7.9+0.75

#Slope aspect and slope position were determined by compass; LAl was determined by canopy analyzer (LAI12000, LI-COR, USA) on 14" June,
15" July, 15™ August and 14™ September, the four data in each LAI column is from June to September; Soil organic matter was determined by
Potassium dichromate volumetric method; pH was determined by potentiometry; Particle size distribution was determined by sedimentation. Soil

properties are for the top 1 m.
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Sap flow measurements

We used stem flow gauges (Flow32, Dynamax Inc., Hou-
ston, TX, USA) with the energy balance method to measure sap
flow in the branches and stems of C. korshinskii and H. rham-
noides. We selected sample branches and stems without lateral
ramifications, and smoothed them to remove any superficial
bark roughness using a razor blade. To determine the influence
of the environment on sap flow differences between species and
positions (stem vs. branch) within a species, we attached gaug-
es to branches and the basal stem at least 40 cm above the soil
surface. Based on the measurement scale of the gauges and the
characteristics of the shrubs, we used model SGB16 gauges for
the branches for C. korshinskii and model SGB19 gauges for its
stems. We used model SGB13 gauges for the branches of
H. rhamnoides, and model 19 gauges for its stems. We used
three replicates for each model gauge in each position. Sap flow
was measured in a stem and a branch of the same plant.

Table 2. Diameters of the sample shrubs used for the sap flow
measurements. Values represent means, with the standard deviation
in parentheses (n = 3).

Gauge C. korshinskii H. rhamnoides

. ‘;g SGB16 SGB19 SGB13 SGB19

yp (branch) (stem) (branch) (stem)
Diameter 5 91,4 59 19.11£0.19  13.5120.48 19.54+0.32
(mm)

Table 2 presented the diameters of the sampled shrubs. The
theoretical method and methodology of sap flow gauging have
been described previously by Smith and Allen (1996) and Yue
et al. (2008), and we carefully installed the gauges following
the manufacturer’s instructions. We prepared the branch and
stem surfaces by sanding, and installed the gauges with a layer
of G4 silicon grease between the gauge and the bark. We
wrapped the gauges in aluminum foil to shield them from rain
and direct solar radiation, so as to reduce extraneous thermal
gradients across the heated section. Shelters were attached
above the gauges, and the joints were sealed with wax to pre-
vent water from flowing down the branches and stems into the
gauges (Yue et al., 2008). The data were recorded at 10-s inter-
vals and stored as 30-min averages using a CR1000 datalogger
(Campbell Scientific, Logan, UT, USA). This study used the
stem heat balance basics described in detail by Kigalu (2007),
and the energy balance is expressed as:

szgn_ch_Qr-i_Qs (l)

where Q,is the amount of heat (W) transported in the moving
sap; Py, is the heater power input (W); Q,., is the heat conduc-

C. korshinskii

tion loss along the stem up and down stream (W); O, is the
radial heat conduction loss (W); Q; is the heat stored in the
stem section (W).

The sap flow density (kg m > h™") was calculated from the
energy balance across the sap flow meter which states that:

F= Pin_ch_Qr+Qs
C, xdT,

sap

@

where, C, is the specific heat capacity of the sap or water
(41867 g Chy; dT,,, is the temperature differential between
the heater and the stem section (°C). The sum of sap flow den-
sity in each hour is the daily sap flow density.

Water potential measurements

We cut the leaves, stems and branches (leaves were in the
measured stems and branches) from the plants which were
selected to measure the sap flow (did not disturb the stems and
branches where gauges were installed) (Fig. 1). Three pressure
chambers (Model 600, Plant Water Status Console, Soil Mois-
ture Equipment Corporation, USA) were used to measure stem
and branch water potential and three dew point water potential
equipments (WP4C, Decagon company, USA) to measure leaf
water potential to guarantee the synchronicity of the measure-
ments. We used three replicates for each measurement. Meas-
urements were carried out weekly from 8:00 to 20:00 at 1h
intervals during the experimental period. We also measured the
plant water potentials (leaves, stems and branches) after rainfall
events.

Leaf hydraulic conductance (Kj,) (mmol m?>s' MPa')
was determined using a timed rehydration method described in
Brodribb and Holbrook (2003), which is based on an analogy
between rehydrating a leaf and recharging a capacitor:

Kleaf = Cln(l//o/l//f)/t (3)

where C = capacitance, ¥, = leaf water potential prior to partial
rehydration, ¥, = leaf water potential after partial rehydration
and ¢ = duration of rehydration. Values of C were estimated
from pressure—volume curves using the methods described by
Brodribb and Holbrook (2003). Briefly, the leaf water potential
corresponding to turgor loss was estimated as the inflection
point of the graph of leaf water potential vs. relative water
content (RWC). The slope of the curve prior to, and following,
turgor loss provided C in terms of RWC (C,,.) for pre-turgor
loss and post-turgor loss, respectively. Five to six leaves of
each species were used to construct pressure—volume curves
and estimate C.

58 H. rhamnoides

Fig. 1. Photographs showing the two shrubs of C. korshinskii and H. rhamnoides in the study.
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Data analysis

The threshold—delay model analyzed the effect of individual
pulses of rain based on the physiological responses of the plants
(Ogle and Reynolds, 2004). It is based on six parameters that
capture the nonlinear nature of plant responses to rainfall puls-
es. The rate of a plant’s response to rainfall pulses can vary
based on species or plant functional types, the delay in the
timing of physiological responses, the effect of antecedent
moisture and physiological conditions, and precipitation
thresholds (Zeppel et al., 2008). The model incorporates how
quickly a plant responds, the magnitude of the response, the
duration of the response, and the thresholds of the response, or
no further response, is evident. The model can be expressed as
follows (Ogle and Reynolds, 2004):

=ky, +§t

8, =Min ymaxa—k),éi(l—h)}

max

S,

ﬁ(RH -R")  R'<R_,<RY (4)
5'=30 R_,<RY
5max RI—T 2 RU

where, y, is the variable (e.g., plant transpiration), y,; is the
antecedent value of this variable, y,,, is the maximum response
value, 6, is the response variable, J, is the potential response
variable, dn, is the maximum potential response variable, R is
the lower rainfall threshold, R" is the upper rainfall threshold,
R,_. is the efficient rainfall, 7 is the time lag, ¢ is the response
time, and k is the reduction rate.

The threshold rainfall size was determined using ANOVA
and Tukey’s HSD test (after testing for homogeneity of vari-
ance and normal distribution). The threshold was identified as
the lowest rainfall event to be significantly different from the
0-5 mm rainfall class (Statistica version 8), conceptually simi-
lar to a method commonly used in ecotoxicology studies to
identify the lowest observed effect concentration (Salleo et al.,
2001). Data were excluded for the following situations, to com-
ply with the characteristics of a rainfall pulse: when rainfall
events lasted longer than 5 days or interpulse periods lasted less
than 1 week. We determined the parameters of the threshold
delay model by means of multiple linear regression. Also, the
multiple linear regressions (SPSS v18.0 for Windows) were
used to explore the unique contribution of each predictor in
explaining the variance of the dependent variable.

RESULTS
Rainfall and soil moisture

Rainfall data for the study region were collected from 1997
to 2012. The results indicated that the annual rainfall averaged
352.1 mm, with the following distribution of rainfall: <5 mm,
30.1% of annual rainfall amount and 57.2% of the events; 5.1—
10 mm, 20.3% and 13.4%, respectively; 10.1-15 mm, 17.6%
and 8.4%; 15.1-20 mm, 10.4% and 11.6%; 20.1-25 mm, 7.1%
and 6.7%; > 25 mm, 14.5% and 9.7% (Fig. 2A). The percent-
ages of the total amount and frequency of events decreased with
increasing rainfall during the experimental period. Small events
(£ 5 mm) were most frequency, whereas larger events
(> 10 mm) were infrequent but had a greater influence on total
rainfall (Fig. 2B). During the experimental period, there were

36 rainfall events, which produced a total rainfall of 268 mm
and an average rainfall of 7.4 mm, with individual events rang-
ing from 0.1 to 27.3 mm.

Soil water content from 0 to 10 cm was the highest and fluc-
tuated significantly with increasing rainfall with 40.2% and
44.5% of the variation coefficient for C. korshinskii and
H. rhamnoides. Rainfall had an effect on the soil water content
at 10 cm depth more frequently than other three soil depths.
Soil water content and variation coefficient in deeper soil layers
were relatively low (Fig. 3C and D). Soil water content at
10 cm depth responded to rain events if the cumulative rainfall
total over a 3—5 day period exceeded 10-12 mm. Single rain
events of less than 10 mm had little effect on soil water content
at 20 cm, 30 cm, 40 cm or 50 cm depth (Fig. 3C and D).
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Fig. 2. The frequency distribution of the rainfall and rainfall events
during 15 years (A) and period of measurements (B).

Rainfall response
Diurnal variation in sap flow responses

The diurnal variation in sap flow density in branches and
stems showed a trend of first increase and then decrease, and
started to increase just after midnight (Fig. 4). Sap flow density
in the stems of C. korshinskii began about 1 h earlier after rain-
fall, and the mean sap flow density increased to 1.82 times its
pre—rainfall value of 72.9 kg m > h™' (Fig. 4A). The daytime
averaged sap flow density in the branches of C. korshinskii is
43.19 kg m *h "' before rainfall, but began about 2 h earlier after
rainfall, with sap flow density as a daytime average increasing
to 2.44 times its pre-rainfall value (Fig. 4B). For the stems of
H. rhamnoides, sap flow density began about 1 h earlier after
rainfall, the daytime averaged sap flow density is 50.14 kg
m “h™' before rainfall, which increased to 1.84 times its pre—
rainfall value after rainfall (Fig. 4C). Sap flow density in the
branches of H. rhamnoides was at a daytime mean value of
27.55 kg m° h', but began slowly increasing about 1.5 h earli-
er after rainfall and sap flow density as a daytime average in-
creased to 2.31 times its pre—rainfall value (Fig. 4D). Based on
these results, sap flow density in the branches of C. korshinskii
showed the largest response to rainfall pulses, followed by sap
flow density in H. rhamnoides branches, H. rhamnoides stems,
and C. korshinskii stems.

Daily variation in the response of sap flow

The response differed significantly among precipitation,
species, positions, and pulses durations (Table 3). The species x
position x pulse duration and rainfall x species X position x
pulse duration interactions were significant, which means that
sap flow in these planted shrubs responds significantly to rain-
fall pulses.
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Table 3. Results of General lineal Model Repeated measures by
means of multi-way within—subject designs.

Factor Fvalue P value
Rainfall 18.59 0.000%***
Species 44.66 0.000***
Position 83.11 0.000%***
Pulse duration 16.94 0.000***
SpeciesxPosition 314.73  0.000%**
RainfallxPosition 16.11 0.001%*
RainfallxSpecies 11.22 0.000%**
RainfallxSpeciesxPosition 15.62 0.001**
SpeciesxPulse duration 2.31 >0.05
RainfallxPulse duration 22.45 0.000%*%*
RainfallxSpeciesxPulse duration 1.06 >0.05
PositionxPulse duration 1.19 >0.05
SpeciesxPositionxPulse duration 10.23 0.000%**
RainfallxPositionxPulse duration 0.87 >0.05
RainfallxSpeciesxPositionxPulse duration ~ 6.24 0.025*

Significance differences *p<0.05; **p<0.01; ***p<0.001

In most cases, higher sap flow densities coincided with
higher values of daily photosynthetically active radiation (Q,)

and mean daily vapor pressure deficit (D) normalized by day-
light hours (Fig. 3). Such as 30" June and 15" July, sap flow
densities were 3129.88, 2772.81 kg m~ d' and 3264.04,
3234.32 kg m >d ' for C. korshinskii and H. rhamnoides. Water
demand was low as a result of low O, and D.. Such as 14™ June
and 5™ September, sap flow densities were 923.11, 1140.24 kg
m>d' and 552.15, 571.24 kg m > d"' for C. korshinskii and
H. rhamnoides. On days when rain occurred resulted in low Q,
and D., sap flow densities were greatly reduced. On 11% July
the sudden rainfall occurred with associated low Q, and D., sap
flow densities were 880.04 and 107343 kg m~ d' for C.
korshinskii and H. rhamnoides. However, on some rainy days
followed by high O, and D. such as 28" June, 21* July and 18"
August had relatively high sap flow densities. Daily patterns of
transpiration of C. korshinskii and H. rhamnoides showed rela-
tively low values in middle to late June, experienced with 12
days dry period, although Q, and D, remained higher values
(Fig. 3). The percentage response of sap flow increased signifi-
cantly with increasing rainfall classes (P < 0.05), then gradually
decreased (Fig. 5) for C. korshinskii and H. rhamnoides. The
response differed significantly among rainfall classes and spe-
cies. It showed that low R’ values between sap flow and Q, and
D, in June and September. Sap flow was significantly influ-
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Fig. 5. The response of sap flow density to rainfall class. Values
represent the mean + SD change in sap flow from the first day
before a rainfall event to the first day after a rainfall event (Tukey’s
HSD test, P <0.05).

enced by Q, and D, for C. korshinskii and H. rhamnoides in
July and August (Fig. 6).

We also calculated the rainfall threshold by ANOVA and
Tukey’s HSD test, and determined the parameters of the
threshold—delay model by means of multiple linear regression

(Table 4). The lower rainfall thresholds for stem of C. korshin-
skii and H. rhamnoides were 5.2 and 5.5 mm, and the lower
thresholds of rainfall for branch appeared after 0.7 and 0.8 mm,
respectively. The upper rainfall thresholds for stem in the two
shrubs were 13.1 and 12.4 mm, and the upper thresholds of
branch occurred after 3.9 and 5.9 mm of rainfall for C. korshin-
skii and H. rhamnoides, respectively.

The multiple linear regression of sap flow density (J;) in
each month of C. korshinskii and H. rhamnoides with the D.,
Q,, air temperature (7,) and potential evapotranspiration (E7p)
was programmed by SPSS using the stepwise regression meth-
od (Table 5). The results showed that the J; in C. korshinskii
and H. rhamnoides was the result of the D,, O, and T, in Au-
gust, and the J; mainly depended on the D.. But the J; was the
result of the D, and Q, in other months.

Response of sap flow to plant water potential and K,/

In general, the diurnal variation in water potential drops in
leaves and branches and stems showed a trend of first in-
crease and then decrease. Water potential drops in the leaves
and stems of C. korshinskii averaged 0.34 MPa before rainfall,
but after rainfall, with water potential drops as a daytime aver-
age increased to 1.62 times its pre-rainfall value (Fig. 7A). The
mean water potential drops in leaves and branches of C.
korshinskii increased to 1.51 times its pre-rainfall value of 0.26
MPa (Fig. 7B). However, the negative values of water potential
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Table 4. The parameters of the threshold-delay model for changes
in sap flow in response to rainfall pulses. R" and R are the lower
and upper thresholds of rainfall (respectively), k£ is the reduction
rate in the absence of significant rainfall, and 7 is the time lag.

Species Position R"(mm) RY(mm) k 7 (day)

C. korshinskii ~ Stem 5.20 13.1 0.80 4.21
Branch  0.70 3.90 1.16 4.43

H. rhamnoides ~ Stem 5.50 12.4 0.77 5.16
Branch  0.80 5.90 1.16 4.94

in leaves and stems existed from 13:00 to 16:00 for H. rhamnoides
before rainfall, and that increased rapidly after rainfall. Water
potential drops in the branches of H. rhamnoides followed a
similar pattern to that of C. korshinskii branches, but water
potential drops increased to onlyl.21 times its pre-rainfall
value after rainfall. The morning leaf water potentials were
between —1.06 and —1.98 MPa in stems and branches for the
two species before and after rainfall and declined to minima of
—1.98 to —3.02 MPa by midday (Fig. 8). Before rainfall, daily
reductions in K., were observed in stems and branches for all
two species (Fig. 8A-D). Especially, stem of H. rhamnoides

had a complete loss of K, by late afternoon but recovered
slightly by the end of the measurement period. After rainfall,
Kjoqpin stems of C. korshinskii and H. rhamnoides tended to be
stable (Fig. 8E and G) and the increments in X, were found in
branches of the two species during the daily course (Fig. 8F
and H).

DISCUSSION
Response of sap flow to soil water content

Rainfall input at the soil surface triggered an infiltration
pulse of soil moisture, particularly in semi-arid regions (Chen et
al., 2010). Generally, large rainfall events lead to larger pulses,
whereas small events may only be able to wet the uppermost
soil layers, where a large fraction of the soil moisture is lost by
direct evaporation. Rainfall of 1 mm or less had little impact on
soil water content (Fig. 3C, D and E) as a result of the strong
evaporative demand in the study area, which agreed with the
results reported by Cao et al. (2011). There is considerable
debate about the importance of these small events (<5 mm) to
plant growth and survival (Cao et al., 2011). Some studies had
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Table 5. The multiple linear correlation equations between daily sap flow density and environmental factors in each month (1% June-30"

September 2012) for C. korshinskii and H. rhamnoides.

Species Month Regression equations R F Sampled number (n)
C June J, =2.034+0.502D.+1.345x10°0, 0.806 60234 30
korshinskii July J,=2.037+0.366D.+1.215x10°Q, 0.824 55122 31
August Jy=3.345+0.157D.+1.005x10°0,-8.64x 10T, 0.836 50475 31
September  J, =1.976+0.119D.+2.034x107°Q, 0.791  63.120 30
o June J,=0.543+0.621D.+1.522x10°Q, 0.778  59.123 30
rhamnoides July J, =1.132+0.843D.+2.573x10°Q, 0812 73271 31
August J, =2.188+0.331D.+1.324x10°0y1.231x10 T, 0.835  63.121 31
September  J, =4.239+0.662D.+1.041x10°Q, 0.860  59.683 30

*The dependent variable is sap flow density (J;), the independent variables were daily vapor pressure deficit (D.), daily photosynthetically active
radiation (Q,), air temperature (7,), soil water content (S#) and potential evapotranspiration (E7)). Significant difference (P < 0.05).

reported that small rainfall events cannot reach the roots of
plants (e.g., Du et al.,, 2011). However, Schwinning et al.
(2003) reported that every addition of approximately 1 mm
increased the pulse duration for infiltration amounts between 2
and 20 mm in the Colorado Plateau.

Sponseller (2007) reported that small rainfall events stimu-
lated the growth of grasses in semi—arid regions and concluded
that small amounts of rain may provide a shallow source of
moisture that is conducive to some plants. Our previous study
had reported that C. korshinskii and H. rhamnoides showed
greater potential to use stemflow water in the semi-arid regions
(Jian et al., 2014). The results showed that soil moisture in-
creased in upper 30 cm of the soil for 2-3 days (Fig. 3C, D and
E). Sap flow of branches in C. korshinskii increased rapidly
after 3.9 mm of rain, but its maximum of sap flow reached after
about four days. This indicated that even small events (<5 mm)
are not only important for plant growth and survival in semi-
arid regions, but also that the response are characterized by a

lag (Table 4). Jezik et al. (2015) found that a large rainfall event
wetted the soil profile to a depth of 100 cm and improved the
soil water status for several weeks in Norway spruce, European.
Our results showed that large events are most likely to produce
soil moisture recharge at sufficient depth to induce and main-
tain a significant soil moisture response (Fig. 3C and D), lead-
ing to a rapid response by sap flow in the stem.

Resource pulses induce a hierarchy of ecological responses
to rainfall events (Schwinning et al., 2003). A larger cumulative
effect is produced when soil moisture responds to frequent,
small events; as a result, the response amount and pulse dura-
tion for soil moisture after consecutive rainfall of 4, 3.7, and 2.1
mm was considerably higher than the corresponding changes
after a single rainfall of 10.3 mm (Fig. 3C, D and E). Therefore,
sap flow after the 27.1 mm rainfall was lower than the response
after the 7.9 mm (Fig. 3), since the latter rainfall event preceded
by two smaller events. Plant responses to “biologically im-
portant” rainfall events is related to the water sources exploited
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by the plants and to the importance of seasonality, plant pheno-
logy, plant age, and antecedent conditions (Reynolds et al.,
2004). For example, the response of sap flow was not signifi-
cant after a 8.3 mm rainfall on 17" September (Fig. 3), since
the antecedent soil water content was higher owing to consecu-
tive rainfall of 3.6, 3.1, 3.4 and 2.2 mm from 11" to 14™ Sep-
tember, and the physiological function of the plants was de-
clined because this rain fell during a late growth stage.

Response of sap flow to rainfall pulses

The response of sap flow to rainfall pulses is intimately cor-
related with the characteristics of the rainfall event (Stewart and
Burgess, 2006); that is, the “pulse-reserve” paradigm for semi-
arid ecosystems suggests a strong linear relationship between
pulses of rainfall and plant productivity (Reynolds et al., 2004).
Generally, the plant’s water-use strategies governed the rainfall
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threshold (Eberbach and Burrows, 2006). Time lags appear in
the response of plant to rainfall pulses (Ogle and Reynolds,
2004). For example, Loik (2007) reported that Artemisia triden-
tata and Purshia tridentata in the Great Basin Desert responded
within about 2 days to a range of summer rainfall pulse magni-
tudes, whereas the hemi-parasitic species Nuytsia floribunda
(Loranthaceae) in southern Australia required more than 2
weeks to fully respond to rainfall events (Stewart and Burgess,
2006). Small events (< 5 mm) accounted for 48.6% of the
events in the study region (Fig. 2). The lower rainfall thresholds
of stem and branch were 5.2, 5.5 mm and 0.7, 0.8 mm for C.
korshinskii and H. rhamnoides, with lag times ranging from
4.21 to 5.16 days (Table 4), which also suggested that small
rainfall events are critical for plant growth and survival.

The “pulse-reserve” paradigm suggested that the planted
shrubs do not respond directly to rainfall, but rather respond to
soil water availability (Reynolds et al., 2004). Small rainfall
events can wet the plant surface, and plants can absorb rainwa-
ter adhering to their leaves and branches (through lenticels) and
use the water to increase sap flow density. Large amounts of
rainfall can effectively supply soil moisture and improve soil
water availability (Reynolds et al., 2004), leading to a sap flow
response in the stem after the rainfall. Also, our previous stud-
ies reported that 1-3 and 1-5 mm of rainfall being intercepted
by the shrub canopy (mainly for leaves and branches) for C.
korshinskii and H. rhamnoides (Jian et al., 2012). This ex-
plained why there were differences of rainfall threshold be-
tween stem and branches (Table 4). However, rainfall will
significantly increase the relative humidity of air and decrease
air temperature when rainfall is higher than the upper rainfall
threshold, which will result in a decrease in sap flow.

The response of sap flow is related not only to the physio-
logical characteristics, but also to environmental variables (Gao
et al.,, 2011; Liu et al., 2012; Reyes—Acosta and Lubczynski,
2014). The sap flow response of these two shrubs to greater
evaporative demand was shown to exhibit low R? values with
increasing Q, and D, (Fig. 6), indicating that O, and D, were not
only influenced factors. Considering the low rainfall in June
and September (Fig. 3E), soil water content was expected to be
a key factor to determine sap flow in these two months. So it
was concluded that the different drivers of sap flow existed in
distinct period. Soil water content was more important than Q,
and D. in influencing sap flow in June and September. When
soil water content was sufficient, 0, and D, were the dominant
factors, but soil water content was the primary factor under low
soil moisture levels. Gartner et al. (2009) found the same law in
Norway spruce of European.

Our results also showed that sap flow in the stem in response
to light was delayed more than sap flow in the branches in the
morning, which might be explained by a slow stomatal re-
sponse to light and to water conduction in the stem (O’Brien et
al., 2004). The photo-inhibition that occurs in plants at noon
(Liu and Zhao, 2008) would decrease the transpiration rate in
the crown and sap flow density in the branches. However, the
lag arises during the course of sap flow transmission from the
roots to the crown (Ewers and Oren, 2000), which would not
induce a “mid-afternoon depression” phenomenon for sap flow
in the stem.

Response of sap flow to water potential and K.,

The water potential drops between leaves and stems and
branches of after rainfall were higher than before rainfall
(Fig. 7). This is consistent with previously reported results
(Gallé et al., 2007; Sanchez—Blanco et al., 2002). The reason

for the increment of water potential drops maybe that drought-
induced embolism is promptly refilled after rainfall (Sitkova et
al., 2014). In fact, the leaf provides probably the best environ-
ment for refilling of embolized conduits (Salleo et al., 2001)
due to the relative abundance of inorganic ions and other osmo-
lytes that could be used to generate positive pressures as well as
possessing large amounts of metabolic energy to drive ion
movement. In the current study, before rainfall, leaves in stems
of H. rhamnoides lost nearly 100% of their K., but began to
recover late in the day, while water potentials were still more
negative than —2.2 MPa (Fig. 8A). Leaves in branches of H.
rhamnoides and leaves in stems and branches of C. korshinskii
also lost large percentages of K., but began to recover in the
late afternoon while leaf water potentials were still highly nega-
tive before rainfall (Fig. 8B-D). After rainfall, there was a
slight increase in K., in both C. korshinskii and H. rhamnoides
between early morning and noon (Fig. 8E-H). Increases K.,
with increasing temperature and light have been previously
reported for several species (Holbrook et al., 2001; O’Brien et
al., 2004; Salleo et al., 2001; Voicu et al., 2008). The increase
of K., was observed in previously water—stressed plants fol-
lowing rainfall. Good evidence exists to suggest that xylem
tissue collapse (Brodribb and Holbrook, 2006; Salleo et al.,
2001) and leaf turgor loss (Brodribb and Holbrook 2006, Gallé
et al., 2007) may both play a part in the loss of K, in a variety
of plants. Therefore, the rapid recovery of K., could also be
attributed to the possible fact that the initial loss of K, is not
associated with xylem cavitation. The shrubs may reflect the
investment in those tissues and the need for a more conserva-
tive strategy as opposed to a less conservative strategy where (1)
large losses of K., could lead to leaf death or (ii) large losses in
Koqp must be repaired by what is likely an energetically expen-
sive process, and rainfall pulses can maintain the balance (Bro-
dribb and Holbrook, 2003; Voicu et al., 2008).

CONCLUSIONS

Small rainfall events can wet the plant surface to increase
sap flow density in the branches. Soil moisture can be supplied
effectively by large rainfall events. The response pattern fol-
lowed the threshold—delay model, with lower rainfall thresholds
of 5.2, 5.5 mm and 0.7, 0.8 mm of stem and branch for C.
korshinskii and H. rhamnoides, respectively. Therefore, small
rainfall event had a positive effect on the survival and growth
of shrubs in semi-arid regions. The greater frequency of smaller
events may give them a greater impact than less-frequent larger
rainfall events on plant physiological responses.
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