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Identification of sap flow driving factors of jujube plantation in 

semi-arid areas in Northwest China 
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Abstract: Jujube is widely cultivated in the semi-arid region of the Loess Plateau in Northwest China due to its high water 
deficit tolerance.  In such an ecologically vulnerable area, it is critical to explore the water consumption processes of key tree 
species and their responses to driving factors.  Sap flow data gathered during a two-year field study in a jujube plantation were 
analyzed as a surrogate for transpiration measurements.  The measured sap flows were related to changes in the soil water 
content, meteorological factors (the vapor pressure deficit and the level of photosynthetically active radiation), and plant 
physiological factors (the sap wood area, leaf area and leaf area index).  The factors that govern sap flow were found to vary 
depending on the growing season, and on hourly and daily timescales.  The plants’ drought tolerance could be predicted based 
on their peak sap flows and the variation in their sap flow rates at different soil water levels.  The sap flow was most strongly 
affected by the water content of the topmost (0-20 cm) soil layer.  Of the studied meteorological factors, the photosynthetically 
active radiation had a greater effect on sap flow than the vapor pressure deficit.  The correlation we found could be applied to 
predict jujube tree water consumption and assist the design of irrigation scheme. 
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1  Introduction 1 

Jujube (Ziziphus jujuba Mill.) is a traditional Chinese 
fruit that has been cultivated continuously for over 7000 
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years[1].  It is an important cash crop in the hilly regions 
of the Loess Plateau in Northwest China, which has a 
typical semi-arid climate.  Jujube is well-adapted to 
growth in this region because of its high resistance to 
drought stress.  However, to increase the efficiency and 
sustainability of its cultivation, it would be desirable to 
identify the driving factors that determine its water 
consumption. 

Transpiration represents a critical linkage between 
water balance and vegetation dynamics[2].  Two different 
approaches are generally used to evaluate the volume of 
water consumed in plant transpiration processes.  The 
first involves calculating the reference evapotranspiration 
(ET) using climatic factors in conjunction with a crop 
coefficient term.  In order to eliminate the effect of 
water stress on ET, the crop coefficient is used to 
determine whether there is a water deficit or surplus[3].  
The second approach uses specific instruments to directly 
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measure the plant canopy, thereby directly determining 
the level of transpiration[2].  Canopy transpiration is 
traditionally measured using techniques and instruments 
such as the weighing lysimeter and the field-chamber 
method.  Unfortunately, the second approach usually 
disturbs the natural environment and microclimatic 
conditions of plant canopy to a certain extent, causing the 
measured values to differ somewhat from the actual ET. 

Some advanced measurement techniques that 
minimize the disturbance of the natural ambient 
conditions have been developed including the Bowen 
Ratio energy balance technique[4], Eddy Covariance[5], 
and the aerodynamic method.  These approaches 
preserve the plants’ natural environments while providing 
high temporal resolutions.  However, their use is limited 
in agriculture because they are generally complex and 
costly to perform.  Therefore, sap flow measurements 
are widely used to monitor crop water consumption.  
This method has several advantages: it is operationally 
straightforward, has good precision, minimizes the 
disturbance of the environment, and enables continuous 
monitoring over long periods of time[3,6,7]. 

The sap flow is affected by various aspects of plant 
physiology as well as soil and meteorological factors.  
The key soil factor is the soil water content[8], which has 
been demonstrated to have profound effects on sap flow[9], 
especially under water deficit conditions[10,11].  Three 
major meteorological factors that affect the sap flow are 
temperature[12], vapor pressure deficit (VPD), and level of 
photosynthetically active radiation (PAR)[13].  Sap flow 
has been shown to correlate positively with PAR and 
VPD in both time and space[14-17].  The main aspects of 
plant physiology and structure that affect sap flow include 
whether the tree species in question is diffuse or ring 
porous[18], whether it is deciduous or evergreen, tree 
height[19], tree diameter[6,20], tree size[21-23], and the leaf 
area index (LAI)[8].  

Partly because of the complex interactions between 
these factors, there is no general law that can be used to 
determine which of them will be dominant in any given 
species or under any given climatic conditions.  While 
the relationships between these factors and sap flow have 
been studied at length, there is a distinct lack of relevant 

data based on long-term studies of jujube trees growing 
under semi-arid conditions. 

To address this issue, we monitored sap flow and 
relevant environmental, meteorological, and plant 
physiological factors in jujube trees during successive 
growth periods in 2012 and 2013.  The objectives of this 
study were to (1) quantify the contributions of biotic and 
abiotic factors to the trees’ transpiration and thereby 
identify the most influential factors at different growth 
stages, (2) analyze the dynamics of transpiration to enrich 
our understanding of its drought-resistance, and (3) 
establish regression models describing the relationships 
between transpiration and sap flow as its major drivers. 

2  Materials and methods 

2.1  Experimental site 
Field experiments were conducted at a commercial 

pear-jujube orchard in Mengcha Town, Mizhi County, 
Shaanxi Province of China (37º78'N, 109º47'E, 870 m 
above mean sea level) in 2012.  The site’s soil type is 
loess with a uniform texture, moderate permeability, and 
a mean bulk density of 1.29 g/cm3.  The average field 
capacity (FC) in the upper 1.0 m soil profile is 23%.  
The average annual rainfall at the site is 409.9 mm, most 
of which falls during July, August, and September.  The 
site is typical of the arid, hilly and gully terrain of the 
Loess Plateau.  The groundwater level is generally low, 
and the plants’ water requirements are primarily met by 
natural precipitation.  The experimental jujube orchard 
is nine years old, with 3 m planting rows and 2 m row 
spacing. 
2.2  Sap flow measurement 

Plug-in probe sensors (TDP and Dynamax Co., USA) 
were used to monitor jujube sap flow during the growth 
periods of 2012 and 2013 (Figure 1c).  The 18 jujube 
plants selected for measurement were in good condition 
with straight trunks and no breast bifurcates.  All of the 
probes were installed on the northern side of trunks at a 
height of 20 cm above the ground surface and packaged 
in silver membranes to reduce disturbance by radiation 
and other environmental factors[2,25].  A CR1000 data 
acquisition unit (Campbell, Co., USA) was used to record 
the sap flow data from the sensors at 10 s intervals.  The 



174   March, 2017              Int J Agric & Biol Eng      Open Access at https://www.ijabe.org              Vol. 10 No.2 

collected data were subsequently up-scaled to 10 min 
averages.  

Note that inter-plant variation of transpiration is 
considerable (Figure 1c).  This could attribute to the 
inter-variability of our samples.  Theoretically 18 
sampling trees should be selected carefully with canopy 
structure as similar and representative as possible.  
However this is limited by the fact that samples could not 
distribute very far from each other.  Firstly increasing 
the distance between the sensor and data collector can 
aggravate signal attenuation during the transmission, 
thereby degrading the measurement accuracy.  It is 
therefore recommended that samples should not locate 
more than 7 m away from the data collector.  More 
importantly, the terrain varies greatly at the hilly region, 
thereby inducing the high spatial heterogeneity of 
meteorological conditions, especially radiation conditions.  
So the moderate distance was desirable as the tradeoff 
between the consistency of experimental condition and 
the similarity of canopy structure. 
2.3  Measurement of soil water content 

The moisture, temperature, and water potential of the 
topmost layer (0-1.0 m) of the soil profile were 
continuously monitored.  The soil water content was 
measured using TDT probe sensors and neutron moisture 
gauges (CNC503B, Hean, Co. CN).  The sensors 
(SDI-12, Acclima, Inc, USA) were installed in close 
proximity to the trees at depths of 20 cm, 40 cm, 60 cm, 
80 cm and 100 cm.  The data from these sensors were 
also collected and recorded with the CR1000 (Campbell, 
Co., USA) instrument. More attention would pay on the 
dynamic of soil moisture on daily scale.  So the observe 
frequency was set at 30 min interval.  Also this could 
save the cost of data storage and transmission.  Neutron 
moisture gauges (CNC503B, Hean, Co. CN) were used to 
measure the water content in the 0-300 cm soil layer at 
intervals of approximately 10 d.  The results obtained 
using the neutron moisture gauges and TDT probe 
sensors were calibrated against measurements acquired 
using the oven drying method. 
2.4  Measurement of environmental variables 

Meteorological variables were monitored continuously 
using an automatic environment detection system (RR-9100, 

RainRoot, Co, CN) that was installed in close proximity 
to the experimental field.  This system simultaneously 
measures the precipitation (P) (Figure 1a), solar radiation 
(Rs), PAR, temperature (T), wind speed (Ws), wind 
direction (Wd), and relative humidity (RH).  The vapor 
pressure deficit (VPD) (Figure 1b) can be calculated from 
T and RH using the equations shown below[26]: 
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where, es is the saturated vapor pressure (Pa) at 
temperature T (K) and relative humidity RH. 
2.5  Measurement of morphological indices 

Morphological indices for the jujube plants were 
measured during the middle of the growth stage (July 10th, 
2012).  The variables measured include plant height, 
crown breadth, number of main branches (Mb), number of 
secondary shoots (Ss), number of mother shoots (MS), 
number of bearing shoots (BS), breast height diameter 
(BHD, cm), and sap wood area (SWA, cm-2).  The SWA 
value was determined indirectly from the BHD using the 
following equation[27]: 

SWA=α×BHDβ               (3)  
where, α is a constant and β is the allometric scaling 
exponent.  Both of these quantities are species-specific 
coefficients[21], they take values of 0.175 and 0.201, 
respectively, for jujube. 

The leaf area and LAI were measured every 10 d 
using a portable leaf area meter (LI-3000A, LI-COR, Co. 
US).  Three bearing shoots from the main branch 
growing in each cardinal direction were selected for these 
measurements.  The total leaf area (LA) of each jujube 
tree was determined as follows: 

1
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where, m and n are the numbers of selected samples for 
Bs and Mb, respectively.  

The leaf area index was measured every 10 d using a 
canopy analyzer (Winscanopy 2005a, Regent Instruments 
Inc. JP).  Canopy images were acquired in the field 
using the instruments specified above and analyzed with 
the canopy analyzer in order to determine the LAI. 



March, 2017  Wei X G, et al.  Identification of sap flow driving factors of jujube plantation in semi-arid areas   Vol. 10 No.2   175 

 

 
Figure 1  Trends in (a) the precipitation and soil water content (0-300 cm), (b) photosynthetically active radiation (PAR) and 

vapor pressure deficit (VPD); and (c) transpiration in a jujube plantations in the semi-arid Loess Plateau of Northwestern China 
during the growing seasons of 2012 and 2013 

 

3  Results and discussion 

3.1  Influences of physiological factors on sap flow 
3.1.1  Sap flow and sap wood area 

The sap flow density (SFD or SF, m/s) is a good 
indicator of plant transpiration and sap flow, which can 
be determined within a portion of the tree’s cross-section 
using the method of thermal dissipation[24].  The daily 
sap flow (DSF or transpiration, mm/d) is then obtained by 
multiplying the sap flow and the SWA.  The average 
SFD and DSF values for a 30-day period in 2012 
(DOY150-180) were used to analyze the correlations 
between SFD, DSF and SWA (Figure 2). 

Negative correlation was found between SFD and 
SWA, while there was a positive correlation between 
transpiration (DSF) and SWA.  The regression equations 
and curves shown in Figure 2 suggest that variation in the 
sap wood area explains 37% of the observed SFD 

variability and 41% of the observed DSF variability.  
The SFD decreased as the sap wood area increased.  As 
the sap flow velocity across a unit tree cross-section 
declined, the total water consumption increased.  Xiao et 
al.[28] noted that transpiration in trees with a large breast 
height diameter is significantly greater than in those with 
more slender trunks.  A tree’s capacity for adaptation to 
adverse environmental conditions generally decreases 
with increasingly severe water deficit conditions but 
increases with the thickness of its trunk, its height, and 
the width of its crown[29]. 
3.1.2  Sap flow and leaf area 

During the growing season of 2012, which extended 
from May 1 to October 15 (DOY 120-290), the observed 
trends in LA and LAI were very similar.  Both curves 
can be described well by quadratic functions (Figure 3), 
which explain 97.1% and 95.5%, respectively, of the 
observed variability in the LA and LAI within the study 
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area.  Very similar results were obtained during the 
growing season of 2013.  During the early growth stage, 
vigorous leaf growth caused both the LA and LAI to 
increase rapidly.  Leaf growth then stopped during the 

intermediate growth stage, so neither the LA nor the LAI 
changed significantly during this period.  Finally, 
defoliation during the late growth stage caused the LA 
and LAI to decline rapidly.  

 
Figure 2  Correlations between sap wood area (SWA) and (a) sap flow density (SFD); and (b) daily sap flow (DSF) in jujube trees 

 
Figure 3  Trends in leaf area (LA) and the leaf area index (LAI) of jujube trees during the growing seasons of (a) 2012 and (b) 2013 

 

There were two distinct relationships between LA and 
sap flow (transpiration) during the growth period as a 
whole, one during the initial growth stage (Stage I) and 
the other during the intermediate-to-late growth stage 
(Stage II) (Figure 4). 

During stage I (the early growth stage) the LA was 
less than 2.1 m2; during the intermediate-to-late growth 
stage (Stage II) the LA was greater than 2.1 m2.  In 
Stage I, the LA was below 2.1 m2 and increased in 
parallel with transpiration (R2 = 0.90).  This implies that 
transpiration was heavily influenced by LA during this 
stage[30].  The LA during Stage II was greater than   
2.1 m2 but there was no significant correlation between 
SF and LA during this period, and the sap flow was 
primarily driven by environmental factors.  Similar 
results have previously been reported for apple trees[11] 
and grapes[31]. 

 
Figure 4  Relationships between leaf area (LA) and daily 

transpiration during different growth stages in 2012 and 2013 

3.2  Effects of meteorological factors on sap flow 
Sap flow is influenced by solar radiation, relative 

humidity, temperature, wind speed, and precipitation, 
especially during the intermediate-to-late growth stage 
(Stage II).  Although there are strong correlations among 
these factors, the main driving forces of sap flow may 
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vary with the crop type, time, and geographical location.  
Sap flow characteristics are normally explained in terms 
of the variables PAR and VPD.  To determine the 
influence of leaf area on sap flow, we analyzed the 
relationship between meteorological factors and sap flow 
during this stage of jujube plant growth.  Further as 
these variables do not follow the same distribution, their 
correlation on different scales may results in different 
conclusions due to the statistical effect.  Therefore their 
correlation was inspected carefully on hourly and daily 
scales to eliminate the scale effect and reveal their true 
correlation. 
3.2.1  Daytime dynamics 

To determine how PAR, VPD, and sap flow are 

interrelated, response curves were plotted for four typical 
days during stage II: days 182 and 277 in 2012 and days 
193 and 256 in 2013 (see Figures 5a-5c for results 
obtained on sunny days and Figure 5d for cloudy day 
results).  In general, the relationships between these 
variables depend on the climatic conditions and the 
season.  However, they do not change greatly on the 
diurnal scale.  There are four key points or phases in 
plots of sap flow over the course of a day: the period of 
increasing flow, the peak flow, the period of declining 
flow, and the stable flow level.  The times at which 
these phases occur change with the seasons and are 
sensitive to various physiological and environmental 
factors. 

 
Figure 5  Daily trends in the photosynthetically active radiation (PAR), vapor pressure deficit (VPD) and transpiration (SF) measured on 
four representative days, days 182(a) and 277(b) in 2012 and days 193(c) and 256(d) in 2013 (a-c for results obtained on sunny days and d 

for cloudy day) during the intermediate-to-late growth stage of the studied jujube plantation 
 

On sunny days (Figures 5a-5c), the sap flow generally 
increased between 05:30 and 07:00, peaked at about 
08:30-09:00 (corresponding to the rapid transpiration 
stage), declined until about 16:00, and then finally 
stabilized after 20:00.  The rapid transpiration stage was 
thus very short (Figure 5a).  The sap flow declined very 
shortly after peaking because the measurements were 
conducted during the dry season, when the soil water 
content was low.  The VPD and PAR both started to 

increase at around the same time as the sap flow but 
peaked rather later, at around 12:00-13:00.  They both 
then declined, with the PAR falling much more rapidly 
than the VPD.  Similar patterns were observed on the 
cloudy day, but all of the key events happened later in the 
day than they did on the sunny days. 

Depending on the circumstances and time, the sap 
flow may be increased, reduced, or unaffected by 
increases in the VPD and/or PAR. The PAR and VPD 
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varied in parallel with the sap flow when the latter was 
increasing or decreasing.  There were no correlations 
between these variables at other times, so they were only 
weakly correlated on a daily basis.  However, they were 
relatively strongly correlated during the periods when the 
sap flow was either increasing (Figures 6a and 6c) or 
decreasing (Figures 6b and 6d).  The relationships 
between the sap flow, VPD, and PAR during the period 
when the sap flow was increasing are best described with 
quadratic curves.  The sap flow increased almost 
linearly with the PAR and VPD while these variables 
were below 1200 μmol/s and 3.5 kPa, respectively.  

Once these threshold values were exceeded, the sap flow 
stabilized.  The coefficients of determination (R2) for the 
exponential SF-PAR and SF-VPD curves were 0.81 and 
0.42, respectively.  During the declining flow stage, the 
sap flow began to decrease linearly with the PAR and 
VPD once these quantities fell below the threshold values 
of 1000 μmol/s and 3.0 kPa, respectively.  The 
coefficients of determination for the exponential SF-PAR 
and SF-VPD curves were 0.80 and 0.76, respectively.  
Similar trends have previously been reported for sap 
flows in apples[11], grapevines[30], and lemons[32].  

 
Figure 6  Correlations of the sap flow (SF) with the vapor pressure deficit (VPD) and photosynthetically active radiation (PAR)  

during the rising (a and c) and falling (b and d) flow stages in jujube trees 
 

The VPD thresholds are effectively identical for both 
the rising and falling flow periods.  However, the PAR 
threshold for the increasing flow period was slightly 
higher than that for the falling flow period.  The 
threshold temperature was higher for the falling period 
than for the rising one.  High temperatures have 
previously been reported to reduce the PAR threshold[33].  
When the VPD fell below 4.0 kPa, there was a 
corresponding linear increase in sap flow.  However, the 

sap flow stabilized when the VPD exceeded the threshold 
in apples[11].  Other studies have shown that sap flow 
stabilizes at a VPD threshold of only 1.0 kPa in trembling 
aspen[34] and in riparian buffer trees[35]. 

The PAR threshold was found to be 900 μmol/m2·s in 
mature beech[14] and 55 mol/(m2·d) in Asian temperate 
mixed-deciduous forests[36].  However, other studies 
were not able to identify any VPD threshold that 
responded linearly to the PAR[11,37,38].  The thresholds 



March, 2017  Wei X G, et al.  Identification of sap flow driving factors of jujube plantation in semi-arid areas   Vol. 10 No.2   179 

for both PAR and VPD depended on the prevailing 
conditions.  Cultivated jujube in the Loss Plateau of 
Northwest China is highly drought-tolerant, which makes 
its PAR and VPD thresholds lower than those observed in 
humid regions. 

On the hourly scale, VPD and PAR both correlated 
significantly with sap flow during both the rising and 
falling flow periods (Figure 6).  

However, the coefficient of determination (R2) for 
PAR was higher than that for VPD.  This suggests that 
the sap flow was primarily driven by PAR.  In addition, 

the coefficient of determination for VPD was 
significantly lower for the falling than for the rising flow 
period.  This may be due to the time lag, which is 
especially pronounced during the falling flow period[39].  
3.2.2  Daily dynamics 

The daily VPD and PAR had similar seasonal ranges 
of 0.01-3.0 kPa and 21.7-542.2 μmol/m2·s, respectively.  
The daily sap flow (or transpiration) ranged from 1.1-  
3.1 mm/d, with an average of 2.2 mm/d.  The daily sap 
flow (or transpiration) exhibited significant exponential 
correlations with both the VPD and PAR (Figure 7).  

 
Figure 7  Correlations between the vapor pressure deficit (VPD), photosynthetically active radiation (PAR)  

and transpiration in jujube trees during the growing seasons of (a) 2012 and (b) 2013 
 

The hourly and daily sap flows were closely related to 
the VPD and PAR during the intermediate-to-late growth 
stage (Figures 6 and 7).  The coefficient of 
determination on the daily scale was significantly lower 
than that for the hourly scale.  Jujube sap flow (or 
transpiration) was thus mainly driven by PAR and VPD, 
so an increase in either of these two variables would 
increase the sap flow.  Higher sap flows generally 
reduce a tree’s water potential[40].  However, when 
transpiration exceeds root water uptake, the resulting 
water loss leads to tree deficit[41,42].  Severe water 
deficits can lead to tree withering and even death[43,44]. 

The sap flow generally peaked at an earlier point than 
PAR and VPD, suggesting that there was some stomatal 
regulation of transpiration[45].  The “time lag”[46] 

between the peak in sap flow and those of PAR/VPD is a 
critical index of drought tolerance in jujube.  The sap 
flow can sometimes be estimated from the PAR and VPD.  
However, when these driving forces cause the sap flow to 
exceed a certain threshold, the stomata of the jujube 

leaves close partially.  This limits the increase in sap 
flow and may even cause it to decline, thereby preventing 
excessive water losses.  This is probably the water 
conservation mechanism responsible for the efficient 
water use of jujube plants growing in semi-arid regions 
such as the Loess Plateau of Northwest China. High time 
lag values are common among trees in especially arid 
regions[39,47,48].  
3.3  Sap flow and soil water content 

The uneven distribution of jujube tree roots[49] caused 
variation in the soil water content at different soil depths.  
The soil water content was measured at different intervals 
in the 0-300 cm soil profile.  Regression analyses were 
then used to relate the measured values to sap flow (Table 
1 and Figure 1a). 

Soil water contents in the 0-20 cm, 0-100 cm, and 
0-300 cm soil layers all correlated significantly correlated 
with sap flow, with R2 values of 0.54, 0.48, and 0.26, 
respectively.  Soil water contents at other soil depths 
were not correlated with sap flow.  The water content in 
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the 0-20 cm soil layer correlated with both sap flow 
(reflecting soil water consumption) and also with 
precipitation (soil water refilling).  We therefore studied 
the soil water content in the 0-20 cm layer (or the upper 
soil water content, USWC) to determine the effect of soil 
water on sap flow.  

 

Table 1  Data on the regression analysis of the relationship 
between daily sap flow and the soil water content at different 

depths in jujube trees growing in a semi-arid region 

Depth/cm a b c R2 N 

0-20 –0.0318 0.6634 –0.678 0.5443 87 

20-40 –0.0647 1.3618 –4.4419 0.4765 87 

40-60 0.1726 –2.9409 14.945 0.1723 87 

60-80 –0.1306 2.2453 –7.0674 0.0778 87 

80-100 –0.0791 1.1043 –1.1756 0.1036 87 

0-100 –0.1812 3.4496 –13.747 0.4464 87 

0-300 0.0138 –0.0653 0.1472 0.2639 15 
Note: A TDR probe was used to measure soil water content.  The variables a, b, 
and c are empirical parameters; R2 is the coefficient of determination; and N is 
the number of samples. 

 

The USWC can significantly influence daytime sap 
flow. To minimize the effect of meteorological factors, 
data for eight days with similar meteorological conditions 
(all typical sunny days) were used to analyze sap flow in 
jujube plants (Figure 8).  

 
Figure 8  Trends in sap flow in jujube trees during eight sunny 

days with different upper soil water contents 
 

The trends in sap flow on each of these days were 
very similar.  Low UWSC values significantly inhibited 
sap flow; as the UWSC increased, the high and low 
amplitudes of sap flow increased linearly, stabilizing 
when the USWC exceeded 7%.  As the USWC 
increased further from 7% to 15%, the peak sap flow 
stabilized at 4.1×10-5 m/s. 

The relationships between daily sap flow and USWC 
were best expressed by piece-wise regression with a 
turning-point of 7% USWC (Figure 9).  

 
Figure 9  Correlations between the upper soil water content (UWC) 

and sap flow (SF) in jujube plantations 
 

When the USWC fell below 7%, sap flow decreased 
linearly.  Above this point, however, the sap flow 
fluctuated rather than increasing linearly.  The measured 
daily sap flow depended on both the soil water content 
and the meteorological conditions.  When the USWC 
exceeded 7%, the daily sap flow ranged from 2.1-     
2.9 mm/d.  Under such conditions, the sap flow was no 
longer limited by the soil water but by meteorological 
factors.  The sap flow also stabilized under stable 
meteorological conditions (i.e. on typical sunny days).  
Similar observations have previously been reported by 
Wang et al.[49], although a different turning point was 
identified in that case.  Lagergren and Lindroth[50] 
subsequently showed that the sap flow in pines and 
spruce stabilized when the soil water content exceeded 
9% and 10%, respectively.  This suggests that sap flow 
in spruce is more sensitive to drought than that in pines.  
A wide range of different threshold values have been 
identified in other environments and species: 11% in a 
monsoon forest[51], 16% for Quercus ilex[52], 17% for 
wine grapes[31], and 21% for apples[53]. 

On the other hand, lower peak sap flows and levels of 
variation in sap flow were observed on days with 
different soil water contents (2.9 mm/d and 1.05 mm/d).  
In keeping with these findings, Du et al.[54] reported that 
although sap flow in drought-sensitive plants increases 
markedly, it generally varies from species to species.  

The sap flow in the studied jujube plants was very 
low when the upper soil water content was 7%, which is 
close to the wilting point for this species[55].  Jujube can 
absorb deep soil water to sustain growth, making it less 
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sensitive to the soil water content than some other plant 
species.  However, low soil water levels still limited the 
magnitude of the peak flow and the observed variation in 
sap flow.  This demonstrates that changes in the soil 
water content can have varied effects on the properties 
and growth of jujube plants in the semi-arid region of the 
Loess Plateau.  
3.4  Regression analysis 

The sap flow in jujube plants is sensitive to changes 
in plant physiology, the soil water content, and the 
meteorological conditions.  In addition, the major 
driving factors of sap flow often differ between growth 
stages.  During the early growth stage (Stage I), the 
jujube exhibited vigorous vegetative growth and their leaf 
area increased rapidly.  The variation in sap flow during 

Stage I was best described by a linear function of the leaf 
area: SF = 0.8635LA + 0.4787.  The R2 value for this 
function during this stage was 0.93, suggesting that the 
leaf area was the main driving factor of the observed 
growth. 

During the intermediate-to-late growth stage (Stage 
II), the sap flow was primarily driven by the soil water 
content and the meteorological conditions.  Because 
there were no clear trends in the soil water content during 
the daytime, multiple correlation analysis was used to 
determine how the VPD, PAR, and USWC affected sap 
flow on the hourly and daily time scales.  Sap flow 
correlated significantly with all three of these factors on 
both of the studied timescales, with R2 values of 0.61 and 
0.98, respectively (Table 2).  

 

Table 2  Data on the multiple correlation function relating the daily sap flow, upper soil water content, and meteorological variables 
for jujube plants during the intermediate-to-late growth stage (Stage II) 

Scale USWC PAR VPD R2 Linear function 

Hourly  0.75** 0.21** 0.61** SF=(0.03691PAR–0.6471VPD+18.1853)6 

Daily 0.77** 0.73** –0.44** 0.98** DSF=(–5.9547+0.7826VWC+0.2739PAR–0.002164VPD)5 
(–5.9547+0.7826VWC+0.2739PAR–0.002164VPD)5 

Note: aAsterisks (**) denote values that are significant at p<0.01; USWC is the upper soil water content, PAR is photosynthetically active radiation, and VPD is the 
vapor pressure deficit. 

 

On the daily time scale, the partial correlation 
coefficients for PAR and VPD were 0.75 and 0.21, 
respectively.  This suggested that PAR was the primary 
driver of sap flow during the daytime.  The partial 
correlation coefficients for USWC, PAR and VPD were 
0.77, 0.73 and –0.44, respectively.  This also suggested 
that VPD and PAR were the main drivers of sap flow.  
On the hourly timescale, the relative order of influence of 
the three studied factors on sap flow from the greatest to 
the least was USWC, PAR, VPD. 

4  Conclusions 

This work demonstrated that the sap wood area was 
inversely proportional to the sap flow density but 
proportional to the daily sap flow (transpiration) and that 
the primary drivers of sap flow differ between growth 
stages.  During the early growth stage, sap flow was 
mainly driven by increases in leaf area.  Conversely, 
during the intermediate-to-late growth stage, sap flow 
was mainly driven by meteorological factors (VPD and 
PAR) and the soil water content.  Lower soil water 

contents were associated with greater time lags.  The 
degree of drought resistance in jujube plants was thus 
determined by the time lag as well as the peak sap flow 
and the level of sap flow variation.  On the hourly 
timescale, sap flow was driven more strongly by PAR 
than by VPD during both the rising and falling flow 
stages.  On the daily scale, the sap flow was more 
sensitive to the soil water content than meteorological 
factors.  Multiple correlation analysis using the VPD, 
PAR, and soil water content as the predictor variables 
yielded an R2 value of 0.98, identifying these variables as 
the main factors governing sap flow in jujube plants in 
the semi-arid Loess Plateau of Northwestern China.  The 
results demonstrate that integrated with soil moisture and 
weather information, the proposed empirical model could 
be used to predict the water consumption of jujube tree 
and thereby guide the design of irrigation scheme. 

 

Acknowledgements 
This project was partially funded by the Special 

Foundation of National Science & Technology 



182   March, 2017              Int J Agric & Biol Eng      Open Access at https://www.ijabe.org              Vol. 10 No.2 

Supporting Plan (No. 2011BAD29B04 & No. 
2013BAD20B03). 

 
[References] 

[1] Mengjun L. The present status, problems and 
countermeasures of Chinese jujube production.  Review of 
China Agricultural Science and Technology, 2000; 2: 024. 

[2] Wilson K B, Hanson P J, Mulholland P J, Baldocchi D D, 
Wullschleger S D.  A comparison of methods for 
determining forest evapotranspiration and its components: 
Sap-flow, soil water budget, eddy covariance and catchment 
water balance. Agricultural and Forest Meteorology, 2001; 
106(2): 153–168. 

[3] Chabot R, Bouarfa S, Zimmer D, Chaumont D, Moreau S.  
Evaluation of the sap flow determined with a heat balance 
method to measure the transpiration of a sugarcane canopy.  
Agricultural Water Management, 2005; 75(1): 10–24. 

[4] Dicken U, Cohen S, Tanny J.  Examination of the bowen 
ratio energy balance technique for evapotranspiration 
estimates in screenhouses.  Biosystems Engineering, 2013; 
114(4): 397–405. 

[5] Hume A C, Berg P, McGlathery K J.  Dissolved oxygen 
fluxes and ecosystem metabolism in an eelgrass (zostera 
marina) meadow measured with the eddy correlation 
technique.  Limnology and Oceanography, 2011; 56(1): 
86–96. 

[6] Dierick D, Hölscher D.  Species-specific tree water use 
characteristics in reforestation stands in the philippines. 
Agricultural and Forest Meteorology, 2009; 149(8): 
1317–1326. 

[7] Hubbard R M, Ryan M G, Giardina C P, Barnard H.  The 
effect of fertilization on sap flux and canopy conductance in a 
eucalyptus saligna experimental forest.  Global Change 
Biology, 2004; 10(4): 427–436. 

[8] Köhler M.  Cacao agroforestry under ambient and reduced 
throughfall: Tree water use characteristics and stand water 
budgeting.  Georg-August-Universität Göttingen, 2010. 

[9] Puertolas J, Alcobendas R, Alarcon J J, Dodd I C.  
Long-distance abscisic acid signalling under different vertical 
soil moisture gradients depends on bulk root water potential 
and average soil water content in the root zone.  Plant Cell 
Environ, 2013; 36(8): 1465–75. 

[10] Bovard B D.  Environmental controls on sap flow in a 
northern hardwood forest.  Tree Physiology, 2005; 25(1): 
31–38. 

[11] Liu C, Du T, Li F, Kang S, Li S, Tong L.  Trunk sap flow 
characteristics during two growth stages of apple tree and its 
relationships with affecting factors in an arid region of 
northwest china. Agricultural Water Management, 2012; 104: 
193–202. 

[12] Ballester C, CastelJ,Jiménez-Bello M A, Castel J R, 
Intrigliolo D S. Thermographic measurement of canopy 

temperature is a useful tool for predicting water deficit effects 
on fruit weight in citrus trees.  Agricultural Water 
Management, 2013; 122: 1–6. 

[13] Huang D W, Zhang D Q, Zhou G Y, Liu S Z, Otieno D, Li Y 
L.  Characteristics of dominant tree species stem sap flow 
and their relationships with environmental factors in a mixed 
conifer-broadleaf forest in Dinghushan, Guangdong province 
of south China. The Journal of Applied Ecology, 2012; 23(5): 
1159–1166. 

[14] Braun S, Schindler C, Leuzinger S.  Use of sap flow 
measurements to validate stomatal functions for mature beech 
(fagus sylvatica) in view of ozone uptake calculations. 
Environ Pollut, 2010; 158(9): 2954–63. 

[15] Oren R, Phillips N, Katul G, Ewers B E, Pataki D E.  
Scaling xylem sap flux and soil water balance and calculating 
variance: A method for partitioning water flux in forests. 
Annales Des Sciences Forestières, 1998; 55(1-2): 191-216. 

[16] O'BRIEN J J, Oberbauer S F, Clark D B.  Whole tree xylem 
sap flow responses to multiple environmental variables in a 
wet tropical forest.  Plant, Cell & Environment, 2004; 27(5): 
551–567. 

[17] Herbst M, Rosier P T, Morecroft M D, Gowing D J.  
Comparative measurements of transpiration and canopy 
conductance in two mixed deciduous woodlands differing in 
structure and species composition.  Tree physiology, 2008; 
28(6): 959–970. 

[18] Meinzer F C, Bond B J, Warren J M, Woodruff D R.  Does 
water transport scale universally with tree size?  Functional 
Ecology, 2005; 19(4): 558–565. 

[19] Bucci S, Goldstein G, Meinzer F, Scholz F, Feanco A C.  
Functional convergence in hydraulic architecture and water 
relations of tropical savanna trees: From leaf to whole plant.  
Tree Physiology, 2004; 24(8): 891–899. 

[20] Zeppel M, Eamus D.  Coordination of leaf area, sapwood 
area and canopy conductance leads to species convergence of 
tree water use in a remnant evergreen woodland.  Australian 
Journal of Botany, 2008; 56(2): 97–108. 

[21] Granier A.  Evaluation of transpiration in a douglas-fir stand 
by means of sap flow measurements.  Tree physiology, 
1987; 3(4): 309–320. 

[22] Wullschleger S D, Hanson P, Todd D.  Transpiration from a 
multi-species deciduous forest as estimated by xylem sap 
flow techniques.  Forest Ecology and Management, 2001; 
143(1): 205–213. 

[23] Hodáňová D. An introduction to environmental biophysics. 
Biologia Plantarum, 1998; 21(2): 104-104.   

[24] Vertessy R, Benyon R, O'sullivan S, Gribben P R.  
Relationships between stem diameter, sapwood area, leaf area 
and transpiration in a young mountain ash forest.  Tree 
Physiology, 1995; 15(9): 559–567. 

[25] Liu X, Zhao P, Cai X, Rao X.  Variations of whole tree 
transpiration at different diameter classes in acacia mangium 
during dry and wet seasons.  Acta Ecologica Sincia, 2009; 



March, 2017  Wei X G, et al.  Identification of sap flow driving factors of jujube plantation in semi-arid areas   Vol. 10 No.2   183 

29: 619–626. 
[26] Granier A, Biron P, Lemoine D. Water balance, transpiration 

and canopy conductance in two beech stands. Agricultural 
and Forest Meteorology, 2000; 100(4): 291–308. 

[27] Zhang Y, Kang S, Ward E J, Ding R, Zhang X.  
Evapotranspiration components determined by sap flow and 
microlysimetry techniques of a vineyard in Northwest China: 
Dynamics and influential factors.  Agricultural Water 
Management, 2011; 98(8): 1207–1214. 

[28] Zheng R, Kang S, Tong L, Li S.  Water consumption of 
wine grape under different weather conditions in desert oasis. 
Transactions of the CSAE, 2012; 28(20): 99–107. (in 
Chinese) 

[29] Alarcon J J, Ortuno M F, Nicolas E, Torres R, Torrecillas A.  
Compensation heat-pulse measurements of sap flow for 
estimating transpiration in young lemon trees.  Biologia 
Plantarum, 2005; 49(4): 527–532. 

[30] Zhao X, Nishimura Y, Fukumoto Y, Li J.  Effect of high 
temperature on active oxygen species, senescence and 
photosynthetic properties in cucumber leaves.  
Environmental and Experimental Botany, 2011; 70(2-3): 
212–216. 

[31] Hogg E H, Hurdle P. Sap flow in trembling aspen: 
Implications for stomatal responses to vapor pressure deficit. 
Tree Physiology, 1997; 17(8-9): 501–509. 

[32] Hernandez-Santana V, Asbjornsen H, Sauer T, Isenhart T, 
Schilling K. Enhanced transpiration by riparian buffer trees in 
response to advection in a humid temperate agricultural 
landscape.  Forest Ecology and Management, 2011; 261(8): 
1415–1427. 

[33] Jung E Y, Otieno D, Lee B, Lim J H, Kang S K, Schmidt M 
W.  Up-scaling to stand transpiration of an asian temperate 
mixed-deciduous forest from single tree sapflow 
measurements.  Plant Ecology, 2010; 212(3): 383–395. 

[34] Hall R L, Allen S J, Rosier P T, Hopkins R.  Transpiration 
from coppiced poplar and willow measured using sap-flow 
methods.  Agricultural and Forest Meteorology, 1998; 
90(4): 275–290. 

[35] Meiresonne L. Measured sap flow and simulated transpiration 
from a poplar stand in Flanders (Belgium). Agricultural and 
Forest Meteorology, 1999; 96(4): 165–179. 

[36] Yin L H, Hou G C, Huang J T, Dong J Q, Zhang J, Hong B 
L.  Time lag between sap flow and climatic factors in arid 
environments.  Advanced Materials Research, 2012; Trans 
Tech Publ. 

[37] De Swaef T, Steppe K.  Linking stem diameter variations to 
sap flow, turgor and water potential in tomato.  Functional 
Plant Biology, 2010; 37(5): 429–438. 

[38] Steppe K, Cochard H, Lacointe A, Améglio T.  Could rapid 
diameter changes be facilitated by a variable hydraulic 
conductance? Plant, Cell and Environment, 2012; 35(1): 
150–157. 

[39] Steppe K, De Pauw D J, Lemeur R, Lemeur R, Vanrolleghem 

P A.  A mathematical model linking tree sap flow dynamics 
to daily stem diameter fluctuations and radial stem growth.  
Tree physiology, 2006; 26(3): 257–273. 

[40] Baert A, Villez K, Steppe K.  Automatic drought stress 
detection in grapevines without using conventional threshold 
values.  Plant and Soil, 2013; 369(1-2): 439–452. 

[41] Intrigliolo D S, Castel J R.  Evaluation of grapevine water 
status from trunk diameter variations.  Irrigation Science, 
2007; 26(1): 49–59. 

[42] Pataki D E, Oren R.  Species differences in stomatal control 
of water loss at the canopy scale in a mature bottomland 
deciduous forest.  Advances in Water Resources, 2003; 
26(12): 1267–1278. 

[43] Farrer E C, Goldberg D E, King A A.  Time lags and the 
balance of positive and negative interactions in driving 
grassland community dynamics.  Am Nat, 2010; 175(2): 
160–73. 

[44] Burgess S S, Dawson T E.  Using branch and basal trunk 
sap flow measurements to estimate whole-plant water 
capacitance: a caution. Plant and Soil, 2008; 305(10): 5–13. 

[45] Wang H, Sun W, Zu Y, Wang W.  Complexity and its 
integrative effects of the time lags of environment factors 
affecting larix gmelinii stem sap flow.  The Journal of 
Applied Ecology, 2011; 22(12): 3109–3116. 

[46] Ma L T, Wu P T, Wang Y K.  Spatial distribution of roots in 
a dense jujube plantation in the semiarid hilly region of the 
Chinese loess plateau.  Plant and Soil, 2011; 354(1-2): 
57–68. 

[47] Lagergren F, Lindroth A.  Transpiration response to soil 
moisture in pine and spruce trees in Sweden.  Agricultural 
and Forest Meteorology, 2002; 112(2): 67–85. 

[48] Vivoni E R, Rodríguez J C, Watts C J.  On the 
spatiotemporal variability of soil moisture and 
evapotranspiration in a mountainous basin within the North 
American monsoon region.  Water Resources Research, 
2010; 46(2): 281–288. 

[49] Barbeta A, Ogaya R, Peñuelas J.  Comparative study of 
diurnal and nocturnal sap flow of quercus ilex and phillyrea 
latifolia in a mediterranean holm oak forest in Prades 
(Catalonia, NE Spain).  Trees, 2012; 26(5): 1651–1659. 

[50] Gong D, Kang S, Yao L, Zhang L.  Estimation of 
evapotranspiration and its components from an apple orchard 
in Northwest China using sap flow and water balance 
methods.  Hydrological Processes, 2007; 21(7): 931–938. 

[51] Du S, Wang Y L, Kume T, Zhang J G, Otsuki K, Yamanaka 
N. Sapflow characteristics and climatic responses in three 
forest species in the semiarid loess plateau region of China.  
Agricultural and Forest Meteorology, 2011; 151(1): 1–10. 

[52] Jia Y, Li F M, Wang X L, Yang S M.  Soil water and alfalfa 
yields as affected by alternating ridges and furrows in rainfall 
harvest in a semiarid environment.  Field Crops Research, 
2006; 97(2-3): 167–175. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


