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The extrapolation of the leaf area-based transpiration of
two xerophytic shrubs in a revegetated desert area in the
Tengger Desert, China
L. Huang, Z. Zhang and X. Li

ABSTRACT
Plant transpiration plays a key role in sand-binding zones, but obtaining accurate estimates at an
integrated leaf-individual-canopy scale is difﬁcult. In this study, transpiration rates of two typical
xerophytic shrubs, Caragana korshinskii and Artemisia ordosica, were investigated during the
growing season (April–October) from 2008 to 2012 in the Tengger Desert, a revegetated desert area
in China. Gas exchange techniques, sap ﬂow measurements, and the crop evapotranspiration minus
micro-lysimeter method were used to evaluate plant transpiration. Transpiration data were
subsequently compared with the dynamical normalized leaf area-based extrapolation. The results
indicated that at leaf level, the transpiration rates of C. korshinskii and A. ordosica were 2.67 and
4.51 mmol H2O m2 s1, respectively. The sap ﬂow rates were 0.071 and 0.086 g h1 cm2 at the tree
level, and the transpiration rates were 0.42 and 0.35 mm d1 at the stand level. The total seasonal
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transpiration of the two xerophytic shrubs reached 71.79 and 55.62 mm, representing approximately
48.4 and 37.5% of the total rainfall over this period. Direct measurements of plant transpiration and
upscaling transpiration from leaf level to the stand level exhibited good correspondence, which
veriﬁed that leaf area was a reliable representation of scaled transpiration, especially in arid desert
regions.
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INTRODUCTION
Artiﬁcial vegetation restoration is considered to be one of

inappropriate tree selection and planting could lead to a

the most effective ways to combat desertiﬁcation and land

reduction in groundwater and the death of sand-binding veg-

degradation in arid desert areas (Wang ). Xerophytic

etation in certain regions (Li ; Ford et al. ; Xia et al.

shrubs, such as Caragana korshinskii and Artemisia ordo-

). Scientists have sought to solve this problem and have

sica, have been planted at the southeastern fringe of the

developed reliable techniques for estimating the total

Tengger Desert in Western China since 1956 (Li et al.

amount of water transpired by plants (Kelliher et al. ;

). The implementation of this strategy has progressed

Granier et al. ; Kumagai et al. ; Dierick & Holscher

remarkably over the past years and has played a large role

). Wang et al. (a, b) have studied the evapotran-

in the control of soil erosion, land degradation, and deserti-

spiration of C. korshinskii and A. ordosica using the auto-

ﬁcation, as well as in grassland reconstruction (Li et al.

weighing lysimeter method, and the results have demon-

). However, restoration implementation still faces

strated that cumulative precipitation and cumulative

a number of problems, such as poor understanding of

evapotranspiration were linearly correlated. Huang et al.

water requirements of desert-living plants. Furthermore,

() have studied the sap ﬂow rate of A. ordosica and its
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correlation with meteorological factors. Such studies are,

system, sap ﬂow measurements, and the crop evapotran-

however, still scattered and unsystematic and, generally,

spiration minus micro-lysimeter method were used to

do not involve scaling problems. Evaluating transpiration

evaluate the transpiration of sand-binding plants at different

over a range of temporal and spatial scales remains a chal-

scales. The speciﬁc objectives of the study were: (1) to quan-

lenge (Tanaka et al. ; Du et al. ), especially in

tify the daily, seasonal, and annual transpiration patterns of

desert areas, primarily because of the dispersed patchy veg-

C. korshinskii and A. ordosica; and (2) to scale up transpira-

etation distribution and the spatially heterogeneous terrain

tion from the leaf level to the stand level with dynamical leaf

(Domingo et al. ).

area-based extrapolation. We expected that the leaf area

At present, a number of techniques are available for
using ﬁeld measurements to estimate daily stand transpira-

would be a standard scaling factor for upscaling transpiration in arid desert regions.

tion rates through appropriate scaling methodologies
(Chabot et al. ). Transpiration in potted plants (Dugas
et al. ) and herbaceous species (Senock & Ham )

MATERIAL AND METHODS

is often estimated using leaf-level gas exchange techniques,
and stand water use in forests is usually scaled from the

Study area

sap ﬂow of individual trees by diameter or sapwood area
(Hatton & Wu ; Granier et al. ). However, the suit-

The study was conducted in the Soil Water Balance Exper-

ability of these methods in revegetated desert areas remains

imental Fields of the Shapotou Desert Experimental

unknown, and few studies have considered the scaling

Research Station, Chinese Academy of Sciences. The

issues of transpiration estimates from an integrated

research station borders the Tengger Desert, the fourth lar-

leaf-individual-canopy scaling perspective. Furthermore,

gest desert in China, located in the central part of West

when scaling up an individual plant or tree transpiration

China (37 270 N, 104 570 E). The climate at the site is charac-

to area-average estimates of stand water usage, various scal-

terized by abundant sunshine and low relative humidity. The

ing factors have been proposed, ranging from tree basal area

minimum average monthly relative humidity is 33% in April,

(Teskey & Sheriff ) and stem diameter at breast height

and the maximum is 54.9% in August. The elevation is

(DBH) (Vertessy et al. ) to leaf area (Hatton & Wu

1,330 m above sea level, with a mean annual precipitation

) and sapwood area (Dunn & Connor ). Hatton &

of 188.2 mm (according to meteorological records from

Wu () suggested that the xylem transfusion cross-

1956 to 2009), falling predominantly from June to Septem-

sectional area, leaf area, DBH and the area occupied by a

ber. The mean annual temperature is 9.6 C, and the mean

single tree are all reliable spatially derived scaling factors,

monthly temperatures are 6.9 C in January and 24.3 C

of which the leaf area is the most credible variable for the

in July. The potential evapotranspiration during the growing

W

W

W

W

W

conversion of water consumption from a single tree to the

season (May–September) is from 2,300 to 2,500 mm

scale of a forest stand (Oren et al. : Granier et al.

(observed by evaporation pan of type E-601). The windy

), especially in arid desert areas (Li et al. ). Further-

season lasts from September to April, with an average

more, the deviation in the upscaling transpiration was

wind velocity of 2.6 m s1. The soil surface is loose, poorly

reduced by almost half using leaf area as a basis compared

aggregated mobile sand with a moisture content of 2 to 3%.

with the above-mentioned other scaling factors (Ham et al.

To protect the Baotou–Lanzhou railway line from sand

; Nicolas et al. ). Leaf area is, however, a dynamic

burial, a non-irrigated vegetation protection system was

variable that depends on the situation and temporal aspects,

established in 1956. After 50 years, the initial shrub plant-

which have often been ignored in previous studies (Chabot

ings (among them C. korshinskii, Artemisia ordosica,

et al. ; Delzon & Loustau ).

Hedysarum scoparum, C. intermedia, Calligonum arbores-

This study is based on long-term measurements from

cens, and Atraphaxis bracteata) were gradually replaced

April 2008 to October 2012. During this time period, gas

with dominant shrubs, such as A. ordosica, C. korshinskii,

exchange techniques with a portable photosynthesis

Hedysarum scoparium, and herbaceous plants (Li et al.
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). Two 10 m × 10 m sample plots in the revegetation

MA, USA) software, and the actual measured areas were

system were selected in 2008 to investigate basic plant

obtained with the proportional calibrated ﬁgure area; for

characteristics, such as species, age, density, height, and

more details refer to Rico-García et al. (). The whole

crown-width (Table 1).

plant LAI (m2/m2) was measured using LAI-2000 Plant
Canopy Analyzer (PCA; Li-Cor). PCA measurements were

Plant transpiration measurement

performed for each plant during our experimental period
using the same unit. In each measurement, a measurement

Six C. korshinskii and six A. ordosica shrubs in our plot

cycle consisted of a reference measurement and four

were selected for long-term monitoring and local obser-

below-canopy readings. The reference measurements were

vation. The stem heat balance (SHB) technique was used

collected in large clearings or open areas near the exper-

to measure sap ﬂow rate and to determine whole-plant tran-

imental plots at the beginning of each cycle. The below-

spiration (Sakuratani et al. ; Chabot et al. ). Twelve

canopy measurements were carried out for each plant at a

sap ﬂow gauges, ranging from SGA2 to SGB19 (Dynamax

ﬁxed position and were taken at the same level as the

Inc., Houston, TX, USA), were placed at the base of the

litter traps. The ﬁsh-eye lens of the instrument was covered

stem of each plant to continuously measure transpiration

by a view cap with a 90 opening to ensure that the reference

(Table 2). Thirty-minute averages of the ﬂow rate were

measurements were not inﬂuenced by the trees surrounding

recorded by a data logger (CR1000; Campbell Scientiﬁc,

the clearings or by the operator. Before the measurements

Inc., Logan, UT, USA). During the growing season (April–

were taken, the LAI 2000 was calibrated directly by collect-

October) from 2008 to 2012, diurnal transpiration rates

ing the whole leaves of plants. The LiCor PCA was used

were measured monthly from each sensor-wrapped stem

after the sun set every evening to avoid confusing brightly

using an LI-6400 photosynthesis system (Li-Cor, Lincoln,

sunlit leaves for gaps, and the data were recomputed with

W

NE, USA) with a 6 cm clamp-on leaf cuvette. Two to four

the FV2000 LI-COR software built into the instrument.

leaves adjacent to the quantum sensors were selected and

Finally, the actual LAI value was the difference between

all leaves were from a south-facing canopy position at a

measurements during the growing season and those taken

height of 0.5 to 1 m. Each diurnal measurement began at

before leaf emergence (branch area index).

2

8:00 and ended at 20:00 (Beijing local time), with a 1 h interval. A total of 34 diurnal measurements were made during

Meteorological and soil evaporation measurements

the 5-year study period.
Precipitation was recorded using a tipping bucket-type rain
Leaf area index (LAI) measurement

gauge (Casella). Meteorological factors, such as net radiation (CNR-1; Kipp & Zonen, Delft, The Netherlands) at

The leaf areas of the sensor-wrapped plants (Nos. 1–12)

2 m height, soil heat ﬂux density (HFP-01; Hukseﬂux Ther-

were measured twice monthly during the growing season

mal Sensors, Delft, The Netherlands) at 0.05 m below the

using image analysis. With a standard scale board, the

soil surface, air temperature and relative humidity

images were obtained using a digital camera (Canon

(HMP45C; Vaisala Inc., Helsinki, Finland) at 2 m height,

Power Shot A550), as seen in Figure 1. The digital images

and wind speed (CSAT3; Campbell Scientiﬁc, Inc.) at

were processed using Matlab 7.0 (MathWorks, Natick,

2 m height were measured at the micrometeorological

Table 1

|

Results of agronomic measurements carried out on 17 May 2008

Vegetation

Age (year)

Density (individuals/100 m2)

Height (m)

Crown-width (m2)

Basal stem diameter (cm)

C. korshinskii

5

25

1.43 ± 0.496

1.6 ± 0.836

4.47 ± 1.349

A. ordosica

2

123

0.68 ± 0.154

0.9 ± 0.261

2.15 ± 0.827
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Simulated canopy transpiration

Selected sensor type and stem area

Wrapped
stem area

Artemisia

Wrapped
stem area

The reference transpiration (ET) of the plant canopy was

C. korshinskii

Sensors

(cm2)

ordosica

Sensors

(cm2)

calculated following the FAO Penman–Monteith equation,

No. 1

SGA13

1.3287

No. 7

SGA5

0.2229

according to standard FAO procedure (Allen et al. )

No. 2

SGB19

3.1212

No. 8

SGB5

0.1877

No. 3

SGB16

2.2981

No. 9

SGA13

1.3369

No. 4

SGA9

0.8507

No. 10

SGA10

1.2099

No. 5

SGB19

1.5628

No. 11

SGA2

0.0669

No. 6

SGA10

0.94985

No. 12

SGA3

0.05723

ET0 ¼

0:408(Rn  G) þ γ(900=(T þ 273))u2 (es  ea )
Δ þ γ(1 þ 0:34u2 )

(1)

where ET0 is the reference ET (mm d1), Rn is the net radiation at the plant surface (MJ m2 day1), G is the soil heat
ﬂux density (MJ m2 day-1), T is the air temperature at 2 m
height ( C), u2 is the wind speed at 2 m height (m s1), es
W

is the saturation vapor pressure (kPa), ea is the actual
vapor pressure (kPa), es – ea is the saturation vapor pressure
deﬁcit (VPD; kPa), Δ is the slope vapor pressure curve (kPa
1

W

1

C ), and γ is the psychrometric constant (kPa C ). ET was
W

calculated following the classical method:
ET ¼ Kc ET0

(2)

where Kc is the crop coefﬁcient. Kc was deduced using the
auto-weighing lysimeter method to determine the average
Figure 1

|

Image capture of the sensor-wrapped stems of C. korshinskii (a) and A.
ordosica (b).

evapotranspiration rates of C. korshinskii, A. ordosica, and
sand (1.09, 1.01 and 0.68 mm d1, respectively) for the 6year intermittent study period (1990–1995). Thus the Kc

tower, which was located approximately 30 m from the
sample plot. The data were measured every 10 min and
averaged every 30 min, and recorded on Campbell
CR3000 data-loggers. Soil evaporation was measured
with micro-lysimeters (Zhang et al. ), which were
made using PVC pipes that were 30 cm high and 10 cm

was 0.38 for C. korshinskii and 0.32 for A. ordosica in this
study (Li et al. ). Next,the mean transpiration of the
plants canopy Td 0 ; mm d1 was calculated as:
Td 0 ¼ ET  Es

(3)

in internal diameter. The bottom of each micro-lysimeter

where Es (mm d1) is the mean soil evaporation measured

was capped with steel grids permitting the free drainage

using micro-lysimeters.

of water. Three micro-lysimeters were buried in three
W

directions (120 ) from each C. korshinskii and A. ordo-

Evapotranspiration calculation processes

sica plant. Thus, mean soil evaporation was determined
using the variation of average soil column weights.

Sap ﬂow data were analyzed using the DGSF software

During the no-rainfall period, continuous measurements

(Dynamax Inc., USA) to determine hourly sap ﬂow rates

were taken every day during the growing season of C.

and cumulative sap ﬂux. Daily average transpiration per

korshinskii and A. ordosica, but during rainy days or

unit leaf area was calculated according to the cumulative

missed data, measurements were calculated by inter-

sap ﬂux and leaf area. Given the following data processing

polation, based on the data before and after the period

schedule, the results were then compared to the measure-

of missing data.

ments from the LI-6400 photosynthesis system.
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The transpiration rate (Tr) measured using the LI-6400

values should be identical and all points should lie on

photosynthesis system was in mmol H2O m2 s1. Based

the 1:1 line. The points of good quality simulations

on unit conversion, the hourly average transpiration per

should lie close to the 1:1 line, the slope of the linear

unit leaf area (Trhr, g m2 h1) was Trhr ¼ 0.015 Tr. Then,

regression should be close to one, and the correlation

the diurnal variations in transpiration rate were ﬁtted as

coefﬁcient should be close to one. A widely used

the following polynomial:

measure of agreement between measured and simulated

Trhr ¼ A þ

X

values is the root mean squared error (RMSE) (Wallach
i

Bi t

(i ¼ 2)

(4)

where A is a constant, Bi is the coefﬁcient of the polynomial,
and t is the time (8  t  20). Finally, the diurnal transpira-

)
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
2
i¼1 (Xobs,i  Xsim,i )
RMSE ¼
n

tion rate per unit leaf area (Tl) was obtained as:

Tl ¼

where Xobs,i is observed values and Xsim,i is simulated

ð 20
Trhr dt

(5)

values at time i, and n is the sample number.

8

Stem ﬂow measurements from the individual plants
were converted to the transpiration rate of whole trees per
unit leaf area using the following expression:
"

Daily transpiration rate using the photosynthesis

#

n
X
fi =Ai,j
LAIj
Td ¼
n
i¼1

system and sap ﬂow measurements
ði ¼ 1, 2 . . . n; j ¼ 4, 5 . . . 10Þ

(6)
The diurnal cycle of the transpiration rates of C. korshinskii

where Td is the plant canopy transpiration (g h1 m2), fi is
the sap ﬂow measured in the stem i (g h1), Ai, j is the leaf
area of the stem i (m2) at time j (month), n is the number
of equipped stems, and LAIj is the LAI (m2/m2) measured
above at time j. The daily transpiration rates (ETd; g
m2 d1) were estimated from the cumulative Td values
over 24 h. The equivalent mass of a kilogram of water in
one square meter of ground area was subsequently
expressed as depth in millimeters (mm) such that transpiration

could

be

RESULTS

given in

mm d1.

Next,

the

direct

measurements in Equation (6) were compared with simulation results in Equations (1)–(3).

and A. ordosica (averages of 34 diurnal transpiration
measurements from April 2008 to October 2012) are
shown in Figure 2(a). Both species exhibited a single-peak
curve, with the peak occurring at 09:00 and 10:00 a.m.,
respectively. The diurnal variations of A. ordosica were
slightly different in that the transpiration rate increased
gradually at 12:00 a.m. and later decreased after 14:00
p.m. Although it showed a small peak of transpiration, the
later peak appears statistically indistinguishable from the
three previous hours, which indicates the ‘noon break’
phenomenon or midday depression (Li et al. ). Mean
transpiration rates of C. korshinskii and A. ordosica, as
seen in Figure 2(a), were 2.67 and 4.51 mmol H2O m2
s1, respectively.

Scaling model quality evaluation

The sap velocity of C. korshinskii and A. ordosica had
distinct diurnal variations during sunny days from April

To evaluate the quality of the scaling-up transpiration

2008 to October 2012 (approximately 700 days). As

simulations, graphs measured against the simulated

shown in Figure 2(b), the sap ﬂow rate of C. korshinskii

values were drawn together with the linear regression,

increased immediately at 6:00 a.m., peaked at 12:00 p.m.,

the correlation coefﬁcient, and the 1:1 line. Assuming

and gradually decreased to a minimal sap velocity at

there is no model error, the measured and simulated

night. By contrast, the sap ﬂow rate of A. ordosica
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Diurnal course of transpiration rate Tr (a) and the sap ﬂow rate (b) in C. korshinskii and A. ordosica during the experimental period (April 2008–October 2012).

gradually increased at 8:00 a.m., and peaked at 14:00 to

0.086 g h1 cm2, which were mainly determined by Rs,

16:00 p.m., 2 h later than in C. korshinskii, and then

VPD, and RH, respectively (Huang et al. ).

immediately decreased to zero after 20:00 p.m. No sap
ﬂow was observed at night or before dawn, which indicates

LAI variations

that no transpiration occurred or that the transpiration was
too small to measure. The average sap ﬂow rate in C. kor-

The monthly variations in LAI and precipitation during the

shinskii was 0.071 g h1 cm2, and that in A. ordosica was

experimental period are illustrated in Figure 3. LAI varied

Figure 3

|

Precipitation (a), LAI dynamics (b) and its corresponding linear regression relationship with annual precipitation in C. korshinskii (c) and A. ordosica (d) during the experimental
period (April 2008–October 2012).

Downloaded from https://iwaponline.com/hr/article-pdf/369305/nh0460389.pdf
by guest

395

L. Huang et al.

|

The extrapolation of the leaf area-based transpiration of two xerophytic shrubs in a revegetated desert area

Hydrology Research

|

46.3

|

2015

with precipitation as seen in Figures 3(a) and 3(b), especially
in 2010, during which the precipitation was only 113.9 mm,
resulting in a signiﬁcant decrease in LAI. However, the
opposite was true in 2011 and 2012, when the precipitation
was 178.5 and 195.3 mm, respectively, and the LAI showed
a correspondingly signiﬁcant increase. During each year, the
buds started to burst and the LAI increased in April and
peaked in June. Then, the decreased precipitation and
higher air temperatures in July caused a decrease in LAI;
by August or September, C. korshinskii and A. ordosica
often went through a second growing stage, even with
little precipitation. Thereafter, the leaves began to fall and
LAI gradually decreased to a low level. Figures 3(c) and
3(d) show that the mean LAI during the growing season
(April–October) had a signiﬁcant positive linear correlation

Figure 4

|

Comparisons of C. korshinskii and A. ordosica daily transpiration rates by
Li-6400 extrapolation and SHB measurement during the experimental period
(April 2008–October 2012).

with annual precipitation. During study years of heavy rainfall, such as in 2008 and 2009, the total amount of annual

indicates that the model can estimate transpiration with

precipitation was approximately the same (125.2 and

reasonable accuracy (R 2 ¼ 0.67 for C. korshinskii and R 2 ¼

127.4 mm), although the number of rain days was 23 in

0.77 for A. ordosica), although the simulated values were gen-

2008 and 29 in 2009; results have shown that the LAI of

erally lower than measured values. The statistical analysis of

C. korshinskii was 0.55 in 2008 and 0.64 in 2009, which

the results showed that both the relative error was <10%, and

indicates that rain frequency had a positive effect on LAI.

the RMSE was 0.38 and 0.31 g cm2 d1 for C. korshinskii

On the other hand, rain frequency had little effect on the

and A. ordosica, respectively. Furthermore, simulated versus

LAI of A. ordosica, which was 0.39 in 2008 and 0.38 in

observed transpiration values fell around the 1:1 line for

2009. Thus, we could hypothesize that under certain situ-

combined data, which means that the extrapolation model

ations, such as among different plant species or rainfall

was accurate and reasonable.

amounts, rainfall intermittency and frequency could cause

Plant canopy transpiration on a per unit ground area

differences in the LAI dynamics; this means that temporal

basis was calculated using Equation (6), and then compared

rainfall intermittency could result in relatively higher LAIs

with the actual ET minus soil evaporation as calculated by

and longer plant-growing periods compared with constant

Equations (1)–(3). During our experimental period from

precipitation.

April 2008 to October 2012 (909 days), mean soil evaporation in the C. korshinskii and A. ordosica community was

Scaling up transpiration from leaf to stand

0.72 and 0.83 mm d1, respectively. Furthermore, soil evaporation of the two shrubs in wet years (such as 195.3 mm

To compare different plants, the sap ﬂow values from SHB

rainfall in 2012) was 0.86 and 0.97 mm d1, which was sig-

measurements were divided by leaf area to obtain transpira-

niﬁcantly greater than 0.41 and 0.59 mm d1 in the dry

tion per leaf unit. Average daily transpiration rates of

years (such as 113.9 mm rainfall in 2010). The daily tran-

C. korshinskii and A. ordosica with the sap ﬂow measure-

spiration

rates

of

C.

korshinskii

and
1

A.

ordosica

with the sap ﬂow

ments during our experimental period were 0.81 and 1.45 g

communities were 0.36 and 0.28 mm d

cm2 d1, and the simulation results with Equations (4) and

extrapolation, respectively, whereas direct measurements

(5) were 0.64 and 1.38 g cm2 d1, respectively. The observed

from the crop evapotranspiration method were 0.42 and

data with sap ﬂow measurement versus simulated values

0.35 mm d1. Comparisons between the two methods are

from the Li-6400 extrapolation transpiration rate during the

presented in Figure 5. The linearly ﬁtted regression equation

34 diurnal measurements are shown in Figure 4. The result

also indicated a notably good upscaling process. The value
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proven successful for scaling up transpiration from the leaf
to the stand level. The LAI dynamics of C. korshinskii and
A. ordosica are illustrated in Figure 3. LAI was signiﬁcantly
dependent on the precipitation. In the wet years, the LAI of
C. korshinskii and A. ordosica was 0.85 and 0.39, larger than
in the dry years at 0.48 and 0.32, respectively. However, the
sensitivity of LAI to decreasing precipitation was greater in
C. korshinskii than in A. ordosica, which may indicate that
A. ordosica communities display a greater drought tolerance
in arid desert regions. During rainfall years, rainfall intermittency and frequency caused differences in the LAI
Figure 5

|

Comparisons of C. korshinskii and A. ordosica daily transpiration rates with
SHB extrapolation and the crop evapotranspiration minus micro-lysimeter
method during the experimental period (April 2008–October 2012).

dynamics. This phenomenon also agrees with other studies
showing that plants from desert ecosystems are favored by
less frequent rainfall events for the same total seasonal rainfall volume (Sher et al. ), as a minimal amount of water

of the coefﬁcient of determination (R 2 ¼ 0.560 for C. kor-

is in fact needed to activate biological processes such as

shinskii and R 2 ¼ 0.647 for A. ordosica) indicated that a

reproduction or seed germination. If precipitation is concen-

good correlation exists between the simulated and observed

trated in time, this minimum amount of soil water is

stand transpiration. The RMSE was 0.16 and 0.15 mm d

1

intermittently exceeded and vegetation can persist. If rainfall

for C. korshinskii and A. ordosica, respectively. Stand tran-

is more uniformly spread across the growing season, soil

spiration values of the two methods were distributed

moisture never exceeds the threshold needed to activate

around the 1:1 line for combined data, which also means

plant reproduction and germination, and the vegetation

that the sap ﬂow extrapolation model is accurate and

tends to disappear (Baudena et al. ).

reasonable. The transpiration of C. korshinskii was higher

Considering that transpiration is a fundamental part of

than A. ordosica and total seasonal transpiration (April–

ET, the sap ﬂow-scaled method is the main method used

October) amounted to 71.79 and 55.62 mm, respectively,

for upscaling transpiration from the leaf level to the

representing approximately 48.4 and 37.5% of the total rain-

canopy level. Plant transpiration within a short period can

fall over this period.

be accurately measured using a Li-6400 photosynthesis
system, but the total amount of long-term transpiration is difﬁcult to determine continuously because of the inﬂuence of

DISCUSSION

microclimate factors. The difference between the average
simulated daily transpiration rate and the direct sap ﬂow

Estimating plant transpiration is highly complex due to the

measurement was readily discernible through the poly-

unique, sparse vegetation cover in arid and semiarid zones

nomial ﬁt and integration of data from the experimental

(Noilhan et al. ; Ramirez et al. ). Compared with

period, but the results of the simulation were slightly lower

the continuous coverage observed in forests and on crop-

than the direct measurements, as indicated by the regression

land, the soil heterogeneity and vegetation boundary

coefﬁcients (both are <1). This discrepancy may be due to

differences in the desert make upscaling difﬁcult. Research-

the different measuring instruments: the photosynthesis

ers have their own scaling methods at different scales, but

system only measures leaf transpiration, whereas the sap

the results of their research are not always comparable. In

ﬂow sensors measure both leaf transpiration and stem tran-

this study, leaf area was used as a uniﬁed scaling factor

spiration. The discrepancy may also be because leaf

that shifted from one scale to another, mainly because of

transpiration was only measured from 8:00 a.m. to 20:00

the biological features of desert plants, such as low biomass

p.m., but sap ﬂow was measured for 24 h. Determining

or growth in the stems. Our scaled measurements have

actual transpiration based on a combination of the
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Penman–Monteith reference ET (ET0) and the crop coefﬁ-

analysis showed that the percentage of soil evaporation

cient (Kc) method is a simple and effective method that

was very high after precipitation, and it was also different

has gained wide acceptance in agricultural water manage-

at different experimental plots, although in most cases

ment (Suyker & Verma ). In this study, the Kc values

(61%) there was no signiﬁcant difference ( p > 0.05). How-

were obtained from other publications as a constant; how-

ever, during the rainy days, the transpiration of C.

ever, these values varied signiﬁcantly during the growing

korshinskii, A. ordosica and soil evaporation was 0.72,

season (Zhang et al. ). Thus, more accurate parameteri-

0.75 and 0.61 mm d1, respectively, but during the drier

zations using new techniques should be developed to

days, the daily transpiration and soil evaporation were

estimate the stand transpiration. The regression coefﬁcients

0.12, 0.13 and 0.24 mm d1. There was a signiﬁcant differ-

for the leaf level to tree level and the tree level to stand level

ence ( p < 0.01) between them. The ratio of transpiration to

of C. korshinskii were both lower than those of A. ordosica,

ET decreased as annual precipitation declined, while the

which indicates that the leaf area-based extrapolation

ratio of evaporation to ET increased. This would mean

method is more appropriate for A. ordosica shrubs. Based

that drought stress decreased transpiration and ET and

on Figure 5, the sap ﬂow extrapolation was also less than

increased precipitation loss due to evaporation, which, in

that from the crop evapotranspiration minus the lysimeter

turn, led to a large decrease in available water for plant

results, especially during the growing seasons. This differs

growth, and so less drought-tolerant plants, such as C. kor-

from the laboratory experiments in that the sap ﬂow sensors

shinskii, would disappear or degrade with future vegetation

overestimated 13.5% of the total transpiration (Chabot et al.

succession.

). This discrepancy is mainly observed because certain
annual and perennial herbs inhabit and reproduce on the
soil surface after the re-establishment of vegetation, and

CONCLUSIONS

their contribution to transpiration cannot be distinguished
from those observed under the crop evapotranspiration

A long-term transpiration study was conducted during the

method.

growing seasons from April 2008 to October 2012 using

The transpiration values of the C. korshinskii stand

two xerophytic shrubs typically used in revegetation:

were higher than those of the A. ordosica stand during

C. korshinskii and A. ordosica. Gas exchange techniques

the growing season because of the large difference in tree

(using an infrared gas analyzer), sap ﬂow measurements,

size. The seasonal (April–October) total transpiration

and the crop evapotranspiration minus lysimeter method

reached 71.79 and 55.62 mm, respectively, representing

were used to evaluate plant transpiration at the leaf level,

approximately 48.4 and 37.5% of the total rainfall over

tree level, and stand level. Simultaneous measurements

this period. Species differences in water use per unit of

using the three methods were made diurnally and were

leaf area were smaller, but sometimes statistically signiﬁ-

compared with the normalized leaf area-based extrapol-

cant, especially during rainy days. A small amount of

ation. The results show that leaf area is a reliable scaling

precipitation increased the sap ﬂow and transpiration;

factor for upscaling transpiration from the leaf level to

however, large amounts of precipitation decreased sap

the stand level in desert regions. At the leaf level, the tran-

ﬂow and transpiration (Huang et al. ). A. ordosica is

spiration rates of C. korshinskii and A. ordosica were 2.67

more likely to be affected by this phenomenon because

and 4.51 mmol H2O m2 s1, respectively, showing a

its roots are found primarily in the uppermost soil layers,

single-peak curve with meteorological factors as the key

especially in the case of coarse roots, which are concen-

limiting factors. The sap ﬂow rates were 0.071 and

trated in the 0.2 m soil layer and are more easily

0.086 g h1 cm2 at the tree level, and the transpiration

inﬂuenced by rainfall. However, for C. korshinskii, the

rates were 0.42 and 0.35 mm d1 at the stand level with pre-

roots are primarily concentrated in the 0.6 to 1 m soil

cipitation and LAI as the main limiting factors. Direct

layer (Zhang et al. ), and the inﬂuence is relatively

measurement and extrapolation during non-rainfall periods

smaller as the water is redistributed in the soil. Further

showed very good correlations. The results provide a key
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link for designing management strategies to improve water
use efﬁciency and to determine the appropriate plant density in revegetated areas with limited soil water capacity.
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