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Abstract Sap flows of four typical species, Populus.

russkii Jabl., Populus euphratica Olive., Ulmus pumila L.,

and Elaeagnus angustifolia L., of artificial shelter forest in a

desert area were monitored in all-weather conditions using

SF300 Sap flow Meter based on the theory of thermal com-

pensation. Meanwhile, air temperature (Ta), leaf temperature

(Tl), soil temperature (Ts), relative humidity (RH), and wind

velocity (Vw) were simultaneously recorded by an automatic

weather station. The results indicate that (1) the diurnal

processes of stem sap flows of P. russkii Jabl., P. euphratica

Olive., and U. pumila L., but not E. angustifolia L., show an

obvious circadian rhythm. Significant differences of stem

sap flow rates were found among species, but not genus. The

average sap flow rate of P. russkii Jabl. is 13.8-fold of that of

E. angustifolia L. The order of sap flux density (SFD) from

the largest to the smallest is P. russkii Jabl., P. euphratica

Olive, U. pumila L. and E. angustifolia L.; (2) compared with

373 mm, 747 mm irrigation can induce microenvironmental

changes that result in the suppression of photosynthesis and

transpiration and the decline of stem sap flow rates of the

above four species, indicating 373 mm irrigation meets the

growth needs of the above species during experiment; (3) sap

flow rates are different at different stem positions: the flow

rates of P. russkii Jabl., U. pumila L. and E. angustifolia L.,

but not P. euphratica Olive, decline gradually from cambium

to pith; (4) the correlation analysis indicates that stem sap

flow is negatively correlated with RH and Ts and positively

correlated with Ta, Tl and saturation vapor pressure deficit

(VPD). The sap flow rate of P. russkii Jabl. is significantly

affected by Vw due to its large size and height. In addition, a

model was established by stepwise regression analysis to

estimate the relationship between the environmental factors

and stem sap flows of the above four typical species of shelter

forest in the desert area.
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Introduction

Soil–plant–atmosphere continuum (SPAC) is a unified,

dynamic, reciprocal and continuous system, where water

plays a crucial role. The water consumption and transpor-

tation laws of plants, and the intermediate links of the

continuum become an active field in ecological and

hydrological research. In desert areas, the natural environ-

ment is so harsh that a small change in water resources has

become a major factor impacting the regional eco-hydro-

logical processes and sustainable development. In order to

manage and utilize the limited water resources in desert

areas more rationally, understanding botanic water trans-

portation mechanisms and consumption characteristics, and

ecological water consumption needed for maintenance of

ecological stability are of great practical significance.

Transpiration, the evaporation process of water absorbed

by plants from soil into the atmosphere, plays an important

role in plant physiology, the hydrological cycle and global

energy balance (Bauerle et al. 2002). Transpiration is the

process by which moisture is carried through plants from
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roots to small stomata on the underside of leaves, where it

changes to vapor and is released to the atmosphere. In

favorable circumstances, the total stomatal transpiration is

generally 80–90% or more (Levitt 1980). Plant roots absorb

water more than 99.8% of consumption on the transpiration

(Xu et al. 2008). For much of the vegetation canopy density,

the transpiration is the main part of the evaporation, and

forest floor evaporation is only a small part. The water

demand of plants is often limited by the water condition

of their environments (Zeng et al. 2000). Changes in

environmental water conditions will affect the water phys-

iological characteristics of plants, including water con-

sumption by transpiration, water potential (Fu et al. 2005)

and photosynthesis (Zhou et al. 2008). Thus, these water

physiological characteristics can be used as a basis to

diagnose the water state of plants. The sap flow of plants can

accurately reflect the plants’ transpiration and is very sen-

sitive to changes in environmental water conditions. Thus

it is an important parameter in studies on plants–water

relationship (Nadezhdina 1999), and the main criteria for

irrigation regulation (Conejero et al. 2007; Fernandez et al.

2008a, b). By monitoring plant sap flow, people can more

accurately estimate plant water state and assess the effect of

irrigation, therefore, implementing reasonable irrigation

while saving water. Because of the inherent fragility of the

environment in desert areas, plants in a shelter forest can

effectively protect, control, stabilize and improve the eco-

logical environment. Studies on the relationship between

environmental factors and the transpiration features of

plants in a shelter forest in desert regions will help to

understand the law of water consumption in shelter forest,

to select water-saving species, to reasonably combine and

distribute species, and provide guidance to resolve the

contradictions between water supply and demand.

In this study, four typical species in the northwest edge

of an artificial ecological shelter forest in Gurbantunggut

Desert were studied. Their stem sap flows under different

irrigations and environmental factors were dynamically

monitored and used to analyze the characteristics of sap

flow and water consumption and the impacts of environ-

mental factors. The study provides theoretical support for

water utilization of an artificial forest and scientific basis

for species breeding and selection in ecological restoration

and reconstruction of a shelter forest.

Materials and methods

Overview of the study area

The study area is a 515.27 ha m2 artificial ecological

shelter forest located in the lacustrine desert of ancient

Lake Manas, northwest edge of Gurbantunggut Desert,

Junggar Basin and south Jayer Mountain, Xinjiang, China

(Fig. 1). It has typical temperate, continental desert cli-

mate, i.e., cold in winter and hot in summer. The hottest

month is July with an average temperature of 27.6�C and

the coldest month is January with an average temperature

of -16.3�C. Its annual average temperature is 8.1�C,

average annual sunshine 2,743.6 h, percentage of sunny

day 61%, solar radiation 553.4 kJ cm-2, annual accumu-

lated temperature of C10�C is 3,968�C, average annual

precipitation 105.3 mm, potential transpiration 3,545 mm,

ratio of evaporation to precipitation 34:1, and the annual

gale days are 71.4 days (with wind greater than

17.2 m s-1). Its major land is desert. The main plant spe-

cies of its shelter forest are P. russkii Jabl., P. euphratica

Olive, U. pumila L. and E. angustifolia L., etc. All of these

were planted as monocultures in 25 by 800 m plots 9 years

before the study. P. euphratica Olive, U. pumila L. and E.

angustifolia L. are native species while P. russkii Jabl. is

introduced. Considering the artificial ecological shelter

forest is located in the arid area with less natural precipi-

tation, deep shallow groundwater level and high salinity at

soil surface, flood irrigation (747 mm) approach is adapted

at beginning. Through flood irrigation, the salt of surface

soil is dissolved, and with the saltwater infiltration into the

deep soil, surface soil salinity reduced. Thus, there was an

increase in the survival rate of seedlings. However, many

years’ flood irrigation also rapidly lifted the groundwater

level and subsequently caused soil secondary salinization.

Setting of the monitored sample field

Sample plots are located at longitude 84�54027.700 east,

latitude 45�28051.700 north and altitude 286 m in the key

shelter forest adjacent to the northern area of the studied

desert. In early 2007, eight 25 m 9 30 m sections with flat

terrain, uniformly fertilized soil and even-sized trees were

selected as sample fields. Four sections were irrigated with

a total of 373 mm water, 66 mm in May, 80 mm each in

June, July and August, and 67 mm in October, and the

other four sections were irrigated with a total of 747 mm

water, 133 mm in May, 160 mm each in June, July and

August, and 133 mm in October. Two sections with dif-

ferent irrigations were assigned for each of the typical four

plants mentioned above. During the experiments, the trees

under two irrigation treatments, morphological feature

(Table 1) (plant height, diameter, sapwood area) showed

no statistically significant difference (p [ 0.05).

Sap flow monitoring and parameter determination

Sap flow was measured using an SF300 Sap Flow Meter (4

probes; Greenspan Technology Pty Ltd, Australia). Its

basic principle is to obtain sap flow rate in xylem by
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measuring the percentage of increase along xylem vessels

of the pulse produced by a small pulse source injected into

the plant. Trees that grew well under different irrigations

and had straight trunk, moderate crown, smooth bark, and

no pests and diseases in the sample fields were selected as

samples and monitored continuously for 24 h every day in

11 consecutive days from July 11 to July 21, 2008. Four

plants of the same species from each sample plot were

selected as replicates and their sap flow rates under dif-

ferent irrigation conditions were simultaneously measured

using eight SF300T probes. Sap flow rates of P. russkii

Jabl., P. euphratica, U. pumila L. Olive and E. angustifolia

L. were measured during July 11th to 13th, July 13th to

July 15th, July 16th to July 18th, and July 19th to July 21st,

respectively, and expressed as the average of the four

plants under the same irrigation condition.

The heat pulse rate V 0h was automatically measured

every 30 min. The stem sap flow rate Vs is calculated using

the following formula (Edwards and Warwick 1984):

Vs ¼ ð0:505Fm þ F1Þ � V 0h ð1Þ

where Fm is the wood volume factor, Fl is the water volume

factor. Fm and Fl can be obtained from the following

formulas:

Fl ¼
Wf �Wd

Wi
ð2Þ

Fm ¼
Wd

1:53Wi
ð3Þ

where Wf is the fresh weight of sapwood, Wd is the dry

weight of sapwood, Wi is the mass of water leached from

the same sapwood.

Fig. 1 Schematic of the study

areas

Table 1 Basic parameters of experimental sample trees

Tree species Irrigation

quota (mm)

Height

(m)

Diameter

at breast

height (mm)

Heartwood

radius (mm)

Xylem

radius

(mm)

Wound

diameter

(mm)

Volume

fraction

of wood

Volume

fraction

of water

P. russkii Jabl. 373 8.5 ± 0.3 152 ± 11 40 ± 4 73 ± 6 2.2 0.35 ± 0.02 0.45 ± 0.03

747 8.6 ± 0.3 150 ± 13 42 ± 3 71 ± 8 2.2 0.34 ± 0.03 0.43 ± 0.02

P. euphratica olive 373 5.6 ± 0.3 170 ± 15 48 ± 5 82 ± 9 2.2 0.25 ± 0.03 0.45 ± 0.05

747 5.5 ± 0.2 168 ± 13 50 ± 4 83 ± 7 2.2 0.28 ± 0.02 0.46 ± 0.04

Elaeagnus angustifolia L. 373 5.4 ± 0.1 125 ± 10 49 ± 4 60 ± 5 2.2 0.18 ± 0.01 0.23 ± 0.02

747 5.3 ± 0.2 127 ± 8 46 ± 6 58 ± 7 2.2 0.17 ± 0.02 0.24 ± 0.02

Ulmus pumila L. 373 6.1 ± 0.2 148 ± 14 45 ± 3 71 ± 8 2.2 0.28 ± 0.03 0.42 ± 0.02

747 6.2 ± 0.2 145 ± 17 48 ± 3 73 ± 6 2.2 0.26 ± 0.02 0.40 ± 0.04

Values are mean ± SD

n = 4
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The stem sap flow flux Q is determined by

Q ¼ Vs � A ð4Þ

where A is the cross-sectional area of sapwood at diameter,

Vs is the average of sap flow rates monitored by using four

probes of the SF300 flow meter separately inserted into

sapwood at different radial depths. To avoid damage to the

sample trees, 24 well-growing plants of each species

excluding the sample trees were selected to determine

using increment-borer methods for the thickness of the

wood at breast height and the breast circumference, which

were then converted into diameter of breast height (DBH).

Sapwood area was calculated using the sapwood thickness.

The bark thickness was also measured simultaneously.

Micrometeorological observations

Micrometeorological data, including air temperature (Ta)

(ATH-2, PhyTech Ltd, USA), air relative humidity (RH)

(ATH-2, PhyTech Ltd, USA), wind velocity (Vw) (010C-1,

PhyTech Ltd, USA), soil temperature (Ts) (SMS-2M,

PhyTech Ltd, USA) at 10 cm, and leaf temperature (shade

leaves) (Tl) (LT-2M, PhyTech Ltd, USA) were monitored

continuously and recorded every 30 min through automatic

meteorological observation station and synchronized with

the monitoring of sap flow. The vapor pressure deficit

(VPD) was calculated in accordance with meteorological

data to comprehensively express synergistic effects of

temperatures and RH.

Results and analysis

Diurnal process of stem sap flow

Under sunny weather conditions, diurnal variations of stem

sap flows of P. russkii Jabl., P. euphratica Olive and

U. pumila L., but not E. angustifolia L., showed obvious

diurnal rhythm (Fig. 2), and their start times, peaks and

minimum rates of stem sap flow are similar. The stem sap

flows of P. russkii Jabl. P. euphratica Olive and U. pumila

L. started around 6:30–7:00, basically synchronized with

the sunrise. Their flow rates reached peaks between 11:00

and 15:00, started to decrease between 19:30 and 20:30,

and reached minimum between 0:00 and 5:30. Overall, the

diurnal alternation of flow rates shows a single peak with

small fluctuations, consistent with the results of Populus

hosiensis C. and Calligonum mongolicum (Chang and Zhao

2004a, b; Xu et al. 2006). The flow rates of the four species

were stably maintained at low levels at night, indicating

that plant roots still retained a certain degree of water

absorption capacity at night to meet water balance and

supplement water loss caused by transpiration at daytime

(Wang et al. 2002). The stem sap flow of E. angustifolia L.

showed no significant circadian rhythm and was always

maintained at a relatively low level, consistent with the

studies on E. angustifolia L. in the middle and lower

regions of Heiher River (Chang and Zhao 2004a, b). The

possible explanations for why E. angustifolia L. showed no

obvious circadian rhythm are: (1) E. angustifolia L. itself is

a very drought-tolerant plant, therefore its water con-

sumption due to transpiration is very low; (2) its branches,

leaves, stems and fruits are covered with silver-white scales

and stellate hairs, and its leaves are relatively small, thus

weakening the impacts of external environment on its

transpiration and resulting in a stable, low sap flow rate.

The result is in contrast to a previous report (Zhang et al.

2006) showing that sap flow rate of E. angustifolia had

clear circadian rhythm. This discrepancy may be caused by

a different habitat.

Comprehensive examination of 30 years’ results of

individual plants in 65 species of 35 genera indicates that

the water consumption of 90% plants is in the range of

10–200 kg (Wullschleger et al. 1998). Table 2 indicates

that sap flow rates of P. russkii Jabl. and P. euphratica

Olive are similar. These similarities may result from the

fact that they belong to the same genus and have similar

physiological structures. Thus, under the same weather

conditions, they have similar characteristics. However, the

initial flow rate of P. russkii Jabl. is faster than that of

P. euphratica Olive. It has been shown that morphological

characteristics have significant effects on the stem sap flow.

The responses of tall plants to environmental changes are

faster than short plants (O’Brien et al. 2004). P. russkii

Jabl. is taller than P. euphratica Olive.; therefore, the fact

that P. russkii Jabl. has greater initial flow rate than

P. euphratica olive. can be ascribed to its taller height and

quicker response to sunrise. The differences of average

daily flow rates of P. russkii Jabl., P. euphratica Olive.,

E. angustifolia L. and U. pumila L. are significant

(p \ 0.05). In particular, the differences of average daily

flow rates and densities of sap flow flux reached 13.8-fold

and 14.3-fold, respectively, between the P. russkii Jabl. and

Elaeagnus angustifolia L., indicating the difference

between genera is significant. At the same depth, the stem

sap flow rates of the four species are orientation dependent,

which on the sunny sides are faster (p \ 0.05) than those

on the shady side. The difference is more prominent when

sunlight directly irradiates on the tree at noon, consistent

with the previous report (Zhang et al. 2004).

Characteristics of flow rates at different radial depths

Similar to the stem flow rates, the flow rates at different

radial depths of P. russkii Jabl., P. euphratica Olive. and

U. pumila L., but not E. angustifolia L., show obvious
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diurnal rhythm, which can be divided into starting, peak-

ing, reducing and low rate maintaining stages. The xylem

sap flow rates along the radial depths of P. russkii Jabl.,

E. angustifolia L., and U. pumila L. show the declining

tendencies from the cambium to the pith, in agreement with

the research on Acacia mangium (Ma et al. 2007) and

Caragana sinica (Xia et al. 2008). Zhang et al. (2004) has

presented that the xylem sap flow rates along the radial

depths of P. euphratica Olive show increasing tendencies

from the cambium to the pith, while the same trend was not

found in this study. The order of flow rates is that at radial

depth of 14 mm [ 5 mm [ 10 mm [ 19 mm, in other
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Fig. 2 Diurnal variation curves of the stem sap flows of the four species and of the dominant under different irrigations
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words, the flow rate from cambium to pith first decreases,

then increases, and again decreases (Fig. 3).

Sap flow characteristics in different irrigations

The stem sap flows of the four species in the sample plots

irrigated with 373 mm water are different from those irri-

gated with 747 mm water correspondingly. It is noteworthy

that their sap flow rates and flux densities decline with the

increase of irrigation, as shown in Fig. 2. The sap flow

flux densities of P. russkii Jabl., P. euphratica Olive, E. an-

gustifolia L. and U. pumila L. decrease from 0.85, 0.81, 0.06,

and 0.24 to 0.81, 0.73, 0.05 and 0.19 L cm-2 day-1,

respectively, as shown in Table 2. They declined by 4.7, 9.9,

16.7 and 20.8%, respectively. These phenomena are contrary

to the tendencies of stem sap flows of Calligonum mongol-

icum (Xu et al. 2006), Haloxylon ammodendron (Xie et al.

2008), and Cymnocarpos fruticosus (Yuan et al. 2008)

planted in arid areas following the same irrigation changes.

The characteristics of stem sap flows of the four species in

different irrigation plots are similar. As shown in Fig. 2, at

night and weak light conditions, its sap flow rate in the

747 mm irrigation plot is lower than that in the 373 mm

irrigation plot, while around noon, its sap flow rate in the

747 mm irrigation plot is higher than that in the 373 mm

irrigation plot.

The variation in the stem sap flow rate is the result of

interaction among multiple environmental factors. The

stem sap flow is caused mainly by transpiration and its rate

directly reflects the transpiration rate of the plant. Tran-

spiration of the plants is affected by external environmental

factors, and changes with the gradient of vapor pressure

between the leaf surface and its surrounding atmosphere. It

has been shown that transpiration intensity increases with

increased air dryness and temperature (Jiang 2004), and is

inversely related to stomatal conductance and VPD

(Lambers et al. 1998). Although light has direct and

indirect effects on stomatal conductance, researches on

plant water utilization have shown that the transpiration

decline caused by decreased stomatal conductance is

attributed to the increased VPD (Monteith 1995; White-

head 1998). When RH increases, VPD will diminish cor-

respondingly, leading to the decreases of the water

potential difference between the leaf and its surrounding

atmosphere, the stomatal conductance on the leaf surface,

and the transpiration.

Micrometeorological comparative analysis of the 747

and 373 mm irrigation plots indicates that when the dif-

ference in daily average temperature is small (30.2 and

30.26�C), the daily average RH in the 747 mm irrigation

plot is relatively great (45.47 and 34.48%), the difference

between daily average Tl and Ta is small (0.09 and 0.68�C).

Although the differences in daytime average VPD (2.03

and 2.66 kPa) and in night average VPD (1.28 and

2.00 kPa) are small, they are statistically significant. The

correlation analysis of sap flow rate with VPD indicates

that the same plant has similar sensitivity to VPD under

different irrigation conditions. These micrometeorological

factors function synergistically and, to a certain extent,

restrict transpiration. In addition, larger moisture content

causes poor ventilation in soil, leading to decreases of the

soil oxygen content and temperature. In the relatively low

temperature and hypoxia conditions, respiration of the

plant roots is decreased, metabolism weakened, the water-

absorbing capacity reduced, which together reduces the

rate of stem sap flow (Gao et al. 2001). With the temper-

ature increases at noon, the rate of sap flow increases. After

noon, RH reaches its minimum, at this time the synergistic

effect of the above factors diminishes or disappears.

Therefore, when soil moisture is high, the rate of stem sap

flow will increase. Sap flow rates of Elaeagnus angustifolia

L. and P. euphratica Olive in 747 mm irrigation plots

shown in the daily variation curves equal to zero may be

caused by the reduced transpiration pull, and may be

Table 2 Comparison of the flow characteristics of four species under different irrigations

Sample trees Irrigation

quota (mm)

Average sap flow rate (cm h-1) Sap flow flux density

(L cm-2 day-1)

Difference

significant Sig.
Maximum Minimum Average

P. russkii Jabl. 373 63.88 ± 4.49 9.14 ± 0.63 35.20 ± 1.85 0.85 ± 0.03 0.03

747 74.20 ± 5.14 7.72 ± 0.52 33.64 ± 1.82 0.81 ± 0.02

P. euphratica olive 373 48.93 ± 3.21 15.29 ± 1.47 33.72 ± 1.43 0.81 ± 0.02 0.02

747 68.60 ± 5.89 7.42 ± 0.71 30.33 ± 2.13 0.73 ± 0.04

Elaeagnus angustifolia L. 373 3.51 ± 0.18 1.23 ± 0.06 2.56 ± 0.13 0.06 ± 0.04 0.01

747 3.27 ± 0.21 0.00 ± 0.00 1.89 ± 0.11 0.05 ± 0.05

Ulmus pumila L. 373 19.11 ± 1.85 2.15 ± 0.21 10.00 ± 0.67 0.24 ± 0.03 0.01

747 19.37 ± 1.77 0.00 ± 0.00 7.88 ± 0.53 0.19 ± 0.03

Values are mean ± SD

n = 4
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Fig. 3 Diurnal variation curves of sap flow on the cross-section along radial direction of P. euphratica L.
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because the flow rate is too slow, and the instrument failed

to detect (Burgess et al. 2001). In other words, the decrease

in transpiration pull may interrupt the continuous sap flow

in the vessels and lead to temporary cavitation of xylem

vessels.

Relationship between sap flow rate and environmental

factors

Sap flow is affected not only by its own characteristics but

also by meteorological factors. Pearson correlation analyses

of stem sap flows of the four species and the six synchron-

ically obtained environmental factors Vw, RH, Ta, Ts, Tl and

VPD, as shown in Table 3, indicate that the stem flow rates

are differentially related to different environmental factors.

Vw is only correlated with the sap flow rate of P. russkii

Jabl., which may be due to its greater height and larger wind-

accessible surface. RH and Ts are negatively correlated with

the sap flow rates of all four species. By contrast, Ta, Tl and

VDP are positively related to the sap flow rates of the four

species. P. russkii Jabl. are significantly correlated with all

the six environmental factors at 0.01 level; their correlative

order is Ta [ Tl [ VPD [ RH [ Vw [ Ts. P. Euphratica

Olive is evidently correlated with all environmental fac-

tors except Vw at 0.01 level, their correlative order is

Ta [ Tl [ VPD [ Ts [ RH. E. angustifolia L. is obviously

correlated with Ta, Ts and VPD at 0.01 level and with Tl at

the 0.05 level; their correlative rank is Ts [ VPD [ Ta [ Tl.

The correlative rank of U. pumila L. with meteorological

factors is Ta [ Tl [ Ts [ VPD [ RH.

Based on the above analysis, the correlations between

the environmental factors and the flow rates were further

evaluated with regress stepwise analysis using multiple

linear regression method and the confidence level of 95%

was set as confidential value to select and exclude depen-

dent variables. The obtained optimal regression equation of

stem sap flow rate on meteorological factors are shown

below and used to predict the flow rates of the four species:

SF1 ¼ �30:175þ 3:083Ta þ 0:323RH� 1:801Tl

þ 1:953Vw � 6:345VPD

ðR2 ¼ 0:959 sig: F ¼ 0:007Þ

SF2 ¼22:936þ 2:089Ta � 2:579Ts þ 0:440RH

ðR2 ¼ 0:918 sig: F¼ 0:000Þ

SF3 ¼4:828� 0:096Ts þ 0:129VPD

ðR2 ¼ 0:206 sig: F ¼ 0:001Þ

SF4 ¼13:964þ 1:147Ta� 0:967Ts� 2:420VPD� 0:236Tl

ðR2 ¼ 0:830 sig: F ¼ 0009Þ

where SF1, SF2, SF3, and SF4 represent the estimated

sap flow rates of P. russkii Jabl., P. euphratica Olive,

E. angustifolia L. and U. pumila L., respectively.

Environmental factors show different correlations with

different species. In other words, the dominant environ-

mental factors for different species are different. As shown

in the formula above, the estimated flow rate values of

P. russkii Jabl., P. euphratica Olive and U. pumila L.,

except E. angustifolia L., are correspondingly close to their

measured values, indicating that the equations established

by the stepwise regression method can be used to predict

the changes of sap flow rates.

Conclusions

1. The characteristics of sap flow can reflect the influ-

ences of their own physiological characteristics and

environmental factors on themselves. The temporal

consistency of the four species except for Elaeagnus

angustifolia L. in starting, peaking, declining and

minimizing of sap flows indicates that the four species

have similar responses to diurnal variation of solar

radiation. It is generally acknowledged that diurnal

processes of sap flow under drought stress show double

peaks or multi-peaks, i.e., there are mid-day depres-

sions in photosynthesis. In this study, in 373 and

747 mm irrigations plots, the diurnal processes of

P. russkii Jabl., P. euphratica Olive and U. pumila L.

show single peaks, indicating that they were not sub-

ject to drought stress and 373 mm irrigation was suf-

ficient for their growth. The reason why the sap flow of

E. angustifolia L. did not show circadian rhythm is the

Table 3 Correlation of the stem sap flow rates of the four species to the main environmental factors analyzed with Pearson analysis

Tree species Vw RH Ta Ts Tl VPD

P. russkii Jabl. 0.685** -0.725** 0.951** -0.301** 0.934** 0.911**

P. euphratica Olive 0.088 -0.257** 0.802** -0.429** 0.740** 0.675**

Elaeagnus angustifolia L. 0.034 -0.164 0.250** -0.370** 0.180* 0.265**

Ulmus pumila L. -0.022 -0.237** 0.705** -0.593** 0.598** 0.555**

* p \ 0.05; ** p \ 0.01 (two-tailed)
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insensitivity to the irrigation condition caused by its

special physiological characteristics. Water consump-

tions differ significantly among plants. The result that

the four species have different diurnal variation indi-

cates that the stem sap flow among species varies

significantly. Even in the same habitat, plants with

same life form but belonging to different species differ

significantly in their stem sap flow rates. The flow rate

of P. russkii Jabl. is 13.8-fold of that of E. angustifolia

L.; while for P. russkii Jabl. and P. euphratica Olive,

which belong to different species of same genus, their

difference in flow rate is smaller, reflecting that the

four plants are indeed from different species. For water

consumption by transpiration, P. russkii Jabl. has the

highest, followed by in turn P. euphratica Olive,

U. pumila L. and E. angustifolia L. The differences in

water consumption are of great importance for species

selection in a shelter forest in desert areas, and in the

process of the desert ecosystem restoration and

reconstruction.

2. Because of the structural heterogeneity of sapwood,

xylem of different depth has different water transport-

ing capacity. The changes of sap flow rates along the

different radial depths of the four species show differ-

ent trends. The rates of P. russkii Jabl., E. angustifolia

L. and U. pumila L., decrease along the radial gradient

from the cambium to the pith, while that of P. euphra-

tica Olive shows a trend of decrease, increase and

decrease again from the cambium to the pith, which

possibly result from the different vessel diameters and

distributions along radial direction in xylems of

different species.

3. When plants are not subject to drought stress, increase

in water supply will affect their growth niches.

Decrease in VPD, as synergetic effects of environ-

mental factors especially temperature and relative

humidity, will lead to the decrease of water potential

differences between leaves and air, which, to some

extent, impact the transpirations of the four species, as

indicated by the decreased stem sap flow rates. This

also accounts for the inhibited transpiration of the four

species by over irrigation. In other words, the irrigation

of 373 mm in this study meets the growth require-

ments of the four species at the experimental stage.

Thus, understanding of the change rules of sap flow in

different moisture conditions will help to determine the

irrigation amount and timing of a shelter forest and

optimize the management of water resources to

alleviate the contradictions between water demand

and supply in desert areas.

4. Stem sap flow is comprehensively subject to environ-

mental factors among which the dominant factors vary

upon species. The regression equations of the above

four species indicate that the dominant factors for

P. russkii Jabl. are Ta, RH, T1 and VPD; for

P. euphratica Olive are Ta, Ts, and RH; for Elaeagnus

angustifolia L. are Ts and VPD; and for U. pumila L.

are Ta, Ts, VPD and Tl. Compared with other species,

P. russkii Jabl. has the most principle factors, indicat-

ing that it is most sensitive to the environment.

U. pumila L. ranks the second, P. euphratica L. and

E. angustifolia L. are the least sensitive. In a certain

sense, these sensitivities also reflect their resistances

to environmental stress, i.e., E. angustifolia L. [ P. eu-

phratica L. [ U. pumila L. [ P. russkii Jabl.
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