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Abstract: (1) Background: As a halophytic species, Tamarix (Tamarix chinensis) can be used for saline
soil rehabilitation in China. The reclamation and rehabilitation of saline soil depend on the water
consumption of plants. However, whether water resources in saline soil can support the construction
of Tamarix vegetation is still unknown. (2) Methods: In this study, we measured the transpiration (T)
of Tamarix for 3 years using sap flow and the evaporation (E) for 1 year using a micro-lysimeter in
Tamarix land. The evaporation values in 2016 and 2017 were estimated with the soil crop coefficients
obtained in 2018. (3) Results: The evapotranspiration (ET) ranged from 514.2 to 573.8 mm and
was greatly affected by the wind speed, VPD and groundwater table. Transpiration was the main
form of water consumption in this region, accounting for 60.2% of the total evapotranspiration.
Compared with bare land, vegetation construction increased soil moisture dissipation by 377.6 mm
in 2018. According to on-site measurements and estimates, the water shortage in the dry year
was 107.2 mm, and the residual water values in the normal year and wet year were 77.8 mm
and 187.5 mm, respectively. May and September were months of widespread water shortages in
different precipitation years. Although the cultivation of this plant increased water consumption,
the groundwater table remained at approximately 0.5 m during the study year. (4) Conclusions:
These results indicated that planting Tamarix in coastal saline soil was feasible for the reclamation
and rehabilitation of saline soil. In the dry year (2017), the consumption of evapotranspiration
exceeded the precipitation. The inverse occurred in the normal year (2016) and wet year (2018). Taken
together, our findings showed that the water resources in the coastal saline soil of China could tolerate
vegetation construction and laid a strong foundation for saline soil rehabilitation.

Keywords: Tamarix chinensis; rehabilitation of saline soil; evapotranspiration; gray relational analyses;
coastal saline soil

1. Introduction

Soil salinization is a global ecological problem. In China, saline soil covers approximately
3.6 × 105 km2 and is mainly distributed in the northwest, north, northeast, and coastal areas regions [1].
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The soil in these regions is challenged by freshwater resource shortages, high salinization, poor
physical and chemical properties, and the high salinization of groundwater, which seriously affect crop
production and environment rehabilitation [2]. Therefore, to better utilize land resources, meet food
supply needs and improve environmental stewardship, the rehabilitation and utilization of saline soil
is particularly important.

Tamarix is one of the most widely distributed halophytes in saline soil areas in China.
With properties of strong salt tolerance and drought resistance, this plant is often used for saline soil
rehabilitation [3,4]. Previous studies have shown that Tamarix can absorb and utilize groundwater to
reduce the groundwater table [5–7]. Meanwhile, this vegetation can directly absorb salt ions in the soil
to reduce salinity [8]. In addition, planting Tamarix can reduce the spatial variation of the soil salt
content and facilitate the homogenization of saline soil [9]. Therefore, it is widely used in saline soils
of China for rehabilitation. Tamarix possesses a high leaf area index (3.5 m2/m2) and can consume a
lot of water through transpiration [10]. Previous studies showed that its evapotranspiration ranged
from 700 to 1200 mm per year in the southwestern United States [11], however, lower rates of 520 mm
were measured in the Hetao Irrigation District of China [12]. This high evapotranspiration may cause
water circulation imbalances and regional water resource depletion. Therefore, determining whether
regional water resources can support using Tamarix as a restoration plant in saline soil rehabilitation is
an urgent problem to be solved.

Evapotranspiration (ET) is the sum of plant transpiration (T) and soil evaporation (E). The ratio
of plant transpiration to total terrestrial evapotranspiration (T/ET) reflects the role of vegetation in
land–atmosphere interactions [13]. The higher the T/ET ratio, the greater the role of plant transpiration
in land–atmosphere interactions. Previous studies largely focused on measuring or estimating total
ET for Tamarix [14–16]. Few studies separated ET into E and T. The dual crop coefficient method is
usually used to estimate ET combined with the reference grass evapotranspiration (ET0). The dual
crop coefficient (Kc) method separately estimates both T and E by partitioning Kc into two coefficients:
(1) the basal crop coefficient (Kcb), which is crop-specific and represents the ratio of T to ET0; and (2)
the soil evaporation coefficient (Kce), which represents the daily ratio of E to ET0 [17]. This method
provides a rough estimate of evaporation or transpiration. Thus, the evapotranspiration (ET) partition
of Tamarix provides an important guiding significance for water resource management in saline
soil rehabilitation.

The ET value is affected by many environmental factors [18–21]. Han et al. [22] found the
chief meteorological factors affecting ET were net radiation (Rn) and vapor pressure deficit (VPD).
In northern China, the meteorological factor that most affected ET was relative humidity, followed
by wind speed [23]. Thus, the influence of environmental factors varies by different regions and
plants. The relationship between environmental factors and ET were investigated with respect to water
dissipation during Tamarix vegetation establishment.

In the rehabilitation of saline soil, Tamarix inevitably consumes the water resources present in
saline soil. Whether the available water resources can meet its needs is an important ecological question.
The objectives of this study were (1) quantify the evapotranspiration, evaporation and transpiration of
Tamarix in coastal saline soil and (2) assess the effects of environmental factors on Tamarix ET.

2. Materials and Methods

2.1. Study Site and Plant Species

This study was conducted at the Haixing Experimental Base of the Chinese Academy of Sciences
(38◦09′ N, 117◦33′ E, elevation approximately 5 m), which is located in the highly coastal saline soil
around the Bohai Sea. The study area is a typical semi-humid continental climate. The annual mean
precipitation is 569 mm and was mainly concentrated in July and August (Figure 1). The mean annual
temperature was 12.9 ◦C. Soil salinities are strong in this region, ranging from 4 to 30 g/kg [9]. Soil bulk
densities range from 1.37 to 1.60 g/cm3, saturated mass water content ranges from 29.5 to 32.3%, and
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the high salinity range was from 15 to 25 g/kg. The average groundwater table was close to 0.5 m. Soil
physical characteristics from 0 to 80 cm at the beginning of study are presented in Table 1.
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Table 1. Soil physical specifications for different soil layers.

Soil Layer
(cm)

Soil
Texture

Bulk
Density
(g/cm3)

Soil
Porosity (%)

Saturated
Hydraulic

Conductivity
(cm/d)

Salt Content
(g/kg)

Bare Land

0–20 Silt 1.60 ± 0.04 40 ± 1 0.36 ± 0.02 38.24 ± 0.03
20–40 Silt 1.56 ± 0.06 41 ± 2 0.47 ± 0.01 8.32 ± 0.04
40–60 Silt 1.53 ± 0.02 42 ± 1 0.60 ± 0.02 7.10 ± 0.02
60–80 Silt 1.56 ± 0.03 41 ± 1 0.48 ± 0.03 7.19 ± 0.03

Tamarix
Land

0–20 Silt 1.37 ± 0.02 49 ± 1 35.45 ± 0.04 8.07 ± 0.04
20–40 Silt 1.48 ± 0.03 44 ± 1 0.61 ± 0.02 8.67 ± 0.03
40–60 Silt 1.54 ± 0.02 42 ± 1 0.55 ± 0.01 8.83 ± 0.02
60–80 Silt 1.58 ± 0.01 40 ± 1 0.44 ± 0.03 11.37 ± 0.02

The plant community was dominated by Tamarix, planted in 2012, at a density of 36 plants per
100 m2, height average of 226 cm, and diameter at breast height (DBH) of 54.5 mm. In the growing
season of 2018, canopy leaf area index (LAI) of Tamarix was 2.49 ± 0.33 m2/m2 ground, measured by a
plant canopy analyzer (LAI-2200, LI-COR Biosciences, Inc., Lincoln, NE, USA). Additionally, Tamarix
land was covered by approximately 1 cm of fallen leaves. The understory plants were composed of
shallow-root grasses, including Suaeda salsa, Ixeris chinensis and Aeluropus sinensis.

2.2. Evaporation and Transpiration Measurements

The daily soil evaporation was measured using the daily weighing method from May 1 to October
31 in 2018. Micro-lysimeters were placed on Tamarix land and bare land. The soil in the micro-lysimeter
was taken from the undisturbed natural soil of the measured area. Two groups of micro-lysimeters
covered by Tamarix fallen leaves (Et) and without leaves (Etb) were installed on the Tamarix land.
Micro-lysimeters were also installed in bare land (Eb). Three replications were performed in each
group. The micro-lysimeters contained 20 cm of undisturbed soils and were mounted on a flat or
slightly higher surface of the ground soil [24]. Each micro-lysimeter was weighed at 8 a.m. each day
using an electric balance with a precision of 0.01 g. The micro-lysimeter was made from two PVC
tubes. The inner tube was 10 cm diameter and 20 cm high. Around it was an outer tube of the same
height with a diameter of 12 cm. The outer tube was to protect the inner tube, including preventing
soil adhering to it. To keep the soil moisture in the micro-lysimeter similar to that of the external



Water 2019, 11, 2273 4 of 17

environment, the undisturbed natural soil in the micro-lysimeter was replaced every 3 days, and there
were no grasses in the soil. The E was calculated as follows:

E =
10
n

n∑
i=1

∆M
S

, (1)

where E is the soil evaporation from the micro-lysimeter (mm); S is the cross-sectional area of the
micro-lysimeter (cm2), that is, 78.5 cm2 in this study; 4M represents the difference in mass between the
current day and the previous day; and n is the number of replications (n = 3).

The heat balance method was used [25] to measure the Tamarix xylem sap flow; this method relies
on (i) the addition of a given thermal energy at a point of the stem and (ii) that energy dissipation was
measured by the sap flow convection. Sap flow was closely related to transpiration, which accounted
for as much as 99% of the soil water uptake [26]. Therefore, the sap flow value can be regarded as
equivalent to the plant transpiration. Sap flow was measured using a Dynagage Flow32-1K system
(Dynamax, Houston, TX, USA) on three trees. The instrument output was read every 60 s, and the
average value of 30 min was recorded on a CR1000 data logger. The three trees were randomly chosen,
and sap flow was monitored from 1 June to 31 October in 2016, from 1 May to 31 October in 2017, and
from 1 May to 31 October in 2018. The probe was installed at a height of >0.5 m above the ground
surface. Three trees with diameter at breast height (DBH) of 35.9 mm, 43.2 mm and 56.0 mm were
selected as measuring objects.

2.3. Environmental Monitoring

Sunshine duration (h), atmospheric pressure (Pa), solar radiation (Rs), relative humidity (RH),
air temperature (Ta), sunshine hours, wind speed (U), and precipitation (P) were measured daily at a
nearby weather station (Figure 2). According to the precipitation frequency analysis [27], precipitation
was 655.8 mm, 474.9 mm and 767.1 mm in 2016, 2017 and 2018, representing a normal year, a dry year
and a wet year, respectively.
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Figure 2. The photograph of the study area and weather station. The red arrows indicate the location
and the red triangle present the weather station.

Natural soil electrical conductivity (EC) was measured by four 5TE sensors (METER Group,
Inc., Washington, USA) at liang’wei, and values were recorded every 30 min on an Em50 data-logger
(METER Group, Inc., Washington, USA) on the Tamarix land. EC average values for four depths were
used to evaluate the relationship between EC and ET and its components (i.e., E and T).

The groundwater table (GW) was measured below the surface at 30-min intervals using an
automated pressure groundwater-level logger (Levelogger Gold, Solinst Ltd., Georgetown, Canada).
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The groundwater level was corrected by the pressure measured by a nearby weather station. These data
were calibrated in situ by manual measurement of the GW.

2.4. ET0 and VPD Estimates

The reference evapotranspiration (ET0) was calculated using Rs, Ta, RH, and U according to the
Food and Agriculture Organization(FAO)Penman–Monteith equation [28]. The FAO Penman–Monteith
equation is recommended as the sole standard method for calculating ET0.

ET0 =
0.408∆(Rn −G) + γ 900

T+273 u2(eS − ea)

∆ + γ(1 + 0.34u2)
, (2)

where ET0 is reference evapotranspiration (mm/d), Rn is the net radiation at the crop surface (MJ/m/day),
G is the soil heat flux density (MJ/m2/day), T is the mean daily air temperature at a height of 2 m (◦C),
u2 is the wind speed at a height of 2 m (m/s), es is the saturation vapor pressure (kPa), ea is the actual
vapor pressure (kPa), es-ea is the saturation vapor pressure deficit (kPa), ∆ is the slope of the vapor
pressure curve (kPa/◦C), and γ is the psychrometric constant (kPa/◦C).

VPD = es ×

(
1−

RH
100

)
, (3)

2.5. Crop Coefficient

The crop coefficients were estimated by the ratio of measured ET values of Tamarix and ET0

(estimated by Fao56 Penman–Monteith equation).

Kc =
ETa

ET0
(4)

The estimated evaporation can be calculated as [28]:

Kc = Kce + Kcb (5)

E = Kce × ET0 (6)

where ETa is the measured ET values of Tamarix in 2018, Kcb is crop-specific and represents the ratio of
T to ET0, and Kce is the daily ratio of E to ET0.

2.6. Gray Relational Analysis

Gray relational analysis [29] was utilized as an evaluation system to evaluate the effects of various
environmental factors on evapotranspiration and its components.

Set X0 = (x0(1), x0(2), ..., x0(n)) as the sequence of system behaviour characteristics.
X1 = (x1(1), x1(2), ..., x1(n)),
X2 = (x2(1), x2(2), ..., x2(n)),
. . . ,

Xi = (xi(1), xi(2), ..., xi(n))
set as the system sequence of associated factors.
The normalization of values is defined as follows:

x(k) =
x(k) − xi

si
, (7)
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The correlation coefficient is defined as follows:

ξi(k) =

min
i

min
k

∣∣∣X0(k) −Xi(k)
∣∣∣+ ρmax

i
max

k

∣∣∣X0(k) −Xi(k)
∣∣∣∣∣∣X0(k) −Xi(k)

∣∣∣+ ρmax
i

max
k

∣∣∣X0(k) −Xi(k)
∣∣∣ , (8)

The correlation coefficient is formulated as follows:

ri =
1
n

n∑
k=1

ξ
(
x0(k),xi(k)

)
, (9)

x(k) is the original data; xi is the average value; si is the standard deviation; ξi(k) is the correlation
coefficient; ρ is the distinctive coefficient (0–1), which is generally set as 0.5; ri is the correlation
coefficient between the comparison sequence X0 and the reference sequence Xi; and n is the number of
samples (n = 109).

The higher the value of ri is, the closer the sequence of environmental factors is related to the ET
and its components (i.e., E and T).

2.7. Data Analysis

The three sap flow outputs per hour were averaged, and the mean was used as the hourly sap flow
value for each individual. There were 184 days with sap flow data in 2016, 2017 and 2018. Raw data
processing and charting were carried out using Excel 2016 (Microsoft Corp., Redmond, Washington,
USA) and Origin 2016 (Origin Lab, Hampton, MA, USA) software. Correlation analyses and ANOVA
were performed using SAS 9.4 (SAS Institute Inc., Cary, North Carolina, USA).

3. Results

3.1. Observation of Environmental Factors and ET0

3.1.1. Diurnal Dynamics of Environmental Factors and ET0

Wind speed (U) fluctuated widely from May to October (Figure 3a). The maximum values were
4.19, 4.04 and 5.87 m/s in 2016, 2017 and 2018, respectively. The wind speed was much higher in 2018
than 2016 and 2017 for each month. Ta increased gradually from May to August, and the maximum
values of Ta were 32.05, 34.00 and 31.28 ◦C in 2016, 2017 and 2018, respectively (Figure 3b). Then, Ta

decreased and reached minimum values of 3.75, 8.40 and 7.38 ◦C in October of 2016, 2017 and 2018,
respectively. RH showed the same trend as temperature. RH increased with temperature increases
and reached the maximum values of 94, 99 and 100 in August of 2016, 2017 and 2018, respectively
(Figure 3c). As the temperature declined, RH also decreased. The VPD maximum occurred in June,
with values of 2.62, 3.10 and 2.64 kPa in 2016, 2017 and 2018 (Figure 3d). The lowest VPD occurred
in October, with values of 0.93, 1.11 and 0.98 kPa in 2016, 2017 and 2018, respectively. Pa and Ta had
the opposite tendency, dropping gradually from May to August and reaching minimum values of
99.58, 99.54 and 100.14 kPa in 2016, 2017 and 2018, respectively (Figure 3e). Then, Pa increased and
reached the maximum value in October, with 103.48, 103.28 and 102.75 kPa in 2016, 2017 and 2018,
respectively. Rn fluctuated widely during the growing season, especially from June to September
(Figure 3f). The maximum values of Rn were 18.57, 17.98 and 19.02 MJ/m2 in 2016, 2017 and 2018,
respectively. The total ET0 values were 735.53, 721.56 and 655.27 mm from May to October in 2016, 2017
and 2018, respectively (Figure 3g). The groundwater table fluctuated annually (Figure 3h), especially
in 2017. During the growing period, the range of the change in the groundwater table was close to 1 m.
In 2016, 2017, and 2018, the groundwater table remained at 0.5 m.
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(g) ET0; (h) Groundwater Table.

3.1.2. Variance Analysis of Environmental Factors in Different Years

The average values of meteorological factors and groundwater table from May to October are
shown in Table 2. The U (2.03) and GW (−0.38) maximum values were in the wet year and significantly
different from the normal year. Ta was the lowest in the wet year, significantly different from the
dry year (p < 0.05), however, there is no significant difference between the normal year and dry year.
Compared with dry and normal years, RH had a relatively high and significantly different value of
71.88 in the wet year. There was no difference in Pa among the 3 years. Rn differed significantly
between the normal year and dry year. The mean values of VPD were 0.76 and 1.06 in the wet year
and dry year. There were significant differences in VPD among the 3 years.

Table 2. ANOVA of environmental factors in different years.

Year U (m/s) T (◦C) RH (%) Pa (kPa) Rn (MJ/m2) VPD (kPa) GW (m)

2016 1.73 a 23.29 ab 67.16 a 100.95 a 10.90 a 0.94 a −0.51 a
2017 1.79 a 24.01 a 65.84 a 100.97 a 9.81 b 1.06 b −0.56 a
2018 2.03 b 22.35 b 71.88 b 100.95 a 10.00 ab 0.76 c −0.38 b

Note: a, b and c indicate a significant difference in the same column (p < 0.05).
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3.2. Precipitation Distribution and Daily Variation of Soil EC in Different Soil Layers in 2018

In the initial phase, the EC value of each soil layer was ordered as follows: 40 cm > 60 cm > 20 cm
> 80 cm (Figure 4). When heavy rain (85 mm) occurred on 9 June, the EC value of the 20 cm layer
quickly dropped from 7.23 to 6.08 ms/cm. After this stage, as the temperature increased, the EC
values of different soil layers increased. In the rainy months of July and August, the EC values of the
20 cm and 40 cm layers remained relatively stable, while the EC values of the 60 cm and 80 cm layers
continued to increase. After the rain in July and August, the EC value of the soil decreased as follows:
20 cm > 40 cm > 60 cm > 80 cm. After the frequent precipitation in July and August, compared with
the initial stage, the EC values of the 20 cm, 40 cm, 60 cm, and 80 cm soil layers plummeted by 63%,
36%, 45%, and 32%, respectively. In general, planting Tamarix could help reduce soil salinity under
natural conditions. However, if there are no measures to prevent evaporation, the salinity will return
to high levels at the surface with soil evaporation.
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Figure 4. Daily soil EC in different soil layers (20, 40, 60, and 80 cm) and the precipitation distribution
from May to October in 2018.

3.3. Summary Statistics of Evapotranspiration and Its Components on Tamarix Land and Bare Land

The evaporation values were 136.6 mm on bare land and 207.6 mm on Tamarix land from May
to October 2018. Maximum evaporation occurred in June and August, 42.1 and 44.9 mm on Tamarix
land, and 30.0 and 23.9 mm on bare land (Table 3). The E of Tamarix land was 71 mm higher than
bare land. Compared to Etb, the leaf cover lowered 94.3 mm of water. Transpiration of Tamarix was
306.6 mm, with the highest rate, 62.1 mm, in August. Total ET was 514.2 mm and the maximum value
was 107 mm in August. Tamarix land consumed 377.6 mm more water than bare land, and the highest
T/ET ratio appeared in October, with a maximum of 72.1%. Average T/ET ratio was 60.2% over the
growing season.
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Table 3. The E, T, ET, and the T/ET during the Tamarix growing season in 2018.

Month Eb (mm) Et (mm) Etb (mm) T (mm) ET (mm) T/ET

May 29.7 ± 0.3 39.6 ± 0.3 57.6 ± 0.5 51.3 ± 0.8 90.9 ± 1.1 56.40%
June 30.0 ± 0.3 42.1 ± 0.3 61.0 ± 0.3 46.3 ± 0.5 88.4 ± 0.8 52.40%
July 16.2 ± 0.1 33.0 ± 0.3 50.9 ± 0.8 50.3 ± 0.6 83.3 ± 0.9 60.40%

August 23.9 ± 0.2 44.9 ± 0.4 64.5 ± 0.6 62.1 ± 0.5 107.0 ± 0.9 58.00%
September 21.8 ± 0.3 28.0 ± 0.4 39.0 ± 0.4 45.0 ± 0.5 73.0 ± 0.9 61.60%
October 15.0 ± 0.2 20.0 ± 0.2 28.8 ± 0.3 51.6 ± 0.6 71.6 ± 0.8 72.10%

Total 136.6 ± 1.4 207.6 ± 1.9 301.9 ± 3.0 306.6 ± 3.5 514.2 ± 5.4

3.4. The Change of Crop Coefficient

The Kce was approximately 0.29 in the initial period (Figure 5). The maximum value of Kce was
0.35 in August, and the minimum value of Kce was 0.25 in October. Kcb and Kc had the same trend
from May to October 2018. The values of Kcb and Kc were 0.45 and 0.74 in the initial period, and fell to
minimum values of 0.35 and 0.63 in June. Then, the values of Kcb and Kc gradually increased until
reached the first peak values of 0.67 and 1.02, occurred. Kcb and Kc dropped in September and fell to
minimum values of 0.41 and 0.68. In total, the average values of Kce, Kcb, and Kc were 0.29, 0.52, and
0.81, respectively.
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3.5. Effects of Environmental Factors on ET and Its Components

3.5.1. Effects of Environmental Factors on Evaporation

The evaporation was positively correlated with wind speed, temperature, VPD, and Rn (Figure 6).
It showed a negative relationship with RH and atmospheric pressure. When the groundwater table
rose, the evaporation also increased. VPD and atmospheric pressure had a relative good fit with
evaporation, with R2 values of 0.45 and 0.45. The fit of the groundwater table to evaporation was poor,
with an R2 of 0.11. The slopes of all fit lines were significantly different from zero.
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3.5.2. Effects of Environmental Factors on Transpiration

Transpiration showed a negative relationship with wind speed and RH (Figure 7). EC put
up a negative effect on transpiration, and when the EC was enhanced, the transpiration decreased.
The groundwater table also displayed a negative effect on transpiration. Compared to wind speed, RH
and groundwater table, EC possessed the highest R2 of 0.16. The fit of RH and transpiration with the
R2 of 0.05. The slopes of all fit lines were significantly different from zero.
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3.5.3. Effects of Environmental Factors on Evapotranspiration

Evapotranspiration had a positive relationship with temperature, VPD and Rn (Figure 8).
With increasing temperature, VPD or Rn increased, and the evapotranspiration increased. RH
and pressure expressed a negative effect on evapotranspiration; with increasing RH or atmospheric
pressure, the evapotranspiration decreased. The atmospheric pressure showed a relative good fit with
evapotranspiration, with an R2 of 0.27. The fit of Rn to evapotranspiration was poor, with an R2 of 0.16.
The slopes of all fit lines were significantly different from zero.
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3.6. Gray Relational Analyses of the Environmental Factors on ET and Its Components

VPD shows the maximum correlation coefficient value of 0.9717 with evaporation (Table 4),
followed by the groundwater table, wind speed, EC, Rn, temperature, RH, and atmospheric pressure,
with correlation coefficient values of 0.8871, 0.8659, 0.6842, 0.5182, 0.3444, 0.1374, and 0.0929, respectively.
VPD also had the maximum correlation coefficient value, 0.9316, with transpiration, and wind speed
had the maximum correlation coefficient, 0.9294, with evapotranspiration. Among all the influencing
factors, the correlation coefficients of VPD to evaporation and transpiration were the highest, 0.9717
and 0.9313, and the correlation coefficient of wind speed and ET was the highest, 0.9294.

Table 4. Gray relational analyses of evaporation, transpiration, evapotranspiration, and
environmental factors.

Correlation Coefficient

X1 X2 X3 X4 X5 X6 X7 X8

E 0.8659 0.0929 0.3444 0.9717 0.1374 0.6842 0.8871 0.5182
T 0.9058 0.0926 0.3519 0.9316 0.1374 0.7159 0.8387 0.5369

ET 0.9294 0.0933 0.3630 0.8600 0.1392 0.7715 0.7746 0.5650

Note: X1, wind speed; X2, pressure; X3, mean temperature; X4, VPD; X5, RH; X6, EC; X7, groundwater table; X8, Rn.

3.7. The Monthly Distribution of Evaporation, Transpiration, and Precipitation from May to October in 2016,
2017 and 2018

The values of evaporation from May to October in 2016 and 2017 were estimated by the product
of Kcs and ET0. According to the precipitation frequency distribution, 2016, 2017 and 2018 represent
normal, dry and wet year, respectively. The difference between precipitation and evapotranspiration can
reflect the adequacy of water resources in this region. As shown in Figure 9, the total evapotranspiration
values from May to October were 516.4, 573.8 and 514.2 mm in 2016, 2017 and 2018, respectively.
The precipitation could not meet the ET balance and the water shortage was approximately −107.2 mm
in 2017. In 2016, the precipitation was just enough to replenish the ET consumption, and the difference
between the precipitation and ET was 77.76 mm. In 2018, the precipitation adequately met the ET
balance, and the difference between the precipitation and ET was 187.46 mm.
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Precipitation from events in May, June, September, and October of 2016 was less than the
evapotranspiration loss during this period. In 2017, this was the situation in May, June, and September.
Recharge via precipitation was inadequate in May, September, and October of 2018. The consistent
months of recharge were July and August, while May and September were consistently drier. Overall,
the months when water shortages occurred were May and September in 2016, 2017 and 2018.

4. Discussion

4.1. Quantifying the ET and Its Components (E and T) of Tamarix

Tamarix has a high LAI and can consume a lot of water through transpiration [10]. During the
observation period, the transpiration values in 2016, 2017 and 2018 were 332.3 mm, 363.3 mm, and 306.6
mm, respectively. In a previous study, the total transpiration of Tamarix was 224 mm [6], which was
much lower than the value in our observations. The main difference may be caused by the water supply.
In the Hultine study site, the mean annual precipitation was 230 mm, less than half the precipitation
(569 mm) in the current study area. Furthermore, the groundwater table remained at 0.5 m in our
study site (Figure 3h). Thus, this region has a relatively sufficient supply of water. In the process of
vegetation establishment, Tamarix approximately consumes 306.6 to 363.3 mm per year in the form of
transpiration, participating in the water cycle of saline soil. Accurately estimating the ratio of plant T
to ET (T/ET) is key to the quantitative study of the water cycle [13]. The ratio of T to ET is often used
to evaluate the effects of transpiration on the water balance in an ecosystem [30]. Previous studies
reported that transpiration accounted for approximately 64% of the total global ET [31,32]. From
May to October, the average T/ET ratio was 60.2%, lower than the contribution of transpiration in the
global water cycle. This situation indicated that dissipation via transpiration was the main factor in
evapotranspiration of Tamarix.

The evaporation in Tamarix land was 71 mm, higher than that in the bare land, which indicated that
the vegetation increased the soil moisture dissipation of the coastal saline soil, where the groundwater
table was relatively shallow. However, the growth of Tamarix improved the soil’s physical properties.
Many studies have shown that vegetation played a key role in decreasing bulk density and increasing
soil porosity and water holding capacity of soil [33,34]. From 0 to 40 cm, the soil porosity of Tamarix
land was greater than that of bare land (Table 1), which meant that the increase in soil pores supported
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the evaporation of groundwater recharge. Although we increased soil porosity and enhanced the soil
evaporation by planting this plant, the soil evaporation also decreased because of the coverage of fallen
leaves. The Tamarix leaf cover restricts evaporation in soil [35]. In this study, the existence of fallen
leaves prevented 94.3 mm of water from evaporating from May to October (Table 3).

It is important to accurately understand the interaction of Tamarix ET and available water resources
to better estimate the potential of Tamarix to rehabilitate saline soils. During the observation period in
2018, the total ET was 514.2 mm (Table 3). Many studies have shown that during the growing season,
the measured ET was approximately 520 mm in the Heihe River basin [12] and 500 mm in the Tarim
Basin [36]. The ET of Tamarix stands in the Hetao Irrigation District were 510 and 480 mm in 2012 and
2013 [37]. Previous research results [12,36,37] were obtained using the vorticity covariance method,
which is based on vertical water vapor flux to estimate evapotranspiration. In this study, only soil
evaporation and plant transpiration were considered, canopy-interception evaporation was ignored.
Even so, many ET results of previous studies were lower than the ET of our study area. It meant that
the ET of Tamarix in coastal saline soil was higher than that in inland areas of China.

4.2. The Effects of Environmental Factors on the ET

It is known that with increased atmospheric pressure, water vaporization requires more energy,
thus decreasing evaporation and evapotranspiration. Temperature affects the exchange of matter and
energy at the atmosphere–soil boundary. With the temperature increases, more ET would transport
into the atmosphere. ET was significantly positively correlated with evaporation and transpiration.
However, the plants’ transpiration and temperature were not linearly correlated. As too high or low
temperature could reduce the transpiration, suitable temperature was required for plant growth [38].
When the leaf temperature was higher than the air temperature, the increase in wind led to a decrease
in transpiration [39]. Therefore, the change in transpiration is not affected by a single temperature
variable, but by multiple factors. RH was also an important factor affecting ET and reflects the distance
between the air and saturation. The higher the RH, the lower the ET. The wind speed could affect
the partitioning of energy by changing the RH and temperature of the evaporation surface and then
affects the ET process by changing the VPD. In this study, the wind speed shows the highest correlation
coefficient with evapotranspiration for 0.9294, supporting the notion that wind speed is an important
factor effecting evapotranspiration.

Groundwater is the most important source of water and salts in arid wetlands [40,41]. Due to the
continuous evaporation, the salt precipitated around the ground surface [42–44]. The former study
presented that the accumulation of salt on the soil surface could reduce evaporation by decreasing the
VPD of the soil surface [45], which was confirmed by the small amount of evaporation in the bare land
in comparison to the Tamarix land. However, there was no correlation between EC and evaporation
from the scatter plot (Figure 6). This might be caused by the lack of continuous monitoring of surface
soil EC. Although Tamarix is a type of halophyte, with the properties of strong salt tolerance and
drought resistance, these properties had certain limitations, which s supported by the scatter plots of
EC and transpiration (Figure 7). Due to the high soil salt content beyond the salt tolerance range of
Tamarix, the reduction of transpiration happened as a protective mechanism. In arid areas, Tamarix can
relieve the effects of water deficit by absorbing groundwater [46]. However, the high EC groundwater
(25 ms/cm) limits the absorption of water in this study area, and the higher the groundwater table, the
smaller the transpiration. Both of the above cases indicated that Tamarix can adapt to environmental
change in the process of vegetation construction in coastal saline land.

4.3. The Possibility of Vegetation Construction Using Tamarix

The shallow groundwater table and high-salinity, high-intensity evaporation caused salt from the
groundwater to accumulate in the soil during the drought season [47,48]. The existence of excessive salt
affected the soil’s physical and chemical properties. In the long term, the accumulation of salt inevitably
affected the natural environment and ecological balance. Planting Tamarix could improve the soil
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texture by decreasing the bulk density, increasing the soil porosity and the water-holding capacity of
the soil. These changes in the components of soil structure are conducive to salt leaching. During the
rainy season, precipitation could carry salt from the surface soil layer through pores embedded in the
roots to the deep layer (Figure 4), which played the role of desalination. Thus, planting Tamarix could
reduce soil salinity, improve the soil environment and provide a good environment for plant growth.

Wheat, maize, cotton, and rice can be planted in the process of saline soil rehabilitation. In previous
studies, during the growing season, the ET of winter wheat-summer maize was 740 mm [49] and 1008
mm [50]; the ET of cotton was approximately 600 mm [51] and 526 mm [52]; and the ET of rice was
600.6 mm and 614.8 mm [53]. The ET of Tamarix ranged from 514.2 to 573.8 mm in our study. The
water consumption of winter wheat-summer maize far exceeded the annual average precipitation in
the region. At the same time, these two crops were extremely dependent on freshwater and not suitable
for planting in this region. As a halophyte, Tamarix can live in natural saline ecosystems. The cotton
plant required mulching film to maintain moisture and a relatively low saline soil environment for
growth. The physical structure of soil was changed by using plastic film, and the long degradation
cycle led to ecosystem destruction. Rice plants needed amounts of freshwater, which was the scarcest
in this region. Similarly, in the dry year, the precipitation was too low to support the consumption of
Tamarix, so it had to absorb part of the groundwater. According to the groundwater observations of
these 3 years, there was a drop in the groundwater table due to the water consumption of Tamarix, but
not excessively (Figure 3h), so there is less concern about seawater intrusion due a sharp drop in the
water table. Therefore, Tamarix is a reasonable choice for saline soil rehabilitation in coastal saline soil.

5. Conclusions

In this paper, the evapotranspiration of Tamarix in coastal saline land from May to October, 2016
to 2018 was speculated to range from 514.2 to 573.8 mm using the values of field measurements and
estimation. Evapotranspiration possessed positive relationships with temperature, VPD, and Rn and
negative relationships with RH and atmospheric pressure. Among all the evapotranspiration affecting
factors, wind speed played the dominant role, followed by VPD and groundwater table. Although
planting Tamarix increased soil water consumption, it could also improve components of soil structure
and be useful for comfortable soil environment establishment. In the normal and wet years, water
resources were sufficient to support the consumption of Tamarix in the coastal saline soil. Even in dry
years, water balance can be met by reducing soil evaporation. In general, Tamarix was a suitable plant
for the reclamation and rehabilitation of saline soil.
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