J. For. Res. (2018) 29(5):1215-1224
https://doi.org/10.1007/s11676-017-0540-2

CrossMark

@

ORIGINAL PAPER

Comparable water use of two contrasting riparian forests
in the lower Heihe River basin, Northwest China

Tengfei Yu'?*>

Chunyan Zhao'

- Qi Feng"?? - Jianhua Si"*? - Xiaoyou Zhang'? - Haiyang Xi

1,23,

Received: 11 August 2016/ Accepted: 16 November 2016/ Published online: 15 November 2017
© Northeast Forestry University and Springer-Verlag GmbH Germany, part of Springer Nature 2017

Abstract Understanding forest ecosystem evapotranspira-
tion (ET) is crucial for water-limited environments, par-
ticularly those that lack adequate quantified data such as
the lower Heihe River basin of northwest China which is
primarily dominated by Tamarix ramosissima Ledeb. and
Populus euphratica Oliv. forests. Accordingly, we selected
the growing season for 2 years (2012 and 2014) of two
such forests under similar meteorological conditions to
compare ET using the eddy covariance (EC) technique.
During the growing seasons, daily ET of T. ramosissima
ranged from 0.3 to 8.0 mm day ' with a mean of
3.6 mm day ', and daily ET of P. euphratica ranged from
0.9 to 7.9 mm day ' with a mean of 4.6 mm day ™' for a
total of 548 and 707 mm, respectively. The significantly
higher ET of the P. euphratica stand was directly linked to

high soil evaporation rates under sufficient water

Project funding: This study was supported by the National Natural
Science Foundation of China (41401033, 31370466, and 41271037),
the China Postdoctoral Science Foundation (2014M560819) and the
National Key Research and Development Program of China
(2016YFC0501002).

The online version is available at http://www.springerlink.com

Corresponding editor: Hu Yanbo.

> Qi Feng
qifeng@Izb.ac.cn

Alxa Desert Eco-hydrology Experimental Research Station,
Northwest Institute of Eco-Environment and Resources,
Chinese Academy of Sciences, Lanzhou 730000, China

Key Laboratory of Eco-hydrology of Inland River Basin,
Chinese Academy of Sciences, Lanzhou 730000, China

Gansu Hydrology and Water Resources Engineering
Research Center, Lanzhou 730000, China

availability from irrigation. When the soil evaporation was
disregarded, water use was comparable to two contrasting
riparian forests, a P. euphratica forest with a total tran-
spiration of 465 mm and a 7. ramosissima forest with
473 mm. Regression analysis demonstrated that climate
factors accounted for at least 80% of ET variation in both
forest types. In conclusion, water use of the riparian forests
was low and comparable in this arid region, that suggest
the long-term plant adaptation to the local climate and
conditions of water availability.

Keywords Eddy covariance - Evapotranspiration - Heihe
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Introduction

Evapotranspiration (ET) is a major component of catch-
ment water balances. Because ET in most large basin
ecosystems is limited by rainfall, riparian corridors are hot
spots for atmospheric water loss for large arid- and semi-
arid basins (Sala et al. 1996; Smith et al. 1998). In the
lower Heihe River basin (HRB), northwestern China,
riparian forests are dominated by phreatophytes, such as
Populus euphratica Oliv. tree species and Tamarix ramo-
sissima Ledeb. shrub species (Si et al. 2007). Phreatophytes
are deep-rooted plants that obtain their water from the
water table or the soil above it. Over the past several
decades, the eco-environment of riparian forests has
markedly deteriorated to the extent that riparian forests
have decreased in size and their ecological functions have
declined (Cheng et al. 2014; Feng and Cheng 1998; Si et al.
2007). In order to restore riparian forests in the lower HRB,
the Ecological Water Conveyance Project (EWCP) was
initiated in 2000 by the government of China to recharge
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Table 1 Mean values £ SD of meteorological variables, including
total precipitation (P, mm), mean daylight hours (N, h), air
temperature (7,, °C), relative humidity (RH, %), saturated vapor

pressure deficit (VPD, kPa), and wind speed (U, m sfl) from the Ejin
meteorological station for the years 2012 and 2014

Year P (mm) N (h) T, (°C) RH (%) VPD (kPa) U@ms™)
2012 327 8.77 £ 3.04 9.44 £+ 14.47 27.72 £ 12.23 1.39 + 1.05 2.60 £+ 1.09
2014 17.2 8.33 £ 3.15 10.55 &+ 13.30 30.16 £+ 12.14 1.38 + 1.10 2.63 £ 1.11
Sig. No No Yes No No

Significant differences were tested using one-way ANOVA at P = 0.05

water back into the lower HRB (Guo et al. 2008). Although
P. euphratica forests were maintained after this water
conveyance program was put into practice (from
295.69 km” in 1982 to 294.30 km” in 2010), 7. ramosis-
sima forests have expanded in area (from 1003.71 km? in
1982 to 1529.56 km? in 2010). Accordingly, it is important
to quantify water consumption by these two forest types in
order to effectively utilize their limited water resources.

Although P. euphratica is an important structural tree
species of riparian forests, only a limited number of ET
studies have been conducted in this region. Studies mainly
focused on a tree-level scale (Si et al. 2007; Zhang et al.
2006) and rarely on a stand-level scale (Hou et al. 2010).
Annual transpiration measured through sap flow was
2149 mm (Si et al. 2007), less than the total ET
(447.0 mm) estimated by the Bowen ratio energy balance
(BREB) method at the same site (Hou et al. 2010). In
addition, T. ramosissima is a native phreatophytic that
originates from arid regions in Central Asia, and has widely
invaded numerous western states (Di Tomaso 1998; Hatler
and Hart 2009; Shafroth et al. 2005). Generally, T. ramo-
sissima is recognized as a prolific water user. Data taken
from flux towers (Cleverly et al. 2002, 2006; Devitt et al.
1998) and large area estimates using remote sensing tech-
niques (Bawazir et al. 2009; Dennison et al. 2009; Nagler
et al. 2009) have yielded moderate water use rates (from
800 to 1450 mm yearfl). In contrast to the western U.S.,
ET from T. ramosissima stands was approximately
500 mm year~ ' in the lower Tarim River basin (Yuan et al.
2014) and only 280 mm year ' in the lower HRB in
northwestern China (Si et al. 2005). It may therefore be
deduced that ET from 7. ramosissima stands is lower in its
native regions than in regions it has invaded, but it remains
unclear whether T. ramosissima stands have higher ET
rates than other native species (e.g., P. euphratica).

In most previously published studies, the eddy covari-
ance (EC) method has been widely used to estimate ET
using direct measurements of latent heat fluxes (Sun et al.
2008). The objectives of this study were to determine the
magnitude of ET for P. euphratica and T. ramosissima
stands in the lower HRB, and compared them to other
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regions around the world. For this purpose, we gathered
nearly 2 years of EC observations from two stands in the
lower HRB. In addition, we concurrently observed mete-
orological variables and groundwater tables in the same
plot used to determine environmental controls of ET.

Materials and methods
Study site

The climate in this region is extremely arid with a mean
annual precipitation of only 37.4 mm, of which > 75%
occurs between June and August. Annual pan evaporation
is 3390.3 mm, which is greater than precipitation by a
factor of 90. Mean annual temperatures in July and January
are 27.0 and — 11.7 °C, respectively, as recorded at the
Ejin meteorological station between 1959 and 2011 (Yu
et al. 2013b). Mean values + standard deviation (SD) of
meteorological conditions for 2012 and 2014 are provided
in Table 1. Given that both the highest rainfalls and tem-
peratures occur concurrently in this region, most rainfall is
depleted by evaporation before it infiltrates into the soil.
Therefore, the effect of rainfall on the water balance is
minimal. In addition to rainfall, groundwater recharged by
runoff from the Heihe River sustains both local residents
and regional ecosystems (Si et al. 2014).

We selected T. ramosissima and P. euphratica stands,
two typical forest types in arid regions, to conduct EC
measurements. The 7. ramosissima stand (42°01'N,
101°03’E; 926 m a.s.l.) is situated in a north—south direc-
tion in the Alxa Desert Ecohydrology Experimental
Research Station, Chinese Academy of Sciences. The P.
euphratica stand (41°59'N, 101°10'E; 920 m AMSL) is
located at the P. euphratica Forest National Nature Refuge
at Qidaoqgiao (Fig. 1). We initially conducted a compre-
hensive quadrat sampling of vegetation in 2010 for both
forest types (Table 2). Leaf area index (LAI) of canopies
was measured using a plant canopy analyzer (LAI-2200,
LI-COR Biosciences, Inc., Lincoln, NE, USA) with one
wand for both above- and below-canopy measurements
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Fig. 1 Map of the Heihe River basin and the locations of the 7. ramosissima and P. euphratica stands

Table 2 Statistical features of
the T. ramosissima and P.

euphratica stands

Stands MA (years) PD (ind. a™ MH(@m) MCA (m?> DBH (cm) VC (%) LAl
T. ramosissima 4 1300 1.87 5.11 2.05 52 1.97
P. euphratica 38 320 9.01 14.82 18.45 47 2.15

MA mean age, PD population density, MH mean height, MCA, mean crown area, DBH diameter at breast
height, VC vegetation coverage, LAl,,,, maximum leaf area index

under diffused light conditions during sunrise and sunset.
This was carried out approximately once every month
throughout the growing season in both years. The under-
story was composed of shallow-rooted grasses, predomi-
nantly Sophora alopecuroides L., Karelinia caspica (Pall.)
Less., and Achnatherum splendens (Trin.) Nevski. Soil
characteristics from the 7. ramosissima (Yu et al. 2013a)
and P. euphratica stands were determined (Gao et al.
2016Db).

Flux and meteorological measurements

Momentum flux, sensible heat (H, W m_z), and latent heat
(LE, W m_z) were measured using a three-dimensional
sonic anemometer (CSAT3, Campbell Scientific, Inc.,
North Logan, UT, USA) and an open path CO,/H,O

analyzer (LI-7500A, LI-COR Biosciences, Inc., USA). In
addition, meteorological variables were recorded, includ-
ing net radiation (R,, W m~?), air temperature (7,, °C),
and relative humidity (RH, %) in conjunction with online-
processed 0.5 h mean horizontal wind speeds (U, m s~ ")
and CO,/H,O flux rates using the CR3000 datalogger
(Campbell Scientific Inc., USA). R, was determined using
a four-component net radiometer (CNR4, Kipp & Zonen,
Delft, the Netherlands), while T, and RH were measured
using a relative humidity and temperature sensor probe
(HMP45C, Campbell Scientific, Inc, USA). The vapor
pressure deficit (VPD, kPa) was calculated based on T, and
RH (Campbell and Norman 1998). Soil heat flux (G,
W m~?) was measured using a heat flux plate (HFPOI,
Hukseflux Thermal Sensors B.V., Delft, the Netherlands) at
a 5 cm depth dispersed 0.5 m belowground horizontally.
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Fig. 2 Energy balance closures of eddy covariance (EC) for T. ramosissima (a) and P. euphratica (b) during 2012 and 2014, respectively. The
1:1 line (dotted line) and linear regression (solid line) between R, — G and LE + H is shown

We conducted 7. ramosissima stand flux and meteorolog-
ical measurements from May 2011 to November 2012 at
3 m above-ground level. Subsequently, this method was
applied to a 20 m high flux tower to measure P. euphratica
stand flux and meteorological measurements from June
2013 to the present (Gao et al. 2016b). To compare, we
selected the entire 2012 and 2014 growing seasons (i.e.,
from May to September) under similar meteorological
conditions for analysis. In addition, two wells 30 m apart
from the EC tower were installed and groundwater depth
(GD, m) measured at 5 day intervals during the growing
seasons, which provided results of a maximum of 2.65 m
for the T. ramosissima stand and 2.25 m for the P.
euphratica stand. Water was introduced via the Heihe
River EWCP (set up to provide local herdsmen a means to
irrigate their pastures) to the P. euphratica stand after
September 16, 2014.

Data processing and gap filling

Raw CSAT3 and CO,/H,0 flux data were processed using
EddyPro software (LI-COR Biosciences, Inc., USA),
which includes features such as double coordinate rotation,
block average detrending, time lag compensation via
covariance maximization (with defaults), and density
fluctuation compensation via the use/convert features to the
mixing ratio (Burba et al. 2012). Statistical analysis of the
raw time series data was carried out, including spike count/
removal, amplitude resolution, dropouts, absolute limits,
and skewness and kurtosis, according to Vickers and Mahrt
(1997). Quality checks/flagging were conducted according
to the CarboEurope standard (Foken et al. 2004). After
conducting a detailed postproduction on data, H and LE
were calculated to obtain a 0.5 h average. We screened
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0.5 h turbulent fluxes and meteorological variables to
remove spurious data points caused by sensor malfunc-
tions, rain events, and sensor maintenance.

The energy balance was analyzed from the EC data that
include R,,, LE, and H and G calculated from the average of
the two heat flux plate measurements. We disregarded
canopy storage heat and photosynthetic energy consump-
tion due to the sparseness of canopy cover. The relationship
between the half-hourly data of net radiation subtracted by
the ground heat flux (R, — G) and the half-hourly data of
the total turbulent flux (LE + H) indicated that EC
underestimated turbulent fluxes by 22% (slope = 0.78;
R* = 0.91) and 21% (slope = 0.79; R* = 0.80) for the T.
ramosissima and P. euphratica stands, respectively
(Fig. 2). LE data was also removed from the energy
unbalance. In total, 34 and 19% of the original LE data was
rejected during data quality processing of the T. ramosis-
sima and P. euphratica stands, respectively.

Gap filling was carried out when total ET had to be
calculated by filling shorter gaps (i.e., < 2 h) in the data
through linear interpolation, and longer gaps in LE flux
using energy balance analysis. If EC measured LE was
greater than R, + G — H or null, we then forced LE to
close according to the energy balance analysis (Yuan et al.
2014), that is, LE = R, + G — H, otherwise LE was
retained. ET (mm hfl) from LE was calculated hourly
according to Yuan et al. (2014), the actual ET (mm h™
from combined data with EC measured ET (ETgc,
mm h™"), and the estimated ET from the energy balance
analysis (ETgg, mm h_l) (Fig. 3). When hourly ET was
negative, it was set to zero. Daily ET (mm day_l) was the
sum of hourly ET during a single day. In addition, the daily
reference ET (ET), mm dayfl) was calculated from the
FAO Penman—Monteith equation (Allen et al. 1998) on a
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Fig. 3 Hourly variation in measured evapotranspiration from eddy
covariance (EC) (ETgc, mm h_l), estimated evapotranspiration
derived from energy balance analysis (ETgg, mm h™1), and actual
evapotranspiration calculated from the combination of the two (ET,
mm h~!) for the T. ramosissima stand from June 20 to June 23, 2012

daily scale. R, and G data were used to calculate daily ET,
derived from observations from flux tower measurements,
and other daily data from the Ejin meteorological station.
The crop coefficient (K. = ET/ET,) was then determined.

Data analysis

Basic statistical features of mean values and SD for meteo-
rological variables were analyzed and significant differences
tested using one-way ANOVA at P = 0.05. Meteorological
data collected from the site were used, including R, T,, RH,
U, and VPD, to explain seasonal ET variability by ANOVA
as well as correlation and regression analyses provided in the
SPSS Statistics 19 software package (IBM, USA). Finally,
Origin 8.0 software was used to generate drawings (Orig-
inLab Corp., Northampton, MA, USA).

Results
Comparisons of environmental variables

Limited precipitation, low RH as well as high T, and VPD
were the main climatic variables used for the study area.
Precipitation was 32.7 mm in 2012 and 17.2 mm in 2014.
Two extreme precipitation events, 8.3 and 8.9 mm on June
6 and July 24, respectively, could account for the high
precipitation in 2012. At P = 0.05, population means of N,
T, VPD, and U were not significantly different for either
study year with the exception of RH from the meteoro-
logical station (Table 1).

For the T. ramosissima stand, daily R, increased during
the spring and progressed into the summer before

progressively decreasing during the autumn from 3.0 to
21.0 MI m ? day' with an average of 12.4 MJ m >
dayfl. Moreover, G was coincident with R, (Fig. 4a).
Daily T, remained positive at an average of 18.5 °C
throughout the growing seasons, particularly in August
when maximum daily T, reached 31.6 °C. Seasonal vari-
ation in RH changed following R, and T, with an average
of 31.3% (Fig. 4b) and was particularly low from March to
May compared to other months (20.2 vs. 35.9%,
P = 0.01), which may be attributable to the high U ob-
served during this period (2.1 vs. 1.4 ms™', P = 0.05)
(Fig. 4c). Mean VPD was 1.8 kPa, and seasonal variation
in VPD was closely correlated to R, and T, (Fig. 4c).

For the P. euphratica stand, R,, was significantly higher
with an average of 14.1 MJ m~2 day ' compared to the 7.
ramosissima stand (P = 0.01) during the growing seasons,
and G coincided with R, (Fig. 4d). T, and RH, with an
average of 19.0 °C and 29.1%, was not significantly dif-
ferent from the 7. ramosissima stand (P = 0.50 and
P = 0.07, respectively) (Fig. 4e). Undifferentiated 7, and
RH resulting from VPD was also not significantly different
(1.8 kPa, P = 0.75) to the T. ramosissima stand (Fig. 4f).
Height (20 m) of measured U results was significantly
higher (3.4 vs. 1.6 m s, P = 0.01) compared to the T.
ramosissima stand.

Comparison of evapotranspiration between the two
stands

Energy balance closures (LE + H)/(R,, — G) were 79 and
78% in 2012 and 2014, respectively (Fig. 2). During the
dormant season, daily ET was generally less than
0.5 mm day~'. It is noteworthy that ET remained weak
throughout March and April but E7 remained relatively
high (Fig. 5a), from which T,, VPD, and U increased
rapidly (Fig. 4b, c). For the growing season, daily ET
increased during the spring and progressed into the summer
before progressively decreasing in the autumn from 0.3 to
8.0 mm day ' with an average of 3.6 mm day ™' (Fig. 5a).
However, there was pronounced lower ET value in June
that was consistent with the lower U for the same period,
although it rose sharply afterwards in conjunction with the
high VPD in August with a maximum of 7.7 mm day~'. In
contrast, ET,, was high during the late spring and autumn,
indicating a low ET to ET, ratio (K.: from 0.09 to 0.22)
during these periods. In comparison, K. remained high
(0.36-0.86) during the summer and early autumn with an
average of 0.46 in 2012. This phenomenon indicated that
soil evaporation was weak because plant transpiration
could not have occurred in March and April. Monthly ET
increased from 34.1 mm in May to 180.1 mm in July and
decreased to 93.1 mm in September for a total of 548 mm
in 2012 (Table 3).
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radiation (R,, W m™2), soil heat flux (G, W m™2), air temperature
(T,, °C), relative humidity (RH, %), vapor pressure deficit (VPD,

For the P. euphratica stand, ET increased earlier and
ended later than for the T. ramosissima stand, after which it
was consistent with ET, (Fig. 5b). Daily ET was less than
1 mm prior to March (7T, < 0 °C) during the dormant
season (Fig. 5b). However, ET increased rapidly with a
peak of 3 mm day ™' after March, at which time T,, VPD
and U increased rapidly (Fig. 4e and f), and ET, was rel-
atively high (Fig. 5b). During the growing season, daily ET
ranged from 09 to 79 mm with an average of
4.6 mm day~" (Fig. 5b), and monthly ET increased from
131.3 mm in May to 170.0 mm in July and decreased to
98.5 mm in September for a total of 707 mm in 2014
(Table 3).
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May Jun Jul Aug Sep Oct

2014

kPa), and wind speed (U, m s_l) for T. ramosissima (a—c¢) and P.
euphratica (d—f) during 2012 and 2014 growing seasons

Comparison of variables associated
with evapotranspiration

For the T. ramosissima stand, daily ET was positive and
significantly correlated to R,, T,, and VPD and negative
and significantly correlated to RH, but not significantly
correlated to U. Due to the high correlations between VPD
and RH, the latter was removed during stepwise regression
analysis, for which the results revealed that climate vari-
ables accounted for at least 81% of ET variation. For the P.
euphratica stand, daily ET also positive and significantly
correlated to R,, T,, and VPD and negative and signifi-
cantly correlated to RH (U being the exception), and cli-
mate factors, including R, T,, and VPD, accounted for at
least 80% of ET variation (Table 4).
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Table 3 Monthly variation in

evapotranspiration (ET, mm), Years May June July Aug. Sept. Total
reference evapotranspiration 012
(ETy, mm), and crop coefficient
(K. = ETIET,) of T. ET
ramosissima and P. euphratica Mean L.1* 3.9% 4.4% 5.4% 3.0 3.6%
during the 2012 and 2014 Sum 34.6 117.5 136.4 166.8 93.1 548.4
growing seasons ET,
Mean 8.0 7.6 8.4 72 5.8 6.6
Sum 247.3 227.3 259.9 222.0 173.9 1261.3
K, 0.14 0.51 0.69 0.77 0.52 0.48
2014
ET
Mean 4.2% 5.5% 5.6% 4.4% 33 4.6
Sum 131.3 165.5 175.0 137.0 98.5 707.3
ET,
Mean 74 7.4 79 7.1 5.8 6.9
Sum 230.4 221.0 245.2 2189 175.3 1218.1
K, 0.57 0.75 0.71 0.63 0.56 0.63

* Significant differences in mean evapotranspiration for months and years were tested using one-way

ANOVA at P = 0.05

Table 4 Statistical summary of

.. Years
evapotranspiration patterns

Correlation analysis

Regression analysis

(dependent variables) to climate R, T, RH VPD Model parameters F R?
parameters for 7. ramosissima

and P. euphratica during the 2012 0.58 0.75 — 0.26 0.60 n. R,, T,, VPD 114 0.81
2012 and 2014 growing seasons 5014 082 075  —021 075 n. Ry, T,y VPD 241 0.80

Pearson correlation coefficients and stepwise regressions were considered significant at P = 0.01
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Discussion

Comparison of evapotranspiration between the two
stands

Energy balance closures for the two stands (Fig. 2) were
comparable with FLUXNET sites (Wilson et al. 2002) as well
as with other EC measurements, especially in the arid region of
northwestern China (Hao et al. 2007; Yuan et al. 2014). This
suggests that direct ET measurements using the EC method
were reliable. The total ET of T. ramosissima and P. euphratica
during the growing season has been estimated at tree-level (Si
et al. 2007; Zhang et al. 2006) and stand-level scales (Hou et al.
2010; Sietal. 2005; Wang et al. 2014). The BREB estimated ET
was approximately 248 mm with an average of 1.6 mm day "
for T. ramosissima (Si et al. 2005) and 447 mm with an average
of 3.2 mm day ' for the P. euphratica stand (Hou et al. 2010).
In addition, annual transpiration measured through sap flow
was 214.9 mm for P. euphratica (Si et al. 2007). The daily ET
rate during the summer months (June—August) was estimated to
be 0.63-0.73 mm for 7. ramosissima and 1.89-2.33 mm for P.
euphratica using the water table fluctuation (WTF) method
(Wang et al. 2014). A comparison of results from this study and
those of the aforementioned studies indicate that the ET rates
estimated using the EC method for both stands were higher than
values determined through sap flow, BREB, and WTF
methods.

Previous studies (Cleverly et al. 2006; Devitt et al. 2011)
have shown that climate factors, vegetation parameters, soil
properties, and water table depths are principal factors con-
trolling ET variation in phreatophytic communities. Climate
variables, soil types, plant community composition, and
water table depth for the two stands were similar for both
years (Tables 1, 2). Thus, their different ET values were
likely caused by differing soil moisture levels induced by
irrigation and further different soil evaporative conditions
(Fig. 5). Before 2013, the P. euphratica stand had no access
to irrigation and groundwater depth may have been 4 m.
After 2013, the irrigation was applied in autumn. Thus, we
deduced that the significantly higher ET found in the P.
euphratica stand was directly related to the high soil evap-
oration rate at this site. Reasons for this are discussed below.

Comparison of evapotranspiration
between the study sites to other regions

Due to its wide distribution, ET from Tamarix species, an
introduced, stress-tolerant shrub from Central Asia, has
been extensively investigated throughout the world. The
ET results from the T. ramosissima stand using EC were
similar to results in the lower Tarim River basin, China,
with a mean ET of 500 mm a~' and an average ET of
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3.85 mm day ' (Yuan et al. 2014). A comparison of
results obtained from this study and one in the lower Tarim
River (Yuan et al. 2014) showed that T. ramosissima
growth in both did not experience water stress. Thus,
results from both studies may represent potential ET for
native 7. ramosissima stands in Central Asia. It is note-
worthy that the slightly higher ET found in our study
(compared to the results of Yuan et al. 2014) may be
attributed to the relatively higher LAI (1.97 vs. 1.15,
respectively) and the lower groundwater depth (2.65 vs.
6.62 m, respectively).

However, total ET obtained from EC flux tower mea-
surements (Cleverly et al. 2002, 2006; Devitt et al. 1998;
Westenburg et al. 2006) in combination with remote
sensing data (Bawazir et al. 2009; Nagler et al. 2005, 2009;
Taghvaeian et al. 2014) yielded a broad range from 800 to
1450 mm year' in the western United States. It may
therefore be concluded that observed ET under arid con-
ditions in native regions was clearly low compared to
invasive T. ramosissima stands in non-native regions.
These differences could be attributable to two specific
reasons. First, soil evaporation in 7. ramosissima stands in
arid regions could be either weak or negligible (Yuan et al.
2014). Second, although LAI can have a deterministic
impact on total ET (Dahm et al. 2002; Sala et al. 1996;
Yuan et al. 2014), values from the study and those of Yuan
et al. (2014) were lower than those in the middle Rio
Grande district (2.5 and 3.5 for flooding and non-flooding,
respectively) (Cleverly et al. 2006; Nagler et al. 2005) and
the lower Colorado River (2.54) (Nagler et al. 2009), both
in the western U.S.

Recent studies have shown that water use by individual
T. ramosissima trees is comparable to the native species
that it typically replaces such as cottonwood and willow
(Glenn and Nagler 2005; Nagler et al. 2003). However, in
these cases tree-level soil evaporation had not been taken
into account. Although soil evaporation was weak for the
T. ramosissima stand as reported by Yuan et al. (2014), this
was not the case for the P. euphratica stand due to the high
ET observed during the dormant season (Fig. 5b). Based on
the simplified Shuttleworth-Wallace (SSW) model, the
ratio of canopy transpiration to ET ranged from 0.53 to
0.66 (Gao et al. 2016a). Thus, we estimated that transpi-
ration was 465 mm for the P. euphratica stand which was
comparable to 473 mm for the 7. ramosissima stand when
soil evaporation was disregarded (a total of 77 mm a~'
with an average of 0.5 mm day~' determined by measur-
ing ET during the dormant season in conjunction with
results from Yuan et al. (2014). For greater accuracy, fur-
ther research is required to partition ET into plant tran-
spiration and soil evaporation.
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Factors and variables associated
with evapotranspiration

ET rates responded to GD, atmospheric surface layer
conditions, stomatal coupling in conjunction with atmo-
spheric humidity levels, energy balances, and LAI (Clev-
erly et al. 2006). In desert riparian regions, given the
limited rainfall, groundwater provides an ample water
supply to riparian forests (Si et al. 2014), permitting greater
annual ET rates than that provided by rainfall alone
(Table 3). Some studies have shown that growth and eco-
physiological parameters of riparian forests were less
severely affected by GD within a depth of 6 m in arid
regions in China (Chen et al. 2006; Feng et al. 2012; Hao
et al. 2009). Measured ET of T. ramosissima and P.
euphratica stands using the EC method in the lower HRB
was comparable to results in the Tarim River basin (Yuan
et al. 2014). In contrast, the clear differences in ET in
native and invasive regions indicate that climate factors
and water availability, which both impact plant eco-phys-
iological characteristics, were the primary controllers of
water use for these species.

Regression analysis demonstrate that climate and soil
water variables accounting for at least 80% of ET variation
in the two riparian forests investigated (Table 4). In addi-
tion, plant eco-physiological characteristics, particularly
LAI, determined spatial patterns of ET for riparian
phreatophytes. Moreover, LAI in combination with plant
physiological parameters such as stomatal conductance,
would impact seasonal variation in ET (Hatler and Hart
2009). Desert riparian species adapted to arid climates may
use of deep soil water and groundwater at the same time. In
contrast, greater amounts of rainfall and flooding may
supply sufficient available water in shallow soil layers of
the arid southwestern U.S. This suggests that plant water
use is the result of long-term adaption to local climates and
water availability.

Conclusions

During the growing season, ET of the T. ramosissima stand
was 548 mm a~' with a mean of 3.6 mm day ', similar to
that of native forests in Central Asia (500 mm a_l) but
clearly lower than that of invasive regions in the western
U.S. (from 800 to 1450 mm a 71). ET of the P. euphratica
stand was 707 mm with a mean of 4.6 mm day ™', which
was directly linked to high soil evaporation rates under
sufficient water availability induced by irrigation. When
soil evaporation was disregarded, total transpiration was
473 and 465 mm for the P. euphratica and T. ramosissima
stands, respectively, indicating comparable water use of the
two contrasting riparian forests. Furthermore, regression

analysis demonstrated that climate factors accounted for at
least 80% of ET variation for both stands. Thus, our results
show that plant water use is the result of long-term adap-
tation to local climates and water availability.
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