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ABSTRACT

Groundwater strongly impacts ecosystem performance in arid regions by driving vegetation structure
and species distribution. It is unknown how water use efficiency varies along a gradient of depth to
groundwater (DWT). In this study, we developed a framework to estimate water use efficiency (WUE),
groundwater use efficiency (GUE), and rain use efficiency (RUE), and to examine the contribution of
rainfall to transpiration in groundwater-dependent ecosystems (GDEs). The method was applied to an
arid region in northwest China with a gradient of groundwater depth from 0.5 to 12 m. The results
indicate that the above-ground primary production, evapotranspiration, plant transpiration, WUE, and
GUE decreased significantly from riparian forest, wetland, oasis edge, desert-oasis ecotone, and to sandy
desert along a gradient of increasing DWT. RUE is found to be 0.26 gm~2 mm~" at the sandy desert without
groundwater contribution where 21% of rainfall is used for transpiration. Water use efficiency increases
to 0.85gm~2mm-~"! at the riparian site where groundwater is about 0.5 m depth. The fraction of rainfall
consumed by plants increases with a decreasing DWT from a threshold of 6.3 m, suggesting groundwater
enhances rain use efficiency in GDEs.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Ecosystems are controlled by water availability in semi-arid and
arid regions (Rodriguez-Iturbe and Rinaldo, 2001; Hickler et al.,
2009; Yang et al., 2014), which occupy approximately 40% of the
global land area (Parsons and Abrahams, 1994). In arid regions,
annual rainfall is much less than annual potential evapotranspi-
ration (Ep) (Parsons and Abrahams, 1994; Guswa et al., 2004;
Newman et al., 2006; Yang et al., 2016a). In addition, the water
supply for vegetation from surface flows (e.g., runoff, rivers) is gen-
erally very limited. Groundwater therefore becomes an important
source of water that greatly affects the spatial and temporal distri-
butions of soil moisture, which in turn affects the distribution of
vegetation (Lowry et al.,, 2011; Naumburg et al., 2005; De Paola and
Ranucci, 2012; Dai et al., 2014; Zhu et al., 2015). Along the gradient
of groundwater depth, the vegetation community undergoes suc-
cession from phreatophytes, which obtain a large fraction of water
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from near-surface groundwater or the capillary fringe, perennial
shrubs, xerophytic species, which depend mostly on rainfall, and
to annuals and ephemerals) (Steed and DeWald, 2003; Dwire et al.,
2004; Liu et al., 2010, 2011, 2013; Zhao and Liu, 2010; Fan et al.,
2014). These ecosystems are highly sensitive to changes in water
table, which are characterized as groundwater-dependent ecosys-
tems (GDEs) (Eamus et al., 2006; Lowry and Loheide, 2010). The
pattern of vegetation cover is primarily controlled by groundwa-
ter which determines ecosystem stability and evolvement between
oasisization and desertification.

Water availability is a key control of aboveground net primary
production (ANPP) worldwide (Yahdjian and Sala, 2006; Yang et al.,
2015). ANPP increases linearly along spatial precipitation gradients
from deserts to steppes and grasslands in China, North America,
South America, and Africa (Webb et al., 1978; Lauenroth, 1979;
Liangetal.,2015; Salaetal., 1989; McNaughton et al., 1993; Paruelo
etal., 1998; Yahdjian and Sala, 2006; Bai et al., 2008). However, the
impact of groundwater on ANPP is seldom documented. As a criti-
cal link between water and carbon cycles in terrestrial ecosystems,
water-use efficiency (WUE), has been identified as an effective inte-
gral trait for assessing the response of ecosystem ANPP to water
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availability (Kuglitsch et al., 2008; Beer et al., 2009; Scott et al.,
2010). However, the published studies on the WUE response to
precipitation variability are sometimes conflicting. For example,
the WUE and rainfall-use efficiency (RUE) have been reported to
decrease (Huxman et al., 2004; Scanlon and Albertson, 2004; Bai
etal., 2008; Yuetal., 2008) or keep constant (Lauenroth et al., 2000;
Niuetal.,,2011)with increasing precipitation along a spatial precip-
itation gradient. For a given ecosystem, a number of studies have
shown that ecosystem WUE decreases (Lauenroth et al., 2000; Li
et al., 2008; Fay et al., 2003) or increases (Bai et al., 2008; Yang
etal., 2016b) over time with increasing annual precipitation. These
seemingly conflicting spatial and temporal patterns of WUE in dif-
ferent ecosystems may be associated with the different scales of
the analyses (Wu and Loucks, 1995; Wu et al., 2006).
Groundwater can be a source of soil moisture for plant water
uptake to support photosynthesis (York et al., 2002; Yeh and
Eltahir, 2005; Fan et al., 2007; Niu et al., 2007; Maxwell and Kollet,
2008; Lowry and Loheide, 2010; Soylu et al., 2014), and increase
soil evaporation and plant transpiration (Orellana et al., 2012).
With accessible groundwater, ecosystems develop better vegeta-
tion coverage, which may enhance rain water use efficiency, i.e.,
more proportion of rain can be used for transpiration. Meanwhile,
groundwater used by ecosystems may also contribute to primary
production. However, no research has been done on groundwater-
use efficiency (GUE). In the present study, we attempted to examine
how WUE, GUE, and RUE vary along a gradient of depth to ground-
water table, and investigate the contributions of rainfall and
groundwater to ANPP of the GDEs. The objectives were to answer
three questions: (1) How do WUE and GUE vary in GDEs along a
gradient of groundwater table? (2) What are the relative contribu-
tions of WUE and GUE in these ecosystems? (3) What are the water
sources for plant transpiration? We hypothesized that (1) both WUE
and GUE would increase with decreasing depth to groundwater
table, (2) GUE would be greater than RUE, and (3) groundwater
would increase the proportion of rain being used for transpiration.

2. Theory and hypotheses

The normalized-difference vegetation index (NDVI) typically
increases with decreasing depth to the water table (DWT), but
approaches a constant background value determined by the cli-
mate when DWT is greater than a certain threshold (DWTy). This
relationship can be described by the following empirical equation
(Lv et al., 2013):

NDVI = NDVIo + ky(DWT — DWT¢)forDWT <= DWT, 1)

where NDVI, is the NDVI of baseline vegetation supported by rain-
fall without any contribution of groundwater, DWT is the depth
to the water table, DWTj is the threshold depth beyond which
there is no groundwater contribution to ecosystem primary pro-
duction, and ky is an empirical regression coefficient. In the present
study, we assumed that NDVI in Gobi desert, an arid region where
plants are supported primarily by local rainfall, represented NDVIj,
in which DWT stabilized at a value deeper than 12 m (CV =4.5%).
As a result, desert plants can’t access groundwater in this region
throughout the year. We hypothesized that ky is contributed both
by high temporal availability of the groundwater supply and by an
increase in the bio-consumptive fraction of rainfall with a shallower
groundwater (fy, proportion of rainfall being used for transpira-
tion).

WUE (gm~2mm~!) is defined as the ratio of ANPP (g m~2) to ET
(mm) (Monclus et al., 2006):

WUE = ANPP/ET 2)

At a site where DWT > DWT, and there is no significant surface
flow, water loss through evapotranspiration is replenished only by

rainfall. Thus, RUE (gm~2 mm~!) can be obtained as the threshold
value of WUE (WUE,), and described as the ratio of the aboveground
net primary production without any contribution from groundwa-
ter (ANPPy) to the mean annual precipitation (P) (Huxman et al.,
2004; Bai et al., 2008; Yang et al., 2010).

RUE =ANPP, /P (3)

where P is the mean annual precipitation.

At a site where DWT < DWTy, soil moisture loss by ET is replen-
ished by a combination of water from rainfall and groundwater. In
this case, GUE is calculated as follows:

GUE = (ANPP — ANPPy)/(ET — P) (4)

The increase in ANPP from the climatic background value (i.e.,
ANPP-ANPPO) can be partly due to an increased bio-consumptive
fraction of the rainfall in GDEs.

For a site where DWT > DWTj,

fo=Tp/ET= (P-E)/P (5)

where Tp is amount of precipitation being used for plant transpira-
tion (mm) and E is soil evaporation (mm).

For a site where DWT < DWT,, we expect to see a larger value of
fbecause of increased vegetation cover.

f=Tp/P (6)
It is expected that
f=fo+kw(DWT —DWT)) (7)

where ky, represents the contribution groundwater to enhance RUE.
To calculate the ratio of Tp to P:
For a site where DWT is low («DWTy), Tp/P=(1 — [E/ET]).
For a site where DWT is high, (>DWTy), Tp/P=(P —E)|P.

3. Study sites and data collection
3.1. Study sites

Our study area (Fig. 1) is located in the middle reaches of China’s
Heihe River Basin (between 39°10’ N and 39°40’'N, and between
100°02’E and 100°11’E). The region has been described in detail
in Liu et al. (2010, 2012, 2014). The study area is dominated by
groundwater-dependent ecosystems, which form a spectrum from
riparian forest, wetland, oasis edge, a desert-oasis ecotone, sandy
desert, and to gobi desert along a gradient of groundwater depths.
(Note that in this paper, gobi refers to a desert in which the sur-
face is primarily coarse particles in the gravel size categories.) The
gradient covers a total length of about 15 km, over which mean
precipitation is very similar. The difference in the vegetation types
is driven solely by the groundwater gradient. In the riparian for-
est zone, vegetation is distributed on or near the banks of the
Heihe River and is dominated by trees (Populus alba, Elaeagnus
angustifolia, Salix babylonica), shrubs (Tamarix chinensis), and herbs
(Carex karoi, Juncus articulatus, Phragmites australis, Leymus secal-
inus, Sophora alopecuroides). This ecosystem has the highest NDVI
and species richness (Table 1). The wetland ecosystem is primarily
wet meadows dominated by shrubs (T. chinensis) and halophytic
herbs (P. australis, Agropyron cristatum, Oxytropis glabra, Equise-
tum ramosissimum, Typha orientalis, Carex tangiana). The oasis edge
belongs to the shelter forest belt, which is a combination of agri-
cultural land, tree, shrub and grass. It plays an important role in the
control of sand dunes and protection of farmland. The soil water
mainly comes from the lateral seepage from farmland irrigation
and the recharge from shallow groundwater. The desert-oasis eco-
tone ecosystem is dominated by fixed and semi-fixed dunes that are
separated by inter-dune lowlands. Its vegetation comprises desert
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Fig. 1. Map of the study area and its location in China, and distribution of NDVI values from 2010 to 2013. The key ecosystems in the study area: (A) riparian forest; (B)

wetland; (C) oasis edge; (D) desert-oasis ecotone; (E) sandy desert; (F) gobi desert.

Table 1

Descriptions of the study sites, their geographic coordinates, the dominant plant functional types (PFTs), and depth to water table (DWT), vegetation cover, and species
richness. Ecosystem types: R, riparian forest; W, wetland; O, oasis edge; E, desert-oasis ecotone; D, sandy desert; and G, gobi desert).

Ecosystem type Lat. (°N) Long. (°E) PFTs DWT Vegetation cover Species richness
R 39°15 100°5' trees, shrubs, and herbs 0.81+0.13 85.5+14.5% 26+2

W 39°20 100°6' shrubs, halophytic herbs 1.00+0.25 65.5+12% 20+1

[0} 39°21 100°7 shrubs, annual herbs 4.37+0.55 25.5+3.5% 10+1

E 39°22 100°8' shrubs, annual herbs 5.85+0.46 15.5+1.2% 7+1

D 39°23 100°10’ annual herbs 6.15+0.31 1.5+0.5% 3+1

G 39°24 100°7' shrubs, annual herbs 12.17+0.13 2.5+0.6% 5+1

shrubs (C. mongolicum, Nitraria sphaerocarpa) on the fixed dunes
and in the inter-dune lowlands, and annual herbs similar to those
in the oasis edge ecosystem (Liu and Zhao, 2012). The gobi desert
ecosystem is dominated by N. sphaerocarpa and annual herbs. In
the sandy desert ecosystem, there are a few annual and ephemeral
plants during the rainy season.

3.2. Data collection

The experiments were conducted along a gradient of groundwa-
ter depths from the riparian forest, wetland, oasis edge, desert-oasis
ecotone, sandy desert, and to gobi desert ecosystems in August from
2010 to 2013. For each ecosystem, we established five 10m x 10 m
sample plots for trees, shrubs, and sub-shrubs, and 10 quadrats
(1m x 1m) to sample herbs at each plot. Species were grouped
into different plant functional groups according to their life forms:
annual herbs, perennial herbs, sub-shrubs, shrubs, and trees. We
determined the site locations using a GPS receiver (eTrex Vista
Cx, Garmin, U.S. A, http://www.ebay.com/p/Garmin-eTrex-Vista-
C-Handheld-GPS-Receiver/48465609), then created a distribution
map for each sub-shrub, shrub, and tree in the plots. We measured
the basal diameter, height, crown area, canopy cover, number of
branches, and branch length for each shrub and tree in the plots in
all four years of the experiment.

ANPP was calculated after the vegetation had reached its peak
standing biomass (Scurlock et al., 2002). The individual shrubs
and trees were cut at ground level in August 2010, and their
total fresh weight was obtained in the field using a hanging scale
(Goldenlark OEM BT-203), with an accuracy of +0.1 kg. Fresh sub-
samples of the wood and of the twigs with leaves attached were
collected from five individuals per species, stored in sealed plas-
tic bags, and transported to the laboratory. All samples in 256
points were then oven-dried in a forced-air oven at 75°C until
constant weight and re-weighed to estimate the water content,
thereby allowing calculation of the dry weight for each species
and the total aboveground biomass for each ecosystem. Based on

the method developed by Conti and Diaz (2013) and Conti et al.
(2013), we developed a multiple-regression model of aboveground
biomass (SB, kg m~2) for shrubs and trees as a function of their
crown area (S, m~2), plant height (H, m) and branch base diameter
(D, m), respectively. (SB=0.85(H x S+ D?2)0-823 R2 =(.885 for trees;
SB=0.25(H x S+D?)0-542 RZ =.893 for shrubs). We then calculated
ANPP of all shrubs and trees in the plots based on the change in
aboveground biomass between years. We also estimated ANPP for
all herbaceous vegetation in each quadrat by harvesting all plant
material at the ground level at August in each year. This allows
us calculate the total ANPP (woody and herbaceous biomass com-
bined) for all vegetation in each ecosystem (Fig. 2).

NDVI is strongly correlated with the green biomass level (i.e.,
leaves and green stems of woody vegetation plus aboveground
herbaceous biomass) in semiarid landscapes (Huete et al., 2002;
Moreno-de las et al., 2012). We therefore used the change in NDVI
as a function of groundwater depth to determine how DWT influ-
enced the vegetation distribution in our study area. To perform this
analysis, we used the NDVI layers from the Terra-MODIS MOD13Q1
image product (version 005 tile, H12V12, 250-m resolution) with a
temporal resolution of 8 days, obtained from the MODIS Subsets
gateway for pixels centered on the study sites. The NDVI val-
ues were estimated from the six vegetation types (riparian forest,
wetland, oasis edge, desert-oasis ecotone, sandy desert, and Gobi
desert) once every month from 2010 to 2013. To reduce the effect of
cloud anomalies in the compiled NDVI series, we used the reliabil-
ity summary layer of the MODIS product and discarded NDVI values
that did not have the highest quality flag value (i.e., we discarded
less than 2% of the data). To reduce the inherent noise in the NDVI
data series, we smoothed the data using a cubic spline polynomial
(Furrer et al., 2011). We performed regression analyses using NDVI
as the independent variable and ANPP as the dependent variable for
each vegetation type in August, and developed an empirical model
(ANPP=27.8 e54NDVI R2-(.74, n=250, P<0.001) to estimate ANPP
for the six vegetation cover types at a regional scale.
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Fig. 2. The annual change of (A) the measured ANPP among vegetation types and (B) annual rainfall during growing period. Vegetation types: RF, riparian forest; W, wetland;

OE, oasis edge; DOE, desert-oasis ecotone; and SD, sandy desert).

In each ecosystem, we measured soil evaporation (E) using
micro-lysimeters with a diameter of 30 cm and a depth of 30 cm.
We installed 10 micro-lysimeter at each site, and weighed the
micro-lysimeters at 19:00 every day using an electronic balance
(PL 6001-L, Mettler Toledo Inc., Greifensee, Switzerland) with an
accuracy of £0.1 g. Soil in the micro-lysimeters was replaced every
week and after heavy rains. Simultaneously, we measured DWT in
five randomly located observation wells at each ecosystem type
(using 5-cm-diameter PVC pipe) using a water-level sensor (HOBO,
Onset Computer Corporation, Bourne, MA, USA).

Meteorological data were measured using an automated
weather system (Onset Computer Corporation) at ecosystem type.
We used the Bowen ratio energy-balance method to measure
ecosystem evapotranspiration (ET). The accuracy of the calculated
values of the latent and sensible heat fluxes depends on the accu-
racy of the measurements, and we performed quality control for all
measured data to evaluate the measurement consistency by com-
parison on the premise of independent measurement (Zhao et al.,
2016). We completed our quality control using the post-processing
steps described by Fischer et al. (2013) and Zhao et al. (2016). After
performing this quality control, 20.5% of the total number of Bowen
ratio energy-balance data points were eliminated, and the accuracy
(based on estimation of the relative error) was greater than 75.5%.

4. Results and discussion
4.1. Variation in NDVI along the gradient of groundwater depths

In all months except April (when the soil was still frozen;
Fig. 3A), NDVI decreased with increasing DWT, while approached
a constant value when DWT was greater than 6.0 m during the
growing season (Fig. 3B-F, 0. 82<R2<0.87, P<0.001). However,
such a DWT threshold was not observed in Gong et al. (2004 ), who
reported a linear correlation between the NDVI and DWT based
on water table measurement at 28 sites in a Californian mountain
meadow ecosystem. Our study showed NDVI differed significantly
among vegetation cover types (Fig. 3G, F5720=9.98, P<0.05), but
the difference was not significant between riparian forest and wet-
land or among the desert-oasis ecotone, sandy desert, and Gobi
desert. Zolfaghar et al. (2014) also found that ANPP had a signifi-
cantly larger value when the groundwater level is high. In GDEs,
NDVI and NDVI, (the y-intercept) varied between months, with
the corresponding maximum value of 0.41 and 0.17 occurring both
in August. The slope of the regression (ky) became more negative
from May to August and then increased in September, (Fig. 3B-F).
This pattern was basically consistent with the seasonal change of
rainfall. Simultaneously, DWTy increased from 6.04 m to 6.5 m dur-
ing the growing season, because groundwater was withdrawn as
a result of water consumption by the vegetation. This indicates
that the vegetation depended on groundwater only for DWT of less

than about 6.0 m. McLendon et al. (2008) found that groundwater
absorbed by shrub- and grass-dominated communities when DWT
fluctuate from 6 m to 8 m in the Owens Valley of California, whereas
Lv et al. (2013) considered that when DWT is greater than 10 m at
a semi-arid region in China.

4.2. Changes in WUE, GUE, and RUE

ET, E, and T decreased significantly with increasing DWT along
the groundwater gradient (Fig. 4, P<0.05). ET decreased from the
riparian forest (550 mm), followed by wetland, (505 mm), oasis
edge, (283 mm), desert-oasis ecotone (127 mm), to sandy desert
(103 mm) (Fig. 4A). Luo and Sophocleous (2010) also found that
ET was linearly correlated with water input for different values
of DWT. The maximum value of E appeared in wetlands, where a
wide range of soil salinization leads to a lower vegetation cover.
T differed significantly among all ecosystems except between the
desert-oasis ecotone and the sandy desert (Fig. 4C, P<0.05). Fig. 4
shows that more water was lost by plant transpiration than evap-
oration, except for the sandy desert and desert-oasis ecotone.

WUE and GUE gradually decreased along the groundwater
depth gradient, and the difference was generally significant. WUE
was highest in the riparian forest (0.85gm=2 mm~1), followed by
wetland, (0.82gm—2mm~!), oasis edge, (0.70gm2mm™!),
desert-oasis ecotone (0.65gm2mm~'), and sandy desert
(0.26gm2mm-~1) (Fig. 5A). This is consistent with the trend
for WUE in terrestrial ecosystems of the southern United States
(Tian et al., 2010) and the New South Wales of Australia (Zolfaghar
et al., 2014). GUE showed the same trend (Fig. 5B), which can be
ascribed to the difference in vegetation composition, distribution
of roots, and interspecific competition. For example, the vegetation
communities in riparian forest and wetland with a relatively shal-
low water table are more likely to contain functional groups with
niche complementarity between species, which could improve
WUE. Simultaneously, the main roots of shrubs exceeded 220 cm,
which can access the groundwater and increase GUE with a shal-
lower water table in riparian forest and wetland. Simultaneously,
shrubs can facilitate understorey grass productivity is through
hydraulic lift (Bruno et al., 2003; Ludwig et al., 2004), which may
be an important water source to promote net primary productivity
for neighboring plants, such as herb, and shallow root shrubs, etc
(Caldwell et al., 1998; Horton and Hart, 1998).

RUE decreases across biomes as mean annual precipitation
increases in almost all terrestrial ecosystems (Huxman et al., 2004;
Bai et al., 2008; Yang et al., 2010). The RUE gradually increased
along the groundwater gradient, and the value were significantly
higher in the desert and desert-oasis ecotone than in the ripar-
ian forest, wetland and oasis edge (Fig. 4C, P<0.05). However, all
ecosystems of deserts, grasslands and forests exhibit the same RUE
in years when water is most limiting, despite differences in phys-
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n the slopes and the horizontal line that the NDVI is almost invariable.
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Fig. 4. The average annual (A) evapotranspiration (ET), (B) evaporation (E), and (C) transpiration (T) among vegetation cover types from 2010 to 2013. Values (means + SE) in

a graph followed by different letters differ significantly (Tukey’s HSD, P<0.05). Vege
and SD, sandy desert).

tation types: RF, riparian forest; W, wetland; OE, oasis edge; DOE, desert-oasis ecotone;

12 A 12, B 127 ¢
2 0.9 '-'é 0.9 T 091
£ 0. £ 0.6 5 0.6
3] = =
2 B 0.3 2 03
0.3 l_]_| ’_X—I
7 I_’_I |‘"|

RF W OE DOE SD
Vegetation type

Fig. 5. The changes of the calculated (A) water-use efficiency (WUE), (B) groundwat
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er-use efficiency (GUE), and (C) rainfall-use efficiency (RUE) among the vegetation types

along the gradient of water table depth. ANPP was obtained from our developed model (for all vegetation types combined, ANPP=27.8 €64 NDVI R2 =(.74, n=250, P<0.001).

Vegetation types: RF, riparian forest; W, wetland; OE, oasis edge; DOE, desert-oasis

iognomy and site-level RUE (Huxman et al., 2004). Therefore, RUE is
a constant value of 0.26 gm~2 mm~! at the sandy desert, where the
groundwater is too deep to contribute to ANPP. This is much smaller
than the reported RUE 0f 0.67 gm~2 mm~! in arid ecosystems on the

ecotone; and SD, sandy desert.

Inner Mongolia Plateau (Bai et al., 2008), but does not differ signif-
icantly from the value for degraded shrubland (0.27gm~2mm™!)
in western Australia (Holm et al., 2003).



240 B. Liu et al. / Agricultural and Forest Meteorology 233 (2017) 235-241

1.0
0.8-

£=0.21-0.032(DWT- 6.3)
0.6 R’=0.87

- i
0.4 1

01 foged- - ¢

0.0 +——T——T
01 2 3 4 5

6 7
DWT (m)

8 9 10 11 12 13

Fig. 6. Changes in the fraction of rainfall consumed by plants (f) along the depth of
the water table (DWT).

4.3. The contribution of rainfall to plant transpiration

The f value, which represents the contribution of rainfall to Tp,
responded strongly to the groundwater gradient and decreased
with increasing DWT (Fig. 6, R =0.87, P<0.001), but approached
a constant value when DWT was greater than DWT, (6.3 m). The
fo value was constant at 0.21, which means that 21% rainfall is
used by vegetation for ANPP when groundwater is not available.
Groundwater supports more vegetation to harvest rainfall for bio-
logical consumption where DWT is shallower than 6 m. In previous
research, the contribution of rainfall accounted for 20-40% for ANPP
(Huxman et al., 2004; Sala et al., 2012; Reichmann et al., 2013), but
Hsu et al. (2012) found that it accounted for a lower proportion
(16%) of the variation of ANPP in many terrestrial ecosystems.

5. Conclusions

In this study, we developed a method to estimate WUE and
GUE and the proportion of rainfall used to support plant transpi-
ration in GDEs in an arid region of northwestern China. We found
that the above ground primary production decreased with increasing
DWT, but approached a constant value when DWT was greater than
6.3 m. WUE and GUE gradually decreased with increasing DWT; RUE
reached a constant value of 0.26gm~2mm-™" at the sandy desert,
where groundwater no longer contributed to ANPP. The fraction of
rainfall consumed by plants increases with a decreasing DWT from
a threshold of 6.3 m, suggesting groundwater enhances rain use
efficiency in GDEs.
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