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This  paper  analyzes  the  effect  of  the  shallow  water  table  on water  use of  the  winter  wheat  (Triticum
aestivum  L.)  that  has  replaced  alfalfa (Medicago  sativa)  on  the  irrigated  lands  of the  Fergana  Valley,
upstream  of  the  Syrdarya  River,  in  Central  Asia.  The  effect  of  the  shallow  water  table  is investigated
using  HYDRUS-1D.  Numerical  simulations  show  that  the  contribution  of the  groundwater  to evapotrans-
piration  increases  with  a rising  water  table  and  decreases  with  increasing  irrigation  applications.  Under
irrigation  conditions,  an  increase  in the  groundwater  evapotranspiration  is  associated  mainly  with  an
increase  in  evaporation  loss,  causing  a buildup  of  salinity  in  the  crop  root  zone.  Evaporation  losses  from
hallow water
YDRUS
oil salinity
cosystem health
LE

fields  planted  with  winter  wheat  after  the  harvest  amount  up  to 45–47%  of total  evaporation  thus  affect-
ing soil  salinity  and  ecosystem  health.  Promoting  the  use  of groundwater  for  irrigation  in order  to  lower
the  groundwater  table  is suggested  to achieve  water  savings  from  the  change  in  the  cropping  pattern.
Unlocking  the  potential  of groundwater  for irrigation  in the  Fergana  Valley  can  also  contribute  toward
managing  soil  salinity  and  improving  the health  and  resilience  of water,  land  and  ecosystems  of  water,
land  and  ecosystems  (WLE).
. Introduction

The basin water management, including the infrastructure and
nstitutions, that was established in the Aral Sea Basin from 1960
o the mid-1980s, initially prioritized the water use for irrigation
f cotton. From 1980 to 2010, the population of Central Asia dou-
led, increasing the demand for food production. Facing this food
ecurity challenge in new geo-political and socioeconomic envi-
onment after the forming of new independent states in the region
fter 1990, the states of Central Asia reoriented the focus of agri-
ultural policy on food independency and prioritized food security.
his was achieved in the region by the end of the 1990s by shifting
rom the cotton (6 years)/alfalfa (3 years) crop rotation to the cot-

on (2 years)/winter wheat (2 years) sequence. Since the irrigation
eason of alfalfa extends from March through September while
inter wheat requires irrigation in October and then from March

∗ Corresponding author. Tel.: +99 871 2370445; fax: +99 871 2370317.
E-mail address: a.karimov@cgiar.org (A.Kh. Karimov).

378-3774/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.agwat.2013.09.010
© 2013 Elsevier B.V. All rights reserved.

through May, the change of the cropping pattern from alfalfa to
winter wheat results in the reduction of the summer irrigation.
This released some of the water resources for the needs of the
downstream water users. However, the water saving effect of this
shift requires a certain clarification. As long as irrigation in Central
Asia is entirely based on surface water, it is often associated with
shallow groundwater tables. Water losses from irrigated fields and
irrigation canals are the main source of groundwater recharge in the
irrigated areas of Central Asia, amounting up to 70% of groundwa-
ter recharge in some regions, such as the Fergana valley (Borisov,
1990). Groundwater recharge from irrigation, coupled with poor
natural and artificial drainage, leads to widespread shallow water
table. On average, about 30% of the irrigated land has the water
table less than 2 m below the soil surface. The water saving effect of
the change in the cropping pattern becomes illusory for conditions
with a shallow water table when intensive upward fluxes from the

water table to the topsoil cause topsoil salinization, requiring more
water for leaching.

The quantification of upward fluxes from a shallow groundwa-
ter table is a significant topic that has been extensively researched
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http://www.sciencedirect.com/science/journal/03783774
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Ganiev, 1979; Zhang et al., 1999; Soppe and Ayars, 2003; Kahlown
t al., 2005; Babajimopoulos et al., 2007; Yang et al., 2007; Huo et al.,
011). In the Fergana Valley, Ganiev (1979) studied over a period of
our years the capillary rise from a shallow water table in lysimeter
xperiments under fallow and natural conditions, and cropped with
otton or alfalfa. He found in loamy soils under cotton an increase in
he capillary rise by 170, 280, and 330 mm for groundwater depths
f 2.5, 2 and 1.5 m below the soil surface, respectively, compared to
onditions with the water table below 3 m.  In sandy loam soils, the
apillary rise increased by 146 and 287 mm,  and in sandy soils by 80
nd 168 mm for groundwater depths of 2 and 1.5 m,  respectively,
s compared to conditions with the water table at a depth of 2.5 m
r deeper. Zhang et al. (1999) reported that the ratio of the upward
ux to alfalfa evapotranspiration (ET) varied between 25% and 65%

or a non-saline soil with a groundwater table at a depth of 0.6–1 m.
oppe and Ayars (2003) maintained a groundwater table at a depth
f 1.5 m in weighing lysimeters and found that groundwater con-
ributed up to 40% of daily water used by the safflower crop. On

 seasonal basis, 25% of the total crop water use originated from
he groundwater. In the upper Indus basin near Lahore Pakistan,
ahlown et al. (2005) investigated the effect of shallow ground-
ater tables on the crop water use via 18 large-size drainage-type

oncrete lysimeters. They found that when a groundwater table
as kept at a depth of 0.5 m,  the entire water use of wheat was

upplied by groundwater. Sunflower required only about 20% of
ts total water need from irrigation. However, in the same region,

aize and sorghum were found to be sensitive to waterlogging, and
rop yields were reduced with a rise of the groundwater table. Yang
t al. (2007) quantified water fluxes in large weighing lysimeters,
ith a fluctuating groundwater table between 1.6 and 2.4 m dur-

ng the wheat growth period and 0.7 and 2.3 m during the maize
rowth period, and found that, in a rotation system of wheat and
aize, the cumulative capillary upward flux and the deep perco-

ation were 89.6 and 55.9 mm,  respectively. Liu and Luo (2011)
onducted a lysimeter experiment to quantify the effects of shallow
ater tables on the water use and yield of winter wheat under rain-

ed conditions. The results showed that, under rainfed conditions,
he seasonal contribution of groundwater met  more than 65% of
otential evapotranspiration of winter wheat when the water table
epth was within 40–150 cm.  Huo et al. (2011) studied the effect

f the groundwater level and irrigation amounts on the water use
f wheat in a lysimeter experiment at the Hongmen experimental
tation located in the Henan Province, China. Capillary rise sup-
lied 29% of the water use of wheat during the time period from

Fig. 1. (a) Central Asia and (b) hydrogeol
r Management 131 (2014) 57– 69

ripening to harvest when the groundwater table was 1.5 m deep,
and was reduced when the depth of the groundwater table
decreased. Water productivity of the wheat biomass increases and
the yield decreases when groundwater levels decrease and the
amount of irrigation water is reduced. Past studies indicated com-
plex effects of the shallow water table on crop evapotranspiration.

The Fergana Valley, this study focuses on, has 900,000 ha of irri-
gated land and it thus represents an example of large-scale irrigated
agriculture in Asia (Fig. 1a). The valley has significant potential for
the production of food crops. For instance, the valley receives net
radiation with the capacity to evaporate over 1120 mm/yr of water.
Irrigated crops grown in the valley have the potential to utilize
70–80% of the available energy if the crop growth is not constrained
by a water deficit or other factors. However, actual evapotranspi-
ration is even lower and varies in the range of 611–722 mm/yr, of
which only about 70% is transpired by crops (Karimov et al., 2012).
The reduction of the area under fodder crops by replacing alfalfa
with the winter wheat/fallow system reduced the crop water use in
these areas on average by 30%. A risk of increasing soil salinity under
shallow groundwater conditions in the Fergana Valley from a low
saline to highly saline level may  further reduce the crop water use
and yields of cotton and wheat by about 25%. While productively
utilizing only 38–45% of the available energy (due to many reasons
such as a low fraction of the area covered by crops, short duration
of the cropping season, or conventional furrow irrigation practices)
farmers of the Fergana Valley produce over 850,000 Mg  of cot-
ton, 1300,000 Mg  of wheat, and 1000,000 Mg  of vegetables and
other agricultural commodities. Current production volumes could
be increased almost twofold if thermal, soil, and water resources
are used in the most productive way. In order to achieve this, it
is important to move into a cyclic process of reallocating water
from a use that produces low or no benefits to one that generates
higher benefits (Molden, 1997; Molden and Sakthivadivel, 1999)
and thus achieves more welfare per drop of water (Molden et al.,
2010). The change in the cropping pattern is one of the measures
available to policymakers to meet the demand for scarce water, to
increase food production through better exploitation of energy and
land resources, and to tactically adapt to climate change (Hanjra
and Qureshi, 2010).

Since 1992 the cotton/alfalfa crop rotation, which dominated

in the Fergana Valley, has been replaced by the cotton/wheat
sequence. Additionally, the cotton growing area was reduced by
82,000 ha by allocating 34,000 ha to vegetables and 48,000 ha to
winter wheat. This approach was  attractive for policy makers as a

ogical zones of the Fergana Valley.
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easure of achieving grain independence and as a low investment
trategy that brought rapid results by decreasing the irrigation
ater demand. However, the real water savings via the decrease

n the irrigation water demand are often assumed rather than
mpirically demonstrated in a post-policy implementation context.
dditionally, associated socioeconomic benefits, including gains in

armers’ income, employment, food security, and livelihood, are
lmost always ignored (Spoor, 1998; Cai et al., 2002; Nandalal
nd Hipel, 2007; Awan et al., 2011), and issues of salinity build
p and its implications for water, land and ecosystem’s (WLE)
ealth and resilience are rarely examined. For instance, a shallow
ater table in a considerable part of the study area was not taken

nto account while the cropping pattern change was  implemented.
his is important because salinity, which is often associated with
hallow groundwater tables, affects crop yield and reduces the
roductivity in large irrigation systems across Asia (Murgai, 2001;
medema and Shiati, 2002; Khan and Hanjra, 2008). Additionally,
alinization has ecosystem health linkages and implications for
nvironmental water security (ADB, 2013).

This paper analyzes potential water savings due to the replace-
ent of alfalfa by winter wheat under conditions with shallow

roundwater in the context of the change of agricultural policy,
mplemented since 1992 in the Fergana Valley, the upstream of
he Syrdarya River basin, in Central Asia. The study focuses on the
ontribution of shallow groundwater to evaporation and a salin-
ty buildup in the root zone and its implications for ecosystem
ealth. Therefore, the objectives of this paper are twofold: (1) to
stimate the water-saving effect of growing winter wheat under
hallow water table conditions, and (2) to suggest measures to
educe non-productive water losses from fallow lands and strate-
ies for managing soil salinity to improve ecosystem health.

For this, the one-dimensional hydrological model HYDRUS-1D
Šimůnek et al., 2008a) was used to simulate crop transpiration and
vaporation from winter wheat as affected by shallow groundwa-
er under rainfed, deficit, and full irrigation conditions. Silt loam
oils, dominating in the central part of the valley, were selected for
his analysis. The results of this modeling exercise could be useful
or planning land and water management in the river basins, fac-
ng similar water-scarcity challenges, and addressing salinity issues
hat challenge food production and WLE  health in large irrigation
ystems.

. Methods and data

.1. Study area

The Fergana Valley is located upstream of the Syrdarya River
nd is a part of three countries in Central Asia–Kyrgyzstan, Tajik-
stan, and Uzbekistan. The climate is semi-arid with a low quantity
f precipitation and high summer temperatures. Annual precipi-
ation varies from 100 to 200 mm in the central part of the valley
nd increases to 300 mm in the piedmont areas. The mean aver-
ge temperature is 14 ◦C. The altitude increases from west to east
rom 330 m above sea level (m asl) to 600 m asl. The valley is
lled with alluvial deposits washed out by multiple rivers in the
ountain zone. Three hydrogeological zones, representing hydro-

eological conditions of the Fergana Valley, are a groundwater
atural-recharge zone (Zone A), a groundwater springs zone (dom-

nated by upward fluxes) (Zone B), and a groundwater discharge
one (Zone C) (Fig. 1b) (Mirzaev, 1974; Borisov, 1990).

These hydrogeological conditions are favorable for supporting

resh groundwater use. However, groundwater irrigation is prac-
iced only in few areas as a supplement to canal irrigation. Over
5% of irrigated soils are prone to salinity, including 71,922 ha that
re medium and highly saline in the hydrogeological Zone C (Supiev
Fig. 2. Changes of the cropping pattern in the Fergana Valley.

and Ganiev, 2005; Ergashev, 2011). Soil salinity poses a serious risk
to sustainability of food production and resilience of ecosystems.

Two  main time periods can be identified in the recent history
of the crop production in the Fergana Valley. Until the begin-
ing of the 1990s, the cotton/alfalfa crop rotation dominated on
the irrigated lands of the Fergana Valley (Fig. 2). The areas under
cotton and alfalfa were 43% and 22%, respectively, of the total
irrigated area, while winter wheat was grown on just 8% of the
irrigated area. The irrigation demand of the Fergana Valley was in a
range of 12,324–12,638 million (M)  m3/yr for the irrigated area of
900,000 ha. The crop production was  well supplied with plentiful
water in the study area at an early stage. After 1995, the dominant
cotton/alfalfa crop rotation in the region was replaced by the cot-
ton/wheat sequence, aimed at increasing the grain production and
enhancing food security. The area under irrigated winter wheat was
increased to 27%, while the area under alfalfa was reduced to 1% of
the total irrigated area. In addition, the cotton growing area was
reduced by 48,000 ha, mostly replaced by the cultivation of vegeta-
bles. Currently, two main crops, cotton and winter wheat occupy
about 60% of the irrigated land. Farmers sow winter wheat in early
October and harvest it in June, and sow cotton in April and harvest
it in September-October. These changes in the cropping pattern
had two main aims: (1) to increase the production of food crops,
and (2) to reduce the consumption of water per unit of crop pro-
duction, i.e., to increase water productivity. The first objective was
easily achieved as the production of wheat grain in the Fergana Val-
ley increased since 1990 as average wheat yield increased from 2
to 5.5 t/ha and area under wheat crop expanded to 27%.

The achievement of the second objective, i.e., increasing water
productivity, was not obvious due to a wide spread of shallow
groundwater, which results in upward fluxes to the crop root
zone and mimic  potential gains in water productivity. Reducing
irrigation applications after shifting from alfalfa to winter wheat
caused a lowering of the water table in the Fergana Valley (Fig. 3).
Fig. 3 indicates a gradual reduction of the area with the shallow
water table. However, this area, which is located mostly in the cen-
tral part of the Fergana Valley, is still significant. It is estimated to
be about 200,000 ha and it represents the hydrogeological Zone C
with silt loam and loam soils. It is thus necessary to consider the
effects of shallow water tables on the water use of winter wheat. A
detailed description of the soils of the study area is given by Shreder
et al. (1977) and Talipov (1992).

2.2. Research method
In this study, HYDRUS-1D, a variably-saturated water flow
model (Šimůnek et al., 2008a), is used to estimate crop transpiration
and evaporation. The HYDRUS-1D software package is a finite-
element numerical model that simulates the one-dimensional



60 A.Kh. Karimov et al. / Agricultural Wate

F
V

m
s
p
e
e
H
M
e
t
s
r
S
w

s

w
t
d
c
p
i
h
�
u

S

w
u
[
f
d
1

K

w
p

w
F

S

ig. 3. Temporal changes in the areas with a shallow water table in the Fergana
alley.

ovement of water, heat, and multiple solutes in variably-
aturated media (Šimůnek et al., 2008b). The model has been
reviously used and verified in a large number of studies (e.g., Bah
t al., 2009; Boudreau et al., 2009; Cao and Gong, 2003; De Vos
t al., 2000; Endo et al., 2009; Gribb et al., 2009; Hao et al., 2008a,b;
eatwole and McCray, 2007; Hernandez, 2001; Liu and Xie, 1998;
eng et al., 2004; Sanchez et al., 2003; Šimůnek et al., 2008c; Wang

t al., 2005; Xu et al., 2005). For example, Forkutsa et al. (2009) used
he model to simulate water flow in fields with irrigated cotton and
hallow groundwater on loam and sandy loam soils of the Khorezm
egion, located in the downstream part of the Amudarya River. Also,
house et al. (2011) used the HYDRUS-1D model for simulating root
ater uptake from a soil profile with shallow saline groundwater.

The HYDRUS-1D model simulates variably-saturated flow by
olving the Richards’ equation written as:

∂�

∂t
= ∂

∂z
K

(
∂h

∂z
+ 1

)
− S, (1)

here � is the volumetric water content (cm3/cm3), t represents
ime (day), z is the vertical coordinate (positive upward) (cm), h
enotes the pressure head (cm), K is the unsaturated hydraulic
onductivity (cm/day), and S is the soil water extraction rate by
lant roots (cm3/cm3/day). The Richards’ equation is solved numer-

cally for given initial and boundary condition and for specified soil
ydraulic properties, i.e., relations between soil hydraulic variables
, h, and K. The soil water retention curve is described in the model
sing the formulation of Van Genuchten (1980):

e = �  − �r

�s − �r
=

(
1 + ˛r

∣∣h∣∣n
)−m

, (2)

here Se is effective saturation [–], �r and �s are residual and sat-
rated water contents [cm3/cm3], respectively, and ˛r [1/cm], m
–], and n [–] are shape parameters. The soil hydraulic conductivity
unction is described in HYDRUS-1D using the statistical pore-size
istribution model of Mualem (Mualem, 1976; Van Genuchten,
980):

 = KsS
l

[
1 −

(
1 − S1/m

e

)m
]2

, (3)

here Ks is the saturated hydraulic conductivity [cm/day], l [–] is a
ore connectivity parameter, and m = 1 − 1/n, while n > 1.
Root water uptake by plant roots and its dependence on the soil
ater pressure head is described using the equation proposed by

eddes et al. (1978):

 = ˛Smax, (4)
r Management 131 (2014) 57– 69

where Smax is the maximum potential water uptake rate
[cm3/(cm3 day)] and  ̨ is a function of the pressure head [–].

HYDRUS-1D assumes that solutes in the soil profile can be trans-
ported by convection and dispersion in the liquid phase, as well as
by diffusion in the gas phase (Šimůnek et al., 2008a). In irrigated
fields, the total salt flux density can be described as a sum of con-
vective and dispersive fluxes, while the gas-phase diffusion can be
neglected (Singh et al., 2003):

J = Jcon + Jdis, Jcon = qC, Jdis = −qLdis
∂C

∂z
, (5)

where J is the total salt flux density [g/(cm2 day)], Jcon is the convec-
tion dispersion flux density [g/(cm2 day)], and Jdis is the dispersion
flux density [g/(cm2 day)]. The convection–dispersion equation is in
HYDRUS-1D solved numerically for specified initial and boundary
(e.g., groundwater salinity concentrations) conditions (Šimůnek
et al., 2008a).

The HYDRUS-1D model estimates crops evapotranspiration (ET)
using the Penman–Montheith equation (Allen et al., 1998). Further
details of the numerical approach used in the model are given by
Šimůnek et al. (2008a). In this study, the HYDRUS-1D model was
used to simulate water flow and solute transport in the unsaturated
zone of the winter wheat fields with shallow and deep water table
conditions.

In order to obtain a quantitative assessment of simulation
results, root mean square error (RMSE), relative mean absolute
error (RMAE)  and correlation coefficient (r) were used to evaluate
numerical simulation precision:

RMSE =
[

1
n

∑
(Ei − Mi)

2
]1⁄2

, (8)

RMAE =
1
n

∑n
i=1 (Mi − Ei)

1
n

∑n
i=1Mi

× 100%, (9)

r =
∑n

i=1

(
Mi − M

)  (
Ei − E

)
√∑n

i=1

(
Mi − M

)2(
Ei − E

)2
× 100%, (10)

where Mi and Ei are the ith measured and simulated values, respec-
tively, and n is the observation frequency.

The yield and water productivity of winter wheat were esti-
mated using the results of numerical simulations. The yield of
winter wheat was calculated using the FAO expression relating the
yield response to ET:(

1 − Ya

Yx

)
= ky

(
1 − ETa

ETx

)
, (6)

where Yx and Ya are the maximum and actual yields, ETx and ETa

are the maximum and actual cumulative evapotranspiration, and
ky is a yield responses factor, representing the effect of a reduc-
tion in evapotranspiration on yield losses. The relationship between
the yield of winter wheat and transpiration is taken from a study
of Sommer et al. (2013), who using the field data proposed the
following relation for the study area:

Yb = 0.18272 × T + 0.40562, (7)

where T is crop transpiration (in mm). This relation (7) was used to
verify winter wheat yields estimated using the expression (6).

2.2.1. Input parameters in HYDRUS-1D

Calculations for water flow and solute transport, carried out to

estimate evapotranspiration from shallow water table, covered a
soil profile 300 cm deep. The soil moisture content was determined
before sowing of winter wheat from the same soil horizons. Soil
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Fig. 4. Comparison between simulated and measured upward fluxes in the lysime-
ter study (Ganiev, 1979).

Table 1
Van Genuchten–Mualem parameters (Van Genuchten, 1980) to describe soil
hydraulic properties.

Parameter Soil layer [m]

0–0.6 0.6–1.2 1.2–1.8 1.8–3

Soil type Silt loam Silt loam Silt loam Silt loam
�r [cm3/cm3] 0.038 0.001 0.0012 0.001
�s [cm3/cm3] 0.407 0.250 0.301 0.336
˛  [1/cm] 0.0245 0.0001 0.0016 0.0157
n  [−] 1.43 5.16 1.65 1.73
Ks [cm/d] 11.4 1.08 27.6 4.48
l  [−] 0.00055 0.054 0.0098 0.0065

�r—Residual soil water content [cm3/cm3], �s—saturated soil water content
[cm3/cm3],
A.Kh. Karimov et al. / Agricultura

exture and soil bulk density were determined on soil samples col-
ected in 2006 from the field in the Kuva district from soil depths
f 0–0.3 m,  0.3–0.6 m,  0.6–0.9 m,  0.9–1.2 m,  1.2–1.8 m and 1.8–3 m.
he Kuva district is located in the Fergana province, Uzbekistan,
n the left bank of the Syrdarya River. The soil throughout the
ntire soil profile could be classified according to the USDA clas-
ification as a silt loam. For the purpose of numerical modeling,
he soil profile was divided into six numerical layers and grouped
nto four soil horizons, determined by a soil description. The Van
enuchten–Mualem model (Van Genuchten, 1980) with an air-
ntry value of −2 cm was used to obtain a predictive equation for
he unsaturated hydraulic conductivity function.

An atmospheric boundary condition is applied at the soil sur-
ace for the winter wheat growing period starting on October 4
nd ending on June 11 of the next year and for the land fallowing
eriod between winter wheat harvesting and its next sowing date.
he lower boundary condition is the time-variable pressure head. It
as assumed that farmers will continue their traditional practice of

oil plowing after winter wheat harvesting to a depth of 20–22 cm.
he climate conditions, including daily maximum and minimum
ir temperatures (◦C), relative humidity (%), sunshine hours, rain-
all (mm),  and wind speed (km/day), were measured at the Fergana
eather station located at longitude of 71.75◦, latitude of 40.38◦,

nd an elevation of 547 m asl. The canopy ground cover was used
s the basis to separate calculated evapotranspiration (ET) into soil
vaporation (E) and transpiration (T). The crop development is rep-
esented in the model by a daily crop height, a rooting depth, and a
oil cover fraction (Allen et al., 1998). The maximum rooting depth
as 100 cm.  The maximum rooting depth was less than the poten-

ial rooting depth, because the shallow water table restricted the
rowth of the roots (Raes et al., 2012). Wheat parameters used in
umerical simulations were assumed to be conservative and appli-
able for a wide range of conditions. Simulations were carried out
or a period of 1717 days. Daily climate data for this time period
ere obtained from the Fergana weather station from October 1991

o September 1996.
The root water uptake method proposed by Feddes et al. (1978)

as used to describe water and salinity stress conditions. An addi-
ive model was selected for the stress response function of the root
ater uptake model. The water stress reduction term was  param-

terized using parameter values found by Wesseling et al. (1991):
0 = 0, POpt = −1 cm,  P2H = −500 cm,  P2L = −900 cm,  P3 = −16,000 cm,
2H = 0.5 cm/day, r2L = 0.1 cm/day. A critical stress index for root
ater uptake was taken as 1 and no root solute uptake was allowed.

Soil hydraulic parameters were determined by an inverse anal-
sis of data from the lysimeter study carried out in the same area
arlier by Ganiev (1979). This study was a part of a comprehensive
ssessment of the regional water budget conducted during that
ime in Uzbekistan. The lysimeters of 1.44 m2 surface area were
acked with a monolithic silt loam soil. Cotton was  sown in the

ysimeters. The groundwater table in the lysimeters was  kept at a
onstant depth of 1.5, 2, 2.5, and 3 m below the soil surface. Soil
ater content before and after the crop vegetation season, along
ith the climate and cotton phenology parameters, were inputs

o the model. Initial values of the Van Genuchten–Mualem param-
ters describing soil hydraulic properties of each soil layer were
aken from the HYDRUS-1D database for silt loam soils. The inverse
imulation period included 365 days from 10 April 1996 to 9 April
997. Daily estimates of upward fluxes from the groundwater table
ere entered into the model as a data for the inverse solution.

Simulated and measured values of upward fluxes from the water
able are shown in Fig. 4. The RMSE and RMAE between measured

nd simulated values were relatively low and equal to 0.0199% and
.48%, respectively. The correlation coefficient between simulated
nd measured values (r) was 0.9274. The above analysis indicates
hat simulation results agreed well with the measured data and
Ks—Saturated soil hydraulic conductivity [cm/day],  ̨ [1/cm] and n [−] are shape
parameters,
l—pore-connectivity parameter [−].

the results from the lysimeter studies. The final inversely estimated
values of the Van Genuchten–Mualem parameters describing soil
hydraulic properties of each soil layer are presented in Table 1.

Solute transport parameters were represented in the model by
the dispersivity, which was  taken to be a one-tenth of the profile
depth (Beven, 1993; Cote et al., 2003), and the molecular diffu-
sion coefficient in free water, which was  taken equal to 2 cm2/day.
Salinity was simulated as a non-reactive solute assuming that there
was neither precipitation nor dissolution of salts from soil primary
material to the soil solution (Ramos et al., 2011). Absorption was
neglected in the simulations. The initial concentration of soluble
salts in the soil profile was taken as 1.5 g/l. Total dissolved solids
(TDS) in the irrigation water were 0.5 g/l and in the groundwa-
ter were 1.5 g/l. The solute transport upper and lower boundary
conditions were a concentration flux and the groundwater salinity,
respectively. The concentration of soluble solids in the groundwa-
ter is relatively low because of the dominance of the lateral flow
from the upper hydrogeologic zone B and filtration losses from
dense canal systems. The presence of the lateral inflow permitted
specifying the constant salinity boundary condition at the bottom
of the model.

2.2.2. Irrigation scenarios simulated
Five irrigation regimes (Table 2) were considered:

(1) Full irrigation (FI): in addition to precipitation (16.6 cm/yr), two
irrigations with a total of 10.1 cm before the winter season and

four irrigations with a total of 27.8 cm after the winter season
were simulated, with a total water application M = 54.5 cm/yr.
The full irrigation scenario represented the irrigation regime
recommended for silt loam soils with the groundwater table
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Table  2
The irrigation regimes of winter wheat simulated in HYDRUS-1D to estimate upward fluxes from shallow water table and the topsoil salinity.

Irrigation scenario Precipitation (cm) Irrigation applications (cm)

October March April May  Total

Full irrigation (FI) 16.6 10.1 5 13.9 8.9 37.9
Low  deficit irrigation (LDI) 16.6 10.1 5 7.9 23

5 7.9 17.9
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conditions, an increasing fraction of total ET is non-productive
evaporation. Evaporation as a fraction of actual ETa (E.ETa) increased
from 0.43 to 0.46 under rainfed conditions and from 0.44 to 0.50
Deficit irrigation (DI) 16.6 5 

High  deficit irrigation 16.6 5 

Rainfed winter wheat 16.6

at 3 m and deeper below the soil surface (Shreder et al., 1977).
Irrigation dates were specified using the Excel sheet developed
by Allen et al. (1998) and using the depletion fraction of total
available soil water at 0.55;

2) Low deficit irrigation (LDI): compared to scenario FI, only three
irrigations were considered after the winter season that were
additionally further reduced by 10%, resulting in a total water
application M = 39.6 cm/yr;

3) Deficit irrigation (DI): compared to scenario LDI, only
one irrigation was considered before the winter season,
M = 34.5 cm/yr;

4) High deficit irrigation (HDI): only two short irrigation events,
one in October and one in April, 5 cm each, were considered
under this scenario, M = 26.6 cm/yr;

5) No irrigation: only precipitation, rainfed cultivation of winter
wheat (RF), mean annual rainfall M = 16.6 cm/yr.

Variable daily pressure heads, reflecting the position of the
roundwater table, were specified at the bottom of the soil pro-
le. Four groundwater table depths of 3, 2.5, 2, and 1.5 m were
onsidered in the modeling study.

In the entire Fergana Valley, 70% of groundwater recharge is
ue to losses from the dense system of canals and irrigated fields,
hile about 12–14% is subsurface inflow from upper lands. In the
ydrologic zone C, lateral inflow from the upper hydrological zone
nd leakage from canals are estimated to be between 60% of total
roundwater recharge in dry years to 85% in wet years. The density
f the open drainage system within the hydrological zone C aver-
ges 59 m/ha and the close pipe system an additional 2 m/ha. The
rainage depth is from 2.5 to 3.5 m.  In spite of the dense drainage
ystem, the water table in this area is less than 2 m below the
round on 57% of the irrigated land. The groundwater table has

 minimum level in April, rises during the crop irrigation season,
nd then gradually falls in winter.

. Results and discussion

.1. Effects on the water use

Raising the water table from 3 to 1.5 m depth below the
oil surface increased crop evapotranspiration (ET) from 36 to
7.9 cm under rainfed conditions and from 58 to 66.5 cm under full

rrigation conditions. These ET values are close to those obtained in
ysimeter studies conducted earlier by Ganiev (1979) in the study
rea. Fractions of groundwater contributions (a net upward flux)
o total ET (GWe.ET), as affected by a shallow water table and the
rrigation schedule, are given in Fig. 5.

Fig. 5 shows that upward fluxes increase when the water table is
aised and decrease when irrigation applications increase. Thus, for

 shallow water table 1.5 m below the soil surface, the groundwater
vapotranspiration decreases from 62% to 9% of total evapotranspi-

ation when natural rainfall (RF) is supplanted with a full irrigation
egime (FI). For a water table at a 3-m depth, the corresponding
ecrease is from 17% to 0%. Contribution of groundwater to crop
vapotranspiration is negligible for a deep water table (e.g., 3 m)
Fig. 5. Groundwater contribution to crop evapotranspiration as fraction of ET
(GWe.ET), as affected by a shallow groundwater table and an irrigation regime for
winter wheat on silt loam soils, Fergana Valley (average for 1992–1996).

and irrigated conditions. This finding concurs with the conclusions
of Ayars et al. (2006). Using the Meyer equation (Wu et al., 1999),
Ayars et al. (2006) found that the maximum upward fluxes occur
when the root zone is dry and groundwater table is shallow and
the minimum upward fluxes occur when the root zone is wet, with
either deep or shallow groundwater. Huo et al. (2011) came to sim-
ilar conclusions based on their lysimeter studies of the water use
of wheat.

Under conditions with a shallow groundwater table, farmers of
the Fergana Valley tend to apply less irrigation and thus to shift
the crop water supply from surface irrigation to groundwater in
order to meet the crop water demand. However, the results of the
simulations given in Fig. 6 indicate that under such sub-irrigation
Fig. 6. Evaporation as a fraction of ETa (E.ETa) as affected by a water table depth
and  irrigation regime for silt loam soils of the central part of the Fergana Valley
(1992–1996).
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Fig. 8. Temporal changes in soil salinity (a) in the topsoil (Ctop) and (b) averaged
over  the root zone (Croot), as affected by a shallow water table (1.5, 2, 2.5, and 3 m)
under rainfed conditions (1992–1996).
ig. 7. Transpiration as a fraction of ETa (T.ETa) as affected by a shallow water table
nd  irrigation regime (1992–1996).

nder full irrigation when the water table was raised from 2 to
.5 m below the soil surface. These numbers suggest that raising the
ater table from 2.5 to 1.5 m produces additional non-productive

vaporation of 108 mm under rainfed conditions and 82 mm under
ull irrigation. It is important to note, that the minimum value of
he evaporation fraction was received for the HDI scenario, when
rrigation supplements precipitation (Fig. 6).

Under the same conditions, raising the water table from 3
o 1.5 m below the soil surface increased crop transpiration by
12 mm under rainfed conditions and by only 3 mm under full

rrigation (Fig. 7). However, transpiration as a fraction of ETa (T.ETa)
s reduced from 0.57 to 0.54 under rainfed conditions and from 0.57
o 0.50 under full irrigation. The simulation results suggest that rais-
ng the water table does not necessarily produce significant gains in
roductive crop transpiration under full irrigation. Again, the high-
st transpiration fraction of ETa was estimated for the HDI scenario
hen irrigation supplements precipitation.

.2. Effects on soil salinity and ecosystem health

An increased contribution of groundwater to soil surface evapo-
ation produced an increase in the soil salinity (Fig. 8). Fig. 8 shows
imulated TSS under the rainfed conditions in the topsoil (Fig. 8a)
nd in the root zone (a soil layer of 0–100 cm)  (Fig. 8b). After five
ears of winter wheat cultivation under the rainfed conditions, the
op soil (0–30 cm soil layer) salinity increased from an initial value
f 1.5 g/l to 5.73, 8.51, 8.66, and 11.23 g/l when the water table was
, 2.5, 2, and 1.5 m below the soil surface, respectively. Similarly, the
verage root zone salinity increased from an initial value of 1.5 g/l
o 5.29, 8.01, 8.51 and 10.41 g/l when the water table was 3, 2.5,
, and 1.5 m deep, respectively. The salinity at the bottom of the
adose zone is not changed under rainfed conditions.

Under the deficit irrigation (DI) scenario the increases in esti-
ated salinities were smaller than under the scenario of a rainfed

ultivation of winter wheat (Fig. 9). Higher concentrations of salts
n the topsoil as compared to those averaged over the root zone still
ndicate the salinity buildup in the soil profile, i.e., salts moving with
he upward fluxes are accumulating in the topsoil. More salts enter
he vadose zone under shallow groundwater conditions, and con-
equently more salts accumulate in the topsoil—with implications
or crop yield and ecosystem health (Kijne, 2006; Khan and Hanjra,
008).

Although the full irrigation regimes reduced accumulation of
alts in the soil profile due to salt flushing (Kijne, 2001), the contri-

ution of shallow groundwater to soil salinization was still obvious
Fig. 10). Under a full irrigation scenario, salinity in the topsoil,
n the root zone, and at the bottom of the vadose zone, is less
ependent on the depth of the water table. However, there are

Fig. 9. Temporal changes in soil salinity (a) in the topsoil (Ctop) and (b) averaged
over  the root zone (Croot), as affected by a shallow water table (1.5, 2, 2.5, and 3 m)
under deficit irrigation conditions (1992–1996).
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ig. 10. Temporal changes in soil salinity (a) in the topsoil (Ctop) and (b) averaged
ver the root zone (Croot,), as affected by a shallow water table (1.5, 2, 2.5, and 3 m)
nder full irrigation (1992–1996).

till peaks in soil salinity under shallow water table conditions
etween individual irrigation events. The topsoil salinity increased
rom 1.5 to 3.96 g/l when a shallow water table was  1.5 m below the
oil surface. The increase in salinity levels for other groundwater
able depths was much smaller. The average root zone salinity
ncreased from an initial value of 1.5 to 2.29 g/l and 3.59 g/l for

ater table depths of 3 and 1.5 m,  respectively. These estimates
ndicate a potential stabilization of the topsoil salinity over time
nder deep groundwater conditions. The salinity at the bottom of
he vadose zone is not changed significantly under full irrigation
onditions.

.3. Effects on wheat yield and water productivity

Table 3 summarizes simulated results for different groundwa-
er table depths (D) and for different irrigation scenarios in terms of
pward flux from the groundwater table (GWe), transpiration (T),
vaporation (E), evapotranspiration (ET), and crop yield (Y). Evapo-
ation and transpiration fluxes are also expressed as a fraction of the
ctual evapotranspiration (E.ETa and T.ETa, respectively). Variations
n crop transpiration and soil salinity are reflected in estimated
ields of winter wheat (Table 3). The RMSE between values of winter
heat yields estimated using relations (6) and (7) was  0.2838.

These estimates of crop yield are based on the assumption that
ther inputs to crop production, such as soil tillage, fertilizers, and
est and weed control remain the same. The results presented in
able 3 show that raising the water table from 3 to 1.5 m below the
oil surface produces a 31% increase in the yield of wheat under
he rainfed conditions and no yield increase for a full irrigation sce-

ario. This means that there are no significant gains from having a
hallow water table under a full irrigation scenario, while a shallow
ater table under the rainfed conditions may  cause soil salinization

nd may  require extensive leaching and drainage to maintain low
r Management 131 (2014) 57– 69

salinity levels. Various deficit irrigation scenarios produce interme-
diate salinity levels between the rainfed farming and full irrigation.

3.4. Toward improved water and land management practices

One of the reasons for high evaporation losses under shallow
water conditions is fallowing of the land from June 11 till October
4 after harvesting of winter wheat and before sowing of the next
year’s crop (Table 4). It must be noted that since the fields are
not mulched after the harvest, evaporation losses are significant
and that has practical implications for residual moisture and water
management.

The results of the modeling study show that under full irrigation
conditions, even a shallow groundwater does not contribute to
crop evapotranspiration. Under low deficit irrigation, net upward
fluxes are smaller during a crop vegetation period as compared to
a land fallowed period. As the magnitude of the deficit during the
crop vegetation season increases, so does the contribution of the
groundwater to crop evapotranspiration.

For groundwater 1.5 m deep below the soil surface, evapora-
tion from June 10 to October 1 is estimated to be 47% and 45%
of total evaporation under rainfed and full irrigation conditions,
respectively. For conditions with a deep water table (3 m), evap-
oration after winter wheat harvesting is estimated to be 23% and
27%, respectively. Raising the water table from 3 to 1.5 m produces
an increase in evaporation of 1.9 cm during the vegetation sea-
son and 8.8 cm after wheat harvesting—that is, greater losses due
to land fallowing practice. For a full irrigation scenario, there is
no increase in evaporation during the vegetation season and 8.1-
cm increase after wheat harvesting. Therefore, lowering the water
table could reduce evaporation losses by 10.7 cm under rainfed
conditions and by 8.1 cm under full irrigation, which will signifi-
cantly contribute to preventing salinity build-up in the topsoil. This
implies that improved water and land management practices hold
the key to water savings and environmental sustainability in the
Fergana Valley.

3.5. Unlocking the potential of groundwater for irrigation in the
Fergana Valley

Improved water and land management practices are the main
pathway for unlocking the potential of groundwater for irrigation
in the Fergana Valley. For instance, replacement of alfalfa by win-
ter wheat reduces the irrigation demand at least by 200 mm/ha
(Shreder et al., 1977), or 486 Mm3/yr for the entire Fergana val-
ley. However, due to the presence of a shallow water table on
200,000 ha of the irrigated land, a shift to cultivation of winter
wheat will increase non-productive evaporation after wheat har-
vesting by 40–45 mm/ha. Temporarily, at early stages, the yield of
winter wheat can reach a maximum level but the wheat yield will
be sub-optimal and the yield ceiling will be reached sooner. How-
ever, a gradual increase of soil salinity will require an increase in the
amount of water for salts leaching. In general, at the initial stage,
rainfall and irrigation will control much of the salt accumulation.
At later stages, under shallow water conditions, the sum of crop
evapotranspiration and water required for leaching of soluble solids
from the root zone of winter wheat may  become comparable to the
amount of water initially used for evapotranspiration of alfalfa, thus
potentially offsetting a large part of the reduction in the irrigation
deficit and water savings. For example, under full irrigation, evapo-
transpiration from an alfalfa field with a groundwater table 2 m

deep was  estimated to be 905 mm,  while for a winter wheat/fallow
system 665 mm.  The amount of water required for leaching of sol-
uble solids, according to Shreder et al. (1977), is in the range of
200–300 mm/yr.
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Table 3
Water productivity and winter wheat yield as affected by a shallow water table for the silt loam soils of the Fergana Valley (averaged for 1992–1996).

P + I (cm/yr) D (m)  GWe  (cm/yr) T (cm/yr) E (cm/yr) ETa(cm/yr) E.ETa (−) T.ETa (−) Ya (t/ha) Yb (t/ha)

16.57 1.5 35.7 31.6 26.4 57.9 0.46 0.54 4.9 5.4
(RF) 2  26.5 27.6 20.9 48.5 0.43 0.57 4.3 4.6

2.5  18.1 24.2 18.0 42.2 0.43 0.57 3.9 4.0
3  6.0 20.4 15.6 36.0 0.43 0.57 3.4 3.3

26.02 1.5 29.1 34.0 26.5 60.5 0.44 0.56 5.2 5.8
(HDI) 2  21.7 31.3 21.6 52.8 0.41 0.59 4.8 5.3

2.5  14.0 28.1 19.0 47.2 0.40 0.60 4.5 4.7
3  2.8 24.6 17.1 41.7 0.41 0.59 4.0 4.1

34.65 1.5 25.1 34.3 30.6 64.9 0.47 0.53 5.5 5.9
(DI) 2  18.9 32.9 25.5 58.4 0.44 0.56 5.3 5.6

2.5  12.0 30.6 22.9 53.6 0.43 0.57 5.0 5.2
3  1.3 27.7 20.6 48.3 0.43 0.57 4.6 4.7

39.62 1.5 20.1 34.2 30.6 64.8 0.47 0.53 5.5 5.8
(LDI) 2  13.8 32.7 25.5 58.3 0.44 0.56 5.3 5.6

2.5 7.0 30.5 22.9 53.4 0.43 0.57 5.0 5.2
3  −3.4 27.7 20.8 48.4 0.43 0.57 4.6 4.7

54.51 1.5 6.1 33.5 33.0 66.5 0.50 0.50 5.6 5.7
(FI) 2  2.0 33.4 28.6 62.1 0.46 0.54 5.6 5.7

2.5  −2.5 33.4 26.4 59.8 0.44 0.56 5.6 5.7
3  −9.6 33.2 24.8 58.0 0.43 0.57 5.6 5.7

D = Water table depth (m), P + I = precipitation and irrigation amounts(cm), GWe—upward water flow from the groundwater (cm), T = estimated actual transpiration (cm),
E  = estimated actual evaporation (cm), ETa = estimated actual evapotranspiration (cm), E.ETa—evaporation as a fraction of ETa (−), T.ETa—transpiration as a fraction of ETa ,
Y—yield  of wheat (t/ha).

Table 4
Evaporation from the soil surface during the vegetative season of winter wheat and after its harvesting, during the land fallowing season, as affected by a shallow water table
for  the silt loam soils of the Fergana Valley (averaged for 1992–1996).

P + I (cm/year) D (m)  Net upward flux Evaporation

Vegetation Fallow Total Vegetation Fallow Total
(cm)  (cm) (cm) (cm) (cm) (cm)

16.57 1.5 25.0 10.7 35.7 13.9 12.5 26.4
(RF) 2  19.8 6.7 26.5 13.1 7.8 20.9

2.5  12.8 5.3 18.1 12.6 5.5 18.0
3  −1.2 7.3 6.0 12.0 3.7 15.6

26.02  1.5 18.5 10.6 29.1 14.0 12.6 26.5
(HDI) 2  15.0 6.7 21.7 13.8 7.8 21.6

2.5  8.7 5.3 14.0 13.6 5.5 19.0
3  −4.4 7.2 2.8 13.4 3.7 17.1

34.65  1.5 15.0 10.1 25.1 16.8 13.8 30.6
(DI) 2  12.9 5.9 18.9 16.1 9.4 25.5

2.5  7.8 4.1 12.0 15.8 7.1 22.9
3  −5.0 6.3 1.3 15.4 5.1 20.6

39.62  1.5 9.9 10.1 20.1 16.8 13.8 30.6
(LDI) 2  7.9 5.9 13.8 16.1 9.4 25.5

2.5  2.8 4.1 7.0 15.8 7.1 22.9
3  −9.7 6.3 −3.4 15.6 5.1 20.8

54.54  1.5 −3.4 9.5 6.1 18.2 14.8 33.0
(FI) 2  −3.3 5.3 2.0 18.2 10.4 28.6

2.5  −5.7 3.1 −2.5 18.2 8.2 26.4
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 = Water table depth (m), P + I = precipitation and irrigation amounts (cm),

Non-productive evaporation losses from the wheat grown area
ould be reduced by lowering the water table, and unlocking the
roductive potential of groundwater. Two alternative approaches
ould be suggested to achieve this. First, one can increase the
ntensity of drainage in the hydrogeological Zone C but this
ntails significant investment costs for the drainage infrastructure.
lthough this approach may  lead to managing salinity levels in the
rop root zone and improving the health and resilience of the agro-
cosystem, it may  also generate return flow to the river during the
inter season, when the downstream reservoirs are almost full.

his measure would require additional storage capacities down-
tream on the Syrdarya River, and would further contribute to

ncreasing the area with shallow water tables. These tradeoffs and
ssociated cost-return matrix requires further analysis. The sec-
nd approach is to shift from canal irrigation to conjunctive use
f groundwater and canal water. Extracting groundwater for crop
−9.6 18.1 6.7 24.8

irrigation would lower its levels and reduce evaporative losses,
salinity buildups in the topsoil, and saline return flows from the
study area to the Syrdarya River. Extracted groundwater could be
used in conjunction with canal water for irrigation of food crops,
including double cropping. The water supply would become more
uniform and reliable along the long canals, which cross the val-
ley from east to west. Winter flows of rivers of the Fergana Valley
could be used for groundwater recharge. There would be no need
for additional storage capacities downstream, but this requires eco-
nomic and policy incentives for promoting the conjunctive use of
groundwater and canal water for irrigation in the Fergana Valley.
3.6. Managing salinity for protecting ecosystem health

Our modeling results and field observations show that salin-
ity buildup in the root zone and salinization of agricultural land
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ig. 11. Changes in areas with shallow groundwater, moderately and highly saline
oils, and the water use over time (1975–2007) in the Fergana province.

ith time may  become a significant issue in the Fergana Valley, if
o urgent action is taken to lower the shallow water table. Since

 combination of over-irrigation in the zone C and lateral subsur-
ace flow are the major source of shallow groundwater recharge,
he shallow water table could be lowered by using groundwater
or irrigation and other purposes and by improving irrigation tech-
ologies to arrest the salinity issue in the Fergana Valley. At present,
bout 55% of the irrigated land in the Valley is prone to salinity,
ncluding about 72,000 ha of land that are moderately and highly
aline in the hydrological zone C. While irrigation application rates
er ha have been reduced with the policy change that replaced
lfalfa with winter wheat, areas with shallow groundwater and
ith moderately and highly saline soils have not, which remains

 significant issue (Fig. 11). Furthermore, the spatial data show
arge salinity problems in many countries in Central Asia, including
n the Fergana valley (Table 5). Salinity poses huge challenges to
nvironmental sustainability and ecosystem health, as well as sus-
ainability of food production, in large irrigation systems across Asia
Khan and Hanjra, 2008). For instance, China, India, Iran, Pakistan
nd Central Asian states are among the countries where a huge
hare of the productive irrigated cropland is affected by salinity. Soil
alinity reduces water availability and crop yields, and threatens
ural industries and livelihoods of millions (Postel, 1999; Khan and
anjra, 2008). Irrigation induced soil salinity reduces agricultural
roduction, threatens food security and imposes other economic,
ocial and environmental costs. The socioeconomic impacts of
ater logging and salinity include the losses in income, lost returns

n public investments, risks to public health due to saline water
upplies, saline return flows to downstream areas, and damages to
atural and built infrastructure.

Negative impacts of increased soil salinity on ecosystems
nclude a loss of biodiversity, limitations on crop choices, an
ncrease in invasive species, a loss of pollinator species, river-

ystem health linkages, and ecological impacts. For instance,
alandarov (2007) carried out a study under saline conditions in

he Mirzachul lowlands, downstream of the Syrdarya River basin,
ext to the Fergana Valley. He observed a low microbiota activity

able 5
and salinization in Central Asia (Bucknall et al., 2003).

Settings Irrigated area (ha) Area affected by salinization

(ha) (%) of irrigated area

Kyrgyz Republic 1,077,100 124,300 11.5
Tajikistan 719,200 115,000 16.0
Kazakhstan 2,313,000 >763,290 >33.0
Turkmenistan 1,744,100 1,672,592 95.9
Uzbekistan 4,280,600 2,140,550 50.1
Central Asia 10,134,000 4,815,732 47.5
r Management 131 (2014) 57– 69

in the saline soils of Uzbekistan and found low populations of
ammonificators, oligonitrophils, and actinomycetes, that all play an
important role in the soil ecosystem sustainability and resilience.
In other settings, salinity limits crop varieties suitable for irrigated
soils and affects crop development and yield (Katerji et al., 2003).
It also affects river, stream, and wetland ecosystems (Hart et al.,
1990), impacts of climate change on river ecosystems (Suen and
Lai, 2013), river diversions and ecology (Das et al., 2012), river
environmental flow requirements (Sun et al., 2009), tolerance of
macro-invertebrate and the ecosystem protection trigger values
(Dunlop et al., 2008), sustainability of agricultural landscapes, car-
bon sequestration and biodiversity values (George et al., 2012),
vegetation–groundwater interactions (Humphries et al., 2011),
pesticide toxicity, ecosystem functions and ecosystem services
(Schafer et al., 2012), bioavailability of Cu and Zn and other essential
plant micronutrients (Speelmans et al., 2010), and causes changes
in grain ultrastructure, amylase, protein and amino acid profiles
under water, salinity, and combined stresses (Ahmed et al., 2013).
These myriad ecosystem health linkages do imply that under shal-
low groundwater conditions salinity has implications for river basin
health and ecosystems and thus imposes carrying capacity con-
strains in terms of water-savings and unlocking the potential of
groundwater development for irrigation.

Managing salinity has implications for water security as well as
for the sustainability of food production and terrestrial and aquatic
ecosystems and vital services they provide to the mankind (Tilman
et al., 2002). Long-term data on the concentration of total dissolved
solids (TDS—an indicator of salinity and river system pollution nor-
mally discussed only for freshwater systems, as salinity comprises
some of the ions constituting the definition of TDS) show that (a)
the salinity has been on the rise over time (1931–2012) in the
Amudarya River and (b) the rise in TDS concentrations was rela-
tively low in upper reaches, higher in the midstream, and highest
in the downstream reaches of the river (Table 6). While the data for
the Syrdarya River show similar temporal trends of salinity patterns
across the upper, middle, and lower reaches of the river system,
the data also show that salinity is relatively higher, especially in
the mid  and downstream reaches of the Syrdarya River compared
to those of the Amudarya River. Overall, these data show rising
salinity and poor health of the river system, which has implica-
tions for ecosystem health and environmental water security of the
region.

A key dimension of water security is environmental water secu-
rity, i.e., the status of the water-related environment of river basins
that can be assessed using the river heath index. The River Basin
Health Index (ADB, 2013) is a composite of four indicators and their
sub-indices that include: watershed disturbance (cropland, live-
stock, wetlands), pollution (salinization, NPK, Hg, TDS, acidification,
etc.), water resources development (dams, relative water use com-
pared to supply, agricultural sector water stress, and changes down
streams), and biotic factors (non-native species, catch pressure and
aquaculture). Data on environmental water security in selected
basins and countries show that in Central Asia, agricultural devel-
opment and salinization have already had major impacts and pose
a major stress on the region’s rivers and ecosystems (Table 7). For
instance, with the development of water resources and irrigation
in the region, vast tracts of underdeveloped land were converted
into productive agricultural ecosystems, leading to the drying up
of the Aral Sea. The vast irrigation development and over irrigation
practices have also led to extensive land degradation in the areas
irrigated with waters from Amudarya and Syrdarya rivers. Accord-
ing to recent estimates, nearly 50% of the irrigated areas in Central

Asia are salt affected, water logged, or both (Qadir et al., 2009). The
deterioration and poor health of the rivers and ecosystems poten-
tially threatens the livelihoods of tens of millions who depend on
them for food security and incomes.
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Table 6
Temporal and spatial change of TDS of the Amudarya River and the Syrdarya River (modified from Abdullaev et al. (2007)).

Amudarya River Syrdarya River

Upstream Midstream Downstream Upstream Midstream Downstream

1932–50 0.379 0.496–0.513 0.513 0.293 0.425 0.485
1951–60 0.395 0.514–0.524 0.524 0.302 0.584 0.698
1961–70 0.402 0.576 0.641 0.307 1.034 1.137
1971–80 0.409 0.59–0.755 0.755 0.321 1.203 1.282
1981–90 0.424 0.572–1.12 1.196 0.346 1.252 1.8
1991–99 0.424 0.572–1.122 1.196 0.359 1.265 1.829
2000–2012 1.113 1.102

Table 7
Environmental water security in selected river basins and countries (ADB, 2013).

Subregion (river
basin or country)

Watershed disturbance
(% of basin)

Pollution (% of
basin)

Resource development
(% of basin)

Biotic factors (%
of basin)

River health
indicator

River health
assessment

Central Asia (Syr Darya) 0 31.6 68.4 0 0.30 Poor
Central Asia (Aral Sea) 4.2 6.5 74.1 15,1 0.28 Poor
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Improved management of land and water resources for enhanc-
ng food security and livelihoods and protecting ecosystems
equires economic incentives and agriculture policies that can
ddress the salinity issue head-on. This justifies public funding
or policies for motivating farmers to adopt better water and land

anagement practices and more efficient irrigation technologies.
his can enhance the benefits to farmers by lowering the excess
rrigation water applications to crops and reducing salinity, a con-
equent reduction in salt buildup and rise of ground-water table,
nd reducing negative impacts on ecosystem health. The suite of
olicy incentives and interventions include: better crop choices,
etter irrigation practices, practicing deficit irrigation while consid-
ring the depth of ground water table, a conjunctive use of canal
nd groundwater (as shown by this analysis), an improved water
se efficiency (Molden et al., 2010), better irrigation technologies,
nd integrated agro forestry and cropping systems.

. Conclusion

The results of the study suggest that contributions from shallow
roundwater to crop evapotranspiration for winter wheat culti-
ated areas highly depend on irrigation regimes and land and water
anagement practices. Under high deficit irrigation and rainfed

onditions in loam soils, upward fluxes from shallow groundwater
xceed 60% of total crop evapotranspiration. Under full irrigation,
et upward fluxes are small even when the water table is only at
.5 m depths below the soil surface. The evaporation fraction of
he crop evapotranspiration is minimal and the transpiration frac-
ion maximal for high deficit irrigation under shallow and deep
ater table conditions, respectively. However, under shallow water

onditions, the benefits of deficit irrigation during early stages of
rop growth may  be followed by crop yield losses during later
tages of crop growth, due to the rapid increase in topsoil and
oot zone salinity. Similar phenomena were observed in late 1980s
n irrigated lowlands of Central Asia, where the shift from full
o deficit irrigation under shallow water conditions caused salin-
ty buildup and high economic losses to farming communities.
ncreasing the share of winter wheat on the irrigated lands since
he mid  1990s accelerated these processes. Under shallow water
onditions, evaporation from lands fallowed after winter wheat

arvesting represents up to 45–47% of total evaporation losses.
xcessive evaporation losses under shallow groundwater condi-
ions become a source of continuous salinity buildup in the crop
oot zone.
0 0.19 Bad
11.6 0.27 Poor

4.6 0.27 Poor

The results of this study suggest that cultivation of low water-
consumptive crops under shallow groundwater conditions does not
produce expected water savings. Under shallow water conditions,
reduced irrigation applications may  be followed by an increase
in upward fluxes to the topsoil. The numerical model indicates
that for winter wheat, evaporation as a fraction of crop evapo-
transpiration increases with raising of the water table, while
transpiration decreases. Evaporation from fallowed lands after
winter wheat harvesting may represent up to 35–39% of total evap-
oration losses. Evaporation losses increase when the water table
is raised and irrigation applications increased. Excessive evapora-
tion losses under shallow groundwater conditions become a source
of salinity buildup in the crop root zone. Evapotranspiration is
identified as a key driver of groundwater salinity, and Humphries
et al. (2011) support this finding. The same amount of water sup-
plied earlier for irrigation of high water-consumptive crops may
have to be applied at later stages for irrigation of low water-
demanding food crops and leaching of the progressively salinized
soils.

The results of this study suggest two  alternative approaches that
could be proposed to policy-makers to lower the shallow water
table and unlock its potential for irrigation in the Valley. The first
approach would increase the intensity of drainage, which would
allow maintaining salinity levels in the crop root zone, but it would
generate return flows to the river in the winter season, when the
reservoirs are full in the Syrdarya River midstream. The second
approach is the shift from canal irrigation to conjunctive ground-
water and canal water use. The increased groundwater extraction
will supply the irrigation demand of an intensive cropping system
in the Fergana Valley, while saved surface water could be deliv-
ered to other users, midstream of the Syrdarya River. To prevent
the environmental consequences of intensive farming practices and
protecting ecosystem health, a wide scale adoption of water saving
technologies has to be put in place. This is another important policy
instrument to produce more food crops using available water and
is a subject for future research.
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ˇimůnek, J., Köhne, J.M., Kodešova, R., Šejna, M.,  2008c. Simulating nonequilibrium
movement of water, solutes and particles using HYDRUS—a review of recent
applications. Soil and Water Research 3, S42–S51 (Special Issue 1).

ingh, R., van Dam, J.C., Jhorar, R.K., 2003. Water and salt balances at farmer fields.
In: van Dam, J.C., Malik, R.S. (Eds.), Water Productivity of Irrigated Crops in Sirsa
district, India, Integration of Remote Sensing, Crop and Soil Models and Geo-
graphical Information Systems. Wageningen University, Department of Water
Resources, Wageningen, pp. 41–58, Chapter 4.

medema, L.K., Shiati, K., 2002. Irrigation and salinity: a perspective review of
the  salinity hazards of irrigation development in the arid zone. Irrigation and
Drainage Systems 16 (2), 161–174.

oppe, R.W.O., Ayars, J.E., 2003. Characterizing groundwater use by safflower using
lysimeters. Agricultural Water Management 60, 59–71.

peelmans, M.,  Lock, K., Vanthuyne, D.R.J., Hendrickx, F., Du Laing, G., Tack, F.M.G.,
Janssen, C.R., 2010. Hydrological regime and salinity alter the bioavailability of
Cu  and Zn in wetlands. Environmental Pollution 158 (5), 1870–1875.

poor, M.,  1998. The Aral Sea Basin crisis: transition and environment in former
Soviet Central Asia. Development and Change 29, 409–435.

ommer, R., Glazirina, M.,  Yuldashev, T., Otarov, A., Ibraeva, M.,  Martynova, L.,
Bekenov, M.,  Kholov, B., Ibragimov, N., Kobilov, R., Karaev, S., Sultonov, M.,
Khasanova, F., Esanbekov, M.,  Mavlyanov, D., Isaev, S., Abdurahimov, S., Ikramov,

R.,  Shezdyukova, L., De Pauw, E., 2013. Impact of climate change on wheat pro-
ductivity in Central Asia. Agriculture, Ecosystems & Environment 178, 78–99.

uen, J.-P., Lai, H.-N., 2013. A salinity projection model for determining impacts of
climate change on river ecosystems in Taiwan. Journal of Hydrology 493 (0),
124–131.
r Management 131 (2014) 57– 69 69

Sun, T., Yang, Z.F., Shen, Z.Y., Zhao, R., 2009. Environmental flows for the Yangtze
Estuary based on salinity objectives. Communications in Nonlinear Science and
Numerical Simulation 14 (3), 959–971.

Supiev, M.,  Ganiev, A., 2005. Technical Report. The Hydrogeology melioration expe-
dition of the Syrdarya Sokh Basin Irrigation System Administration, Fergana, pp.
109.

Talipov, G.A., 1992. Land Resources of Uzbekistan and Problems of Their Rational
Use. Uzbek Research Institute of Cotton Growing, Tashkent, pp. 232.

Tilman, D., Cassman, K.G., Matson, P.A., Naylor, R., Polasky, S., 2002. Agricultural
sustainability and intensive production practices’. Nature 418, 671–677.

Van Genuchten, M.Th., 1980. A closed-form equation for predicting the hydraulic
conductivity of unsaturated soils. Soil Science Society of America Journal 44 (5),
892–898.

Wang, S.X., Zhou, F., Yu Dong, X.G., 2005. Application of HYDRUS-1D to evaluating
soil water resource. soil and water conservation 12, 36L 38.

Wesseling, J.G., Elbers, J.A., Kabat, P., Van Den Broek, B.J., Internal note 1991. SWA-
TRE: Instructions for Input. Winane String Centre, International Waterlogging
and Salinity Research Institute, Wageningen, The Netherlands, Lahore, Pakistan,
pp. 29.

Wu,  Q., Christen, E.W., Enever, D., 1999. Basinman—a water balance model
for farms with subsurface pipe drainage and on-farm evaporation basins.
In: Technical Report 1/99. CSIRO Land and Water, Griffith, NSW, Australia,
〈http://www.clw.csiro.au/publications/technical99/tr199.pdf〉.

Xu, L.G., Yang, J.S., Zhang, Q., Liu, G.M., 2005. Salt-water transport in unsaturated
soils under crop planting: dynamics and numerical simulations. Pedosphere 15,
634–640.

Yang, J., Wan, S., Deng, W.,  Zhang, G., 2007. Water fluxes at a fluctuat-
ing groundwater table and groundwater contributions to wheat water use
in  the lower Yellow River flood plain, China. Hydrological Processes 21,
Zhang, L., Dawes, W.R., Slavich, P.G., Meyer, W.S., Thorburn, P.J., Smith, D.J., Walker,
G.R., 1999. Growth and groundwater uptake response of Lucerne to changes
in  groundwater levels and salinity: lysimeter isotope and modeling studies.
Agricultural Water Management 39, 265–282.

http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0275
dx.doi.org/10.2136/VZJ2007.0077
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0285
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0290
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0295
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0300
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0305
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0310
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0315
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0320
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0325
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0330
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref1335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref1335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref1335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref1335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref1335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref1335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref1335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref1335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref1335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref1335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref1335
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0340
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0345
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0350
http://www.clw.csiro.au/publications/technical99/tr199.pdf
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0360
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0365
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370
http://refhub.elsevier.com/S0378-3774(13)00251-5/sbref0370

	Effects of the shallow water table on water use of winter wheat and ecosystem health: Implications for unlocking the poten...
	1 Introduction
	2 Methods and data
	2.1 Study area
	2.2 Research method
	2.2.1 Input parameters in HYDRUS-1D
	2.2.2 Irrigation scenarios simulated



	3 Results and discussion
	3.1 Effects on the water use
	3.2 Effects on soil salinity and ecosystem health
	3.3 Effects on wheat yield and water productivity
	3.4 Toward improved water and land management practices
	3.5 Unlocking the potential of groundwater for irrigation in the Fergana Valley
	3.6 Managing salinity for protecting ecosystem health

	4 Conclusion
	Acknowledgments
	References


