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Abstract Years of ill-managed irrigation have triggered
secondary soil salinization in the Khorezm region of Uzbe-
kistan located in the Aral Sea basin. To assess the magnitude
and dynamics of secondary soil salinization, to quantify
improved management strategies and to derive updated
irrigation standards, the soil water model Hydrus-1D was
used. Water and soil salinity dynamics in three cotton fields
with different soil textures were monitored and simulated for
the years 2003 and 2005. Until now in Khorezm, overall soil
salinity could only be controlled by pre-season salt leaching
using high amounts of water. This water, however, may not
be available anymore in the near future because of global
climate change and shrinking fresh water resources. Simu-
lations confirmed that the present leaching practice is barely
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effective. At two out of the three locations within a sandy
loam field, leaching did not remove salts from the 2 m pro-
file. Instead, salts were only shifted from the upper (0-0.8 m)
to the lower (0.8-2 m) soil layer. Strong groundwater con-
tribution to evapotranspiration triggered secondary (re)-
salinization of the topsoil during the cropping season. As a
consequence, salt amounts in the top 0.8 m of soil increased
from 9 to 22 Mg ha™" in the field with loamy texture, and
from 4 to 12 Mg ha™"' in the field with sandy texture. Man-
agement strategy analyses revealed that reducing soil
evaporation by a surface residue layer would notably
decrease secondary soil salinization. Here, owing to the
reduced capillary rise of groundwater, post-season salt
contents of the three fields were reduced by between 12 and
19% when compared with residue-free conditions. Even
more effective would be improving the efficiency of the
drainage system so as to lower the groundwater table. This
would require a revision of the current irrigation manage-
ment schemes, but could, as simulations revealed, reduce the
post-season salt content in the 2 m soil profile of the three
fields by between 36 and 59% when compared with unaltered
conditions. For the revised irrigation management in total
not more water than already foreseen by national irrigation
recommendations would be needed. Increasing leaching and
irrigation efficiency would help sustaining the present cotton
production levels while reducing future leaching demands.

Introduction

Soil salinity is a latent threat in irrigated agriculture.
Worldwide almost 400 Mha of land are affected by sali-
nization (Bot et al. 2000). Salinity on about 80% of these
lands is of natural origin (primary salinization), whereas on
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the remaining 20% it is “man-made”, i.e., a result of
secondary soil salinization under conditions of poor
drainage in irrigation. Between 9 and 25% of irrigated
areas in Tunisia, the United States, India, China and South
Africa are salt-affected. In Pakistan, the share is estimated
to even surpass 25% (CISEAU 2006). About 1-2% of the
irrigated areas, mostly in arid and semi-arid regions,
become unsuitable for agriculture each year (FAO 2002).
In monetary terms this amounts to US$ 250 per ha annu-
ally, or about US$11 billion in total (CISEAU 2006).

Owing to the arid agro-climatic conditions, crop pro-
duction in Uzbekistan fully relies on irrigation. At the end
of the last century, the total irrigated land was estimated to
4.2 Mha (Abdullaev 2003). One of the most important
irrigated crop in Uzbekistan is cotton (Gossypium hirsutum
L.), which, given its long growing period, requires large
amounts of water. However, water management at field
level as observed in Khorezm, a region in the western part
of Uzbekistan, is poor (Forkutsa et al. 2009). At the same
time, water losses from the conveyance system are high,
and consequently overall water withdrawal is extremely
high: on an average for the whole of Khorezm between
17,000 and 30,000 m> of water per hectare is extracted
from the Amu Darya (Conrad 2006), which is one of the
two tributaries to the Aral Sea.

Inadequate management of irrigation water has lead to
considerable salinization of the soils in this region.
Ibrakhimov et al. (2007) reported that more than 50% of the
soils in Khorezm were classified as moderate to high saline
according to a survey from the 1980s. Secondary soil sali-
nization by capillary rise of shallow groundwater (and salt)
into the rooting zone plays a major role, nullifying pre-sea-
son salt leaching efforts, entailing yield losses and seriously
threatening economic growth and development similar to
other region (Grieve et al. 1986; Smets et al. 1997; Willis
et al. 1997; Christen et al. 2001; Singh 2004; Murtaza et al.
2006). Within the Aral Sea basin, an estimated 20%, corre-
sponding to more than US$ 200 million per year, of the yield
of cotton production are lost because of salinization prob-
lems (CISEAU 2006). Nevertheless, little is known about the
soil salinity dynamics of the irrigated areas of this basin.

The detailed analysis of the water balance of current and
alternative irrigation management of cotton in Khorezm
(Forkutsa et al. 2009), is supplemented by the present
analyses on soil salinity dynamics. Water application, crop
growth, soil water, groundwater and corresponding salt
dynamics were studied on three fields with different soil
textures in 2003 and 2005. Subsequently, the soil water
model Hydrus-1D (éimunek et al. 2005) was applied to (1)
understand and analyze the effect of major as well as
micro-scale differences in soil texture and (micro-basin)
water management on soil salinity, (2) simulate soil
salinity dynamics under cotton with the aim to quantify
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leaching efficiency, and secondary soil salinization and (3)
simulate improved management strategies and revise irri-
gation accordingly.

Materials and methods

A detailed description is provided in Forkutsa et al. (2009).
Here only a brief overview is given with a focus on the
aspects of soil and water salinity.

Location

Experimental data were collected in the Khorezm region
located in western Uzbekistan, on the left bank of the Amu
Darya River. This region has an extreme continental, semi-
desert climate with hot and dry summers and cold winters. It
receives around 100 mm of precipitation from October to
May. Crop production of mostly cotton, wheat, and rice fully
relies on irrigation water that is withdrawn from the Amu
Darya.

Experimental data

In 2003, a jointly farmer—researcher-managed experiment
was conducted on two cotton fields, one with a sandy loam
and the second with a sandy soil. Both fields were located in
the Khiva district of Khorezm (41°20’ 39'N, 60°18'60"'E).
All cultivation activities were decided upon by farmers.
After rough tractor-leveling, in mid-February the sandy loam
field was divided into micro-basins of approximately
30 x 30 m. Salt in the soils of both fields was leached by
three applications of water in March—April; a common
practice in Khorezm. Cotton was planted after plowing and
chiseling April, 25. Both fields were fertilized following
local recommendations. The water and salt balance of cotton
of three micro-basins following a west—east transect along
the slope on the sandy loam field (henceforth called location
1-3), and one single micro-basin on the sandy field were
studied. The transect study allowed the assessment of the
significance of micro-level soil textural variability and in-
field differences in water management with regard to water
dynamics (parallel paper) and secondary soil salinization.

A second data set was established in 2005 on a
researcher-managed fertilizer-response trial in Urgench
district (41°60'N, 60°51'E) on a loamy soil. Tillage and
leaching was similar to that of the sandy loam field. The
cotton variety Khorezm-127 was planted May 2.

Water application

Amounts of water applied for leaching (by flood irrigation)
and irrigation (by furrow irrigation) were measured with
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Cipoletti (or trapezoidal) weirs. The electrical conductivity
(EC,,) of the applied water was measured once at the inlet of
the field irrigation canals at the start of water application, since
previous observations had shown that no notable change of
water salinity occurred during one and the same day.

Water content and salinity of the soil

Soil genetic layers and soil physical properties (texture, bulk
density) were determined before the start of the experiments.
Soil water content was determined manually (gravimetri-
cally) by soil sampling with an auger at 20, 50, 80 and
105 cm depth. The soil was sampled 1 day before and 2 days
after irrigation at two to four locations, and additionally
between two irrigation events at least once every week. The
electrical conductivity, EC,, which is the EC of the 1:1
water—soil paste, of soil sub-samples was measured accord-
ing to Chernishov and Shirokova (1999). EC, linearly
correlates with the international standard EC value of the
saturated soil extract, EC. (Rhoades et al. 1999), and the
equation EC, = 3.5 EC, applies (R* = 0.877; Shirokova
et al. 2000).

In addition, the total dissolved solids (TDS) in 124 soil
samples, a subset of the above-mentioned samples, were
determined. Using soil bulk density, TDS was expressed in
units of milligrams of salt per cm® of soil. To convert qualitative
EC measurements into mass units, the dependency between
TDS (mg salts cm™? soil) and EC, (dS mfl) was analyzed
(Fig. 1a) and a linear regression equation was established:

TDSoii = 0.6546EC, (1)

Assuming that only negligible amounts of salts were
adsorbed at the soil exchange complex, the concentration (C,
mg salts cm ™ water) of salts in the solution was calculated
from TDS (mg salts cm > soil) and the water content
(0, cm® water cm ™ soil):

Total dissolved solids and EC. do not depend on the
actual in situ water content of the soil.

In 2005, in the experiment on the loamy field, soil water
content at 20, 40, 60, 80 and 100 cm depth was measured in
hourly intervals with capacitance probes (theta probe, Delta-
T Devices, UK). As no more soil samples had to be taken for
manual soil moisture determination, and given the focus of
this experiment on crop growth and N dynamics (Kienzler
2009), EC, of the soil was measured less frequently than in
2003, altogether four times on February 4, June 1, June 30
and November 7.

Groundwater

The depth of the groundwater table was monitored by
observation wells installed down to 2.5 m depth as perfo-
rated polyethylene pipes. Groundwater depth and the
electrical conductivity (EC,,) were measured at the sandy
and sandy loam fields at the same time. TDS of 152 sub-
samples were determined. Groundwater salinity of the loamy
field was only measured three times throughout the season on
July 7, July 21 and August 29. The EC,, (dS m™"') was
regressed against total dissolved solids of groundwater and
irrigation water (mg salts cm™ water) yielding (Fig. 1b):

TDSater = 0.8163EC,,. (3)

Meteorological data

In 2003, air temperature, relative humidity, incoming short-
wave radiation, wind speed and direction at 2 m above ground
and precipitation were recorded automatically every 30 min
with data-logger system (Micromec Multisens-Technetics
2000 logger equipped with Eijkelkamp and Kipp&Zonen
sensors) 3 km away from the sandy loam field. Directly next
to the loamy field hourly data of air temperature, incoming
short-wave radiation, wind speed, relative humidity and pre-
cipitation were recorded in 2005 at the same heights as

TDSoi1 specified above using an automatic weather station (Watch-
C=—07" (2) " Dog 900ET).
Fig. 1 a Totalgdissolved solids a) 16 > b) 8
TDS (mg cm™~ soil) plotted |
against electrical conductivity —
of the saturated extract, EC, %‘ 12 + § 6+
(dS m™") and b TDS (mg cm™? 7] g
water) plotted against electrical '?E o
conductivity of water, EC,, ; 8 5 4+
—15.
(ds m- ); SE, standarq error of E y = 0.6546x g’ |
the estimate of regression —
s 2 R?=0.718 ®
analyses with intercept equal E 4+ - A2+
7610 N=124 =
SE, = 1.268 ]
0 : : . : 0
0 10 20 0
EC, [dS m™] EC,, [dS m™]
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Hydrus-1D

Hydrus-1D (§imunek et al. 2005) is a software tool that
simulates water movement in the soil using the Richards
equation in combination with a convection—dispersion
equation for solute transport. Soil hydraulic properties were
described by the modified Mualem-van-Genuchten model
(Vogel and Cislerova 1988).

We assumed that salts in the soils of Khorezm do not
notably interact with the soil matrix and thus did not
simulate adsorption—desorption processes. For convection—
dispersion, the molecular diffusion coefficient in free water
was set to 5 cm? day ', and the longitudinal dispersivity to
15 cm (both within default ranges given by Simunek,
personal communication). The uptake of salts by cotton
was also assumed to be negligible and therefore disabled in
the simulation routine.

The top boundary conditions were defined by evaporation,
irrigation and precipitation. Potential evaporation and poten-
tial transpiration (root water uptake) were calculated
according to the FAO-56 approach adjusted by observed leaf
area index data (Allen et al. 1998). Measured groundwater
depths were used to describe the bottom boundary of the soil
profile. Analogously, measured EC,, of irrigation water and
groundwater, converted into concentrations using Eq. 3, were
used to define the upper and lower solute transport boundary.

Root water uptake and water and salinity stress

For the determination of root water uptake (=transpiration),
the method proposed by Feddes et al. (1978) and modified by
van Genuchten (1987) to include multiplicative water and
osmotic stress, was applied. The inherent water stress
reduction term was parameterized with the function pro-
posed by Feddes et al. (1978) using the following values for
h] to ]’l4: h] =—-10 hPa, ]’l2 = -25 hPa, h3high =
—200 hPa, A3z, = —6,000 hPa and hy = —14,000 hPa.

The reduction in crop yields due to salinity stress is lin-
early related to the soil water electrical conductivity (Maas
and Hoffman 1977). Cotton is a salt-tolerant crop. According
to the “threshold-slope function” of Maas (1990) which is
part of Hydrus-1D, cotton growth and yield are notably
influenced starting only at an EC, equal 7.7 dS m™'. Below
this threshold root water uptake occurs without reduction,
and above it root water uptake declines at the rate of 5.2% per
1 dS m~! increase in EC. (=EC slope).

Management strategy analysis

Four management strategies were simulated:

1. improved scheduling of irrigation;
2. the introduction of a surface residue (mulch) layer to
reduce soil evaporation;
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3. the introduction of an improved groundwater drainage
system;

4. a combination of the three previous management
options, with the aim to layout irrigation requirements
for an improved production system that builds on
improved drainage and a surface residue layer.

For the sake of simplicity, we assumed that the mulch
layer as part of the second and fourth strategy could reduce
potential soil evaporation by 50%. In the third strategy, we
simulated an improved drainage system that could lower
groundwater to below at least 2 m [see Forkutsa et al.
(2009), for more details]. In the fourth, integrative strategy,
amount and timing of leaching and irrigation was altered to
prevent any major crop-water and -salinity stress, measured
by the relative transpiration rate (7,/T}). Irrigation amount
and timing were manipulated so that T,/T, did not fall
below ~0.8 from May until the end of August. Addi-
tionally, for the sandy field it was assumed that crops could
potentially grow as vigorously as observed at location 1 on
the sandy loamy soil. Consequently 7}, and maximum
rooting depth for the sandy field was adjusted to equal
observations of this location. To highlight the effects of
slight micro-scale variations in soil texture and initial soil
salinity levels on the salt balance, the altered irrigation
management of location 1 was transferred to locations 2
and 3 of the sandy loam field without further adjustments.

Statistical evaluation

The statistical evaluation comprised regression analyses
and analysis of variance (ANOVA). The goodness-of-fit of
the simulation results was assessed by the root mean square
error (RMSE) between observations and simulation results,
which is:

n . 2
RMSE = \/ i1 (Observed; — Simulated)
n

(4)

Results
Irrigation, groundwater and salinity

In total between 210 and 300 mm of water was applied
during three leaching events of the three experimental
fields. The sandy loam field was irrigated five times, and
altogether locations 1, 2 and 3 received 407, 387 and
268 mm of water, respectively. The loamy field was irri-
gated six times, but with only 295 mm in total. The sandy
field was not irrigated at all.

Groundwater dynamics of all three fields followed
commonly observed seasonal trends, with shallow
groundwater in spring during pre-season salt leaching,
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Fig. 2 Groundwater salinity (dS m™") of the sandy and sandy loam
(SL) field (location 1-3) in 2003, and the loamy field in 2005 (three
measurements only; circles); intermittent periods linearly interpo-
lated; squares indicated times of observation of groundwater at the
sandy field; for the sandy loam field leaching and irrigation dates are
denoted by arrows at the bottom

when losses from the mostly unlined canals are high. A
second groundwater peak was observed in July—August,
when water requirement for cotton irrigation is high, which
also increases the accompanying system losses. Ground-
water was shallowest in the sandy field (0.5-1.2 m below
surface). The sandy loam and the loamy fields had deeper
groundwater levels (1.0-1.8 m).

Groundwater salinity of the sandy field was significantly
lower (P < 0.05; one-way ANOVA) during the observed
period than that of the three locations of the sandy loam
field (Fig. 2). From May until mid-July, groundwater
salinity was significantly higher at location 3 of the sandy
loam field than at locations 1 and 2.

Over the whole season, average groundwater salinity
levels of the sandy field, the sandy loam field at locations 1,
2 and 3, and of the loamy field were 3.0, 4.3, 4.5, 5.6 and
2.6 dS m™', respectively.

Irrigation water salinity ranged between 1.0 and
1.9 dS m™', with slightly higher values at the beginning of
the season during leaching, but in general with no notable
trend over time or differences between fields.

Soil salinity dynamics

On the sandy loam field before leaching in February, soil
salinity at 20 cm depth was highest at location 2 with an
EC, equal to 15.6 dS m™" (Fig. 3, left). Soil salinity levels
at locations 1 and 3 at this time were 8.0 and 6.9 dS m™',
respectively (figures not shown). The first leaching
(120 mm, March 4-5) lowered soil salinity at location 2 to
2.8dS m™! (March 11). The second leaching (78 mm,
March 14-15) changed soil salinity only insignificantly,

most noticeably at 50 cm depth. The third leaching

(102 mm at locations 1 and 2, 60 mm at location 3, April
1) had no additional effect on soil salinity, as was seen
from measurements at 20, 50, 80 and 105 cm depth at all
three locations.

Soil salinity of the sandy field was <1 dS m™
throughout the profile before leaching. The three leaching
events had no impact on soil salinity (Fig. 3, right). This
was also the case for the loamy field, where, on February 4,
soil salinity was around or slightly lower than 2 dS m™'
throughout the profile (Fig. 4).

Re-salinization of the soil during the cropping season
was observed on all fields. This was more pronounced in
the topsoil at 20 cm depth, and at this depth it was in part
temporarily reversed by irrigation. Soil salinity only
slightly increased on the sandy field due to the fact that soil
and groundwater salinity was low. Only at location 2 of the
sandy loam soil did the salinity exceed 7.7 dS m~" during
some periods. Overall, soil salinity stress was still moder-
ate with maximum EC, values of 9.5 dS m~! measured on
June 26. Assuming a decline of 5.2% water uptake per
1 dS m™" increase above the threshold of 7.7 dS m™' as
proposed by Maas and Hoffman (1977), soil water uptake
by the cotton plants should have decreased temporarily by
<10%.

At the end of the cropping period, in mid-October, soil
salinity at 20 cm depth had reached 3.0 dS m™' on the
sandy field and 2.9, 6.9 and 3.4 dS m~! at locations 1, 2
and 3 of the loamy field, respectively. Soil salinity in
10-20 cm depth measured on November 7 on the loamy
field was on average 2.9 dS m™ .

1

Evaluation of soil salinity simulations

In our simulations, we could well reproduce salt dynamics
during the leaching period on the sandy loam field at all three
locations. Also, the slight (sandy field) to moderate (sandy
loam field) re-salinization of the topsoil, with irrigation
events temporarily decreasing topsoil salinity (“irrigation-
leaching”), could be simulated with sufficient accuracy. In
part, the leaching effect of irrigation was over-predicted by
the model, which might be related to small-scale heteroge-
neity in water application at micro-basin level. Also some of
the short-term oscillations, notable down to 80 cm depth,
were not captured by the model. Soil salinity of the loamy
soil profile measured June 1 and 30, 2005, was also well
matched by the simulations. The level of soil salinity at the
end of the cropping season was slightly underestimated for
location 2 and slightly overestimated for location 3 (20 cm
depth only, figure not shown). The simulated salinity of the
loamy soil on November 7 was comparable with the maxi-
mum observed values (Fig. 4).

Simulated soil salinity levels during the period of
highest water demand (June—August) were always below
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Fig. 3 Observed (squares) and
simulated (/ines) soil salinity
(dS m™) at different depths of
the sandy loam field at location
2 (left) and the sandy field
(right) from February until
October 2003

Fig. 4 Observed (squares) and
simulated (/ines) soil salinity
(dS m™") from 0 to 1 m soil
depth for the four observation
dates; bars denote the standard
deviation
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Table 1 Root mean square error of observed and simulated soil salinity (dS m ™) of the sandy and sandy loamy soil differentiated according to
soil depth, and aggregated over soil depth for the loamy field for the four observation dates

Soil depth (cm) Sandy loam Sand (dS m™") Loam

Loc. 1 (dSm™") Loc.2 (dSm™) Loc. 3 (dS m™}) Date (dS m™")
20 3.2 29 2.7 1.0 4/Feb 0.3
50 1.5 2.1 1.9 0.6 1/June 0.3
80 1.5 1.9 15 0.4 30/June 0.5
105 1.7 1.7 1.4 0.4 7/Nov 32
N 58 59 59 39 6/15/6/24*

N of underlying data sets in last row

* N for the four dates in chronological order

the threshold of 7.7 dS m_l, and thus, in the simulations,
water uptake was not reduced in response to salinity stress.

Overall, the RMSE between observed and simulated soil
salinity of the sandy and sandy loamy soils was highest for
the 20 cm observation point (RMSE between 1.0 and
3.2dS mfl) and decreased with depth (Table 1).

Given the low number of observations over time, we
calculated the RMSE for the loamy soil over the whole
profile and distinguished observation dates. RMSE for the
first three observation dates was extremely low, indicating
that simulations reproduced real dynamics well. It was
higher for the last observation date, but with 3.2 dS m~!
still at an acceptable level.

Salt balance

Simulation results allowed us to establish a detailed salt
balance for the three soils. We distinguished between the
top 0.8 m of soil, which is influenced by root water uptake
and the layer below 0.8 m down to a maximum simulated
depth of 2 m.

Before leaching in mid-February, 24 Mg ha™' of salts
were present in the upper 2 m of the soil of the loamy
field and 9 Mg ha™' 2 m™" in the sandy field (Table 2).
Initial salt content differed strongly over short distance
between locations 1 and 2, and 2 and 3 of the sandy
loam field. It was 46 Mg ha~! 2m™' at location 1,
76 Mg ha—' 2 m™" at location 2, and 45 Mg ha~! 2 m™!
at location 3.

Simulations revealed that at locations 1 and 3 of the
sandy loam field, leaching did not effectively remove salts
out of the 2 m profile but only shifted salts from 0-0.8 to
0.8-2 m depth (Fig. 5).

Consequently, considering the complete observation
period, the amounts of salt in 0-2 m depth at locations 1
and 3 of the sandy loam field were quite balanced.
Leaching seemed to have a more long-lasting effect at
location 2 of the sandy loamy soil. Here, also a shift of salts
from 0-0.8 to 0.8-2 m soil depths was observable, but

comparing initial and post-season soil salinity, some of the
salts were permanently removed.

Salt contents increased in the sandy soil that was not
irrigated at all, in response to a continuous upward
movement of water (capillary rise) to finally
24 Mg ha™' 2 m™". Therewith, the sandy field still had the
lowest overall salt content, but compared to the initial
amounts, salt content had almost tripled. Also the salt
content of the loamy field increased. It amounted finally to
38 Mgha™' 2m~' following simulation results, or
30 Mg ha™' 2 m™" if corrected for the slight overestima-
tion in comparison to observed data towards the end of the
simulation (compare Fig. 4).

Management strategy analysis
Rescheduling irrigation

The above-detailed observation and simulation results
showed that the third leaching event did not further reduce
soil salinity. Additionally, as explained in more detail in
Forkutsa et al. (2009), the delay of the first irrigation (July
16) on the sandy loam field resulted in considerable water
stress from June onwards.

Postponing and splitting the third leaching (60—
102 mm) into two additional irrigation events in the sim-
ulation, namely on June 14 and on July 2, alleviated crop-
water stress. However, the effect on soil salinity dynamics
was limited and was only discernible until July 16. Re-
scheduling irrigation this way led to an increase in topsoil
salinity at 20 cm depth. This was earlier and slightly faster
when compared with the observed, business-as-usual
scheduling, because the upper soil profile was dryer due to
the skipped third leaching. Soil salinity did, however, not
increase above 7.7 dS m ™' and thus crop-water uptake was
not affected, despite somewhat higher topsoil salinity in
May and June. Similarly, as more water was transpired and
thus less water drained, the total amount of salt in the soil
profile increased slightly.
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Table 2 Simulated amounts of salt in the soil profile (Mg ha™'
depth™") of the three fields on February 5, April 20 and October 4 for
the observed data set (business-as-usual, management strategy
analysis 1), with a surface residue layer decreasing soil evaporation

(management strategy analysis 2), and in response to a system
improvement (free drainage and residue layer, management strategy
analysis 4)

Site/depth Business-as-usual Residue layer Improved system
15 Feb 20 Apr 4 Oct 20 Apr 4 Oct 15 Feb 20 Apr 4 Oct
(Mg ha™! (Mg ha™! (Mg ha™! (Mg ha™! (Mg ha™! (Mg ha™! (Mg ha™! (Mg ha™!
depth™") depth™) depth™") depth™") depth™) depth™) depth™) depth™)
Loam (m)
0-0.8 9 8 22 5 17 8 4 8
0.8-2 15 16 16 15 15 12 12 10
0-2 24 24 38 20 33 20 16 18
Sandy loam, location 1 (m)
0-0.8 31 9 16 7 12 30 8 9
0.8-2 15 32 27 32 26 12 23 19
0-2 46 41 43 39 38 42 32 28
Sandy loam, location 2 (m)
0-0.8 45 13 22 9 14 44 13 11
0.8-2 31 47 33 46 31 21 33 25
0-2 76 60 56 55 45 66 45 36
Sandy loam, location 3 (m)
0-0.8 27 11 21 8 15 27 8 8
0.8-2 18 30 25 31 26 13 25 19
0-2 45 41 46 39 41 40 32 27
Sand (m)
0-0.8 4% 6 12 6 9 NA 2 3
0.8-2 5% 9 11 9 11 NA 6
0-2 94 15 24 15 19 NA 8 10

Salt amounts Feb 15 for management strategy analysis 2 same as under business-as-usual

NA not available
? Estimated from observed data

Introducing a surface residue layer (reducing potential
evaporation)

A residue layer was simulated by reducing potential
evaporation by 50% in the simulations. This led to a con-
siderable reduction in actual evaporation as compared to
business-as-usual (=residue-free soil). Even though the
effect of less evaporation on actual transpiration was lim-
ited, the effect of this measure on soil salinity dynamics
was considerable. Owing to the reduced capillary rise of
groundwater, post-season (October 4) salt contents of the
three fields were reduced between 12 and 19% as compared
to a residue-free soil. Total salt content of location 2 of the
sandy loam field, dropped from originally 56 to
45 Mg ha~' 2 m™' when a permanent residue layer was
introduced (Table 2). The effect of this measure was even
more pronounced when focusing on the upper 80 cm of
soil—the part of the soil that matters most in terms of any
potential crop salinity stress.
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Improved groundwater drainage

Simulating a drainage system that would lower the
groundwater to below 2 m soil depth, and keeping cur-
rent irrigation management resulted in a reduction in
actual transpiration (see parallel publication), as
groundwater could no longer sustain crop-water require-
ments. As this eliminated the process of secondary soil
salinization, the salt content of the 2 m soil profile of the
sandy loam and loamy fields were considerably reduced
between 25 and 32% compared with unaltered condi-
tions. The salt content of the sandy field was even
lowered by 65%. Given that under current uncertainties
in water supply farmers rely on groundwater to avoid
crop failure, improving the drainage system without
improving irrigation scheduling seems not an advisable
strategy. A severe reduction in crop growth and yield, if
not a complete failure (sandy soil) would be the likely
consequence.



Irrig Sci (2009) 27:319-330

327

Fig. 5 Simulated dynamics of 80
total salt in the profile Sandy loam, location 1 | Sand
distinguished according to the
soil layers 0-0.8 and 0.8-2 m 60+ —+
from February to October on the
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Improved productions systems

In the fourth management strategy analysis, we simulated
an optimized irrigation and salt leaching management in a
hypothetical agricultural production system where an
improved drainage infrastructure (analysis 3) and a surface
residue layer (analysis 2) to prevent excessive, unproduc-
tive soil evaporation has been implemented.

Simulations indicated that around 200 mm of water split
over two events would be sufficient for a proper leaching of
salts out of the sandy loamy soil profile. This is shown for
location 1 in Fig. 6. The drop of salt content in 0-0.8 m
depth in response to leaching on March 5 and 15 is clearly
visible. Subsequently, eight irrigations with each time
between 60 mm (May) and 100 mm (August) and in total
580 mm of water were adequate to avoid notable plant

water stress and to keep soil salinity in the top 0.8 m soil at
low levels, i.e., to avoid secondary soil salinization.

Similarly, the loamy field required 230 mm of water for
leaching and 650 mm for eight irrigations. The sandy field
had to be irrigated much more frequently with less water
applied at each event. This was necessary to economize
irrigation water rather than to avoid soil salinization, as this
soil with over 95% sand content had a low water holding
capacity.

As compared to the business-as-usual conditions, soil
salinity could be reduced significantly under optimal
management within a single cropping season and without
applying more water than is foreseen by Uzbek irrigation
standards. At the end of the cotton cropping season on
October 4, merely 18, 18-36 and 10 Mg ha™' 2 m™' of
salt was found in the loamy, sandy loam and sandy fields,
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Fig. 6 Simulated dynamics of total salt in the profile of the sandy
loam field at location 1 distinguished according to the soil layers
0-0.8 and 0.8-2 m from February to October under the assumption of
an optimized production system with improved drainage, a surface
residue layer and adapted irrigation and leaching management

respectively (Table 2). Thus, 36-59% less salt were found
than if the system would have been run in the traditional
way. The long-term benefits of such system improvement
are obvious: minimizing upward movement of water and
re-salinization of soils, leaching requirement in the coming
year or for a subsequent winter-wheat crop would be
reduced drastically, and eventually could be substituted by
a much lighter pre-season irrigation-leaching only.

Discussion

In general, HYDRUS-1D proved to be an efficient tool for
an accurate estimation of water and salt dynamics under
conditions of shallow saline groundwater, indicated by the
low RMSE between observed and simulated soil salinity.
Some short-term fluctuations could not be reproduced by
the model. This could be attributed to the micro-scale
heterogeneity in soil salinity. However, more data points
(in space and time) would be needed to understand why
soil salinity at 80 cm depth, for instance, oscillated
between 3 and 8 dS m~' within <2 weeks in August—
September 2003, i.e. far more frequently than corre-
sponding irrigation events would explain.

Simulations overestimated post-season (November 7,
2005) topsoil salinity and consequently salt content of the
loamy field by approximately 8 Mg ha™'. Simulated
groundwater upward movement and groundwater contri-
bution to crop growth was high on the loamy field; a result
that is backed by the fact that observed cotton yields under
fully fertilized conditions reached their potential (see
Sommer et al. 2008 for more details). Part of the gap
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between average observed and simulated soil salinity might
be attributed to spatial soil heterogeneity. This is supported
by the match of the simulations with the maximum
observed soil salinity.

There are a few comparable studies which focus on
cotton irrigation, soil and groundwater salinity manage-
ment in an arid environment that rely on intensive field
studies and simulation: Smets et al. (1997) used the SWAP-
1993 model (van den Broek et al. 1994) to study the impact
of irrigation practices on soil salinity and crop transpiration
of cotton and wheat in the Punjab, Pakistan. Based on a
scenario analysis, the authors concluded that to control
salinity and optimize crop transpiration farmers should
focus on irrigation frequency. The authors noted that when
sandy soils were irrigated less frequently but with larger
amounts of water, crop transpiration will be reduced, but
salinity is kept at acceptable levels. This is in line with the
irrigation-leaching practice observed on our sandy loam
field, and to a lesser extent on the sandy field. Singh (2004)
used the SWAP model to develop guidelines for irrigation
planning in cotton-wheat rotations on sandy loamy and
loamy sandy soils in northwest India. He concluded that
saline groundwater (up to 14 dS m™"') and canal water
(0.3-0.4 dS m™") could be used for irrigation in an alter-
nating fashion for both soils, if pre-planting irrigation was
done with canal water. This option might also be beneficial
under the conditions observed in Khorezm.

According to the Ministry of Agriculture and Water
Management of Uzbekistan (MAWR 2004), the ground-
water table in autumn 2004 on 34% of the irrigated land in
Khorezm was above 1 m depth below the surface and on
59% it ranged between 1 and 1.5 m. During that period,
55% of the irrigated lands were classified as slightly saline
(24 dS m™ "), 33% as medium saline (4-8 dS m™"') and
12% as highly saline (8-16 dS m™'). The percentage of
saline soils in 2004 was comparable to the situation in
1990, when the share of slightly, medium and highly saline
lands was 50, 33 and 10%, respectively. Thus, although the
current study confirms the observation by Abdullaev
(2003) that the Khorezm region is considered an area with
continuous secondary salinization, overall soil salinity can
be controlled by pre-season salt leaching, when sufficient
water resources are available. Our field data from 2003,
however, also show that salinity came close to the
threshold of 7.7 dS m™" above which salinity increasingly
affects plant growth and yield. In downstream areas, where
less water is available, salinity however can no longer be
effectively controlled and yield reduction or failure is
widespread. Irrigated agriculture in Khorezm thus is vul-
nerable to any reduction in irrigation water, be it caused by
the expected higher withdrawal upstream or in response to
climate change and a reduction in precipitation in the
water-catchment area of the Amu Darya.
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Apart from the vulnerability aspect mentioned above,
our data do not allow drawing any conclusions on the long-
term sustainability of the system assuming water continues
to be abundant as in the past. MAWR (2004) data suggest
that soil salinity levels did not substantially increase or
decrease over time, even though an increase seems taken
for granted in popular accounts of the problem (e.g.
Tavernise (2008)).

The benefits of a surface residue layer, a key component
of conservation agriculture, suggested that currently too
much water is lost by soil evaporation. If this amount was
reduced, irrigation water could be reduced and topsoil
salinity diminished. A reduction in secondary soil salini-
zation in turn means that less water is needed for pre-
season salt leaching. Certainly, the issue of maintaining
crop residues in the field has to be resolved in order to
avoid competition between uses: surface residue, livestock
fodder or, in the case of cotton, firewood for cooking and
heating.

According to Ochs and Smedema (1996), in the Aral
Sea basin, water applied for leaching of seriously saline
land is about 500-1,000 mm yearsfl. Ramazanov and
Yakubov (1988) and Shirokova and Ramazanov (1989)
showed that with an efficient drainage system these
amounts can be reduced to about 200 mm year_l, which
concurs with the simulation results for the sandy loamy soil
of this study. Starting in the 1970s about 2 Mha of irrigated
farmland in the Nile basin of Egypt has been provided with
subsurface drainage systems (Ali et al. 2001). This exam-
ple shows that large-scale investments of such kind have
successfully been implemented in the past. It also shows
that investing in an effective drainage system, which we
consider highly desirable for Khorezm, “is an effective
measure in controlling groundwater tables and salinity and
a highly profitable investment for both the national econ-
omy and farmers.” (Ali et al. 2001). However, the present
analyses underlined that additional measures need to be
implemented in concert since the improvement of the
drainage system alone without introducing improved water
application strategies may worsen the situation as this bears
the risk of crop failure if irrigation water delivery is
uncertain (see also Forkutsa et al. 2009).

Under the current circumstances, the right balance has to
be drawn between allowing subsurface irrigation and
avoiding excessive secondary soil salinization. This is to
some extent a task related to the operation of the irrigation
system at higher level, in the context of the limits given by
the irrigation system (infrastructure) to deliver irrigation
water to each individual field when needed. Uzbek
authorities responsible for water distribution and system
capacities are in the position to strike this balance, and our
and possibly further simulation studies can be used to
support this decision-making.

Environmental concerns, such as the degradation of the
fresh water supply downstream by a more efficient salt
leaching have not been addressed in this study, but should
nevertheless be part of an overall Aral Sea basin irrigation
management strategy. If for instance a zero-drainage dis-
charge policy was to be implemented, as has been
introduced elsewhere in the world, measures are needed
also to stop a drainage discharge into the Amu Darya. It
seems advisable to consider such measures already at the
onset of large-scale re-structuring activities.

Conclusions

Salinity dynamics observed in the three fields could be
simulated accurately with Hydrus-1D. Using the model to
analyze management options proved a powerful tool for
agro-ecosystem assessment.

Although the Khorezm region is characterized as an area
with continuous secondary salinization, the overall soil
salinity in the region seems to have so far been kept under
control by pre-season salt leaching. However, dispropor-
tionately large water quantities are required for this, because,
currently, pre-season salt leaching is not very effective and
its effects not long-lasting. Salts are rather displaced within
the soil profile but not effectively washed out of the top 2 m
of soil. Thus, improving the drainage system and minimizing
seepage of water out of the irrigation canals should be a top
priority in the region. However, an improved irrigation and
drainage systems needs to be implemented in concert with
reliable, timely irrigation management and good farming
practices, as for instance surface residue retention. Isolated
remedies, like solely improving the drainage system, bear the
risk of doing more harm than good. Raising leaching and
irrigation efficiency helps sustain the present cotton pro-
duction levels and reduces future leaching demands.
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