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Abstract
Farmers face increased risks and vulnerability to the effects of climate change and land degradation on crop production due 
to the lack of information and impact assessment. This is especially true in the Khorezm, an irrigated agricultural region 
near the Aral Sea Basin (Uzbekistan) which represents eight million of irrigated land in Central Asia. Water scarcity requires 
research and introduction of alternative crops into a common winter wheat–cotton rotation. Mung bean (Vigna radiata) is 
considered as a drought-tolerant crop that could be implemented in Khorezm and other similar drought prone areas. The 
main objective of this study was modeling the triple rotation sequenced the winter wheat (WW), summer mung bean (MB) 
and cotton (C) as a single cropping system. Specific objectives were to (1) update the parameterization of the irrigated 
winter wheat and cotton modules in CropSyst to identify the key variables impacting the triple rotation (WW–MB–C) on 
overall crop yield; (2) to parameterize and validate the developed (CropSyst-based) model using controlled triple rotation 
data and (3) carry out scenario analyses to capture the influence of soil fertility levels and irrigation water shortage on crops 
growth, development and yields. The results revealed, for the first time, the impact of different soil-ecological factors such 
as high soil fertility (HSF) and low soil fertility (LSF) varying levels of irrigation water availability on crops in the triple 
crop rotation. Compared to LSF simulated yields of winter wheat and cotton under HSF were increased with 0.58 Mg ha−1 
for WW grain and 0.21 Mg ha−1 for cotton while mung bean grain yields were not affected by different soil fertility levels. 
Scenario analyses showed the possibility of reduced (by 20%) irrigation for triple crop without the effect on yield. However, 
compared to full irrigation scenario, reduction of irrigation for 40 and 60% could decrease the rotation crops yields up to 
33% and 40%, respectively. The developed model could be useful to increase the understanding of the nexus of food, energy 
and water in Khorezm and comparable regions of Central Asia, and to inform decision-making about sustainable use of 
available water resources.
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Introduction

There are emerging challenges faced by farmers that increase 
their risks and vulnerability to the effects of climate change 
and land degradation due to the lack of information and 
assessment of the climate change impact on crop produc-
tion. An archive of studies worldwide underlines that crop 
rotation is a well-recognized practice to counterbalance a 
series of challenges such as soil health and fertility decline, 
soil degradation and erosion (Wright et al. 2005), but also 
is an effective means for pest, disease and weed control. The 
impact of crop rotation is mirrored in a reduction of produc-
tion risks, more stable crop yields and returns to farmers 
without compromising the environment (Cook and Ellis 
1987). Various modeling approaches are extensively used for 
assessment of the impact of climate change on crop growth 
and exploring different scenarios for crop management.

Despite the recurrently recognized and obvious benefits, 
crop rotations are not always and everywhere respected, 
albeit for a scope of reasons, which is exemplified in the 
case of cotton production (Gossypium hirsutum L.). For 
example, a cotton–wheat rotation followed by soybean 
or cotton-double-cropped soybean was effective in the 
southeastern region of USA due to an increase in soil 
organic matter (SOM) that increased in turn cotton yields 
(Burmester et al. 2002). In Australia cotton growers used 
either a 1:1 or 2:1 cotton–wheat rotation (Cooper 1999) 
because soil structure, N-cycling, and lint yield and fiber 
quality of cotton increased when replacing continuous cot-
ton or cotton rotated with sorghum or soybean with wheat 
(Constable et al. 1992). This was attributed to improved 
conservation of soil moisture as cotton–wheat rotations 
included a ~ 10 month fallow between wheat harvest and 
cotton planting. Instead, the previous practices of continu-
ous cotton, cotton–soybean or cotton–sorghum rotations 
included much shorter fallow periods in winter (Hulugalle 
and Scott 2008). Also, cotton-wheat rotations are widely 
practiced by cotton growers in China (Zhonghu and Alain 
Bonjean 2010) and Pakistan (Abid et al. 2015).

The pre-Soviet crop cultivation practices in Central 
Asia implemented key principles of crop rotation (Cook 
and Ellis 1987) as they included the cultivation of legumes 
(e.g. alfalfa), grain crops (e.g. wheat, sorghum, maize), 
melons and gourds (pumpkin) in rotation with cotton 
sequences of a maximum of 2 years. But during unprece-
dented intensification of cotton production in 20th century, 
a practice of cotton monoculture was introduced in the five 
Central Asian countries (Mandelbaum 1994), which has 
recurrently been identified as one of the culprits of wide-
spread soil fertility decline owing to land degradation, 
the ill-management of irrigation water and high inputs of 
chemicals (Conrad et al. 2016; Akramkhanov et al. 2012).

After independence in 1991, Uzbekistan, decreased its 
area under cotton by introducing winter wheat (WW) (Kien-
zler et al. 2011). But farmers gradually included the use of 
a third crop in the crop portfolio, albeit still dominated by 
wheat and cotton, and developing slowly a “double-season” 
system. By including typical crops such as maize and vegeta-
bles, but also leguminous crops such as mungbean, cowpea, 
and soybean, a more diverse, agro-biodiversity is unfolding.

Additional research is urgently needed to update the 
knowledge and understanding of effects of management 
practices within cotton rotations and adapt these to the pre-
sent developments. Yet, to conduct multi-location, multi-fac-
torial field experiments with numerous crops and over many 
years, the necessary funds and resources are usually limited. 
Crop simulation models, therefore, can help to decrease this 
hurdle and to cope with limited data access while still con-
sidering the crop–soil–environment interactions.

Earlier crop modeling efforts in the region (e.g. Djumani-
yazova et al. 2010; Sommer et al. 2008) have addressed the 
parameterization and validation of the CropSyst dynamic 
model for irrigated wheat and cotton. Yet, they did not cap-
ture the more recent development of “double-season” crop-
ping and farmer innovative crop rotations such as reflected 
in the WW–summer mungbean–cotton rotation under the 
irrigated agro-ecological conditions in Uzbekistan. The 
objectives of this study, therefore, were to (i) update the 
parameterization of the irrigated WW and cotton modules 
in CropSyst, (ii) parameterize and validate the WW–mung-
bean–cotton rotation module in CropSyst for the irrigated 
floodplain conditions in northwest Uzbekistan and (iii) carry 
out scenario analyses to capture the influence of soil fertility 
levels and irrigation water shortage on crops growth, devel-
opment and yields.

Materials and Methods

Study Region

The Khorezm region with its irrigated area of about 0.27 
Mha represents well the irrigated agro-ecosystems of 
Uzbekistan.

The Khorezm region is located in northwest Uzbekistan 
at 60.05°–61.39° N latitude and 41.13°–42.02° E longitude. 
Elevation ranges 90–138 m above sea level. The climate in 
the study area is strongly continental and arid with annual 
mean precipitation of 100 mm, which falls mainly outside 
the summer growing season, crop production is possible 
with irrigation only. The annual mean air temperature is 
13 °C; but maximum of above 45 °C (July 2011) and mini-
mum of about − 25 °C (January 2008) were recorded during 
the study period 2008–2011. Nightfrost and cold spells can 
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occur from October onwards. Spring is short, but summers 
are long, hot and dry. The climatic conditions favor grow-
ing of annual crops such as cotton, legumes, maize, winter 
wheat, and vegetables.

The study region is characterized by shallow groundwa-
ter table often in the range of 1.5 m with moderate salinity 
levels of 1.75 g l−1 (Ibrakhimov et al. 2007, 2011). The data-
base of Khorezm soils indicate that the median of topsoil 
salinity  ECe reach 10 dS m−1 before leaching, and decrease 
significantly by half in the lower horizons (Akramkhanov 
et al. 2012). The typical salinity type of these soils is chlo-
ride-sulphate (Akramkhanov 2005).

Field Experiment and Data Collection

For a parameterization and validation of the CropSyst model 
under the irrigated agro-ecological conditions of this region, 
data were drawn from previous studies (ZEF/UNESCO Pro-
ject in 2008–2011 at the Khorezm Experiment Station of the 
Cotton Breeding, Seed Production and Agro-Technologies 
Institute, Uzbekistan) (Babadjanova et al. 2012; Devkota 
et al. 2013; Haitbayeva 2019).

The soil under the 4-year field experiment was a Calcic 
Gleysol (Table 1) with shallow (150–200 cm) and saline 
groundwater and slightly (Electrical conductivity 2.3–4.0 
dS/m) saline. Triple crop rotation with the crop sequence 
“WW–summer mungbean–cotton” was subjected to a series 
of intensive study steps (Table 2).

An effort was made to set-up a series of consecutive 
experiments for collecting data typically for model param-
eterization and other purposes. Therefore, all necessary 
biophysical data were collected from a crop rotation cycle 
during 2008–2010 (Fig. 1, Table 2). Model validation was 
effective by collecting data while considering differences in 
time and space. Therefore field data for the model validation 

were collected from another crop rotation cycle conducted 
from 2009 to 2011 (Table 2). Experimental plots sized 7.2 
by 15 m in the blocks were replicated four times.

The parameterized and validated CropSyst model was 
used next for simulating the influence of different soil tex-
tures and soil organic matter (SOM) levels on crop growth 
and yields in the WW–summer mungbean–cotton cropping 
system. Soil with high SOM was considered as composite 
indicator of rich soils in the region with accompanying fac-
tual rates of nutrients. There was no intention and possibility 
to discern effect of different components of rich soil on crop 
yields in the model. The data was collected from several 
fields: (a) a reference field (Field #1) was a silty-clay (top 
0–30 cm soil layer) in texture with lower concentrations of 
SOM (Table 2) and (b) Field #2 was loamy in texture with 
high SOM (Table 1). Both, Field #1, hereafter low soil fertil-
ity (LSF) and Field #2, high soil fertility (HSF), were located 
in Urgench district of the Khorezm region. During simula-
tion runs the recommended rates of chemical fertilizers had 
been applied: e.g.  N180P130K100 kg ha−1 for winter wheat, 
 N30P120K100 kg ha−1 for mungbean and  N200P140K100 kg ha−1 
for cotton are actual application rates.

Plant and Soil Sampling

Soil sampling, chemical analyses, the estimation of leaf 
area index (LAI) and aboveground biomass (AGB) and 
other yield parameters, as well as other biophysical data 
collected during WW and cotton cultivation, have been 
reported previously (Djumaniyazova et al. 2010; Sommer 
et al. 2008). Plant samples in the mungbean field were taken 
from a 0.83 m sampling row at S10, S13, S65, S75, S79, 
and S89 growth stages (BBCH Monograph 2001). The sam-
ples were separated into stems, leaves, and pods. The dry 
matter (DM) of the AGB was determined after drying sub-
samples with a known fresh weight at 70 °C for 72 h in a 

Table 1  Soil physical and chemical characteristics of the Calcic Gleysol in the Khorezm region used during the simulation analyses

LSF low soil fertility, HSF high soil fertility

Field 1 (LSF) Field 2 (HSF)

Depth (cm) 0–30 30–50 50–70 70–100 0–30 30–50 50–70 70–100

Sand (%) 36 19 21 23 52 50 45 40
Silt (%) 54 67 67 58 35 36 38 43
Clay (%) 10 14 12 19 13 14 17 17
Soil texture Silty clay Silty clay loam Silty clay loam Silty clay Loam Loam Loam Loam
Bulk density (g cm−3) 1.36 1.42 1.40 1.41 1.64 1.53 1.57 1.56
SOM (g kg−1) 4.2 3.2 2.7 1.7 6.3 5.3 4.3 3.1
Total N (g kg−1) 0.5 0.4 0.2 0.2 0.5 0.4 0.3 0.2
NO3-N (mg kg−1) 8.5 5.4 4.0 5.4
Available P (mg kg−1) 29 16 9 8 18 13 13 10
Exchangeable K (mg kg−1) 120 100 90 90 227 205 199 199
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forced air convection oven. Leaf area (LA) was measured 
with the LI-COR 3100 leaf area scanner, and the LAI was 
next calculated as total LA over the total ground area. Cor-
responding leaf DM was determined after oven-drying, and 
subsequently, the Specific Leaf Area (SLA,  m2  kg−1) was 
calculated. At harvest, plants were sampled from 1.67 m of 
each two central rows for determining AGB, yield and har-
vest index (HI).

Crop Model and Scenarios

Used for simulations was the CropSyst model (Stockle 
et al. 2003), version 4.19.06. Simulated was the impact of 
different soil-ecological factors on crops in the treble crop 
rotation “WW–summer mungbean–cotton” in the irrigated 
agro-ecological condition in the Khorezm region (Table 3). 

Important for the choice of the model was its ability to simu-
late productivity of crops in rotation. The dynamic CropSyst 
model is capable also of considering the impact of shallow 
and saline groundwater and soil salinity on crop growth, 
both typical for the study region .

Since the fields in Khorezm, suffer from soil salinity 
and/or shallow (saline) groundwater, CropSyst’s soil salin-
ity and shallow groundwater routine were enabled. Shal-
low groundwater dynamics were entered in the model as 
observed on-site.

The fits between the simulated and empirical values for 
the various parameters examined in the treble crop rotation 
“WW–summer mungbean–cotton” provided the necessary 
confidence for using CropSyst in a number of scenarios. Sce-
nario analysis has been conducted in the same experimental 
region with the same soil, plant and weather parameters.

Table 2  Characteristics of field experiments for model parameterization and validation in 2008–2011 years

Model parameterization (2008–2010) Model Validation (2009–2011)

Winter wheat (Triti-
cum aestivum L.)

Crop: cv. Krasnodarskaya-99 broadcast planted
Seeding rate: 200 kg ha−1 on 17 September 2008 and harvested on 20 

June 2009
Fertilization:  N240P130K90 kg ha−1 of mineral fertilizer applied as 

urea, single superphosphate, and potassium chlorine
Irrigation: 464 mm of irrigation water during 7 events
Above ground biomass 12615 kg ha−1

Grain yield 5969 kg ha−1

Idem
Seeding rate: 200 kg ha−1 on 18 September 2009 

and harvested on 22 June 2010
Fertilization: Idem
Irrigation: 495 mm of irrigation water during 7 

events
Above ground biomass 10778 kg ha−1

Grain yield 5119 kg ha−1

Mungbean (Vigna 
radiate [L.] Wilcz.)

Crop: Radost with an inter-row distance of 0.6 m.
Seeding rate: 18 kg ha−1 on 03 July 2009 and harvested on 26 Sep-

tember 2009
Fertilization:  N30P120K100 kg ha−1 of mineral fertilizer applied as 

urea, single superphosphate, and potassium chlorine
Irrigation: 200 mm of irrigation water during 4 events
Above ground biomass 4220 kg ha−1

Grain yield 1330 kg ha−1

Idem
Seeding rate: 18 kg ha−1 on 05 July 2010 and 

harvested on 29 September 2010
Fertilization: idem
Irrigation: 200 mm of irrigation water during 4 

events
Above ground biomass 3286 kg ha−1

Grain yield 1240 kg ha−1

Cotton (Gossypium 
hirsutum L.)

Crop cv. Khorezm-127 with an inter-row distance of 0.9 m
Seeding rate: 60 kg ha−1 on 23 April 2010 and harvested in Sept–Oct. 

2010
Fertilization:  N240P140K100 kg ha−1 of mineral fertilizer applied as 

urea, single superphosphate, and potassium chlorine
Irrigation: 497 mm of irrigation water during 6 events
Above ground biomass 10701 kg ha−1

Cotton seed-lint yield 3163 kg ha−1

Idem
Idem
Fertilization: idem
Irrigation: 420 mm of irrigation water during 5 

events
Above ground biomass 10744 kg ha−1

Cotton seed-lint yield 3330 kg ha−1

Fig. 1  Timeline of vegetation duration of the three crops in the treble “winter wheat–mungbean–cotton” rotation during model parameterization 
and evaluation
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The simulation of the impact of water availability 
included the assumption of four levels (application of 
irrigation for WW–Mb–Cot Baseline 464–200–497 mm; 
Medium 278–120–298; High water stress 185–80–198; 
Very high water stress 92–0–99 mm respectively) of irri-
gation water availability. And, in response to these, four 
groundwater table shallow (1–2 m), medium (1.8–2.5 m), 
deep (> 3.00) and below 3 m scenarios (Table 4). Used the 
fertilizer rates are actual for the high (WW  N180P130K100 
kg  ha−1, Mb  N30P120K100 kg  ha−1, Cot  N200P140K100 
kg  ha−1) and low (WW  N100P130K100 kg  ha−1, Mb 
 N0P120K100 kg ha−1, Cot  N125P140K100 kg ha−1) scenario. 
It was assumed furthermore that in water-scarce years the 
amount of irrigation water applied would be less and each 
scenario with different access to irrigation water will last 
for 2 years, i.e. the entire cycle of the treble crop rotation.

Statistical evaluations of results comprised the calcu-
lation of the root mean square error has a minimum and 
optimum value at 0. It is a difference-based measure of 
the model performance in a quadratic form, and it is fairly 
sensitive to outliers:

and

RMSE is one of the most widely used statistical indi-
cators in environmental estimation models (Jacovides 
and Kontoyiannis 1995). It represents a measure of 
deviation between observed and simulated values, small 
RMSE values indicate good performance (Loague and 
Green 1991). The simulation is considered excellent 
with RRMSE < 10%, good if 10–20%, fair if 20–30%, 
poor > 30% (Jamieson et al. 1991).

Willmott (1981, 1982) developed the index of agree-
ment, which is used especially for validating prediction 
models for the leaf area index (LAI) and above ground 
biomass (AGB) parameters. The index of agreement (d) 
is expressed as:

RMSE =

�
∑n

i=1

�
Observedi − Simulatedi

�2

n

RRMSE =
RMSE

Average(observed)
⋅ 100

Table 3  CropSyst model 
settings for crops in the treble 
rotation “winter wheat–summer 
mungbean–cotton”; model was 
parameterized using observed 
(O), calibrated (C) and default 
(D) data

§ Assumed to include cotton lint

Winter Wheat Mungbean Cotton Source

Life cycle and land use Annual row crop
Photosynthetic pathway C3 C3 C3
Harvested biomass Seed Seed Seed§

Biomass/transpiration coefficient (kg m−2 kPa m−1) 5.1 5.0 5.0 C
Radiation use efficiency (g MJ−1) 3.0 2.5 2.5 C
Evapotranspiration crop coefficient at fully canopy 1.0 1.1 1.1 C
Optimum mean daily temperature for growth 10 25 25 C
Initial green leaf area index  (m2  m−2) 0.011 0.011 0.011 D
Expected maximum LAI 5.0 3.5 3.0 O
Specific leaf area, SLA  (m2 kg−1) 15.0 23.0 13.5 O
Leaf/stem partition coefficient, SLP 2.0 3.0 3.0 C
Leaf area duration (°C day) 740 1000 950 C
The extinction coefficient for solar radiation 0.7 0.9 0.9 C
Accumulated growing degree days from:
 Seeding to emergence (°C day) 95 45 170 O
 Seeding to peak LAI (°C day) 440 940 1200 O
 Seeding to flowering (°C day) 510 900 1165 O
 Seeding to beginning grain filling (°C day) 590 1020 1180 C
 Seeding to maturity (°C day) 1040 1400 1510 O

Base temperature (°C) 3 3 8 C
Cutoff temperature (°C) 25 22 20 C
Unstressed harvest index 0.41 0.40 0.35 O

d = 1 −

∑n

i−1

�
Observedi − Simulatedi

�2

∑n

i−n

���Observedi −MeanObserved�� + ��Simulatedi− −MeanObserved��
�2
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Results and Discussion

Rotation Model in CropSyst

The CropSyst crop modules previously developed for the 
region to simulate irrigated cotton cv. Khorezm-127 (Som-
mer et al. 2008) and WW cv. Kupava (Djumaniyazova et al. 
2010) growth and yield. These two modules were success-
fully developed for a sole cropping but they served as the 
basis to model the triple rotation (WW–Mungbean–Cot-
ton) as a single cropping system. Developed the modules 
included default parameters as well as fine-tuned plant-
physiological and phenological parameters for both crops 
as well as default and calibrated plant-physiological and 
phenological parameters for summer mungbean (Table 3). 
Yet, under the present study, several parameters needed to 
be adapted to reflect the conditions in the study years during 
which experimental data were collected. This resulted in 
another fine-tuning of plant-physiological and phenological 
parameters for irrigated WW cv. Krandoradskaya-99 in the 
rotation system examined. These parameters included: (i) 
the evapotranspiration crop coefficient at full-canopy that 
was decreased from 1.1 to 1.0, (ii) maximum expected leaf 
area index (LAI)—decreased from 7.0 to 5.0 m2  m−2, (iii) 
specific leaf area (SLA)—decreased from 20 to 15 m2  kg−1, 
(iv) unstressed harvest index (HI)—from 0.44 to 0.41; and 
(v) accumulated growing degree days (GDD) from seed-
ing to emergence and flowering that were increased from 
94 to 95 °C days and from 507 to 510 °C days respectively 
(Table 3). Similar adjustments were needed for fine tun-
ing the irrigated cotton cv. Khorezm-127 in the treble crop 
rotation. Therefore, the biomass-transpiration coefficient 
(kg m−2 kPa m−1) was increased from 8.1 to 8.5, the PAR 
use efficiency—from 2.0 to 2.5 g MJ−1, the accumulated 
growing degree days (GDD) from seeding to emergence 
and maturity—from 110 to 170 °C days and from 1630 to 
1680 °C days respectively. The unstressed HI was reduced 
from 0.41 to 0.37 (Table 3).

For the parameterization of the mungbean module, pre-
viously not parameterized for the irrigated conditions of 
the study region, the canopy growth was simulated based 
on LAI development. CropSyst considered the impact of 
high, detrimental temperature during anthesis, by calculat-
ing a harvest index (HI) reduction factor (0–1). The summer 
mungbean phenology was derived from in situ observations. 
Base temperature, cut-off temperature, optimal mean daily 
temperature for growth, the biomass-transpiration coeffi-
cient, the radiation use efficiency and the leaf/stem partition 
coefficient were calibrated manually by fitting the simulated 
LAI, AGB and grain yield to experimental data from 2011 
(Table 3). Thermal times, expressed as GDD from planting 
to emergence, flowering, grain filling, and maturity, were 

adjusted also to match the empirical evidence. Unstressed 
HI data was taken from the trial (Table 3).

Since the fields in Khorezm, suffer from soil salinity and/
or shallow (saline) groundwater, CropSyst’s soil salinity and 
shallow groundwater routine were enabled. Shallow ground-
water dynamics were entered in the model as observed on-
site. Various model parameters, including the leaf water 
potential at the onset of stomatal closure or at wilting, were 
kept in the model as defaults (Table 3). Soil water simulation 
dynamics during the rotation matched well with measured 
irrigation time (Fig. 2).

Model Calibration and validation

Model Calibration

Observed and simulated LAI values matched well during the 
WW vegetation period with acceptable index of agreement 
(d = 0.92), except for the 179-day after planting (DAP179) 
when the model estimated an advance in crop development, 
and at DAP217 when the LAI-peak was underestimated with 
a difference of 0.4 m2 m−2 (Fig. 1). On the other hand, the 
observed maximum LAI of 4.8 m2 m−2 was close to the 
previously reported 4.2 m2 m−2 of wheat-LAI (Singh et al. 
2008), albeit still less than other findings (Wolf et al. 1996; 
Ventrella and Rinaldi 1999), that had reported LAI ranging 
from 6.3 to 6.8 m2 m−2.

The empirical (12.62  Mg  ha−1) and simulated AGB 
(13.58 Mg ha−1) at WW harvest matched well as did the 
AGB development during the season (Fig. 3, 5) as evidenced 
by a RMSE = 0.97 Mg ha−1 (RRMSE = 8%) and an index of 
agreement (d = 0.98).

The observed and simulated grain yields of WW were 
5.97 and 5.57  Mg  ha−1 respectively with a RMSE of 
0.40 Mg ha−1 (RRMSE = 7%). The corresponding RMSE 
and RRMSE for AGB and grain yield are very acceptable.

During the Mungbean-parameterization in the first 
calibration year 2009, the observed and simulated mung-
bean LAI and AGB matched well throughout the vegeta-
tion period (Fig. 3). The observed peak LAI of 2.4 m2  m−2 
occurred at DAP51. The empirical maximum-LAIs of irri-
gated mungbean in India had ranged from 2.4 to 3.8 m2  m−2 
(Yadav and Singh 2014) and were therefore in line with the 
current findings. However, higher maximum LAIs, ranging 
from 3.1 to 4.9 m2  m−2 were previously reported as well 
(Sengupta et al. 2011; Samant 2014). Index of agreement for 
leaf area index was very acceptable (d = 0.97).

Observed and simulated AGB values at Mungbean-har-
vest amounted to 4.22 and 4.19 Mg ha−1 respectively with a 
RMSE = 0.03 Mg ha−1 and RRMSE = 1% (Fig. 5). Index of 
agreement for AGB was d = 1.00.

They thus showed a close match as did the observed and 
simulated grain yields of mungbean (1.33 and 1.45 Mg ha−1 
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respectively with an RMSE = 0.12 Mg ha−1 (RRMSE = 9%). 
The corresponding RMSE and RRMSE for AGB and grain 
yields were acceptable also.

The cotton LAI in the first model parameterization year 
(2010) was slightly overestimated at DAP96 but underesti-
mated later (DAP123, Fig. 3). The peak LAI (2.8 m2  m−2) 
was observed at cotton bolls formation (DAP123), which is 
in line with previous findings (e.g. Sommer et al. 2008; Mil-
roy and Bange 2003; Peng and Krieg 1991) that maximum 
LAIs of cotton ranging between 2.5 to 3.0 m2 m−2. Index of 
agreement for Leaf area index was d = 1.00.

The observed and simulated AGB at cotton matu-
rity amounted to 10.70 and 9.10  Mg  ha−1 with an 
RMSE = 1.60 Mg ha−1 (RRMSE = 15%), whilst the observed 
and simulated seed cotton yields matched with 3.16 and 
3.37 Mg ha−1 with RMSE = 0.21 Mg ha−1 (RRMSE = 6%) 
and d = 0.99 quite well.

Model validation

The model estimated an earlier WW-LAI development 
between DAP191 - DAP205 than observed during the 
2009/10 seasons (Fig. 4). Furthermore, the observed peak 
LAI of 5.1 m2  m−2 was underestimated by the model with a 
difference of 0.6 m2  m−2(d = 0.81) (Fig. 4). Yet, the observed 
and simulated WW-AGB at crop harvest were 10.78 and 
12.21 Mg ha−1 respectively with a RMSE = 1.43 Mg ha−1 
(RRMSE = 13%) and d = 0.94 matched reasonably well 
(Fig. 5). Consequently, the observed and simulated WW-
grain yields were close 5.12 and 5.01  Mg  ha−1 with a 
RMSE = 0.11 Mg ha−1 (RRMSE = 2%).

Fig. 2  Measured irrigation 
amount in millimeters (points) 
and simulated soil water in 
centimeters (line) of three crops 
in the treble “winter wheat 
(WW)–mung bean (MB)–cotton 
(Cot)” rotation (for two cycles 
of the rotation)
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In the second model validation year (2009–2010), the 
LAI values for mungbean were slightly underestimated 
at DAP15 and DAP27 due to a reduced LAI development 
estimated by the model (Fig. 4). The LAI was underesti-
mated at its peak (DAP51) with a difference of 0.56 m2 
 m−2 compared to the empirical LAI value of 2.63  m2 
 m−2. The early season AGB was slightly underestimated 
at DAP15 and DAP27, but the observed and simulated 
AGB at crop harvest was very close 3.29 and 3.45 Mg ha−1 
(RMSE = 0.17 Mg ha−1; RRMSE = 5%; d = 1.00) (Figs. 4, 
5). Also in this second validation year, the simulation of 
mungbean grain yields matched well the empirical find-
ings as evidenced by observed and simulated grain yields 
of 1.20 and 1.18 Mg ha−1 with a RMSE = 0.07 Mg ha−1 
(RRMSE = 5%).

During model validation, the cotton LAI was slightly 
underestimated at DAP54, DAP62, and DAP107. At boll 
formation (DAP107) the observed LAI value of 2.7 m2  m−2 
was underestimated by the model, albeit with a difference 

of 0.2 m2  m−2 only. Compared to the observed AGB of 
10.74 Mg ha−1, the simulated AGB of 9.59 Mg ha−1 with 
a RMSE = 1.16  Mg  ha−1 (RRMSE = 11%) and d = 0.99 
matched again acceptable well. The resulting observed 
and simulated seed-lint yields of cotton showed therefore 
with 3.33 and 3.55 Mg ha−1 also a very good match as con-
firmed by a RMSE = 0.22 Mg ha−1 (RRMSE = 7%). Index 
of agreement for Leaf area index and above ground bio-
mass were 0.97 and 0.99 respectively. The simulations for 
parameterization and validation years overall comparison 
of observed and simulated leaf area index (LAI) and above 
ground biomass (AGB) showed excellent and good fit as 
reported (Loague and Green 1991; Jamieson et al. 1991) for 
three crops (Fig. 5).
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Scenario Analyses

Fertility Management Scenarios

Following the successful parameterization and validation 
of the CropSyst model, it could be used for the simulation 
of crop growth and yields of all crops in the WW–summer 
mungbean–cotton cropping system. While assuming dif-
ferent soil textures and SOM levels, the findings showed 
that the model could capture the effects of SOM on growth 
and yields of all three crops. Hence, higher levels of SOM 
increased AGBs for all three crops in the treble rotation 
(Fig. 6).

This AGB-increase amounted to 1.41 Mg ha−1 for WW, 
0.72 Mg ha−1 for mungbean and 0.56 Mg ha−1 for cotton. 
Similarly to AGB, when assuming higher soil fertility (HSF) 
conditions, higher yields were simulated for WW grain and 
seed cotton. Therefore, under HSF yields increased with 
0.58 Mg ha−1 for WW grain and 0.21 Mg ha−1 for cot-
ton. Mungbean grain yields were not affected by different 
SOM contents (1.45 and 1.45 Mg ha−1 under LSF and HSF 
(Fig. 7).

This was as expected since the leguminous mungbean had 
been able to fix atmospheric  N2, which substantially con-
tributed to satisfy crop N-demands as previously reported 
(Sharma et al. 2007; Dudejai and Duhan 2005; Dayathilake 
et al. 2001).

Irrigation Water Management Scenarios

Baseline scenario The years of 2008–2010 were assumed 
being representative for a situation with three consecu-
tive seasons without water-stress and thus for cropping 
conditions resembling full irrigated fields according to 
state recommendations. In this case, WW, mungbean, 
and cotton received 464, 200 and 497 mm of irrigation 
water respectively. When assuming in addition the applica-
tion of the state recommended rates of chemical fertiliz-
ers  (N180P130K100 kg ha−1 for winter wheat,  N30P120K100 
kg ha−1 for mungbean and  N200P140K100 kg ha−1 for cot-
ton), the simulated crop yields amounted to 5.20 Mg ha−1 
of WW grain, 1.45  Mg  ha−1 of mungbean grain and 
3.35 Mg ha−1 of seed-lint cotton (Table 4).

Low water stress (LWS) Assuming 80% of irrigation 
water supply compared to the recommended amounts, but 
the recommended application of chemical fertilizers for 
all crops in the treble rotation, the grain yield of WW 
remained similar compared to the baseline scenario. The 
mungbean and cotton yields, however, were lower and 
reduced by 17 and 31% respectively (data are not shown).

Medium water stress (MWS) Assuming limited access 
to irrigation water (e.g. 60% of the recommended water 
supply), the AGB and yields of all three crops decreased 
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(Table 4). Cotton AGB and seed-lint yield were lower 
by 44% and 47% respectively. Since cotton is considered 
drought tolerant, it is should not be sensitive to water 
shortage in all growth stages (Loka et al. 2011). Yet, lim-
ited water supply during reproductive development can 
drastically lower yields (De Kock et al. 1993). The same 
was true for WW (30% reduction for AGB and 31% for 
grain yields) compared to the baseline scenarios. The 
sensitivity of WW grain yields to water shortage/drought 
depends on the severity of stress and the development/
growth stage of WW (Giunta et al. 1993). Hence, WW 
grains yield had substantially been reduced when the 
crop was not irrigated tillering (S2) and/or flowering (S6) 
stages, and conversely, if crop faced drought only at till-
ering or anthesis stage, WW yields can still be expected. 
The least reduction in AGB and yield under MWS was 
estimated for mungbean (27 and 18% respectively). Most 
of this reduction in mungbean yield under medium water 
stress was likely due to the lower transpiration rates that 
resulted in increased water use efficiency of the crop, 
allowing the application of less irrigation water (Webber 
et al. 2006).

High water stress (HWS) Assuming 40% water supply 
compared to the baseline conditions without water stress, 
the model simulated a substantial drop in AGB and yields 
of all three crops in the treble rotation (Table 4). Decreases 
in AGB and yields were accordingly 32 and 33% for winter 
wheat and 37 and 29% for mungbean compared to fully irri-
gated fields. Similarly to the assumption of medium water 
stress, the seed-lint yield of cotton was affected most among 
all crops (70% reduction) in the treble rotation. Conse-
quently, crop yields were substantially reduced under HWS.

Very high water stress (VHWS) Assuming an extremely 
dry year scenario, ca. 20% of irrigation supply occurred to 
wheat and cotton. Under VHS, summer mungbean was not 
cropped since the imposed allocation of available irriga-
tion water resulted in irrigation of wheat and cotton only. 
Compared to the HWS scenario, the WW and cotton yields 
dropped even further. Given that with an absence of irriga-
tion events, groundwater in the region immediately drops 
(Ibrakhimov et al. 2011) also this source cannot be exploited 
anymore under VHWS conditions. This leads to drastic yield 
losses as previously reported (Bekchanov et al. 2014),and 
simulated as well: WW grain by 2.05 Mg ha−1 and cotton 
yields by 0.32 with a drop thus of 61% and 90% compared 
to the reference scenario.

An archive of previous findings underlined that irrigation 
water use in the study region is huge and often resembles a 
case of over-applying, leading consequently to a high and 
rapid rise of the groundwater levels (Awan et al. 2012; For-
kutsa et al. 2009): sometimes even up to dangerous levels 
meaning being a major driver of soil salinization. Assum-
ing a 20% reduction in the water supply (MWS), it seems 

that consequently groundwater levels were only marginally 
affected and hence crops could tap into this source to sup-
port crop water demand even though small yield declines 
can be expected with mungbean and cotton cultivation. Yet, 
when assuming further reductions in water supply, severe 
drops in groundwater levels are a consequence up to levels 
outside the rooting zone and hence leading irrigation water 
declines to drastically reduce growth and yields of all three 
crops. Consequently, when assuming conditions resembling 
extremely dry years, that occurred e.g. in the study region 
during 2001–2011 at least three times (Bekchanov et al. 
2014), the limited access to irrigation water leads to drastic 
groundwater drops and reduced crop yields, which concur 
with reality as well (Forkutsa et al. 2009).

Conclusions

The CropSyst model’s crop rotation module was used to 
simulate productivity in the winter wheat–summer mung-
bean–cotton cropping system under irrigated agro-ecolog-
ical conditions in Uzbekistan. Previously, the CropSyst 
had been successfully applied in Uzbekistan for irrigated 
cotton and winter wheat as as a single cropping. The Crop-
Syst was further fine-tuned using winter wheat and cot-
ton data from the experiment with the treble crop rotation 
carried out in the Khorezm region of Uzbekistan aimed to 
increase the model accuracy and precision. Additionally, 
the model was separately parameterized and verified using 
data set from the same experiment for short duration mung 
bean grown as a summer crop in the treble crop rotation. 
The fits between the simulated and empirical values for 
the various parameters examined provided the necessary 
confidence for using the model in a number of scenario 
analysis.

The model was able to distinguish the impact of dif-
ferent soil fertility, particularly SOM and exchangeable 
potassium contents in soil, on crop AGB and yield. Com-
pared to the soil with lower SOM (4.2 g kg−1), the model 
estimated yields of winter wheat and cotton were higher 
for 15 and 6% respectively in the soil with higher SOM 
(6.4 g kg−1). The mungbean grain yields were not affected 
by differing SOM concentrations which could be due to 
the nitrogen-fixing ability of the crop.

Also, scenario analysis showed the possibility of 
reduced irrigation (up to 80% of full irrigation) of winter 
wheat with no grain yield penalty. Deficits of irrigation 
(40 and 20% of ‘normal’, respectively) could decrease the 
grain yields up to 61%. However, the scenario analysis 
confirmed that cotton—a major crop in the country—is 
sensitive to deficits of irrigation. Even though groundwater 
is basically very shallow in the Khorezm region (the water 
table is higher than two meters which is the case in normal 
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years), full irrigation of cotton according to crop demand 
helps achieving high yields of the crop. Compared to full 
irrigated fields, the cotton yields could decrease by 47, 
70 and 90% under accordingly 60, 40 and 20% of water 
supply. The model also estimated the mungbean yields 
reduction up to 29% in dry years (60 and 40% of ‘normal’, 
respectively). When ground water level below 3 meters in 
extremely dry year mungbean could not produce any yield. 
Thus, in irrigation water scarcity years with groundwater 
level below two meters, a substantial yield decrease can be 
expected. The developed model could be useful to increase 
the understanding the nexus of food, energy and water in 
Khorezm and comparable regions of Central Asia, and to 
inform decision-making more sustainable use of available 
water resources.
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